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the student and scientific community dealing with topics related to material technologies. It is
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TalentDetector HISTORY

The International Student Scientific Conferences TalentDetector from 10 edition (since 2018)
have been a place for the exchange of experience, knowledge, skills and presentation of
students' current scientific achievements in the field of materials engineering, surface
engineering, biomaterials and biomedical engineering since the 8th edition. As part of the
conference, two international scientific monographs, TalentDetector_Summer and
TalentDetector_Winter, are published annually, which already contain over 600 scientific
articles resulting from the implementation of PBL, EURECA PRO, Students Scientific Cyrcles
projects and projects with secondary school students with international authors. Participation
in the form of presentations and posters in TalentDetector International Student Scientific
Conferences allows members of the project teams to integrate the student and scientific
community of the Silesian University of Technology as well as young staff from foreign
research centres in Austria, Czech Republic, Ethiopia, Ghana, Georgia, Iran, Romania, Slovakia,
Ukraine and Turkey, dealing with topics related to materials technologies.

Scientific monographs are prepared based on articles, mostly with international authors,
reviewed by an international scientific committee.

The initiative of the cyclical organization of the International Student Scientific Conference
TalentDetector significantly expands activities in the field of student education, organizational
and popularization activities for the scientific community related to materials engineering at
the national and international level.

Thanks to extensive international cooperation, over 180 articles were published free of
charge.

The history of TalentDetector in numbers:

2018

TalentDetector 2019 (Gliwice)
Number of articles: 59
Number of authors: 206
Number of countries: 1

2021

TalentDetector2021_Winter (Gliwice)
Number of articles: 37

Number of authors: 134

Number of countries: 2

TalentDetector2021_Summer (Zawiercie)
Number of articles: 57

Number of authors: 173

Number of countries: 3
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2022

TalentDetector2022_Winter (Gliwice)
Number of articles: 79

Number of authors: 179

Number of countries: 4

TalentDetector2022_Summer (Wista)
Number of articles: 79

Number of authors: 176

Number of countries: 4

2023

TalentDetector2023_Winter (Gliwice)
Number of articles: 73

Number of authors: 143

Number of countries: 6

TalentDetector2023_Summer (Brenna)
Number of articles: 105

Number of authors: 173

Number of countries: 9

2024

TalentDetector2024_Winter (Gliwice)
Number of articles: 82

Number of authors: 135

Number of countries: 7

TalentDetector2024_Summer (Gliwice-Zilina)
Number of articles: 84

Number of authors: 147

Number of countries: 8

Number of cooperating universities: 12

Gazi University, Ankara, Turkey

Gebze Technical University, Gebze, Turkey

Georgian Technical University, Thilisi, Georgia
Khmelnitskyi National University, Khmelnitskyi, Ukraine
Laserinstitut Hochschule Mittweida, Mittweida, Germany
Pamukkale University, Denizli, Turkey

Silesian University of Technology, Gliwice, Poland

Slovak Technical University in Bratislava, Trnava, Slovakia
Technical University in Zvolen, Zvolen, Slovakia
University of Petrosani, Petrosani, Romania

University of Pristina, Pristina, Kosovo

University of Zilina, Zilina, Slovakia
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Abstract: Orthodontic arcwires, which work together with brackets used in orthodontic
treatments, are the tools that apply force during the processes of aligning, rotating, and
repositioning teeth. These arcwires come in a wide range of options in terms of variations,
materials, and coatings. Among them, the most commonly used orthodontic arcwires today are
those made from Nickel-Titanium (Ni-Ti shape memory alloy) with round and square forms.

In this project, several of the most commonly used arcwire sizes will be selected, and thermal
treatment will be applied to give them the most suitable form for the oral environment. The
austenitic phase transformation temperature will be determined, and mechanical properties will
be tested (tensile, 3-point bending, stiffness, metallographic tests). The forces they apply to the
teeth will be optimized, and surface quality studies will be conducted using electro-polishing.
The final product will also be compared with existing commercial arcwires as part of the
project.

Keywords: Orthodontic arcwire, NiTi, Shape Memory Alloy, Super Elastic

1. INTRODUCTION

Nickel-Titanium (NiTi) shape memory alloys (SMAs) have outstanding properties such as
high shape memory effect, flexibility, and corrosion resistance, making them widely used in
fields like medical devices, aerospace, and the automotive industry. The properties of SMA
wires are closely related to the production process, alloy composition, heat treatment
conditions, and thermomechanical processes [1].

In general, the literature indicates that various parameters are optimized to control the austenite
transformation temperatures (Af) of NiTi wires.

When considering alloy composition, even small changes in the Nickel/Titanium ratio
significantly affect the austenite and martensite transformation temperatures. Studies have
typically focused on alloys containing 50.5-51.5% Nickel. Different annealing temperatures
and durations play a critical role in controlling the microstructure and transformation
temperatures of these wires. To stabilize transformation temperatures, certain elements have
been tested, and their effects on transformation temperatures have been examined. For
example, adding small amounts of elements like copper or iron to the alloy has been shown to
help control transformation temperatures [2,4,5].
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Such studies provide insights into determining appropriate process conditions for producing
wires with commonly used austenitic transformation temperatures of 25°C, 37°C, and 40°C.
Detailed characterization of the material microstructure (e.g., DSC, XRD, SEM) is
recommended during the production process [3].

The NiTi wires used in these studies are often copper-added, but our goal is to achieve similar
mechanical and thermal properties without the addition of copper.

Literature studies also include comparisons of the mechanical properties of existing
commercial products. Many studies focus on aspects such as the forces applied by the wires on
teeth, the mechanical properties of the wires, and the analysis of their austenitic transformation
temperatures [6,7].

In addition to these mechanical properties, the final product should have a curve that closely
resembles the shape of the oral cavity. Relevant studies have been conducted, and optimal form
values for the Turkish jaw structure have been obtained [6,7].

Some studies investigate the effects of coated wires on living cells in the mouth. However,
since we will not be using coatings, this topic is outside the scope of our research [8].

2. METDOHOLOGY
2.1.Tests

e Since the wires will already come in wire form, the initial shaping process will
involve rolling them to the desired dimensions.
Arcwire shape is so important fort he patients. The intercanine distance measured in Turkish
volunteers was 29.67 mm, and the canine depth was 6.08 mm. The intermolar distance was
52.35 mm, with a molar depth of 26.85 mm.
In this context, Natural Highland Metal (Franklin, USA) and Bioform III RMO (Denver, USA)
were found to be the most compatible wires for the mandibular canine width of the Turkish jaw
structure. Regarding molar teeth, the most suitable wires for the mandible were Europa Il RMO
(Denver, USA) and Form III American Orthodontics (Sheboygan, USA). The authors also
noted that the most common arch form in Turkish individuals is the oval (ovoid) arch form,
while the conical form is more prevalent in the White American group [12].
Taking these parameters into consideration, the most suitable wire shape for the Turkish jaw
structure will be given.
e The composition of the material will be determined using XRD analysis of the wire.
This will help define the heat treatment parameters to be applied.
e Small pieces will be cut from the wire, and the internal structure will be analyzed using
techniques such as optical microscopy and SEM.
e The wire will be shaped appropriately and subjected to heat treatment in furnaces at
approximately 500°C for a specific duration to achieve a fully austenitic microstructure.
It will then be rapidly cooled to transform it into martensite.
e Optical microscopy and SEM will again be applied at this stage.
o A platform for the three-point bending test will be prepared, and thermal oral
conditions will need to be simulated.
According to Iso 15841 3 point bending test have to be done guideline mentioned below;
The jaw speed should be (1.25 + 0.75) mm/min.
Samples must be cut to a minimum length of 30 mm.
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Wires should be subjected to a symmetrical three-point bending test.
A wire 10 mm long should be used between the supports.

The deviation should be made with a notch cutter placed in the center.
The radius of the support and notch cutter should be (0.10 & 0.05) mm.
Rectangular wires should be tested along the length of the wire.

The wires should be tested at a temperature range of 36 + 1 °C.

They should be deflected by 3.1 mm.

Figure 1. 3 point bending test in 37.5 degrees celcius[10]

e The mechanical properties of the wire, such as tensile strength, three-point bending,
hardness measurements, and surface topography, will be determined.

The force applied during the optimal unloading force for clinical applications, which is used for
tooth alignment, has been reported by Gatto et al. to range between 60-100g when comparing
different manufacturers.

Bartzela et al. described this range as 139-239¢g, and Lombardo et al. reported values between
78.4-109.6g. These values are considered appropriate alignment forces in orthodontic journals,
and generally, the range can be evaluated as 60-239g (8.8-234.2¢cN).

The optimal compression on periodontal tissue should be between 7 x 10-4 MPa (7 g/cm?) and
2.6 x 10-3 MPa (26 g/cm?).

Loads exceeding 2.6 x 10-3 MPa can lead to excessive compression of periodontal capillaries,
causing local ischemia, which may result in tissue hyalinization. For comparison purposes,
based on literature, the optimal initial force to induce physiological cycling on mineralized
tissues associated with a maxillary premolar can be assumed to be approximately 50gf (49¢cN)
[11].

e DSC/TGA tests will be conducted to identify the transformation temperatures.

With this analysis, we gain information about the Af transformation temperature. The peaks on
the graph indicate the starting values of the transformation.

Since we know the approximate value of the transformation temperature, the temperature range
selected during the DSC analysis can be kept short, for example, -10 °C to 70 °C. However,
one study was conducted between -100 °C and 100 °C, while another was between -30 °C and
100 °C.

According to the ISO15841 definition, a heating rate of 10 °C/min is specified. The Af value
indicated by the standard is only acceptable with a tolerance of 1 °C.
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Figure 2. Af transformation graph.

o In the final stage, surface quality will be enhanced through electropolishing.

Between the 13-17 January 2025 all theese test will be done.

3. CONCLUSION

As a conclusion, in orthodontic treatments, NiTi arcwires are widely using. The product is a
high-value-added item, considering its low production cost and high selling price. Additionally,
the knowledge gained here will serve as a foundation for various applications of nickel-
titanium wires.
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Abstract: The revolutionary photovoltaic technology known as dye-sensitized solar cells
(DSSCs) has attracted a lot of interest because of its exceptional cost-effectiveness, ease of
production, and promise for high energy conversion efficiencies in a variety of environmental
settings. Because of its unique structural and electrical characteristics, zinc oxide (ZnO) is a
highly effective and adaptable semiconductor that stands out among the other materials being
researched for usage as photoanodes in DSSCs. The distinctive characteristics of ZnO
nanostructures are thoroughly examined in this study, which also covers their production
methods, structural variety, and crucial function in DSSCs. Particular focus is given to
clarifying the complex link between morphology and performance, optimizing device
efficiency, and resolving the real-world difficulties in using ZnO to optimize DSSC
functioning. Additionally, this paper explores the latest developments in hybrid ZnO-based
materials, the incorporation of novel dye molecules, and new approaches to get beyond current
constraints. By examining these advancements, the research highlights how crucial ZnO will be
in determining the direction of sustainable energy solutions in the future and how it may
contribute to next-generation energy technology.

Keywords: Zinc Oxide, Nanostructures, Photoanodes, Dye Sensitized Solar Cells

1. INTRODUCTION

One advanced third-generation photovoltaic technology that mimics the natural process of
photosynthesis is dye-sensitized solar cells (DSSCs). In order to produce photo-excited
electrons and harvest sunlight, they use a dye molecule. This starts a series of charge transfer
processes that eventually result in the production of electrical energy. Since the photoanode
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material not only provides a scaffold for dye adsorption but also works as a conduit for electron
transport to the external circuit, it is closely related to the total efficiency of DSSCs. Zinc oxide
(ZnO) is a particularly intriguing contender among prospective photoanode materials because
of its unique combination of a broad bandgap (3.3 eV), strong intrinsic electron mobility, and
exceptional chemical stability [1]. When combined, these characteristics improve ZnO's
capacity to facilitate efficient charge transport by lowering recombination rates and energy
losses during electron mobility, both of which are essential for reaching high device efficiency.
Its intrinsic chemical stability also guarantees that the material may continue to function for
extended periods of time, even in the face of harsh environmental factors like exposure to UV
light or changes in humidity and temperature. ZnO is an essential component for dependable
and sustainable functioning in DSSC applications because of its dual functionality, which
combines durability with efficient electron transport [2].

The intrinsic electron mobility of zinc oxide (ZnO) is superior to that of other well researched
semiconductors, such as titanium dioxide (TiO2), with values reported to be between 200 and
300 cm?/Vs. This high electron mobility minimizes energy losses from electron recombination
at defect sites by lowering resistance in the conduction channel, which greatly speeds up charge
transfer. The energy conversion efficiency of DSSCs is directly improved by such effective
charge collection techniques, which also result in increased photocurrent generation. Apart
from its favourable electrical characteristics, ZnO demonstrates exceptional compatibility with
a wide variety of dye molecules and electrolyte compositions, rendering it a very adaptable
substance for customizing DSSC designs to particular operational and environmental settings
[3]. For example, the surface chemistry of ZnO facilitates the efficient adsorption of a range of
dye molecules, and its structural flexibility guarantees the best possible interaction with both
liquid and solid-state electrolytes. High open-circuit voltages and increased device stability are
made possible by this compatibility, which improves interfacial charge transport kinetics. ZnO
also has much more to offer in terms of scalability and manufacturing. It may be made in a
number of economical ways, including electrodeposition, sol-gel procedures, and hydrothermal
development, all of which allow for the fine-tuning of its electrical and morphological
properties. Because of these synthesis methods' affordability and excellent scalability, ZnO is a
viable option for mass manufacture in commercial applications. The formation of intricate
nanostructures such as nanowires, nanoparticles, and hierarchical frameworks by ZnO
improves its light-scattering and dye-loading properties and maximizes light absorption
throughout the spectrum.

ZnO is positioned as a key component in the creation of next-generation DSSCs due to the
combination of these characteristics. ZnO is essential to solving the world's energy problems
since it provides a sustainable means to capture solar energy using scalable and eco-friendly
production techniques. In an era of rising energy demand, its ability to spur innovation in
photovoltaic technology highlights its critical role in improving renewable energy alternatives

[4].
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Figure 1:Process for conversion of solar power into electric energy using ZnO-based DSSC [5]

2. SYNTHESIS AND FABRICATION OF ZINC OXIDE NANOSTRUCTURES FOR
DYE-SENSITIZED SOLAR CELLS

When creating zinc oxide (ZnO) nanostructures, the synthesis process is crucial in determining
the size of the particles, which in turn affects important characteristics like surface area, light
absorption, electron mobility, and overall performance in a variety of applications, particularly
dye-sensitized solar cells (DSSCs). With their many morphologies—from nanoparticles to
nanowires and nanorods—ZnQO nanostructures provide special benefits that may be customized
for particular uses [6]. Different synthesis techniques have been developed to customize the
characteristics and shape of ZnO. The synthesis technique selection has a significant impact on
the ZnO nanostructures' size, shape, and crystalline quality, all of which govern their optical,
electrical, and surface characteristics that are essential for DSSC performance. For instance,
hydrothermal synthesis regulates temperature, reaction duration, and precursor concentration to
produce well-aligned nanorods and nanowires. For effective electron transport, one-
dimensional structures must have a high degree of crystallinity and homogeneity, which is
ensured by this technique. On the other hand, the sol-gel technique produces structures that
optimize surface area for dye adsorption by adjusting the pH, concentration, and aging time of
the precursor solution, allowing for the creation of ZnO nanoparticles with tunable sizes [7].
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3. CATEGORIES OF ZINC OXIDE NANOSTRUCTURES IN DYE-SENSITIZED
SOLAR CELLS

3.1 Nanoparticles

ZnO nanoparticles are spherical or nearly spherical structures with sizes that usually range from
a few nanometers to hundreds of nanometers. Their main purpose in DSSCs is to offer a large
surface area for the adsorption of dye molecules, which is essential for absorbing a large
quantity of sunlight and improving the cell's light-harvesting effectiveness. However, because
electrons run into barriers when moving between particles, their small size and the associated
high density of grain boundaries can cause considerable electron recombination. The DSSC's
overall photocurrent and efficiency are decreased by these grain boundaries, which function as
traps that obstruct effective charge transfer [8]. The DSSC's light-harvesting efficiency is
boosted when more dye molecules are able to adsorb onto the ZnO surface because smaller
particles have a higher surface area because of their higher surface-to-volume ratio. But this
benefit comes at the expense of increased losses due to electron recombination. Because
assemblies of smaller particles have a high density of grain boundaries, there are many trap
states where charge carriers can recombine with oxidized species in the electrolyte, lowering
the photocurrent and device efficiency overall. Researchers seek to achieve the ideal balance
between nanoparticle size and distribution in order to lessen these disadvantages. By lowering
the number of grain boundaries, intermediate-sized particles have been demonstrated to strike a
balance between optimizing surface area for dye loading and limiting recombination.
Additionally, continuous electron routes are ensured by the homogenous dispersion of
nanoparticles inside the photoanode layer, improving charge collection. Techniques for surface
passivation have been used extensively in addition to size optimization. The application of thin
insulating coatings, such Silicon dioxide (SiO2) or Aluminum oxide (Al2O3), to nanoparticles
has been shown to effectively inhibit recombination. Because dangling bonds on the ZnO
surface are frequently sources of electron trapping, these coatings passivate them, lowering the
density of surface defect states [9]. By serving as physical barriers, these layers help enhance
charge transfer by preventing direct interactions between the oxidized species in the electrolyte
and the photogenerated electrons in ZnO. Crucially, in order to prevent impeding electron
transmission from the dye to the ZnO conduction band, these passivation layers need to be thin
enough. The creation of homogeneous, ultrathin passivation layers that perfectly combine
charge transfer efficiency and recombination suppression has been made possible by
developments in atomic layer deposition (ALD) and other precision coating techniques. All of
these advancements work together to increase ZnO-based DSSCs' overall stability and
performance [10].

3.2 Nanorods and Nanowires

Because they provide continuous and extremely effective electron conduits, they provide direct
paths for electron transport, which greatly lowers recombination rates and improves total
charge collecting efficiency. In this situation, one-dimensional structures like nanorods and
nanowires are essential because they limit electron dispersion and energy losses along the
channel while enabling the quick and targeted passage of photo-generated electrons toward the
electrode [11]. This is explained by the fact that they are very crystalline and that they do not
have grain boundaries, which are frequently linked to electron trapping in other nanostructures.
These structures' very small surface area restricts the adsorption of dye molecules, which are
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necessary for absorbing sunlight and starting the photovoltaic process, even if they have greater
charge transport capabilities [12]. As a result, reaching high light-harvesting efficiency is made
more difficult by the smaller surface area. In order to overcome this restriction, scientists have
created hybrid structures that combine the increased surface area provided by alternative
morphologies, such as nanoparticles, nanosheets, or porous frameworks, with the high electron
mobility of one-dimensional ZnO. For instance, increased dye loading capacity is made
possible by nanorods combined with hierarchical branching structures or nanoparticle
assemblies, all while maintaining the core one-dimensional framework's effective charge
transport capabilities [13].

Furthermore, customizing the characteristics of these hybrid designs has been made possible
via sophisticated synthesis techniques. For instance, hydrothermal techniques may create
adjustable, vertically aligned nanorods that form the framework of composite systems. In a
similar vein, complex branching nanowire architectures may be grown more easily via
chemical vapor deposition (CVD), which boosts the surface area accessible for dye adsorption
without sacrificing electron mobility [14]. Furthermore, post-synthesis changes like doping or
surface functionalization strengthen the bond between the dye and the ZnO structure,
increasing the stability and effectiveness of charge injection. The viability of these systems for
realistic dye-sensitized solar cell applications is ensured by these developments, which
highlight the significance of combining morphological and chemical optimizations to strike a
balance between light absorption, charge collection, and overall energy conversion efficiency.
Research on improving these hybrid structures using sophisticated characterisation methods
and computer modelling is still ongoing. A more logical design of materials that optimize
photovoltaic performance has been made possible by in situ research, which have, for example,
offered greater insights into the kinetics of electron transport inside solar designs. These
creative methods, which combine one-dimensional ZnO with complementary nanostructures,
demonstrate how hybrid systems might help close the gap between scalable manufacturing and
high efficiency for next-generation solar energy solutions [15].

3.3 Hierarchical Structures

By integrating nanoparticles with one-dimensional ZnO structures, the benefits of effective
electron transport and a large surface area are combined in a synergistic way. A large surface
area promotes the adsorption of dye molecules, which is essential for dye-sensitized solar cells
(DSSCs) to maximize light absorption and photocurrent production. On the other hand, one-
dimensional structures like nanorods or nanowires offer direct and continuous electron
transport channels, successfully reducing recombination losses that are usually connected to
grain boundaries in systems based on nanoparticles [16]. Additionally, by improving light
scattering inside the photoanode layer, these hybrid structures lengthen the optical path and
boost incident sunlight absorption efficiency. Better photovoltaic performance is a result of the
resulting improvements in light harvesting and electron mobility. The morphological and
electrical features of these hybrid structures may be optimized thanks to advancements in
synthesis techniques like chemical vapor deposition and hydrothermal growth, which provide
fine control over these structures. These elements are a viable strategy for next-generation
DSSCs as their integration has been demonstrated to greatly enhance important performance
parameters, including as photocurrent density, open-circuit voltage, and total energy conversion
efficiency[17].
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Table 1: Different nanostructure ZnO based DSSCs power conversion efficiency (Giannouli

et.al, 2018) [18]

ZnO DSSC Type Voe (V) Jsc (mA/cm?) FF n (%)

Nanoparticles 0.70 £ 0.02 11.2+1.0 0.54 £ 0.06 6.19 % 0.60
Nanowires 0.62 % 0.03 1204 0.53 £ 0.04 0.63%0.09
Hierarchical Structures | 0-64 £ 0.02 48£0.4 0.41£0.03 1.80 + 0.20

4. RECENT PERFORMANCE ENHANCEMENTS IN ZNO-BASED DYE-SENSITIZED
SOLAR CELLS

Recent developments have shown notable increases in performance measures, with ZnO
morphology playing a crucial role in influencing the photoanode's surface area and electron
transport characteristics. For example, Liu et al. (2021) have shown that the direct paths of
nanowire-based ZnO structures have allowed them to attain electron transport efficiencies of up
to 85% [19]. Wang et al. (2022) have found a 35% increase in dye loading and a matching rise
in photocurrent density in hierarchical structures, such as those that combine nanorods and
nanoparticles. These findings highlight the vital role that morphological modification plays in
improving the dynamics of charge transport and light-harvesting efficiency in ZnO-based
DSSCs [20].

By maximizing the ZnO layer's porosity and thickness, light absorption and effective electron
transport are balanced. Research by Kim et al. (2020) indicated that ZnO layers with porosity
levels that boost dye adsorption by 40% may be produced via hydrothermal synthesis,
according to recent experimental data [21]. Chen et al. (2021) have also reported that atomic
layer deposition has enabled the production of uniformly thick, ultra-thin ZnO films, resulting
in a 25% decrease in electron recombination losses. In order to get better charge transport
characteristics and increased light-harvesting efficiency, these controlled growth approaches
have proven essential [22].

Through passivation of defects and reduction of recombination, surface treatments using
materials such as Zn(NO3), or TiCls enhance the surface characteristics of ZnO. According to
research by Sakai et al. (2013), for instance, TiCls treatment can enhance overall efficiency by
up to 15% and extend electron lifespan by 30% [23]. Similarly, Khan et al. (2023) reported that
Zn(NO3)2 has improved dye anchoring, which leads to a 20% increase in dye adsorption and a
commensurate improvement in photocurrent density. These developments demonstrate how
important chemical treatments are to ZnO-based DSSC optimization. At the ZnO-electrolyte
contact, protective barriers like SiO> or Al,Os; coatings have been shown to lessen charge
recombination [24]. According to Zhao et al. (2021), recent research has shown that Al,Os3
coatings can increase the open-circuit voltage (Voc) by as much as 20% by reducing
recombination sites and surface traps [25]. Lin et al. (2020) found that SiO» coatings may
stabilize the ZnO-electrolyte interface and promote charge separation, which can lead to an
overall 15% increase in power conversion efficiency.



12 TalentDetector2025 Winter

Dye molecules need to adhere to the ZnO surface effectively and absorb strongly in the visible
range. Developments in metal-organic complexes, organic dyes, and co-sensitization
techniques have greatly improved the stability and light-harvesting efficiency of ZnO-based
DSSCs. Kumar et al. (2021) revealed that the enhanced absorption capabilities and binding
durability of ruthenium-based dyes have led to power conversion efficiencies above 8% [26].
According to Tanaka et al. (2020), co-sensitization using organic and inorganic dyes has also
enhanced spectrum coverage, resulting in a 20% increase in photocurrent production. These
tactics highlight how important dye optimization is, to extending the capabilities of ZnO-
DSSCs [27].

Last but not the least, the combination of ZnO and TiO» benefits from ZnO's has been proven
to enhance electron mobility and TiO»'s excellent stability. Higher photocurrent densities are
frequently the consequence of synergistic effects in hybrid photoanodes. For instance, research
by Yadav et al. (2021) showed that ZnO- TiO> hybrid systems had a 25% higher photocurrent
density than pure ZnO photoanodes. The effective charge separation and decreased
recombination made possible by the complimentary qualities of the two materials were credited
with this improvement [28]. Similarly, combining ZnO nanowires with TiO, nanosheets
improved light absorption and increased power conversion efficiency by 18%, according to
research by Patel and Singh (2022). These results demonstrate how hybrid systems may surpass
the drawbacks of separate parts and produce better photovoltaic results [29].

5. SUMMARY AND CONCLUSION

Because of its remarkable electron mobility, structural adaptability, and simplicity of
production, zinc oxide (ZnO) has shown great promise as a photoanode material in dye-
sensitized solar cells (DSSCs). Effective electron transport channels and a large surface area for
dye adsorption are made possible by ZnO's nanoscale morphology, which includes nanowires,
nanorods, nanoparticles, and other nanostructures. These characteristics help to improve the
effectiveness of light harvesting and charge collection. Despite their benefits, ZnO-based
DSSCs have a number of drawbacks, most notably dye aggregation, charge carrier
recombination, and instability after extended use. ZnO and common dyes, namely those with
carboxylic acid groups, have an innate chemical interaction that over time may cause dye
degradation and reduced efficacy. Further restricting ZnO's ability to attain greater
photovoltaics is its modest conduction band location in comparison to other materials, such
titanium dioxide (TiO2). To overcome these constraints, surface alterations, co-sensitization,
and the use of buffer layers or substitute dyes to reduce charge recombination and enhance
stability are all being considered. Furthermore, it has been demonstrated that improving the
ZnO nanostructure can reduce electron scattering and increase light absorption. To sum up,
ZnO-based DSSCs show promise as a platform for efficient and affordable solar energy
conversion, but further study is required to get over material-specific restrictions and improve
their competitiveness versus more well-established systems like TiO2-based DSSCs.
Commercial use of ZnO-based DSSCs may be made possible by future advancements in dye
chemistry, interface engineering, and device architecture, which might lead to increased
stability and efficiency.
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Abstract: This study examines the influence of arc current on the dislocation strengthening of
NiCrBSi coatings deposited via Plasma Transferred Arc Welding (PTAW). Using EBSD, XRD,
and Vickers microhardness tests, the relationship between arc current, dislocation density, grain
size, and hardness was analyzed. Results showed that lower arc currents produced smaller grains
and higher dislocation densities, leading to greater hardness, with a peak of 832 HV at 70 A.
Higher arc currents resulted in reduced dislocation strengthening, emphasizing the importance of
optimizing process parameters to achieve tailored mechanical properties for advanced
applications.

Keywords: microstructure, grain refinement, dislocation density, kernel average misorientation

1. INTRODUCTION

Dislocations are fundamental defects in crystalline materials that play a crucial role in
determining their mechanical properties. These linear defects facilitate plastic deformation but
can also serve as barriers to further dislocation motion under applied stress, significantly
influencing the strength of materials [1]. The interaction between dislocations and
microstructural features, such as grain boundaries, is a key mechanism for strengthening
materials, commonly referred to as dislocation strengthening. This phenomenon is particularly
relevant in metallic coatings, where optimizing dislocation density and microstructure can
enhance performance in demanding environments.

NiCrBSi coatings, deposited via Plasma Transferred Arc Welding (PTAW), are well-suited
for applications requiring superior wear resistance, high-temperature stability, and corrosion
resistance [2]. These coatings benefit from controlled microstructural features such as grain size,
crystallographic texture, and dislocation density, which can be tailored by varying process
parameters like arc current. Understanding how dislocations contribute to the mechanical
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behavior of PTAW-deposited coatings provides valuable insights into optimizing their
performance.

This study focuses on the effect of varying arc currents on the dislocation strengthening of
PTAW-deposited NiCrBSi coatings. Advanced characterization techniques, including Electron
Backscatter Diffraction (EBSD) and X-ray Diffraction (XRD), are employed to investigate the
relationship between arc current, dislocation density, and grain size. Vickers microhardness tests
are used to assess the mechanical performance of the coatings in relation to their microstructure.
By elucidating these relationships, this work aims to provide a deeper understanding of the role
of dislocations in strengthening NiCrBSi coatings and offers guidance for optimizing PTAW
parameters for enhanced coating performance.

2. METHODOLOGY

The PTAW coatings were prepared following the procedure outlined in reference [3]. Four
samples were fabricated at varying arc currents, as detailed in Table 1.

Table 1. Sample designation and processing conditions used for the study

Sample ID Plasma transferred Arc Current
[A]
PTA70 70
PTAS0 80
PTA90 90
PTA100 100

To analyze grain size and crystallography, Electron Backscatter Diffraction (EBSD) was
performed using a Zeiss Evo MA 15 series Scanning Electron Microscope (SEM). The EBSD
analysis was conducted at an operating voltage of 20 kV with a step size of 0.2 um. For further
characterization, X-ray Diffraction (XRD) was carried out using a PANalytical X Pert Pro
diffraction system. The XRD measurements were performed with a cobalt anode lamp (KaCo, A
=0.179 nm) operating at 40 kV and a filament current of 30 mA.

3.0 RESULTS AND DISCUSSION
3.1. Electron Backscatter Diffraction (EBSD) Analysis

The results from EBSD investigations for all samples are presented in Figure 1. The image
quality (IQ) map for the PTA70 sample, shown in Figure 1A, highlights visible grain boundaries
with an average grain size of approximately 16.4 pm (grain tolerance angle, GTA = 2°). High-
angle grain boundaries (HAGBs), characterized by misorientation angles greater than 15°,
account for approximately 49% of the total grain boundaries, while low-angle grain boundaries
(LAGBs) with misorientation angles below 15° dominate at approximately 61% (Figure 1B). The
kernel average misorientation (KAM) map (Figure 1C) reveals KAM values ranging from 1 to
5, indicating dense accumulation of geometrically necessary dislocations (GNDs) within the
grain interiors, based on the direct relationship between KAM values and GNDs densities.
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Figure 1. Electron backscatter diffraction (EBSD) analyses results. Image quality (IQ) map,
misorientation angle distribution plot and kernel average misorientation (KAM) maps for (A, B,
C) PTA70 sample, (D, E, F) PTA80 sample, (G, H, 1) PTA90 sample, and (J, K, L) PTA 100
sample
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In contrast, the IQ map for the PTA80 sample (Figure 1D) shows a larger average grain size
of approximately 28.7 um (GTA = 2°). This sample exhibits a significant increase in HAGBs
volume to approximately 85.1% (Figure 1E) and a corresponding decrease in LAGBs volume to
14.9%. The KAM map (Figure 1F) demonstrates a notable reduction in GNDs density within the
grain interiors and around grain boundaries.

Further increasing the arc current to 90 A results in the PTA90 sample having an average grain
size of approximately 37.2 um (GTA = 2°) (Figure 1G). HAGBs increase substantially to 90.3%
(Figure 1H), while the KAM map (Figure 11) reveals a further reduction in GNDs accumulation.

At the highest arc current investigated, 100 A, the PTA100 sample exhibits the largest grains,
with an average grain size of approximately 48.1 um (GTA = 2°), as shown in the IQ map (Figure
1J). Interestingly, the volume of LAGBs increases to approximately 28.7%, while HAGBs
decrease to 71.3%. The corresponding KAM map (Figure 1K) shows the lowest density of GNDs
observed among all samples, both within the grain interiors and at the grain boundaries.

Overall, the results demonstrate a clear trend: increasing the arc current leads to larger
average grain sizes and a corresponding reduction in GND density. To further quantify
dislocation density across all samples, XRD analysis was performed.

3.2. X-Ray Diffraction (XRD) Analyses

The XRD spectra of the deposited coatings are presented in Figure 2, showcasing
characteristic FCC Ni peaks. Among these, the most prominent is the Ni (200) peak, which
exhibits noticeable peak broadening and intensity variations as the arc current increases.
Dislocation densities were calculated for the samples using XRD data, based on the crystallite
sizes derived at each deposition arc current. The crystallite size (D) was determined using the
Scherrer equation (Equation 1).

D = KMpcosH (1)

Where K is the Scherrer constant (typically 0.9 for spherical grains); A is the X-ray wavelength
(0.1789 nm for Co radiation); B is FWHM in radians; and 0 is the Bragg angle in radians. The
calculated crystallite size values were then used to estimate dislocation (p) using Equation 2.

p=1/D? (2)

At an arc current of 70 A, the smallest crystallite size of 17.05 nm was observed, corresponding
to a dislocation density of 5.96 x 10'> m2. When the arc current was increased to 80 A, the
crystallite size grew to 25.42 nm, accompanied by a reduction in dislocation density to 3.77 x
10" m™. This trend persisted with further increases in arc current: at 90 A, the crystallite size
reached 26.91 nm with a dislocation density of 2.74 x 10'> m™, and at 100 A, the crystallite size
expanded significantly to 53.90 nm, with a corresponding dislocation density of 4.42 x 10'* m™.
These findings reveal a clear inverse relationship between crystallite size and dislocation density:
as the arc current increases, the crystallite size enlarges while the dislocation density decreases.
This behaviour is consistent with the literature, which suggests that smaller crystallite sizes are
more effective at impeding dislocation motion, thereby enhancing material strength [4]. A
summary of the XRD derived properties: crystallite size and dislocation density is presented in
Table 1.
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Figure 2. X-ray diffraction (XRD) spectra for the investigated coatings

Table 2. Summary of dislocation density measurements results from XRD.

Sample Crystallite Size (nm) Dislocation Density (m?)
PTA70 17.05 5.96 x 10"
PTA80 2542 3.77 x 10"
PTA90 26.91 2.74x 10°
PTA100 53.90 442 x 10"

3.3. Hardness

Vickers microhardness tests were performed to evaluate the mechanical behaviour of the
coatings under varying arc currents, corresponding to significant differences in dislocation
density. Measurements were taken across three regions of the samples: the coatings, the heat-
affected zones (HAZ), and the substrate material (Figure 3A). The results are presented in Figure
3B. The hardness of the HAZ and substrate remained relatively consistent across all samples,
showing no significant variation. However, in the coatings, where dislocation densities varied
substantially, corresponding differences in hardness were observed. The highest microhardness,
832 HV1.0, was recorded for the PTA70 sample, which exhibited the highest dislocation density
and the smallest grain size. For the PTA80 sample, the microhardness decreased to 552 HV ..
Further increases in arc current led to even lower hardness values of 445 HV o and 448 HV
for the PTA90 and PTA100 samples, respectively. These results indicate that at higher arc
currents, the mechanical response of the coating is influenced not only by dislocation density but
also by other factors, such as grain refinement.
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Figure 3. Microhardness measurements. A. SEM image showing the regime of Vickers
microhardness measurement taken in three regions consisting of the coating, heat-affected zone
(HAZ) and the substrate, and B. Results of Vickers Microhardness measurements.

CONCLUSION

This study demonstrates the significant impact of arc current on the microstructure and
mechanical properties of PTAW-deposited Ni-based coatings. Increasing arc current resulted in
a consistent increase in grain size and a corresponding decrease in dislocation density, as
evidenced by EBSD and XRD analyses. The Vickers microhardness tests revealed that the
highest hardness was achieved at lower arc currents, where dislocation density was highest and
grain size smallest. However, at higher arc currents, the influence of dislocations alone was
insufficient to sustain hardness, highlighting the role of other microstructural factors, such as
grain refinement.
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Abstract: Surface grinding is a key proces in many industrial sectors, requiring precision and
efficiency. Technological advancements have introduced modern methods such as advanced
abrasive materials, CNC systems, and automation, enhancing the quality of machining. This
article will explore the latest techniques and their applications in the industry.
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1. INTRODUCTION

Grinding is one of the machining methods that allows for the removal of minor Surface
irregularities. This proess is classified as an abrasive machining technique, in which excess
materia lis removed using abrasive tools. A distinctive feature of grinding is its very precise
finishing operations, ensuring smoothness and high-quality Surface finishes of components.

Surface grinding using CNC machines ensures much higher repeatability of the smoothing
process compared to manual tools or power tools. This technique is particularly useful in the
production of large batches of components that need to be manufactured with precise dimensions
and minimal tolerances- below 0.02 mm).

2. MODERN METHODS OF GRINDING

2.1. Types of CNC Grinding Based on the Grinding Head Operation:

CNC Profile Grinding- provides high accuracy and Surface smoothness. It is used for
smoothing profiled components. The grinding head is positioned stationary relative to the
workpiece.

CNC Cylindrical Grinding- ensures gigh smoothness within the hole. It is udes for grinding
holes or components with circular shape.

CNC Surface Grinding — this method is similar to profile grinding, but the difference is that
the workpiecie remains stationary while the abrasive element moves.
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Advantages of CNC Grinding:

1. High Precision and Accuracy — CNC machines ensure highly precise results, which is crucial
when machining components with tight tolerances.

2. Repeatability — The processes are repeatable, ensuring consistent results in mass production,
even with large volumes.

3. Automation — With computer control, CNC grinding eliminates human errors and reduces
processing time, increasing production efficiency.

4. Complex Shapes — CNC machines allow for the machining of complex shapes and profiles
that are difficult to achieve using traditional methods.

5. Error Minimization — Thanks to precise control, CNC grinding reduces the risk of errors during
the machining process. 6. Long-term Cost Reduction — Despite higher initial costs, CNC
machines can significantly lower unit costs in large production runs.

2.2. Laser grinding

Modern methods of steel processing, such as grinding using laser technology, are revolutionizing
contemporary industry by offering unprecedented precision and speed. Laser beams, known for
their ability to focus on a small area, enable highly precise control of the grinding process. This
allows for perfectly smooth surfaces, even in the case of complex shapes and patterns. As a result,
this technology finds applications in fields where traditional methods may fall short, such as the
aerospace, automotive, or medical industries, where precision is paramount.

One of the most significant advantages of laser grinding is the considerable reduction in
processing time compared to traditional mechanical techniques. Accelerating the production
process translates into increased efficiency and lower operational costs. Furthermore, laser
technology minimizes the risk of material damage, making it particularly appealing when
working with high-quality steels or advanced metal alloys.

The primary benefits of this technology include unparalleled precision and versatility. With
the ability to accurately control the depth and intensity of grinding, it is possible to achieve
perfect surface parameters while minimizing material waste. Lasers are also versatile—they can
effectively handle both soft and highly hardened steels, expanding their range of applications.
Additionally, this technology integrates seamlessly with modern automation and robotics
systems, enabling full integration within industrial production lines.

However, it is important to note that laser grinding is not without its drawbacks. The main
barrier for many companies can be the high initial costs, including the purchase and maintenance
of equipment. Moreover, this technology requires trained personnel to operate the machinery and
perform precise calibrations. In some cases, such as processing very thick materials, traditional
methods may still hold an advantage in terms of efficiency and cost-effectiveness.
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Figure I Laser grinding

Figure 2 Laser grinding

2.3 Ultrasonic grinding

Ultrasonic grinding technologies are among the most innovative achievements in steel
processing, gaining increasing significance in the industry. This method relies on the use of
ultrasonic waves generated by devices that convert electrical energy into mechanical vibrations
at very high frequencies. This approach to material processing enables exceptionally precise and
gentle surface grinding, offering numerous benefits in terms of both quality and efficiency.

One of the greatest advantages of this technology is its ability to achieve exceptional precision.
Ultrasonic waves allow for the creation of extremely smooth steel surfaces, which is especially
critical in applications requiring flawless finishing, such as the production of surgical tools,
precise measuring instruments, or aerospace components. Additionally, this technology
significantly reduces the occurrence of surface microdamage, enhancing the durability and
quality of finished products.
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Another key advantage is the increased efficiency of the process. Ultrasonic waves facilitate
faster steel processing by reducing friction between the tool and the material. This shortens
production times and minimizes the wear and tear on machines and tools. Consequently,
operational costs are lowered, which is particularly valuable for businesses aiming to optimize
their industrial processes.

Ultrasonic technology is also far gentler on the processed material compared to traditional
mechanical methods. The risk of deformation or structural damage, which can occur with
techniques involving high temperatures or significant mechanical force, is minimized in this case.
This preserves the material's integrity, which is especially important when working with
expensive or specialized steels with high-performance characteristics.

Ultrasonic grinding finds applications across various industrial sectors. In the medical field, it
enables the precise processing of elements like surgical tools and implants. In the automotive
industry, this technology is used to manufacture components with complex geometries, such as
parts of injection systems or drivetrains. In the electronics industry, where high-precision
components are required, ultrasonic steel processing proves indispensable.

Despite its many advantages, ultrasonic technologies have certain limitations. The primary
challenge is the high initial cost, including the purchase of advanced equipment and staff training.
Operating these machines requires specialized knowledge and precise skills, which may
necessitate additional investments in workforce training. Moreover, in the case of very large or
thick elements, more conventional methods might prove more cost-effective.

Figure 3 Ultrasonic grinding of quartz glass

2.4 Artificial Intelligence in grinding

Artificial intelligence (Al)-based grinding technologies are revolutionizing the steel
processing industry, setting new standards for efficiency, precision, and production quality.
Powered by advanced algorithms, Al systems enable full automation and real-time optimization
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of grinding processes. As a result, these processes become significantly more efficient,
eliminating human error and ensuring the highest level of precision.

One of the key advantages of using Al in steel processing is the ability to continuously monitor
machine parameters and dynamically adjust 25inis. Intelligent systems analyze real-time data,
such as rotational speed, pressure force, and tool wear, which helps maintain 25inisz stability.
This results in products with an excellent 25inisz, especially critical in industries such as
aerospace, healthcare, and automotive, where precision is crucial.

Al also introduces real-time process adaptation. Al-based systems automatically adjust
machine settings to changing conditions, such as material hardness variations or tool load levels.
In practice, this means that machines can self-correct problems, reducing downtime and
minimizing waste. This adaptability not only improves production efficiency but also helps to
cut operational costs.

Another benefit of Al usage is the significant reduction in production time. Precise parameter
control allows for faster completion of the grinding process while maintaining high consistency
in quality. Each element is processed with identical precision, which is especially important in
large-scale production, where maintaining uniform standards is essential.

Integrating Al with modern automation and robotics systems further enhances process efficiency.
Al enables full synchronization across different production stages, reducing the risk of downtime
and losses. As a result, the entire production line operates harmoniously and optimally.

Despite its many advantages, these technologies are not without their challenges. One main
issue is the high initial implementation cost, which involves purchasing advanced equipment,
software, and staff training. Operating such systems requires specialized knowledge and
experience, which translates into additional financial investments. Furthermore, Al systems rely
on data, so improper implementation or calibration issues may negatively affect the system's
performance.

3. CONCLUSIONS

Modern grinding technologies, such as CNC grinding, laser grinding, ultrasonic grinding, and
Al-driven grinding, have significantly advanced the steel processing industry. These methods
provide exceptional precision, efficiency, and adaptability, making them essential in fields
requiring high-quality machining and the production of complex components. Each method
offers unique benefits: CNC grinding excels in repeatability and machining intricate shapes, laser
grinding ensures unmatched precision and minimal material waste, ultrasonic grinding is
particularly gentle on materials, and Al integration enhances automation, real-time optimization,
and production line synchronization.

The advantages of these technologies include improved accuracy, reduced processing times,
and consistency in mass production. Their applications span industries such as aerospace,
automotive, medical, and electronics, where flawless finishes and intricate geometries are
critical. However, these methods also present challenges. High initial costs, the need for
specialized knowledge, and limitations in processing large or thick materials are significant
barriers. Additionally, training personnel and maintaining advanced equipment require further
investments.

Despite these challenges, the future of grinding technologies is promising. With the ongoing
development of Al and automation, these methods will likely become even more efficient and
accessible, overcoming current limitations and expanding their industrial applications. This
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progress will ensure that modern grinding continues to play a vital role in meeting the demands
of precision manufacturing.
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Abstract: The article presents a sheet feeder and sheet turner mechanism for a printing
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medium-scale printing enterprise could exceed 40 times the initial investment.
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1. INTRODUCTION

Let us analyze the mechanisms of modern printing machines. We will examine these
mechanisms, identify the negative outcomes of the technological processes carried out by them,
which include defects caused by improper machine operation on printed materials, and explore
ways to eliminate these issues [5].

Figure 1 presents a universal diagram of a sheet feeder mechanism. This mechanism can
operate in both single-sided and double-sided printing modes [1].

In the first case, three cylinders perform the function of transferring the front portion of the
sheet. The intermediate cylinder (2) has a dual diameter and, accordingly, two gripper bars that
receive the sheet from the gripper bar of cylinder (1) and transfer it to the gripper bar of
cylinder (3).

In the second case, the same cylinders perform the function of a reversing mechanism, as
they operate in a mode that transfers the rear portion of the sheet to the third cylinder.

The transfer of the sheet's rear portion is performed by the grippers of the transfer cylinder,
which execute a rotational motion combined with reversal. Afterward, the grippers (4) of the
intermediate cylinder (2) grab the rear portion of the sheet at the alignment point of cylinders
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(2) and (3). The grippers (5) then release the sheet at the rear portion, while the intermediate
cylinder's guides (6) secure it.

During the cylinder's rotation, the grippers (5) carry out a rotational motion, controlling the
rear portion of the sheet for a specific period. Upon releasing the grippers (4), the sheet is
aligned in the correct direction and delivered from the upper surface of cylinder (2).

From this point onward, the sheet is fixed in a reversed position on cylinder (3), allowing the
second side of the sheet to be printed. During the operation of the sheet-turning system, the
configuration of the grippers (4) and auxiliary guides is adjusted based on the format. This
adjustment can be performed manually or in automatic mode, depending on the requirements.

Figure 1. Sheet Feeder Mechanism

As noted, one of the main disadvantages of the sheet feeder mechanism may be the fact that
the grippers, which are supposed to operate in synchronized mode, may fail to align properly in
certain cases, leading to defective handling of the sheets. It is sufficient for the grippers of one
cylinder to deviate by a fraction of a millimeter from the alignment with the grippers of the
other cylinder for the mechanism to fail in sheet transfer, resulting in errors or malfunctions.

The mechanisms we developed, based on the principles of inverse kinematics, have
successfully solved this issue. The sheet feeder and sheet turner mechanisms are designed with
a remarkably simple structure and are protected under Patent P 4980, issued by the National
Intellectual Property Center of Georgia, "Sakpatenti." This patent covers a system fully reliant
on inverse kinematics and capable of addressing the alignment challenges of machine grippers
[4].

The simplified design presented here integrates the operations of the two mechanisms into a
single, unified mechanical system [2].

We have calculated the anticipated economic impact of the sheet feeder and sheet turner
mechanisms for a printing machine. In a medium-scale printing enterprise, the estimated
economic benefit from their implementation could exceed 40 times the initial investment.
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Figure 2. Structural Diagram of the Sheet Feeder and Turner Mechanism

On a national scale, the introduction of our developed sheet feeder mechanism in Georgian
printing enterprises not only improves the parameters of double-sided printed products but also
offers a tangible economic benefit for printing firms [3].

This benefit is achieved through cost reductions in labor, printing, and binding processes, as
well as savings on consumables.

Considering the labor-saving potential of the sheet feeder mechanism, we can extend the
evaluation to include the broader economic effect of labor cost reductions. In our case, this
effect

3::3%Jﬁ+En (U; —U;) — E,(U; — U3)
'B, P, +E, P, +E,

—3,|N

Where, 3 - The annual expected economic effect is denoted;
3, and 3; - Allocated expenses correspond to market and alternative scenarios;
B, and B; - Production capacities correspond to market and alternative scenarios;

P; and P, - Retained operational efficiency over the long term corresponds to market
and alternative scenarios;

Url and U:‘; - Annual operational costs correspond to market and alternative scenarios;
E,, - The standard efficiency coefficient in the printing industry is set at 0.15;
N - The annual productivity of labor is measured in natural indicators.

Allocated expenses are limited by the sum of the product of the existing revenues generated
through the use of the sheet feeder mechanism and the normative coefficient of the efficiency
of additional capital investments

3=C+E,AK

In our case, the revenue generated by the operation of the sheet feeder mechanism amounts
to 12,000 GEL per month for an average-sized printing enterprise. Calculated per unit of
production (one printed sheet), this equals 0.12 tetri.
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The cost of preparing the mechanism we propose is estimated at 2,500 GEL, which, when
distributed across unit production, amounts to 0.011 tetri. Taking these figures into account

3, = 0,12 + 0,15-0,011 = 0,12165 (tetri)

The relevant data for existing options have been increased accordingly, reflecting the values
associated with the expansion of the printing line. For the specified case, we propose the
following:

3, = 0,36 + 0,150,007 = 0,36105 (tetri)

The use of the sheet feeder mechanism in our proposed and existing options is
approximately equivalent.
Therefore,
Py +E,
Py +E,

Likewise, we can also consider the production capacity of labor resources as equivalent to 1,

meaning that:
B,

1
By

As for operational costs, our mechanism allows for their reduction. This results in a savings
of 0.24 tetri per unit of production, meaning that:

Uy — Uy = 0,24

As for the conclusion

(Ui - U'z) — En(Ul - U'z) _ 024+ 0,15-0,48 0,24+40,072 0,312

= - = 1,24 (tetri
P, +E, 0,1+0,15 0,25 025 _ 24 (cetri)

As for the condition, the annual economic effect per unit of production will be
3; =0,36105-1,248 — 0,12165 = 0,4505904 — 0,12165 = 0,3289404

An average-scale printing enterprise annually prints 60,000 conditional printed sheets,
meaning that:
3 =10,3289404 - 60000 = 19736,424

Approximately 200 GEL per month, or 2,400 GEL annually.
Since the estimated cost of our proposed sheet feeder mechanism is 2,500 GEL, the payback
period is:

Lk _2500
=3 T 2400 04 0Gaer)
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2. CONCLUSION

The implementation of our developed sheet feeder mechanism in an average-scale printing
enterprise provides an annual economic benefit of 2,400 GEL.

The initial costs will be recouped within slightly more than one year. On a national scale in
Georgia, it can be estimated that the achieved economic effect will be at least 40 times greater.
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Abstract: This article examines the influence of technological parameters in the laser cutting
process on the quality of large-scale steel products. Key factors such as laser power, cutting
speed, shielding gas type, and focal distance are analyzed to determine their impact on surface
quality, dimensional accuracy, and structural integrity. The study integrates literature review,
numerical modeling, and experimental research to identify optimal process parameters. The
results emphasize the importance of precise parameter adjustment to minimize defects, reduce
the heat-affected zone (HAZ), and enhance product durability. Additionally, the article
highlights the role of quality management systems and material testing in ensuring high-quality
outputs. The findings have practical applications in industries such as construction, automotive,
and energy, where precision and efficiency are critical. The article also discusses the life cycle
of laser sources and cutting heads, providing insights into their management for improved
operational efficiency.
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1. INTRODUCTION

This article investigates the relationship between key technological parameters—such as laser
power, cutting speed, shielding gas type, and focal distance—and the quality of laser-cut
surfaces. The study is structured around three main pillars: theoretical analysis, numerical
modeling, and experimental validation. By integrating these approaches, the research aims to
provide a comprehensive understanding of how process parameters influence surface quality,
dimensional accuracy, and material properties.

A significant focus is placed on the life cycle of laser sources and cutting heads, which directly
impacts the efficiency and reliability of the cutting process. The article also discusses the role
of quality management systems, including real-time monitoring and material testing, in
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optimizing production processes and minimizing defects. Practical applications of the research
findings are highlighted, demonstrating their relevance to industries requiring high-precision
components.

By combining advanced analytical tools with experimental data, this study contributes to the
ongoing effort to enhance the quality and efficiency of laser cutting processes, particularly for
large-scale steel products.

2. LIFE CYCLE OF LASER SOURCE AND CUTTING HEAD IN LASER
PROCESSING OF LARGE-FORMAT MATERIALS

2.1 The life cycle of a laser source and cutting head can be divided into several key
phases:

the run-in phase, the mature life phase and the wear-out phase. Each of these phases has a
significant impact on the efficiency of the laser processing, especially in the case of large-
format materials, where high precision and system reliability are required [1].

Run-in Phase

During the burn-in phase, the laser source and cutting head undergo intensive testing to detect
any manufacturing defects or assembly-related issues. In this period, a relatively high failure
rate is observed, which is typical for new equipment. The tests include operation under various
load conditions to ensure that the components are ready for long-term use [2].

Mature Life Phase

After successfully passing the burn-in phase, the laser source and cutting head enter the useful
life phase. During this period, the failure rate is low, and the system's performance remains
consistently high. This is the stage where the laser system is most efficient and cost-effective to
operate. For large-format material processing, stable laser operation is crucial for maintaining
cutting quality and minimizing downtime [3].

Failure rate =

Run in Phase Mature Life Phase Wear out Phase

Figure 1.Graphical representation of the laser life cycle

‘ Time

Wear-out Phase

Over time, both the laser source and the cutting head begin to show signs of wear. For the laser
source, this may include a decrease in output power, beam instability, or cooling issues. The
cutting head, on the other hand, may experience mechanical wear, such as nozzle degradation,
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lens wear, or optical system misalignment. In this phase, the risk of failure increases, and
maintenance costs rise [4].

2.2 Impact of Cutting Head Wear or Collision on Surface Quality

Wear of the cutting head, especially during the wear-out phase or after a collision, has a direct

impact on the quality of the processed material surfaces. The cutting head consists of precision

optical components, such as lenses and nozzles, which are critical for focusing the laser beam

and effectively removing molten material. If these components become worn or damaged, the

following issues may arise:

1. Deterioration of Cutting Edge Quality: Worn lenses or nozzles can lead to beam
defocusing, resulting in uneven edges and increased surface roughness [5].

2. Dimensional Inaccuracies: Mechanical damage to the cutting head, such as after a
collision, can cause beam misalignment, leading to errors in the dimensions of the cut parts
[6].

3. Increased Heat-Affected Zone (HAZ): Worn optical components can cause inefficient
removal of molten material, increasing the heat-affected zone and leading to undesirable
structural changes in the material [7].

2.3 Management of the Laser Source and Cutting Head Life Cycle

To maximize the efficiency of the laser system, especially in the processing of large-format

materials, it is crucial to manage the life cycle of the laser source and cutting head.

This includes:

1. Regular Technical Inspections: Systematic checks of the laser source and cutting head
allow for early detection of wear and prevention of failures [8].

2. Monitoring Operational Parameters: Tracking parameters such as output power, cooling
temperature, and beam quality helps assess the system's condition and plan maintenance
[9].

3. Component Replacement Planning: Replacing the laser source or cutting head before
reaching the end-of-life phase minimizes the risk of downtime and production losses [10].

2.4 Conclusions

The life cycle of the laser source and cutting head is crucial for the efficiency of laser
processing, especially for large-format materials. Understanding the various phases of the life
cycle, from burn-in through useful life to wear-out, allows for optimal management of the laser
system. The bathtub curve serves as a useful tool for visualizing this process, aiding in the
planning of maintenance and component replacement. Proper life cycle management can
significantly extend the effective operational time of the laser system and minimize costs
associated with failures [11].

3. QUALITY MANAGEMENT AND UTILIZATION OF MATERIAL TESTING IN A
FACILITY SPECIALIZING IN LASER PROCESSING OF LARGE-FORMAT
MATERIALS

In facilities specializing in laser processing of large-format materials, quality management and
material testing are crucial for ensuring high-quality end products and optimizing production
processes. Effective quality management involves not only monitoring process parameters but
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also analyzing the impact of laser processing on material properties, which helps minimize
errors and increase production efficiency [12].

3.1 Quality Management Strategies in Laser Processing

Real-Time Monitoring Systems:

e Modern facilities use advanced monitoring systems to track key process parameters
such as laser power, cutting speed, assist gas pressure, and focal distance. This allows
for quick detection of deviations from standards and process adjustments, minimizing
the risk of defective products [13].

e Examples of such systems include laser sensors and thermal imaging cameras, which
enable continuous assessment of cutting quality and detection of surface defects such
as uneven edges or material overheating [14].

1. Surface Quality Control:

e After the cutting process, surface quality is evaluated using measurement tools such as
laser profilometers and electron microscopes. These tests determine surface roughness,
the presence of burrs, and the heat-affected zone (HAZ) [15].

e For large-format materials, ensuring uniform quality across the entire surface of the
processed component is particularly important, requiring precise adjustment of process
parameters to the material's thickness and type [15].

2. Analysis of Material Properties:

e Material testing, such as hardness tests, microstructure analysis, and strength testing, is
essential for assessing the impact of laser processing on mechanical properties. The
results of these tests allow for the optimization of cutting parameters to minimize
undesirable changes in the material, such as microcracks or thermal distortions [16].

3.2 Utilization of Material Testing in Process Optimization
Material testing is an integral part of quality management in facilities specializing in laser
processing.

It includes:

1. Microstructure Analysis:

¢ Microscopic examinations allow for the evaluation of changes in the material's structure
after laser processing, such as grain size, the presence of intermediate phases, and
potential defects. This is particularly important for materials sensitive to high
temperatures, such as high-alloy steels [17].

2. Hardness Testing:

e Measuring the material's hardness before and after laser processing helps assess the
impact of the process on mechanical properties. For large-format materials, changes in
hardness may indicate undesirable phenomena such as overheating or uneven cooling
[18].

3. Strength Testing:

e Strength tests, such as tensile or impact tests, are crucial for evaluating the impact of laser
processing on material durability. The results of these tests allow for the adjustment of
process parameters to ensure optimal strength of the finished components [19].



36 TalentDetector2025 Winter

3.3 Optimization of the Laser Processing Process
The use of material testing results and quality management systems enables the optimization of
the laser processing process.

Key steps include:

1. Adjustment of Cutting Parameters:

e Based on material testing results and quality monitoring, cutting parameters such as laser
power, cutting speed, and assist gas type are adjusted to meet specific material requirements.
This ensures high-quality cutting with minimal thermal impact.

2. Waste Reduction:

e Effective quality management reduces waste by early detection of defective components and
process correction. This is particularly important for large-format materials, where material
costs are significant.

3. Increased Production Efficiency:

e Continuous quality monitoring and process parameter optimization increase production
efficiency while maintaining high-quality end products [20].

4. PRACTICAL APPLICATIONS OF RESEARCH RESULTS

The research findings have broad applications in industries such as construction, automotive,
and energy sectors. Optimizing laser cutting parameters enables the production of high-
precision and durable components while minimizing production costs. The use of gases such as
nitrogen improves surface quality, which is particularly important for components exposed to
corrosion. [12]

4.1 Design of a Quality Control System for Large-Format Products After Laser Cutting
As part of the topic "Analysis of the Impact of Technological Parameters of the Laser Cutting
Process on the Quality of Large-Format Steel Products," a quality control system for large-
format products has been designed. The purpose of this system is to ensure that the cut
elements meet quality requirements such as dimensional accuracy, edge quality, and the
absence of surface defects. Below is the concept of the system and a description of its
operation. [13]

5. CONCEPT OF THE QUALITY CONTROL SYSTEM

The system consists of several key modules that work together to provide comprehensive
quality control:

Measurement Module:

o 3D Scanner: A 3D scanner is used to measure the geometry of the cut elements, allowing
for precise mapping of the shape and dimensions of the product. The scanner compares
the obtained data with the CAD model, enabling the detection of any deviations.[14]

e Micrometers and Laser Calipers: Precise measuring tools such as micrometers and laser

calipers are used to measure material thickness and the width of the cut kerf. [15]
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Vision Module:
¢ High-Resolution Cameras: The system is equipped with industrial cameras that record the
cutting surface in high resolution. These cameras allow for the detection of surface defects
such as burrs, unevenness, or signs of overheating.
e Image Analysis Software: The collected images are analyzed by specialized software that
identifies irregularities based on predefined quality criteria. [16]

Thermal Imaging Module:

e Thermal Camera: A thermal camera is used to assess the temperature distribution on the
cut edges. This allows for the detection of overheated areas that could lead to microcracks or
structural changes in the material.

Reporting Module:

e Data Management System: All measurement data is collected in a data management
system that generates quality reports. These reports contain information on dimensional
deviations, surface defects, and other quality parameters. [19]

5.1 Description of the System Operation

1. Geometry Measurement:

e After the laser cutting process is completed, the product is placed on a measurement station.
The 3D scanner scans the entire surface, creating a point cloud that is compared with the
CAD model. If dimensional deviations are detected, the system generates an alert.

2. Edge Quality Analysis:

e High-resolution cameras record the cutting surface, and image analysis software identifies
defects such as burrs, unevenness, or signs of overheating. The analysis results are
compared with quality standards.

3. Thermal Control:

The thermal camera records the temperature distribution on the cut edges. Areas with
elevated temperatures are analyzed for the risk of microcracks or structural changes.

4. Report Generation:

e All data from the measurement, vision, and thermal imaging modules are sent to the data
management system, which generates a quality report. The report includes information on
dimensional deviations, surface defects, and other quality parameters.

5.2 Precision of Measurements:

e The use of a 3D scanner and precise measuring tools such as micrometers and laser
calipers ensures measurement accuracy at the micrometer level. This is crucial for
ensuring the dimensional compliance of the cut elements with the design. [14]

Comprehensive Quality Control:

e The system combines geometry measurement, visual analysis, and thermal control,
allowing for the detection of both dimensional and structural defects. This ensures high-
quality final products.

Automation of the Process:
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e The use of CNC systems and image analysis software allows for the automation of the
quality control process. This reduces the risk of human error and shortens the time
required for inspection.

Flexibility of the System:

e The system can be easily adapted to various production requirements, which is
particularly important for mass production and prototyping. The ability to integrate with
CAD/CAM systems allows for the quick generation of quality control programs based
on 3D models. [17]

Compliance with Quality Standards:

o The system has been designed with international quality standards such as ISO 9001 in
mind, ensuring that the cut elements meet customer requirements and industry
regulations. [19]

5.3 Conclusions about concept

The designed quality control system for large-format products after laser cutting is a
comprehensive solution that ensures high-quality cut elements. By combining precise
measuring tools, advanced vision systems, and thermal imaging, the system enables the
detection of both dimensional and structural defects. The automation of the quality control
process and the ability to integrate with CAD/CAM systems make the system flexible and
efficient, leading to increased production efficiency and reduced costs.

6. MANAGEMENT OF THE RESEARCH PROCESS OF LARGE-FORMAT
MATERIALS AFTER LASER PROCESSING

The process of researching surfaces after laser processing of large-format materials requires
careful management to ensure the reliability of results and their usefulness in optimizing
production processes. Managing this process involves planning the research, selecting
appropriate measurement methods, analyzing data, and formulating research questions that
allow for a deep understanding of the impact of laser processing parameters on surface quality.
Below are the key aspects of managing the research process and examples of research
questions. [12]

6.1 Management of the Research Process

1. Research Planning:

e Defining Objectives: Before starting the research, it is necessary to clearly
define the objectives, such as assessing the impact of laser cutting parameters
(power, cutting speed, type of assist gas) on surface quality, including
roughness, presence of defects, and mechanical properties. [13]

e Sample Selection: Large-format materials, such as steel sheets with a thickness
of 10-20 mm, should be subjected to laser processing with different parameters
to enable comparison of results.

e Measurement Methods: Appropriate measurement methods should be selected,
such as profilometry for surface roughness evaluation, scanning electron
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microscopy (SEM) for microstructure analysis, and hardness tests for assessing
mechanical changes [15].

2. Conducting the Research:
e Process Parameter Control: During laser processing, parameters such as laser
power, cutting speed, and assist gas pressure should be precisely controlled to
ensure repeatability of results [16].
e Surface Measurements: After processing, surface roughness measurements
should be performed using a profilometer, and microstructure should be
evaluated using electron microscopy [17].

3. Data Analysis:

e Statistical Analysis of Results: Measurement results should be subjected to
statistical analysis to determine the significance of the impact of individual
processing parameters on surface quality.

e Interpretation of Results: Based on the obtained data, conclusions should be
drawn regarding the optimal laser processing parameters that ensure the best
surface quality. [19]

4. Reporting:
e Generating Reports: Research results should be presented in the form of
reports containing charts, tables, and conclusions. These reports are crucial for
further optimization of production processes. [20]

6.2 Formulation of Research Questions

To effectively manage the research process, it is necessary to formulate relevant research
questions that allow for an in-depth analysis of the impact of laser processing on surface
quality. Examples of such questions include:

1. Impact of Processing Parameters on Surface Roughness:
e How does changing the laser power affect the surface roughness after laser
processing?
e Does increasing the cutting speed lead to a reduction in surface roughness? [14]
2. Impact of Assist Gas Type on Edge Quality:
e How does the type of assist gas (oxygen, nitrogen) affect the formation of
defects such as burrs or oxidation?
e Does the use of nitrogen as an assist gas reduce the risk of microcracks on the
cut edges? [16]
3. Analysis of Surface Microstructure:
e How does laser processing affect the microstructure of the material surface,
including grain size and the presence of intermediate phases?
e Do changes in laser cutting parameters lead to changes in the surface hardness of
the material? [17]
4. Assessment of the Impact of Processing on Mechanical Properties:
e How does laser processing affect the tensile strength and impact toughness of
the material?
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e (Can changing laser cutting parameters improve resistance to abrasive wear? [20]

5. Optimization of the Processing Process:

e Which laser cutting parameters (power, speed, type of gas) provide the best
surface quality with minimal heat-affected zone (HAZ)?

e [s it possible to develop a mathematical model predicting surface quality based
on laser processing parameters? [13]

7. CONCLUSIONS

1.

Proper adjustment of laser cutting process parameters ensures high-quality steel products.

2. The choice of shielding gas is crucial for minimizing surface defects.

3.

Numerical modeling combined with laboratory experiments allows precise process
optimization.

. Laser cutting of large-scale products requires special attention to dimensional stability and

surface quality.

. Combining computer simulations with advanced experimental analysis enables a deeper

understanding of processes occurring during laser cutting.

. Managing the research process of surfaces after laser processing of large-format materials

requires a comprehensive approach, including planning, conducting research, analyzing
data, and formulating research questions. This allows for obtaining reliable results that
enable the optimization of production processes and improvement of the quality of final
products. It is also crucial to consider the impact of laser processing parameters on surface
properties, which allows for adapting the process to the requirements of specific industrial
applications.
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Abstract: Drones are uncrewed aerial vehicles that can be either remotely controlled or
autonomous. Their increasing range of applications has made them more prevalent. This study
focuses on optimizing the topological design of a drone's support structure. To achieve this, we
utilized the integrated CAD-CAE system of SolidWorks, which includes a Finite Element
Analysis (FEA) module and a specialized topological optimization module. The optimization
process led to a significant reduction in the weight of the drone's structure while ensuring that
all mechanical criteria for strength and stiffness were met. The findings demonstrate that using
numerical methods within CAD software makes optimization not just a theoretical concept, but
rather a practical tool that is accessible to any design engineer.

Keywords: drone, frame, topology optimization, CAD

1. INTRODUCTION

Quadrocopters are among the most popular types of uncrewed aerial vehicles (UAVs) and
are used in various fields, including environmental monitoring, rescue operations, parcel
delivery, and technical inspections. Their popularity is due to unique capabilities such as
hovering, high maneuverability, and the ability to take off and land vertically in confined
spaces. Modern applications of quadrocopters often involve balancing the need to minimize
weight with the requirement for sufficient structural strength.

In the project, we developed an optimized quadrocopter frame based on an accurate model.
Our goal was to reduce the weight of the original structure while maintaining adequate
structural integrity. We utilized SolidWorks CAD software to achieve this. The design and
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optimization processes were conducted on actual drones, allowing us to accurately replicate
their dimensions and shapes in SolidWorks before optimizing their frames [1-6].

2. AIM OF THE RESEARCH

After thoroughly understanding the design requirements and the specifics of the drone
model, the next step was to input this data into CAD software, specifically SolidWorks. This
stage was crucial, as accurately mapping the physical model's geometry laid the groundwork
for further design and optimization activities. The drone frame was mapped using SolidWorks
based on the model's dimensions and shapes.

3. MAIN FEATURES OF THE DRONE FRAME

The first step in transferring dimensions to the CAD software involved accurately measuring
the drone that would serve as the starting point for the project. Precision tools, such as calipers
and tape measures, were employed for this purpose. Additionally, a 3D scanner was utilized to
gather precise data on the shapes and sizes of the main frame components, including the arms,
central platform, motor mounts, and openings for other components. The actual weight of the
drone was 41 grams (Figure 1). This information was then used to compare the drone's design
with the exact model and assess optimization opportunities.

Figure 1. The weight of drone with electronics and battery

Using this data, a basic 3D model that accurately represents the actual drone frame was
created in the initial modelling phase. This model served as the foundation for further design
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and optimization activities, acting as a reference point for subsequent stages. During this phase,
key design features were incorporated, including motor mounting locations, electrical
connectors, battery compartments, and other relevant components.

Topological optimization of a quadcopter drone focuses on structuring the materials in the
drone's design to create the lightest and most robust framework possible. This process aims to
meet essential criteria for strength, stiffness, and aerodynamics. The goal is to enhance flight
performance while minimizing weight, which is vital for the effectiveness of drones.

Figure 2. The digital model of drone frame

The 41g drone required optimization of its structure to achieve maximum strength with
minimal weight. The process began with the application of topological optimization algorithms,
which analyze the distribution of material throughout the structure while considering loads and
constraints related to strength and functionality. This topological optimization allowed for a
significant reduction in the drone's mass without compromising its structural stability. The
focus was placed on key structural components, such as the frame and mounts, where
modifications were made to the wall thickness and shape of these elements. This approach
effectively reduced weight while ensuring that the components maintained sufficient strength to
withstand the necessary loads.

Topographical optimization is carried out in the following steps:

1. Load the created drone model.

2. In SolidWorks, go to the ‘Simulation’ tab and start a new study. Select the topography test
option.

3. Choose the material identified as the most suitable for the structure.

4. Define the external loads to establish the forces acting on the model.

5. Add relationships.



Topological optimization of the drone frame 45

6. Set the test objectives. In this case, select the ‘minimize mass’ command. The program will
display the initial mass of the object along with the final mass after optimization.

7. Run the test. The results will be shown on a material mass graph.

8. Based on the solution proposed by the program, create a new design that meets the
technological requirements. Once the optimization is complete, the optimized model can
undergo further tests, such as a strength test.
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Figure 3. Static structural analysis results of the original quadcopter frame:
a) Von Mises stress state, b) deformation state.

A thrust force of 20 N is applied to the four propeller slots, with a fixed boundary condition
placed on the central slot. By employing quarter symmetry, we ensure that the optimized
structure is consistently uniform across all four sides after the Finite Element Analysis (FEA).
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Using a fine mesh on the geometry significantly enhances the optimization results, leading to
improved performance and efficiency. A thorough static structural analysis was performed,
revealing significant insights. The results showcased in Figures 3a and 3b highlight a maximum
von Mises stress of 22 MPa and a deformation of 1.7 mm, underscoring the reliability and
performance of the design.

4. TOPOLOGY OPTIMIZATION

The finite element analysis (FEA) of the drone frame, followed by topology optimization, is
essential to achieve the best material distribution by removing excess material. This crucial
process not only reduces weight but also enhances the drone's structural efficiency and
aerodynamic performance, ultimately leading to a superior thrust-to-weight ratio.

Given that the permissible yield stress of Nylon 101 is 60 MPa, it's vital to limit the stress on
the airframe structure to 22 MPa, considering a safety factor of three. Utilizing the SolidWorks
topology optimization tool allows us to approximate the most effective design for the
quadcopter frame, based on strategically determined preserved regions, as illustrated in Figure
4. The outcome of this optimization is impressive, resulting in an airframe that weighs just 33
grams.

Fig. 4. Airframe topology after optimization

7. SUMMARY

This paper outlines a comprehensive design and topological optimization process for
quadcopter frames created using SolidWorks CAD software. Our primary objective was to
reduce the weight of the drone while ensuring its structural integrity and strength, both of
which are essential for enhancing flight performance.
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In summary, this work has demonstrated that combining advanced CAD modeling with
topological optimization facilitates the design of lightweight yet sturdy structures for
quadcopters. This approach effectively meets the demands of modern applications, enhancing
the versatility and efficiency of these devices in various fields, including technical inspection,
environmental monitoring, and parcel delivery.
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Abstract: The modern automotive industry faces a number of challenges related to the
selection of materials that must combine lightness, strength, affordability and environmental
friendliness. Among the materials used in car construction, steels play a particularly important
role, which still remain the dominant raw material used to build bodies, chassis and many other
car components. Higher requirements for fuel efficiency, safety and environmental protection
mean that steel must meet increasingly stringent standards and specifications. Increasing the
participation of lightweight metals in whole construction is part of efforts to reduce fuel
consumption and carbon dioxide emissions into the atmosphere. Considering the aspects of
environmental sustainability, sheets are easier to recycle than composite materials. At the same
time, in the last decade there has been an increase in research related to plastic forming of
sheets from non-ferrous metal alloys. This article presents an overview of the basic applications
of construction materials in the automotive industry. The article focuses on the four largest
groups of metal materials: steels, aluminum alloys, titanium alloys and magnesium alloys.

Keywords: materials, automotive industry, steels, aluminum alloys, titanium alloys
magnesium alloys.

1. INTRODUCTION

During choosing materials for bodywork components, car manufacturers are guided by
technological, material and economic considerations. However, it is often not possible to meet
all these requirements at the same time, which is why different materials are currently used,
including non-ferrous metal alloys and steel. Historically, steel was the first widely used
construction material in the automotive industry. With the advancement of sheet metal
production and processing technology, steel replaced wooden components in cars, with mainly
low-carbon steel (LC), characterized by moderate mechanical strength and low corrosion
resistance, being used. Acting towards reducing the weight of vehicles, and thus reducing fuel
consumption and harmful gas emissions, has influenced the development of materials used in
the construction of the body and chassis components. Traditional carbon steel sheets and
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profiles are gradually being replaced by their lighter counterparts, such as aluminum,
magnesium or titanium alloys [1-3].

2. CHARACTERIZATION OF MATERIALS IN THE AUTOMOTIVE INDUSTRY

2.1 Steel

Steels in the automotive industry are crucial and remain irreplaceable in many construction
applications. Conventional deep-drawn sheets made of low-carbon steel are used for the
construction of car bodies. The carbon content in these steels does not exceed 0.12% by weight,
and the yield strength is less than 300 MPa. Low-Strength Steels (LLs) can be divided into two
groups: Mild Steels (MSs) and Interstitial Free (IF) steels. High-Strength (HS) steels include
Isotropic Steels (ISs), Interstitial Free—High-Strength (IF-HS) steels, Bake Hardening (BH)
steels, Carbon—Manganese (CMn) steels, Press Quenched Steels (PQSs), and High-Strength
Low Alloy (HSLA) steels. Dual Phase (DP) steels, Ferrite—Bainite (FB) steels, Complex Phase
(CP) steels, Transformation Induced Plasticity (TRIP) steels, and martensitic (MS) steels are
classified as ultra-high-strength steels (UHS). Development of Advanced High-Strength Steels
(AHSS) the third generation introduced new varieties, such as Dual Phase—High Ductility (DH)
steels, Complex Phase—High Ductility (CH) steels, TRIP Aided Bainitic Ferrite (TBF) steels,
Carbide-Free Bainite (CFB) steels, and Quenching & Partitioning (QP) steels (Fig.1) [4-6].
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Fig.1. Classification of steels used in the automotive industry [4]

An example of the increasing application of advanced multiphase steels can be observed in the
Jeep Grand Cherokee L (2021), where 60% of the body construction consists of Advanced
High-Strength Steels (AHSS) and third-generation steels. The development of High-Strength
(HS) and Ultra-High-Strength (UHS) steels was driven by the need to reduce vehicle mass
while maintaining high stiffness of car bodies. One method to achieve this involves the use of
thinner steel sheets with higher tensile strength that retain good ductility. In 2005, low-alloy
deep-drawing steels accounted for approximately 85% of vehicle mass, whereas by 2015, their
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share had decreased to 40%. According to the Automotive and Transportation Market Research
Report (2023), high-strength low-alloy steels currently make up to 60% of modern automotive
body constructions [7]. HS steels achieve tensile strengths of up to 550 MPa, while some third-
generation steels exceed 1000 MPa while maintaining good formability. Higher quality steels,
such as cold and hot rolled, are commonly used for the production of vehicle frames and
suspension components. HS steels achieve tensile strengths of up to 550 MPa, while certain
third-generation steels exceed 1000 MPa while maintaining excellent plasticity. High-
performance steels, such as cold-rolled and hot-rolled varieties, are widely used in the
production of vehicle frames and suspension components. The application of HS steels ensures
greater vehicle durability and enhanced passenger safety. Stainless steel, on the other hand, is
rarely used in passenger car body components due to its high cost. However, it finds
application in heavily utilized public transportation vehicles, such as buses, trams, and
passenger trains, where stainless steel is used for body construction. The steel industry is
witnessing continuous growth in the use of advanced high-strength steels (AHSS) in
automotive designs (Fig. 2), making them the fastest-growing materials for future automotive
applications. This industrial interest has resulted in the continuation of the ULSAB project
(UltraLight Steel Auto Body) by scientific and industrial consortia through projects like
ULSAB—Advanced Vehicle Concepts, Ultralight Steel Auto Closure (ULSAC), UltraLight
Steel Auto Suspensions (ULSAS), and Future Steel Vehicle (FSV) [8-10].

W Mild steel
[ High strength steel
Very high strength steel
N Extra high strength steel
I Ultra high strength steel
[ Atuminium

Fig. 2.The use of steel in the construction of the car body Volvo XC90 [7]

The future of the automotive industry will belong to advanced high-performance materials,
including modern steel grades that integrate durability, lightweight properties, and
environmental sustainability into a single cohesive solution [11,12].
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2.2. Aluminum, aluminum alloys

Aluminum currently plays a pivotal role in the production of automotive body constructions.
Body cars made from aluminum alloys are significantly lighter than those constructed from
steel, as the density of aluminum and its alloys is approximately 65% lower than that of steel. A
weight reduction of 300—400 kg in a mid-sized vehicle does not compromise its performance or
safety. It is estimated that reducing a vehicle’s weight by 100 kg saves approximately 0.6 liters
of fuel per 100 km. A 100 kg weight reduction decreases fuel consumption by around 0.4 liters
per 100 km and reduces CO: emissions by 7.5 to 12.5 g/km. Aluminum alloys are corrosion-
resistant and exhibit high mechanical strength. Construction body components such as doors,
hoods, roof panels, and trunk lids are commonly produced from aluminum alloys containing
copper, magnesium, silicon, nickel, and manganese.

* Al-Mg and Al-Mg—Mn alloys: These offer moderate mechanical strength but exceptional
corrosion resistance.

* Al-Mg-Si alloys: These provide good ductility, high corrosion resistance, and moderate
mechanical strength.

* AlI-Zn—Mg and Al-Zn—Mg—Cu alloys: These deliver strength comparable to steel sheets.

The first car with an aluminum body was the Bugatti 10, and post-war, the Porsche 356 1500
from 1953 featured an aluminum body. Today, aluminum alloys are used in models like the
Audi A8, Land Rover Defender, and BMW 5 Series. In 2015, Ford introduced the F-150 with
an aluminum body. Aluminum and its alloys are also extensively used in the production of
trailers, semi-trailers, delivery vehicles, and automotive tracks. Additionally, aluminum alloys
play a key role in composite car body production. Common aluminum-based laminates include:
GLARE (glass fiber-reinforced laminates); ARALL (aramid fiber-reinforced laminates);
CARALL (carbon fiber-reinforced laminates); CAKRALL (kenaf fiber-reinforced laminates);
CAFRALL (flax fiber-reinforced laminates). In sports cars, body constructions are frequently
made from aluminum alloys or plastic materials (Fig. 3) [13-15].
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Fig. 3. The use of aluminum alloys in Mercedes SLS AMG [13]
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2.3 Titanium, titanium alloys

Titanium and its alloys stand out due to their low density (4.43 g/cm?®) while maintaining high
mechanical properties and excellent corrosion resistance. Titanium alloys, such as Ti-6AI-6V-
28n, exhibit a tensile strength of 1275 MPa. This remarkable combination of properties makes
titanium alloys highly versatile and applicable across a wide range of industries, including
aerospace, automotive, marine, construction, chemical, and medical sectors. The fundamental
properties of titanium alloys make them highly suitable for numerous applications, including
but not limited to: springs, bellows, body implants, dental fittings, dynamic marine lifters, drill
pipes, sporting equipment. Used in the automotive industry, the density of titanium alloy is
only 60% of steel's density, while its strength can exceed 800 MPa. Titanium is known not only
for its high strength but also for its good ductility. In cars, components made from titanium
alloys are mainly used in exhaust systems, suspension springs, body parts, and body frames
(Fig. 4) [16]. Titanium springs allow for a weight reduction of over 70%. Additionally, crash
elements made of Ti-6Al-4V titanium are used in car bodies because of their ability to absorb
energy through deformation. The use of titanium and its alloys can also be considered in the
production of vehicle armor for safety purposes [17-19].

Fig. 4. Titanium components in a Bugatti: ( a ) eight-piston monobloc brake caliper, (b ) active
spoiler bracket and ( ¢ ) exhaust pipe covers [16]

2.4 Magnesium, magnesium alloys

A significant reduction in vehicle weight, and thus a reduction in fuel consumption in internal
combustion vehicles or energy consumption in electric vehicles, can be achieved by replacing
steel with lightweight magnesium alloys. Magnesium alloys were first used in the automotive
industry in 1918, when magnesium-based engine pistons appeared in the Indy 500 race. The
use of magnesium and its alloys has been studied since the United States Automotive Materials
Partnership (USAMP) was founded in 1993 by Fiat-Chrysler, Ford, and General Motors. These
alloys have the highest strength-to-weight ratio among metal alloys. Their high strength and
resistance to deformation make them useful for the automotive industry. Currently, magnesium
alloys are mostly used in car drivetrains and wheels. While they are less common in body
panels and construction parts compared to steel or aluminum, their use is growing. The industry
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now focuses on making brackets, profiles and cut-out elements of interior doors. However,
shaping magnesium alloys is challenging because they are not very flexible due to their crystal
structure. Sheets made from magnesium alloys, like the popular AZ31 alloy, can be shaped
better at temperatures above 220°C. However, problems like tool heating during hot forming,
limited availability of good lubricants, and the complexity of the process still make it hard to
use magnesium alloys widely for making car body panels [20-23].

3. THE FUTURE AND CHALLENGES OF THE AUTOMOTIVE INDUSTRY

The automotive industry is growing quickly, and market demands, changing laws, and new
technologies greatly affect the materials used. Manufacturers need to keep up with these
changes to stay competitive and meet challenges like sustainability and safety. Advanced driver
assistance systems (ADAS) and self-driving cars also need materials that can hold sensors and
electronic parts. To make vehicles stronger, safer, and more efficient, new materials are being
developed, such as composites and hybrid structures that mix metals with carbon fiber-
reinforced plastics. These materials combine high strength, low weight, and lower production
costs. Smart materials, like shape memory alloys (SMA) and self-repairing materials, are also
being tested. D printing is becoming more common in car manufacturing. This technology
creates parts layer by layer from 3D computer designs. It’s precise and flexible, making it
possible to produce complex parts that traditional methods can’t. Today, about 30% of the
global 3D printing market is used for cars [24-25].

Still, for most cars, steel will remain the most common material. The future will depend on
material costs, advances in production, and the need to reduce vehicle weight and fuel use.
Since metals are easy to recycle, replacing them with composites on a large scale might take
more time. The growth of the car industry is an exciting mix of technology, ecology, and
innovation. While self-driving cars are already being tested by companies like Waymo, Tesla,
and BMW, it will take time, new laws, and better infrastructure to make them common. The
future is exciting, but it will need teamwork between technology, society, and governments.
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Abstract: This study investigates the resistance spot welding (RSW) of lean duplex stainless
steel (LDSS) grade 1.4637, focusing on the optimisation of welding parameters to achieve a
balanced microstructure in the weld zone. The effects of varying welding current, electrode
force and welding time on the microstructure of the weld nugget were investigated.
Microstructural analysis showed that cooling rates and electrode pressure significantly
influenced the ferrite-austenite phase balance The study highlights the importance of
controlling welding parameters to achieve desired microstructural characteristics in RSW of
LDSS, with implications for optimising weld quality and mechanical performance.
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1. INTRODUCTION

Resistance spot welding (RSW) of duplex stainless steels (DSS) poses distinct challenges
owing to their unique metallurgical characteristics (austenitic-ferritic microstructure, specific
physical properties related to heat transfer, susceptibility to secondary phase precipitation, etc.).
These challenges can significantly impact the weld quality and mechanical performance. The
diameter of the electrode tip played a crucial role in determining the nugget size. Smaller
diameters can limit nugget formation owing to expulsion phenomena, while larger diameters
may lead to increased indentation and reduced tensile shear strength [1]. The welding current is
the next critical parameter that directly affects weld quality. Excessive current can lead to
larger nugget sizes but may also cause detrimental phase transformations, impacting the
mechanical properties of the weld [2,3]. High cooling rates during RSW can lead to phase
transformations that affect the hardness and microstructure of the fusion zone, thus
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complicating the weldability of DSS [4]. Achieving a balanced austenite-ferrite phase in the
fusion zone is challenging. Improper control of the welding parameters can lead to an
undesirable phase distribution, affecting the overall strength and ductility of the weld [5].

Duplex stainless steels are known for their unique microstructure that consists of a mixture
of austenite and ferrite phases. The ideal phase balance is typically approximately 50% for each
phase, which contributes to its strength and toughness. However, during RSW, rapid heating
and cooling cycles can lead to an undesirable phase distribution, often resulting in a
predominance of the ferritic phase over the austenitic phase. To improve the phase balance in
the fusion zone (FZ), changes are made to the welding current and welding parameters, which
influence the thermal cycles that the material undergoes. Microstructural changes during RSW
have been extensively studied [1-5]. It was observed that the volume fraction of austenite
increased with higher welding currents because the increased heat generation allowed more
ferrite to transform into austenite. A higher current during RSW can lead to increased heat
input, which increases the temperature in the fusion zone (FZ) more rapidly. Conversely, a
down-sloping current modification can help control the heat input and cooling rates, thereby
promoting a more favourable phase transformation during solidification. Longer welding times
can result in more heat accumulation, affecting the cooling rate and the resultant microstructure
of the weld. The pressure applied by the electrodes during welding influences the contact
resistance and, consequently, heat generation. A higher electrode force can lead to better
contact and more efficient heat transfer, thereby affecting the thermal cycling. These
parameters are essential for controlling the thermal cycles during RSW, which ultimately
influence the phase balance and mechanical properties of DSS [5].

This paper presents an initial investigation into the resistance spot welding of lean duplex
stainless steel grade (1.4637), focusing on the optimization of welding parameters to achieve a
balanced microstructure in the weld zone. The present study presents a preliminary
microstructural assessment of weld nuggets produced for a range of varying RSW parameters.

2. RESEARCH METHODOLOGY
2.1. Materials and welding process

The base metal was lean duplex stainless steel grade 1.4637 / FDX27 / UNS S82031 sheet of
0.57 mm thickness with surface finish 2E manufactured by Outokumpu of composition
presented in table 1. The base metal was cut into squares of 35 mm 35 mm in dimension and
lap jointed together using a ASPA ZP-40, 50 kVA AC, 50 Hz RSW machine, with a pair of
CrCuZr alloy flat electrode caps with a 5 mm diameter. In the experiment following parameters
were varied: the weld current (4.08 and 7.7 kA), the electrode force (770, 2300 and 3070 N)
and the welding time between 0.1 s, 0.6 s, and (0.1 s current pulse/0.1 s pause) x 20 cycles.
Meanwhile, squeeze time of 0.1 s, holding time 0.4 s remained constant.

The objective of the welding parameters was to obtain a range of different cooling rates. The
samples were divided into three groups (I — hard, II - soft and IlI-pulsed), as follows: Group I,
which was characterised by a high current and a short time, resulted in the lowest heat
generation in the weld zone (I.1 and 1.2). Group II, which was defined by a low current and an
extended welding time, exhibited higher heat generation than the preceding conditions (II.1 and
I1.2). Group III, which was distinguished by a low current and an even longer welding time,
demonstrated the highest heat generation in the weld zone (III.1 and III.2). Moreover, each
configuration employs variable electrode pressure, which can impact the alteration in resistance
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throughout the welding process. Lower pressure results in minimal heat generation and a
notable reduction in heat transfer to the outer surface (Table 2).

Table 1. Chemical composition of base metal — grade 1.4637 (wt. %)

Grade C Cr Ni Mo N
1.4637 / FDX27 <0.04 19.0-22.0 2.0-4.0 0.6-1.4 0.14-0.24
Table 2. Resistance welding parameters
Welding Time Electrode RSW
Sample Sample .
o designation current [(current s/pause s) X | pressure machme
[kKA RMS] cycles] [N] setting
1 L1 7.7 (0.1/0)x 1 3070 40
2 1.2 7.7 (0.1/0) x 1 2300 40
3 I1.1 4.08 (0.6/0)x 1 770 10
4 1.2 4.08 (0.6/0) x 1 2300 10
5 1.1 4.08 (0.1/0.1) x 20 770 10
6 I11.2 4.08 (0.1/0.1) x 20 3070 10

2.2. Microstructure analysis

After spot welding, the lap joint was cross sectioned in a transverse direction. The sectioned
specimens were prepared using standard metallographic procedures by polishing and acid
electrolytic etching in 10% oxalic acid at 3-6 volts for 5-60 s. The weldment geometry,
microstructure of the weld nugget was characterized by optical microscopy (LOM, LEICA
MEF4A) and scanning electron microscopy (SEM, Supra 35 from Zeiss Company). The phase
content in the weld microstructure was determined by image analysis using ImagelJ software.
Two zones were considered in the analysis, Zone I - the outermost part of the weld nugget and
Zone II - the area close to the centre of the weld nugget. Such zones were clearly identified for
each condition and also showed different sizes depending on the conditions applied. For each
analysis, 3-5 areas were considered, and the mean phase fraction was estimated.

3. RESULTS AND DISCUSSION

Hard parameters (samples 1.1 and 1.2) led to rapid heat input and fast cooling, resulting in
ferrite-dominated microstructures (Table 3). Sample 1.1, which had a higher electrode pressure,
exhibited the fastest cooling rate. This enhanced heat dissipation, leaving the weld nugget
predominantly ferritic, with approximately 20% austenite in the central zone and 15% in the
outer zone. The heat-affected zone (HAZ) of .1 shows slightly higher austenite content at 25%,
but it remains ferrite-dominated overall. In contrast, sample 1.2, produced at a lower electrode
pressure, exhibited slightly slower cooling due to reduced heat dissipation. This marginally
slower cooling allowed for increased austenite formation compared with 1.1, resulting in 25%
austenite in the central zone, 20% in the outer zone, and 25% in the HAZ. Although both
samples retained predominantly ferritic microstructures, 1.2 demonstrated a more balanced
phase distribution than I.1. The central zone of both samples exhibited columnar ferritic grains
due to rapid cooling during solidification, with allotriomorphic austenite precipitation on the
grain boundary (GBA) in limited amount due to the short heat retention and fast cooling
characteristics of the applied parameters.
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Table 3. Macrostructure of RSW joints of 1.4637 grade under different welding parameters
Sample Austenite content, %
o Macrostructure of RSW Central | Outer
HAZ
zone I: | zone II:
I.1 20 15 25
1.2 25 20 25
1.1 30 25 30
1.2 35 10 30
.1 25 30 45
I11.2 15 35 45
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Sample II.1, with a lower electrode pressure of 770 N, exhibited further reduced cooling,
leading to increased austenite formation. In this sample, the central zone contains
approximately 30% austenite, with columnar ferritic grains similar to those observed with hard
parameters but with more pronounced austenite along the grain boundaries due to the slower
cooling rate. The outer zone has a slightly lower austenite content of 25%, reflecting a gradual
cooling gradient, while the heat-affected zone shows the highest austenite content at 30%,
where extended heat exposure and slower cooling promote significant diffusion and
stabilization of austenite.

Sample I1.2, processed with a higher electrode pressure of 2300 N, cooled faster than II.1,
resulting in slightly reduced austenite formation. The central zone contains 35% austenite, but
its microstructure differs markedly from both II.1 and the hard parameter samples. The central
zone is composed of equiaxed ferritic grains, and fine intragranular austenite (IGA) is visible.
In the outer zone of II.2, the microstructure shifts to massive equiaxed ferritic grains with
limited grain boundary austenite, resulting in an austenite content of only 10%. These findings
underscore how variations in electrode pressure within the soft parameter regime influence
cooling dynamics, phase transformations, and resulting microstructural features.

The pulsed parameters (samples III.1 and I11.2) utilized a low current of 4.08 kA combined
with a long welding time applied in pulsed cycles. This method introduced cumulative heat into
the weld zone while allowing brief cooling intervals between pulses, resulting in the slowest
overall cooling rates among the analysed parameters.

Sample III.1, which utilized a lower electrode pressure of 770 N, demonstrated enhanced
heat retention due to limited thermal dissipation. This prolonged thermal exposure facilitated
significant austenite formation, with the central zone containing approximately 25% austenite.
The outer zone exhibited a slightly higher austenite content of 30%, while the heat-affected
zone reached the highest austenite content at 45%, owing to the extended heat input and slow
cooling that favoured diffusion-controlled phase transformations. In terms of microstructure,
the central zone comprises equiaxed ferritic grains with fine intragranular austenite (IGA);
however, the IGA content is slightly lower compared to that in sample II.2. In the outer zone,
equiaxed ferritic grains are more enriched with grain boundary austenite, reflecting the
influence of reduced cooling rates. The HAZ displays a well-balanced microstructure
characterized by fine austenitic grains dispersed within a ferritic matrix, achieving an optimal
balance of phase distribution.

In contrast, sample II1.2, which used a higher electrode pressure of 3070 N, experienced
faster cooling due to improved thermal contact with the electrodes. The central zone of II1.2
contained about 15% austenite, while the outer zone matched III.1 with 35%. The HAZ also
reached 45% austenite, showing a similar level of transformation. Both samples achieved the
highest overall austenite content among all parameter sets, largely due to the cumulative heat
input from pulsing. However, the slower cooling in IIl.1 resulted in a more uniform and
balanced microstructure, with higher austenite content across all zones compared to I11.2. These
findings underscore the critical role of electrode pressure in moderating heat dissipation, even
under identical pulsed welding conditions.

In addition to phase content, the dimensions of the weld zones (central, outer, and HAZ)
represent a crucial element that can exert a considerable influence on the mechanical and
corrosion characteristics of the weld. The dimensions of these zones are directly related to the
heat input, welding time, and cooling rate, which determine the extent of thermal gradients
across the weld.
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4. CONCLUSIONS

The study highlights how cooling rates and electrode pressure shape the microstructure of
duplex stainless steel welds. Hard parameters (I.1, 1.2) produced rapid cooling, resulting in a
ferrite-dominated microstructure with columnar ferritic grains in the central zone and limited
austenite content on the grain boundaries. Soft parameters (II.1, I1.2) facilitated slower cooling,
leading to more equiaxed ferritic grains and increased austenite content, particularly in the
outer zone and HAZ. The parameters of sample II.2 represent a transition point in the
microstructure of the central zone, where the morphology shifts from elongated, massive
ferritic grains with grain boundary austenite (GBA) to equiaxed ferritic grains containing
intragranular austenite (IGA). This transformation is attributed to the specific combination of
cooling rate and electrode pressure. The higher electrode pressure of 2300 N in I1.2 promotes
faster cooling compared to II.1, while the longer welding time inherent to the soft parameters
allows sufficient thermal exposure for partial transformation. Pulsed parameters (III.1, II1.2)
provided the slowest cooling, enabling a more balanced ferrite-austenite structure with well-
distributed grain boundary austenite and refined grains in all zones.
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Abstract: In this work, the influence of carbon material application on the photovoltaic
properties of dye-sensitized photovoltaic cells (DSSCs) was presented. The DSSC photoanode,
based on titanium dioxide with the addition of carbon fibers in the range of 0-1.5%,
was produced. The highest efficiency of solar cells (4.16%) was achieved with a carbon content
of 0.5%. With the increase in the carbon content above 0.5%, the number of defects rises, which
probably affects the reduction of the efficiency of DSSCs.

Keywords: photovoltaics, dye-sensitized solar cells, carbon materials, fibers

1. INTRODUCTION

The continuously increasing environmental pollution and demand for electricity, motivate
people to seek and implement new energy production technologies, that do not negatively impact
the surroundings. Currently, renewable energy sources are used for this purpose, with solar
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energy - being one of the most rapidly developing fields [1]. According to the Energy Market
Agency (ARE), the total capacity of installed photovoltaic panels in Poland amounted
to 19,888.7 MW (September 2024), 4,287.3 MW higher than in 2023 [2].

The Sun is a virtually inexhaustible source of energy reaching the Earth. Its emission power
is estimated at 3.9 x 10 MW. The maximum radiation power that can penetrate the outer layer
of the atmosphere is 1367 W/m? (known as the solar constant). However, due to the Earth's
elliptical orbit, axial tilt, and atmospheric thickness, the amount of energy that actually reaches
the Earth's surface is lower. Under ideal conditions, it is about 1000 W/m? [3, 4].

Solar radiation energy can be converted into electricity using solar cells. New types of solar
cells, such as perovskite, organic, and dye-sensitized cells, are constantly being developed [5].
In 1988, Brian O'Regan and Michael Gritzel developed innovative dye-sensitized solar cells
(DSSCs) [6]. Despite their later application, these cells stand out for their low production costs
and relatively long durability, making them increasingly popular. Advanced materials, such as
metal oxides (e.g., nanoparticles, nanotubes), organic dyes, and conductive polymers, are used
in their manufacturing technology. The production of these cells does not require complex
technologies or maintaining high air purity during the manufacturing process. In 2013, research
on solid-state DSSCs with perovskite showed an efficiency of 15%. Their low production cost
makes DSSCs increasingly used, especially in modern energy solutions and household
applications [7]. The name "dye-sensitized solar cells" comes from their unique structure - one
layer contains a special dye that plays a key role in the process of converting light into electricity.
Unlike typical solar cells, DSSCs are aesthetically pleasing, resembling colourful stained glass
or tinted windows. Thanks to their transparency, these devices can be used as decorative elements
in interior architecture, where their aesthetic values are significant [8].

To increase efficiency, materials with high light scattering are used in the photoanode of
DSSCs. This extends the interaction time of light with the photoanode. One effective approach
is the use of one-dimensional nanostructures, such as nanotubes, nanofibers, or nanorods. While
these structures significantly improve light scattering, they have limited adsorption capacity due
to their small surface area. Hybrid materials combining light scattering properties with high dye
adsorption capabilities are used to increase the surface area by integrating various types of
nanostructures (1D, 2D, and 3D) [9, 10].

Another enhancement involves noble metals like gold, silver, or platinum. These metals are
characterized by high chemical stability and unique optical properties, significantly improving
light absorption in DSSCs. Noble metal nanoparticles exhibit a plasmonic effect that increases
visible light and near-infrared absorption. Another advantage is improved electron transport,
leading to higher DSSC efficiency. Incorporating the mentioned materials into the photoanode
also increases the longevity of dye-sensitized solar cells, protecting them from degradation
caused by UV radiation and oxygen exposure [11, 12].

Carbon materials such as graphene and carbon nanotubes exhibit high electrical conductivity.
Adding them to the metal oxide layer (e.g., TiOz, a typical photoanode material) reduces electrical
resistance and can create a network that improves electron flow while reducing recombination losses.
Carbon nanostructures also positively affect the chemical and physical stability of the photoanode.
Materials such as graphene are resistant to UV radiation and various degradation processes, which
can enhance solar cell performance. Incorporating graphene or other carbon nanostructures into the
oxide layer extends the DSSC lifespan while maintaining efficiency over time. Carbon
nanostructures can also increase the active surface area of the photoanode, enabling more effective
dye adsorption [13, 14, 15, 16]. The use of carbon structures in DSSC photoanodes can be more
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advantageous than doping with noble metals due to the economic production process and similar
properties to those mentioned metals. This reduces the implementation and production costs [17, 18].
This study analysed the impact of using carbon fibers on the electrical properties of DSSCs.

2. MATERIALS AND METHODS

DSSCs were produced using glass substrates coated with an FTO (Fluorine-doped tin oxide)
layer with a resistivity of 7 0/sq and an area of 625 mm?. The glass plates were cleaned in a solution
of water and detergent using a PS-40A ultrasonic cleaner for 10 minutes. After drying the substrates
with compressed air, the process was repeated using 98% ethanol as a cleaning agent.

In the next step, carbon fibers from Velox were added to 18NR-T Titania Paste (GreatCell Solar)
in concentrations of 0%, 0.25%, 0.5%, 0.75%, 1%, or 1.5%. The precise amount of carbon material
was measured using an AS 310/X scale from RADWAG. The semiconductor layer, with an area
of 42 mm?, was applied to the FTO-coated side of the prepared substrates using a semi-automatic
screen printer (MSR 300 FRO, Printing Machine). The plates were stabilized for 10 minutes,
between prints, to ensure uniform paste distribution. Subsequently, the samples were dried in an
SLW53STD dryer from Pol-Eko for 5 minutes at 105°C. The deposited layer was then annealed at
500°C for 30 minutes in a P330 furnace from Nabertherm. The semiconductor layers were
sensitized with N719 dye (GreatCell Solar) for 24 hours. After removal from the dyeing solution,
the photoanode was rinsed with ethanol to remove excess dye.

To examine the surface topography and confirm the chemical composition of the deposited
layers, a Zeiss Supra 35 scanning electron microscope (SEM) equipped with an energy-dispersive
X-ray spectroscopy (EDS) detector was used. The samples were sputtered with gold, to enhance
image quality, using an SCD 050 sputter coater (BAL-TEC) at 540 V, 50 mA, for 40 seconds.
Current-voltage characteristics were measured using a testing setup equipped with a solar
radiation simulator (Solar Simulator, model # SSIS0AAA, Photo Emission Tech). Measurements
were conducted for AM 1.5 radiation spectra and an intensity of 1000 W/m?. For each DSSC,
five I-U measurements were performed, and the electrical properties were averaged. DSSCs with
varying carbon fibers contents in the TiO: layer were analysed.

3. RESULTS
Figures 1 and 2 present the surface topography of the photoanode at magnifications of 75x
and 250x, respectively. The images show areas where carbon material is located.

Wootsemm e % - wo=tasmn g 25k ross
Figure 1. The surface topography of TiO: with carbon fiber content a) 0.25%, b) 1.5% at 75x
magnification
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The carbon fibers are relatively evenly distributed, and their number increases with the C content
in the photoanode. The length of the carbon fibers varies but generally does not exceed 100 pum. It
was observed that an increase in carbon fibers content corresponds to an increase in surface defects,
such as cracks. These cracks appear at the interface between the semiconductor material and the
carbon fibers, possibly due to the rapid heating rate of the photoanode. Figure 3 shows an example
of a carbon fiber with a length of 62.93 pm and a diameter of 7.73 um. The results of the EDS
chemical composition analysis (Figure 4) in selected regions of the anode confirm the presence of
Ti, O, and C elements in the produced dye-sensitized solar cell photoelectrode. The recorded
reflexes for tin and ruthenium were from the substrate and the applied dye, respectively.

100 pm EHT = 5.00kV Signal A = InLens
— WD=158mm Mag= 250X

100 pm EHT = 15,00 kY Signal A = SE2 100 pm EHT = 15,00 kv Signal A = SE2
A WD =205mm Mag= 250X — WD =201 mm Mag= 250X

¢)

Figure 2. The surface topography of TiO> with carbon fibers content a) 0.25%, b) 0.5%,
c) 0.75%, d) 1%, e) 1.5% at 250x magnification
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10 um EHT = 5.00 kv Signal A = InLens
WD =15.8 mm Mag= 3.00KX

Figure 3. The surface topography of the photoanode with visible carbon fiber at 3 000x
magnification
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Figure 4. The EDS spectrum and chemical composition analysis of selected DSSC photoanode
areas (1 and 2)

Figure 5 presents the current-voltage characteristics of dye-sensitized solar cells with
photoanode-containing carbon fiber concentrations of 0%, 0.25%, 0.5%, 0.75%, 1%, or 1.5%.
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The solar cell with 0.5% carbon content exhibits the highest current value for voltages in the
range of 0475 mV and an efficiency of 4.16%. At the highest carbon fibers contents (1% and
1.5%), DSSCs show the lowest values of Is, Vo, FF, and efficiency. As the carbon material
content increases (particularly above 0.75%), the short-circuit current decreases, likely due to
numerous cracks in the TiO: layer. Incorporating carbon fibers into the semiconductor material's
structure can improve charge transport and increase solar cell efficiency but simultaneously leads
to a higher number of defects that limit their flow.
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Figure 5. The current-voltage characteristics of dye-sensitized solar cells with different carbon
fibers content

Table 1. The averaged electrical properties of DSSCs with different carbon fibers content

Electrical properties
Carbon fibers

content Isc [mA] Voc [mV] Pm [mW] FF [-] Eff [%]

0% C
0.25% C
0.5% C
0.75% C
1% C
1.5% C
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4. CONCLUSIONS

Photovoltaic installations provide an environmentally friendly solution for obtaining free
electricity from a readily available energy source - the Sun. They are compact, silent, and do not
pollute the air. Scientists worldwide strive to improve solar cell efficiency, which would
significantly increase their cost-effectiveness. In this study, to the photoanode of dye-sensitized
solar cells carbon material was added. The analysis showed that the highest efficiency of 4.16%
was achieved for a dye-sensitized solar cell with 0.5% carbon content. Carbon addition can create
a network that facilitates electron flow and simultaneously reduces recombination losses. This
reduces charge carrier transport losses, leading to increased solar cell efficiency. Moreover,
numerous cracks spreading from the locations of carbon fibers were observed on the photoanode
surface. As the carbon material content increases (above 0.5%),
the number of defects grows, reducing DSSC efficiency. Differences in solar cell efficiency with
carbon material content ranging from 0% to 1% are minor (0.65 percentage points), which may
serve as a basis for further research on the application of carbon materials in DSSC photoanodes.
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Abstract: This study investigates the impact of remelting parameters on the tribological
properties of the surface layer of X40CrMoV5-1 steel using a high-power diode laser (HPDL).
The analysis focuses on how remelting parameters influence friction coefficient measurements,
as well as wear evaluation through gravimetric analysis, counter-specimen wear area
examination, and surface profilography.
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1. INTRODUCTION

Laser modification of material surface layers is one of the effective methods for enhancing their
performance under harsh conditions. High-power diode lasers (HPDL) have recently gained
significant attention in materials engineering due to their advanced capabilities. Unlike
continuous CO2 gas lasers or pulsed Nd:YAG lasers, HPDLs offer a high radiation absorption
coefficient for steel (approximately 20-40%), exceptional energy efficiency, and reliability. A
notable advantage of HPDLs in surface engineering is their ability to achieve remelting in the
form of paths up to 6.8 mm wide, with an almost linear energy density distribution across the
laser beam spot.

The primary objective of surface layer remelting is to modify the material's structure, thereby
improving its resistance to wear, erosion, and corrosion. This improvement results from rapid
crystallization during solidification, which can occur at rates up to 10° °C/s. This process
produces a chemically uniform, fine-grained surface layer without altering the material's
chemical composition.
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The purpose of this study is to establish the technical and technological conditions for remelting
the surface layer of X40CrMoV5-1 hot work alloyed tool steel using a high-power diode laser.
Additionally, it aims to examine the relationship between laser treatment parameters and the
resulting tribological properties.

1.1. High-power diode laser (HPDL)

High-Power Diode Laser (HPDL) is an advanced type of laser widely used in industrial and
materials engineering applications due to its unique combination of efficiency, precision, and
reliability. It operates by generating coherent light through semiconductor diodes, producing
high-intensity laser beams suitable for processes such as welding, cutting, cladding, and surface
treatment.

Key Features of HPDL.:

e High Energy Efficiency: HPDL systems offer exceptional watt-hour efficiency
compared to traditional laser types like CO2 or Nd:YAG lasers, making them cost-
effective and environmentally friendly.

e High Absorption Coefficient: For metals like steel, HPDLs achieve a high absorption
rate (approximately 20-40%), ensuring efficient energy transfer to the material being
processed.

e Broad Beam Width: These lasers are capable of producing remelting tracks up to 6.8
mm wide, which enhances their utility in surface engineering by providing uniform
treatment over larger areas.

e Near-Linear Energy Distribution: HPDLs deliver a nearly uniform energy density
across the laser beam spot, ensuring consistent heating and material processing.

Applications:

e Surface Engineering: HPDLs are used to enhance wear, corrosion, and erosion
resistance by remelting surface layers and modifying their structure.

e Additive Manufacturing: They are employed for laser cladding and material deposition,
enabling precise and durable coatings.

e Joining and Welding: Their reliability and precision make HPDLs ideal for welding
applications in various industries, including automotive and aerospace.

1.2. X40CrMoV5-1

Steel X40CrMoV5-1 is a hot-work tool steel. It is characterized by high resistance to thermal
wear, excellent corrosion resistance, and good resistance to thermal cracking. Thanks to these
properties, it is used in the production of die inserts for presses and forging machines, dies and
punches for extruding lightweight metal products, components of pressure die-casting molds,
and rolls for copper rolling. The chemical composition of this steel includes carbon (0.35—
0.42%)), silicon (0.80—1.20%), manganese (0.25-0.50%), chromium (4.80-5.50%),
molybdenum (1.20-1.50%), and vanadium (0.85—1.15%). In the annealed state, its hardness
reaches up to 229 HB, while after hardening and tempering, it can achieve up to 56 HRC. This
material is highly durable and ideal for applications requiring significant resistance to high
temperatures and variable thermal loads.
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2. EXPERIMENT

The specimens from the X40CrMoV5-1 alloy hot work tool steel, obtained from the vacuum
melt, and made as O.D. 75 mm bars, featured material for investigation. Specimens with the O.D,
70 mm and 6 mm thick were turned from the material delivered in the soft annealed state, which
were next austenitized in the salt bath furnace and tempered in the chamber furnace with the
argon protective atmosphere. The specimens were gradually heated to the austenitizing
temperature with holding at the temperature of 650°C for 15 min and austenitized for 30 min at
a temperature of 1060°C. Cooling was made in hot oil.

After quenching the specimens were tempered twice, each time for 2 hours, in the temperature
range from 510 to 660°C with gradation every 30°C. Specimen surfaces were sand blasted and
machined on the magnetic grinder. Specimens of the X40CrMoV5-1 steel fixed to the computer
controlled welding positioner were remelted with the high power laser beam (HPDL) Rofin DL
020. Remelting of specimens was carried out at the constant remelting rate of 0.5 m/min,
changing the laser beam power in the range of 1.4-2.5 kW. Two remelting paths were done on
each of the face surfaces of the specimens with radii of 12 and 22 mm. It was determined
experimentally that the full shielding of the remelting zone is ensured by argon blow-in with the
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Fig. 5. Exemplary wear profile: a) steel surface layer after the standard heat treatment,
b) steel surface layer after remelting with the 1.7 kW laser beam

volume flow of 20 I/min through the circular nozzle of the ¢ 12mm diameter, directed in the
direction opposite to the remelting one. The specimens’ surfaces were ground after remelting to
obtain roughness specified by ASTM G99-90 standard. Test of dry wear resistance with the pin-
on-disk method were made on the computer controlled CSEM High Temperature Tribometer.
The test friction spot consists of the disk — specimen rotating at the » rotating speed and ball
pressed against this disk with a load F at a distance R from the disk centre. Friction force between
the ball and the disk was measured during the test run. Basing on the preliminary experiments
the following test conditions were assumed: the smallest scatter of results and stable tribological
characteristics were obtained for the counter-specimen in the form of the 6 mm diameter ball
from the aluminium oxide Al;Os. In this test the stationary ball was pressed against the disk
rotating in the horizontal plane with the force of 10N.

The rubbing speed was 0.5 m/sec, friction radius was from 11 to 22 mm, and the optimum friction
distance was determined as 1000 m. Environment temperature was assumed as 23°C, and the
relative air humidity as 50%. Measurement of the specimens mass loss was made on the Mettler
AT 201 electronic weigher, cleaning the specimens form the wear products in the friction zone
with the air jet. Analysis of the counter-specimen wear land (Al,O3 ball) was made using the
light microscope with the Image — Pro Measure Version 1.3 image analysis system at
magnification 50x. Wear profiles of the specimens were made on the Taylor — Hobson Form
Talysurf 120L laser profile measurement gauge in the depth range from 5 pum to 20 p and the
measurement length from 500 pm to 1755 pum in three planes every 120°. The examined
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specimens were tribologically damaged due to action of the counter-specimen with the load of
10 N, along the friction distance of 1000 m. To analyse changes of the friction coefficient, plots
of friction coefficient p as function of friction distance were made. Comparison of the transient
part of the friction coefficient plot for the surface layer of steel after heat treatment and after the
laser remelting is presented in Figure 1. The value of the friction coefficient was evaluated as the
average from the instantaneous values obtained for the part of the characteristics relevant for the
stabilized friction (Fig. 2). The significant effect of laser remelting of the surface layer on
decrease of friction coefficient, compared to the standard heat treatment only was observed. The
tests with the gravimetric method were carried out weighing each specimen three times before
the experiment and after the test and their results were statistically analyzed. Confidence intervals
calculated with the probability of 95% are marked in the plots. Test results of the average
specimens mass loss due to friction in the ball — disk pair for the surface layer obtained at various
laser beam power values are presented in figure 3. It turns out from the analysis of the mass loss
of specimens, depending on the laser beam power used for remelting of the surface layer, that
the mass wear of the remelted specimens was two times smaller and was from 0.4 mg to 0.8 mg
in comparison with the material that was not subjected to laser remelting, for which this value
was 1.4 mg. The laser beam power does not have any clear effect on the mass wear of the
investigated specimens.

The results of the counter-specimen (Al,O3 ball) wear land area analysis during the tests of
the tribological properties of the ball — disk pair are shown in Figure 4. Increase of the counter-
specimen wear land area was observed (0,170 to 0,240 mm?) in the contact with the laser remelted
surface layer. The counter-specimen land wear after the contact with the X40CrMoV5-1 steel
after the standard heat treatment is about two times smaller (about 0,094mm?). The laser beam
power during melting does not have a meaningful influence on the wear land of the counter-
specimen from Al>Os.

For the tribological assessment of the examined surface layer the linear wear was measured
using the wear profiles. The exemplary surface layer wear profiles of the steel are shown in Figure
5. The influence of laser remelting was found out on the depth of the transverse section of the wear
path, which for the non-remelted material was about 4 um, whereas for the surface layer remelted
with the laser beam with the 1.7 kW power it achieved value of 1.8 pum.

3. SUMMARY

The experiments on remelting the surface layer of X40CrMoV5-1 steel using a high-power diode
laser (HPDL) demonstrated a reduction of approximately 20% in the friction coefficient in the
AlL:Os-steel pair with the laser-treated surface. Laser remelting also significantly reduced the
mass wear of specimens during testing, attributed to a slower release of wear products. Wear
profile analysis of the surface layer showed a decrease in profile depths for the laser-treated
materials. Notably, no significant impact of laser beam power on the tribological properties of
the remelted surface layer of X40CrMoV5-1 hot work alloy steel was observed. The melting of
the surface layer resulted in the formation of a fine-grained dendritic structure and a heat-affected
zone. These findings confirm the effectiveness of the laser remelting method in enhancing the
tribological properties of the steel's surface layer.
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Abstract: This article explores the synergistic integration of laser modification techniques and
X-ray methods in modern surface engineering. It highlights the applications of laser processes,
such as hardening, texturing, and alloying, in improving wear resistance, reducing friction, and
enhancing fatigue strength. Advanced X-ray techniques, including X-ray diffraction (XRD) and
computed tomography (CT), are discussed for their role in analyzing the microstructure and
properties of laser-modified surfaces. The study also examines the optimization of laser
parameters like pulse energy, scanning speed, and exposure time to achieve precise surface
characteristics. Additionally, the article underscores the advantages of laser surface
modification in industrial applications, its role in addressing corrosion resistance, and its
integration with PVD coatings to enhance material performance and durability. These findings
provide a robust framework for advancing material engineering solutions in demanding
environments.

Keywords: laser surface modification, surface engineering, laser hardening, laser texturing,
wear resistance, corrosion resistance, PVD coatings, advanced materials

1.SYNERGY OF LASER MODIFICATION AND X-RAY TECHNIQUES IN
SURFACE ENGINEERING

Laser modification of the surface layer of tool steels and X-ray techniques are key elements of
modern surface engineering. Processes such as hardening, texturing, or laser alloying enable
precise shaping of microstructure and surface properties, leading to increased wear resistance,
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reduced friction, and improved fatigue strength. Rapid cooling and the high energy of laser
pulses result in the formation of complex structures and phases, which can be analyzed using
advanced X-ray techniques such as X-ray diffraction (XRD) and X-ray computed tomography
(CT) [1].

1.1 Advanced X-ray Applications in Laser Surface Modification

X-ray diffraction identifies key phases like martensite and austenite, crucial for modified layer
properties, and analyzes residual stresses to enhance durability. X-ray computed tomography
enables 3D imaging of surface structures, assessing laser texturing effectiveness and its impact
on tribological properties. Pulse energy, scanning speed, or exposure time—plays a critical role
in optimizing surface modification technology. Pulse energy determines the intensity of the
laser beam's interaction with the surface, affecting the depth of thermal transformations and the
formation of micro- and nanostructures. Scanning speed controls the energy distribution per
unit area, directly influencing the uniformity of the resulting layer. Too low a speed can cause
overheating and undesirable effects like thermal cracks, while too high a speed limits
modification efficiency. Exposure time impacts crystallization and phase transformation
processes, which are essential for achieving desired tribological and mechanical properties.
Longer exposure may lead to the formation of harder phases, such as martensite, which
enhance wear resistance [1-3].

1.2 Synergistic Development of Surface Engineering through Laser and X-ray
Techniques

The integration of laser modification and X-ray techniques enables not only the refinement of
existing processes but also the development of new technologies in surface engineering. It
allows for the correlation of process parameters, such as laser power, exposure time, or
scanning speed, with the properties of the modified surface layer. As a result, surfaces with
precisely tailored characteristics can be designed, such as increased durability, higher resistance
to extreme operating conditions, and improved functionality. The synergy of these two areas
enhances the understanding of mechanisms governing changes in the surface layer, contributing
to the creation of advanced materials with optimized functional properties. This approach
supports the development of durable, highly functional, and efficient solutions in materials
engineering, especially for applications requiring reliability and wear resistance [2].

2. USE OF LASER SURFACE MODIFICATION IN ENGINEERING MATERIALS.

Modern engineering materials must meet increasing industrial demands, including high
strength, wear resistance, and durability under challenging operating conditions. One of the
advanced solutions for enhancing the properties of surface layers in materials is the use of laser
surface modification technology [4,7].

2.1 Principles of Laser Surface Modification

Laser technology relies on the precise delivery of energy in the form of a focused beam of light,
allowing controlled microstructural and chemical changes in the surface layers of materials.
This process encompasses several techniques, such as: [4-7]
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e Laser Hardening — localized heating followed by rapid cooling for surface hardening.
e Laser Cladding — deposition of corrosion- or wear-resistant layers.
e Laser Texturing — micro- and nanoscale surface shaping for improved tribology.

2.2 Applications in Engineering Practice

In industrial practice, laser surface modification finds applications across various fields, such as
aerospace, automotive, and energy sectors [4,7]. For example, laser hardening is used to
improve the wear resistance of machine components such as shafts and gears [4]. Meanwhile,
laser cladding facilitates the repair of costly components, such as gas turbines or tools dulled by
use [5].

3. ADVANTAGES OF LASER TECHNOLOGY
Key advantages of laser technology include:

e Precise Process Control: Laser systems enable precise control over energy delivery,
minimizing thermal damage to base materials and ensuring high-quality results [4,6].

e Energy Efficiency: Laser processes are highly energy-efficient, converting a significant
portion of input energy into usable output, reducing waste and operational costs [5].

e Material Versatility: Lasers can process a wide range of materials, including metals,
ceramics, polymers, and composites, making them suitable for diverse industrial
applications [7].

e High Repeatability and Automation: Laser systems are compatible with modern
automation and robotics, ensuring consistent quality and efficiency in high-volume
production [5].

e Customization and Flexibility: Lasers allow for tailoring surface properties, such as
roughness or hardness, to specific requirements, providing flexibility for various
engineering challenges [6,7].

4. METHODS OF LASER CUTTING FOR GRADIENTS MATERIALS

Laser cutting methods for gradient materials rely on precise mechanisms, which can be
illustrated using the presented diagram. Various cutting techniques, such as melting and
blowing, vaporization, exothermic reactions, or pulsed laser cutting, are based on the key
components of laser cutting processes.

This diagram perfectly illustrates the principles of the melting and blowing technique, which
has been widely applied in gradient materials, such as metals with varying hardness. The ability
to adjust optical and gas parameters dynamically enables the process to adapt to the specific
layers of the material. For vaporization cutting and other methods, the key components visible
in the diagram—such as the focusing system and nozzle—support precise material removal
while minimizing the risk of thermal damage to adjacent areas.
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1. Focusing system

2. Laser beam

8. Cutting direction

3. Assist gas

7. Nozzle

4. Cut grooves 6. Cut front

5. Motlen metal

Figure 1 Laser Cutting Diagram

The diagram [Fig. 1] shows the essential elements of the laser cutting process:

1. Focusing System — Lens and mirror optics concentrate the laser beam at the processing
point, enabling precise delivery of energy to the material surface.

2. Laser Beam — The focused beam strikes the surface of the material, heating it until it
melts or vaporizes.

3. Assist Gas — A stream of gas (e.g., argon, nitrogen, or oxygen) interacts with the laser
beam, blowing molten material out of the cutting kerf and ensuring clean and precise edges.

4. Cut Grooves — Grooves are formed due to the laser and gas action, with their pattern
depending on process parameters such as cutting speed and beam shape.

5. Molten Metal — The concentrated laser light locally melts the material, allowing selective
removal.

6. Cut Front — The cutting kerf is slightly wider than the focused laser beam, enabling
precise guidance along the intended contour.

7. Nozzle — The assist gas and laser beam reach the material through the cutting nozzle,
allowing control over the process direction and efficiency.

8. Cutting Direction — Movement of the cutting head or material in a specific direction
creates a cutting line as per the planned pattern.

4.1 Melting and Blowing Technique

The laser beam melts the material at the cutting site, creating a liquid phase. High-pressure gas
removes molten material for precise cuts. This type of cutting is particularly suitable for
metallic materials with gradient hardness due to the quality control of the edges achieved
through dynamic gas flow adjustments, supported by sensors in automated systems. These
sensors analyze the material’s thickness and composition across various layers.

4.2 Vaporization Cutting

In vaporization cutting, the high temperature generated by the laser beam plays a key role in
transforming the material from solid to gas. The beam’s temperature is carefully regulated to
avoid overheating adjacent areas. This technique is well-suited for gradient glass and polymers,
where the variable property is laser absorption. Laser heat transforms material into gas,
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minimizing thermal damage. Femtosecond lasers are used for large property differences in
gradient materials, minimizing thermal damage.

4.3 Reactive Cutting

The laser initiates an exothermic reaction between the reactive gas and the material. This
results in combustion and additional heat generation, aiding the cutting process.

This method is often used in metal-ceramic materials with a gradient of oxidizability. The
presence of oxygen during the process enables uniform and fast cutting. By adjusting the
reactive gas proportions, it is possible to obtain clean edges with varying ceramic content.

4.4 Pulsed Cutting
Pulsed cutting relies on ultrashort laser pulses that remove material layer by layer, minimizing
the temperature impact generated by the laser beam on adjacent areas. This method is primarily
used for gradient polymer materials and allows very precise cutting without damaging delicate
layers with lower thermal resistance. An innovation in this method is the ultrasonic-assisted
pulse technology, which increases process stability.

5 SYNERGY OF LASER PROCESSING AND PVD COATINGS IN ADVANCED
MANUFACTURING

Modern material processing combines laser cutting and PVD coatings to create high-
performance components with precise geometries, enhanced durability, and aesthetic appeal.
By combining laser machining with PVD coatings, manufacturers can produce parts that not
only meet stringent dimensional tolerances but also exhibit superior wear resistance, corrosion
protection, and decorative appeal. This synergy between laser processing and PVD coatings
opens new possibilities across industries, including aerospace, automotive, and precision
engineering.

6 CHARACTERISTICS OF PVD COATINGS

PVD (Physical Vapor Deposition) coatings are thin-layer coatings deposited on the surface of a
material through a process of evaporation and deposition in a vacuum chamber. This process
include [8,9]:
e Substrate Cleaning: Before deposition, the substrate must be thoroughly cleaned of
contaminants such as oils, greases, and other residues. Source
e Pre-treatment: Methods such as corona or plasma discharge are often used to activate the
substrate surface. Source
¢ Deposition of Source Material: The source material evaporates in the vacuum chamber
and deposits on the substrate surface, forming a thin coating layer. Source
e Quality Control: Coatings are checked for thickness, uniformity, and other quality
parameters. Source
e Surface Finishing: If necessary, coatings are polished or subjected to other finishing
processes to achieve the desired smoothness and appearance. Source
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6.1 Properties of PVD Coatings
The mains properties of PVD is [8,10]:
e Durability: PVD coatings are known for their high durability and wear resistance,
making them ideal for applications requiring high mechanical resistance. Source
e Appearance: They offer a wide range of decorative possibilities by controlling color and
surface finish. They can be used to give metallic surfaces an attractive appearance.
Source
o Functionality: They significantly increase corrosion resistance, which is crucial for
components exposed to aggressive environments. Source
e Smoothness: The surface of coated parts is very smooth, reducing friction and
improving efficiency in applications where low friction is key. Source

6.2 Applications of PVD Coatings
PVD coatings are used in many industries due to their versatile properties [9,10]:

e Aerospace and Automotive: PVD coatings are used for engine parts, gas turbine
blades, and suspension components, increasing their durability and wear resistance.
Source

o Metalworking: Cutting tools, such as drills and milling cutters, are often coated with
PVD to increase their durability and wear resistance. These coatings also help improve
machining efficiency and precision. Source

e Optics: In optics, PVD coatings are used to create anti-reflective ceramic coatings,
improving the optical quality of lenses and other optical elements. Source

e Watchmaking: In the watchmaking industry, PVD coatings are used to give watches an
attractive appearance and increase their scratch resistance. Source

7 LASER PROCESSING AND CORROSION RESISTANCE: A SYNERGISTIC
APPROACH

Laser processing not only enables precise cutting and machining of materials but also plays a
crucial role in enhancing corrosion resistance through controlled surface modifications. Laser
machining reduces surface imperfections and prepares materials for protective coatings,
improving corrosion resistance. This method is especially effective in harsh marine or
industrial environments, reducing pitting and crevice corrosion. Furthermore, the integration of
laser processing with preventive measures like sacrificial anodes or cathodic protection ensures
that structures not only maintain mechanical integrity but also withstand aggressive
environmental conditions, extending their service life significantly. This synergy between laser
technology and corrosion prevention strategies offers a robust framework for durable, high-
performance materials in demanding applications.

7.1 Galvanic Corrosion:

Galvanic corrosion occurs when two dissimilar metals with different electrochemical potentials
come into contact in the presence of an electrolyte. The less resistant (more active) metal acts
as an anode and corrodes more rapidly, while the more resistant (noble) metal serves as the
cathode and corrodes less. The rate of galvanic corrosion depends on the potential difference
between metals and is influenced by factors such as cathode surface area and the condition of
protective films. Incomplete surface films can accelerate localized corrosion, leading to pitting.
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Sacrificial anodes, like zinc or magnesium, protect structures by corroding preferentially.
Galvanized steel demonstrates this principle, combining a protective barrier with sacrificial
properties to reduce corrosion. [11]

7.2 Corrosion in high temperatures:

Hot corrosion is an accelerated form of oxidation that affects surfaces exposed to high-
temperature gases containing sulphur and alkali metal salts, typically when heated in the 700—
900°C range. The sulphate deposits form due to the reaction between sodium chloride and
sulphur compounds in the gas. [12] Superalloys use elements like molybdenum and tungsten
for high-temperature strength. However, the oxides of both molybdenum and tungsten (MoOs
and WOs) have high vapor pressures at very high temperatures. Molybdenum and chromium
provide strengthening through solid solution and carbide formation mechanisms. Silicon
effectively improves the oxidation resistance of Cr—Mo. If the chromium content is inadequate,
a continuous chromium oxide scale may not form during prolonged service or thermal cycling,
resulting in breakaway oxidation [13]

7.3 Atmospheric corrosion:

Atmospheric corrosion varies by exposure and is crucial for system design. A widely accepted
classification system, developed by the International Organization for Standardization (ISO),
divides outdoor environments into five corrosivity classes:

¢ Industrial atmospheres are typically rich in sulfur compounds and nitrogen oxides, which
contribute to acid rain and smog.

e Temperate marine environments contain fine sea mist particles that can form corrosive
salt crusts on exposed surfaces, with the amount of salt varying depending on wind
velocity.

e In tropical marine the daily cycle includes high temperatures, high humidity, intense
sunlight, and long periods of condensation at night.

e Urban and suburban environments’ corrosivity is linked to air quality, which can differ
significantly across locations.

Indoor environments, when controlled for humidity and corrosive agents, are typically mild,
though specific conditions in storage cabinets, display cases, or galleries can introduce
corrosive elements, potentially accelerating the deterioration of metals. [14]

7.4 Guidelines for Corrosion Prevention:

To reduce corrosion, select materials with similar electrode potentials and design structures to
minimize moisture accumulation, using butt joints and drip skirts. To further prevent corrosion,
resilient sealants should be used to block moisture from entering potential crevices, and
cathodic protection, such as galvanized steel or alclad aluminum, should be applied to protect
areas prone to crevice corrosion. The electrode potential between electrically interfering
structures exposed to the same electrolyte, such as in underground systems or large tanks,
should be equalized through methods like cross-bonding, cathodic protection, and proper
grounding. Minimize fluid turbulence by optimizing flow patterns and pressure management.
Use compatible materials and conduct pretesting for critical applications. Redundant systems,
such as spare heat exchanger bundles or replaceable spools, should be implemented for high-
risk applications, and nonmetallic materials should be used when necessary to further mitigate
corrosion risks. [15]
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1. INTRODUCTION

Artificial intelligence is a broad topic and widely discussed in the scientific, journalistic
and political spheres. These are activities based on modeling knowledge, data and
developing algorithm systems and computing power, which in the current state of
technology allows for obtaining a relatively automated system for acquiring, processing and
analyzing data, which gives the possibility of autonomous improvement of the system or
predicting behaviors and actions based on the analysis of collected data and correlations
between them.

One of the artificial intelligence algorithms is artificial neural networks. These are
computational systems with connected nodes that work similarly to the neurons in the
human brain. The use of algorithms allows them to recognize hidden patterns and
correlations in raw data, group and classify them, and (over time) continuously learn and
improve. Neural networks are also suitable for supporting humans in solving complex
everyday problems. They can learn and model nonlinear and complex connections between
inputs and outputs, make generalizations and inferences, reveal hidden connections,
patterns and predictions, and model highly variable data.
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This algorithm was used to create a computational model that allows for determining the
steel grade based on its chemical composition. The problem in the case of structural steels
is the small ranges of variation in the concentrations of chemical elements that often
overlap, making it difficult to classify steel into a specific grade. The developed tool is to
solve this problem and is to help the engineer determine which steel grade corresponds to
a given chemical composition.

2. MATERIAL

For research and creation of a set of training data based on them, twelve unalloyed and low-
alloy structural steels were selected:

e E295

e E335

e E360

e P255G1

e P265GH

e P355N

e P355NLI

e S235J2G3

e S235JR

e S235JRG2

e S275JR

e S355J2G3

Variability ranges of ten selected chemical elements (alloying elements and impurities)
included in the above-mentioned steels were obtained from metallurgical certificates, online
databases and cooperation with companies producing steel elements. These are:

e carbon (C)

e manganese (Mn)

e silicon (Si)

e chromium (Cr)

e nickel (Ni)

¢ molybdenum (Mo)

e copper (Cu)

e aluminium (Al)

e sulphur (S)
phosphorus (P)

This data allowed us to build a database used to teach an artificial neural network to
recognize the type of steel based on the concentrations of chemical elements. Thanks to
cooperation with one of the companies producing steel elements from the above-mentioned
types of steel, it was possible to obtain as many as 1000 training records. They were saved in
a CSV file that served as the input for training the artificial neural network.
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3. METHODOLOGY FOR BUILDING A CLASSIFICATION MODEL

JustNN is a neural network system for Microsoft Windows. It makes the creation of neural
networks easy. It allows the user to produce multilayer neural networks from a grid or from
text files and images. The user can produce training, validating and querying files using the
facilities in JustNN or using any editor, word processor or spreadsheet that supports text files.
JustNN can learn from training data and can self-validate while learning. It can be queried
from a file or interactively. JustNN can produce txt or csv output and results files. JustNN is a
free software published in the Science list of programs, part of education.

First create an empty grid and import the data from csv file. Then indicate if the first
words (as in our case) contain the name of the rows of the grid. In the second dialog box,
click Set names to create the columns and go forward till the last one. When you are on the
last column, remember to change the type in Output click OK. After successfully importing
data, a table with the data will be displayed (fig. 1).

After data import, the next step is to create an artificial neural network From Action menu
chose New Network to create the ANN (fig. 2). At this stage, you can choose the complexity
of the network, with one, two or three hidden layers. The number of neurons in the hidden
layer will be selected automatically. You can obtain a better ANN selecting the value 1 as
grow layer number, allowing, in this way, to JustNN to automatically detect the optimum
number of nodes and connections. Only in really few cases, in fact, we could need more than
one level of hidden nodes, but JustNN (selecting the values 2 or 3) can generate more levels.
Click OK button.

After defining the network architecture in the control dialog you can set the parameters for
learning rate and momentum. Additionally, you can check optimize or decay either for
Learning Rate and for Momentum. Put 200 in Select examples at random to create some
validation examples (randomly selected by JustNN). Check “Stop on cycle” and put the value
100000. Then click OK (fig. 3)

* Answer YES to optimize the controls and YES to start the learning. Once done the learning
phase will start. You have to wait for the training phase to end (fig. 4)

Once the learning process is complete, select the Information option from the View menu
to see the details of the network. Click on the Refresh button to be sure that the details are all
shown. Validation results: from 60 to 80% indicates, that the “predicted” results are correct
(fig. 5).

The training process was repeated for networks with different values of the Learning rate,
momentum and decay parameters and for networks with two and three hidden layers. The
best turned out to be the network with one hidden layer with six neurons (fig 6).
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Figure 6. Artificial neural network architecture

4. EVALUATION OF THE DEVELOPED CLASSIFICATION MODEL

From Insert Menu you can add a Querying Example Row. If an 'Example Presets' dialog
appears, click OK to set the values to unknown (you will see '?* in the grid). This row allows
you to enter independent values and check whether the artificial neural network works correctly
and correctly shows the steel grade based on the concentrations of chemical composition
elements. These rows, there may be several of them, allow you to verify whether the network
works correctly and whether the steel classifications are correct (fig. 7).



90 TalentDetector2025 Winter

Symbaol C Mn Si P 5
uery ~~~~5275JR |0.3450 0.9500 0.3250 0.1130 0.05
IQuer:.r ~~~~P255G1 |0.2209 0.9567 02787 0.0184 0.01

Figure 7. Querying Example Rows

For checking the correctness of the network operation, twenty steels were selected, which
did not participate in either the network development or its validation. The concentration values
of chemical elements were entered into the query rows. Sixteen steels, whose chemical
compositions were entered into the query rows, were correct. In four cases, the artificial neural
network returned an incorrect result.

5. SUMMARY

Classification of unalloyed and low-alloy structural steels turned out to be a difficult task.
Very small differences in chemical compositions and overlapping concentration ranges of
chemical elements did not make the task easier. Some of the developed neural networks were
not suitable for use due to their low parameters. However, the results achieved allow us to state
that based on the concentration values of chemical elements it is possible to detect the grade of
steel that was produced. The error scale of the neural network at the level of 4 errors on twenty
types of steel coincides with the parameters of the trained network.
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Abstract: The article discusses the application of bionic hands, highlighting their rehabilitative,
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1. INTRODUCTION

Bionic arms are applied in various fields, combining rehabilitative, social, and technological
functions. They enable individuals with amputations to regain independence, allowing them to
perform everyday activities such as grasping objects, writing, or operating devices [1]. In
professional environments, these prosthetics facilitate the reintegration of people with
disabilities, enabling them to return to work, even in physically demanding roles. Furthermore,
advanced prosthetics are used in research on human-machine interfaces, neurostimulation
testing, and experiments with artificial intelligence algorithms [2]. Their application in sports
and recreation allows individuals with disabilities to actively participate in various sports
disciplines, contributing to improved quality of life and increased self-confidence. While
challenges remain, such as high costs and the need for further development of sensory feedback,
bionic arms hold immense potential to transform the lives of many people [1,3].
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2. PATIENT COMPATIBILITY IN THE CONTEXT OF BIONIC ARMS

The compatibility of a bionic arm with the patient is a key aspect of its effectiveness and
acceptance (Figure 1). It requires the integration of advanced biomechanical, neurological, and
material technologies to ensure that the prosthetic is not only functional but also comfortable for
daily use [2,4].

Bionic arms must be precisely tailored to the individual characteristics of the user, which is
achieved through imaging and spatial modeling technologies. Using 3D scanning of the residual
limb, prosthetics are designed to accommodate the unique geometry of the stump. This approach
minimizes pressure points and enhances the stability of the prosthetic during use [5].

Fig.1. An Example of an Advanced Prosthetic [6]

3. NEUROMUSCULAR INTERFACES

Control interfaces are crucial for the intuitive use of bionic prosthetics. The utilization of
electromyographic (EMG) signals enables the detection of the patient’s muscle activity. Surface
electromyography (EMG) has evolved from merely recording muscle activity to neural
interfacing technology, facilitating the study of the nervous system and the control of prosthetics
(Figure 2). These technologies are applied in neuroengineering and the development of human-
machine interfaces. Their key advantages include non-invasiveness and the ability to record large
amounts of data under natural conditions [1].



Contemporary Challenges and Opportunities in the Production of Bionic Prosthetics 93

s 1 ANE AR AR lIIllJ & g

JII.IIIII]I]IIII IIIIlIIII[lIIIIl

Fores channsl
0 | -w-r‘-r—r-m
e e e e i e i S
| m——— . sm—

Tima i5)

Fig. 2. Example EMG Signals [1]
4. MATERIALS AND FINISHING

User comfort also depends on the materials used. The internal linings of the prosthetic socket
are made from flexible materials such as silicone or thermoplastic polymers, which reduce
friction and protect the skin from injuries. At the same time, the use of lightweight carbon
composites and metal alloys, such as titanium, helps maintain a low prosthetic weight, which
reduces the user's load and enhances comfort [3].

Polymers and elastomers, including silicone, polyurethanes (PU), and TPE rubber, are the
primary materials used in the production of prosthetic liners due to their exceptional mechanical
and physical properties. Silicone, characterized by high elasticity and resistance to compression,
provides good protection for the residual limb by effectively distributing pressure. Polyurethanes
offer better mechanical properties compared to thermoplastic elastomers, particularly in terms of
volumetric elasticity and thermal conductivity. TPE rubber, while cheaper and more flexible, has
lower durability under intense use, which may limit its long-term longevity [3].

The use of innovative foam constructions, such as "sandwich" foams with polyurethane and
EVA layers, enhances tensile strength, increasing resistance to mechanical damage and providing
better comfort. Modern technologies also utilize phase change materials (PCMs) that regulate the
surface temperature of the limb, significantly improving prosthetic comfort by extending the time
it remains at an optimal temperature [3,5].

3D printing is gaining significance, enabling the design of personalized prosthetic liners that
perfectly fit the irregular shapes of the limb. This method not only allows for precise fitting of
the prosthetic but also minimizes production waste, making the process more efficient and
environmentally friendly [3].

These materials are used in bionic prosthetics, where their primary function is to improve user
comfort, ensure durability, and provide effective load distribution. Additionally, modern
prosthetics incorporate sensors that monitor stress and improve the fit of the prosthetic to meet
the user's individual needs [3,5].

5. PSYCHOLOGICAL AND SENSORY ADAPTATION OF THE PATIENT
An important aspect of compatibility is psychological adaptation. Patients must not only learn
how to operate the new device but also accept it as part of their body. The introduction of haptics,
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or the simulation of touch sensations, contributes to improving this acceptance. Touch sensors
provide feedback on pressure force and temperature, allowing for a better perception of the
external environment. Systematic therapy, based on therapeutic strategies aimed at improving
these areas, significantly contributes to the patient's functional improvement. This includes
exercises with and without the prosthetic. Exercises involve using a 3D prosthetic for tasks such
as grasping, waving, and turning pages of a book, as well as activities supporting sensory
integration without the prosthetic. Progress in functionality is significantly improved with a
higher frequency of therapy [2,5].

6. SUMMARY

Both prosthetic liners and bionic hands represent groundbreaking solutions in the fields of
rehabilitation and medical technology. Technologies such as 3D scanning and spatial modeling
play a key role in ensuring optimal fit, minimizing pressure points, and improving user comfort.
Modern solutions utilize advanced materials that contribute to tissue protection and increased
comfort [2,3].

An essential element of bionic hands is neuromuscular interfaces, which enable intuitive
control of the device based on EMG signals, significantly enhancing device acceptance among
patients and improving their functional abilities [1].

Despite the dynamic development, these technologies still face challenges. However,
interdisciplinary collaboration and technological progress offer hope for significantly reducing
these limitations in the future [2,5].
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Abstract: The modern automotive industry faces numerous challenges related to the selection of
materials that must be characterized by strength, lightness, affordability and environmental
friendliness at the same time. Among the various materials used in car production, steel plays a
particularly important role, which still dominates as a raw material used in the construction of
car bodies, chassis and many other vehicle components. Increasingly high demands on fuel
economy, safety and environmental protection mean that steel must meet increasingly stringent
standards and specifications. This article presents the basic characteristics of selected steels
used for car body construction elements.

Keywords: materials, steels, automotive industry, AHSS (Advanced High-Strength Steel),
UHSS (Ultra High Strength Steel)

1. INTRODUCTION

Due to the requirements, two groups of high-strength multi-phase steels (AHSS - Advanced
High-Strength Steel) were created. The first group consists of steels belonging to the first
generation — low-alloy high-strength steels. They are characterized by favorable mechanical
properties (tensile strength Rm up to 900 MPa, elongation A up to 25%), and their additional
advantage is a relatively low production price. The second group consists of steels classified as
second generation — high-alloy multi-phase steels. They combine high strength with
exceptional plasticity (Rm up to 1000 MPa, A up to 50%), but their production is associated
with high costs. This results from the need to use a significant amount of alloying elements,
such as 20-30% manganese, 1-3% aluminum and 1-3% silicon, which limits their use on a large
scale. Recently, a new, third generation of AHSS steel has been developed, the task of which is
to fill the gap between the first two groups. This generation includes modern steels, such as
martensitic steels QP with retained austenite and bainitic steels with the TRIP effect
(Transformation Induced Plasticity). Among them, a new category has distinguished itself -
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medium manganese steels, which have the potential to meet the strict requirements of the
automotive industry, offering a favorable compromise between strength, ductility and
production costs. Additionally, steels with improved corrosion resistance are being developed,
such as steels coated with aluminum-zinc coatings, which extend the service life of vehicles
and reduce the need for expensive maintenance. Thanks to innovations in processing technology,
new steels help vehicle manufacturers achieve better results in terms of fuel efficiency and
compliance with emission standards, while maintaining price competitiveness [1-4].

2. CHARACTERIZATION OF STEEL FOR CAR BODY CONSTRUCTION
ELEMENTS

Materials used in the construction of car bodies must meet a number of criteria, such as:

* high mechanical strength — body elements must withstand high dynamic and static loads,
protecting passengers during a collision.

* low weight — reducing the weight of the car translates into reduced fuel consumption and
improved performance.

» corrosion resistance — steel must be durable in contact with moisture, road salt and
atmospheric factors.

* plasticity and formability — easy forming of elements with complex shapes is required without
losing strength.

* ability to absorb energy — steel must effectively absorb impact energy during a collision,
minimizing its effects on passengers [5-7].

Modern cars are constructed from various types of steel (Fig. 1), appropriately selected for the
individual construction elements of the car (Fig. 2).
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Fig. 1. Classification of steels used in the automotive industry [8]

We can distinguish, among others:

MILD Steel — this is a steel containing a low percentage of carbon, usually less than 0.3% by
weight. It is easy to twist and weld, but has a low tensile strength, usually less than 200 MPa. It
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is one of the most commonly used structural steels, used in many areas, from the automotive
industry to construction, suitable for structures not loaded with high stress. Due to its low
carbon content, it is easy to process mechanically and thermally. According to [9], as recently
as 2005, mild steel accounted for about 85% of the weight of a typical car body, with the rest
being high-strength steel. As of 2015, typical car bodies were made of about 40% mild steel
and over 50% high-strength steel [9-11].

Fig. 2. The use of steel in the body construction of the Volvo V40 Safety Cage [12]

e Strength Low-Alloy Steel (HSLA) — it is a low-alloy steel with higher mechanical strength
and good corrosion resistance while maintaining a relatively low content of alloying
elements. Unlike conventional carbon steels, HSLA steels contain small amounts of alloying
elements such as copper, vanadium, niobium, chromium or titanium. High tensile strength
ranging from 300 MPa to 800 MPa makes HSLA steels the right choice for structures
requiring high mechanical resistance. Some HSLA grades are additionally enriched with
elements such as copper, which increases their resistance to atmospheric factors. In the
automotive industry, these steels are used in body panels and other elements that require
lightness and good resistance to dynamic loads, e.g. bumpers and reinforcement beams that
protect passengers in the event of a collision [13,14].

e Advanced High-Strength Steels (AHSS) — they are advanced third-generation high-
strength steels. They have been developed to achieve an even better balance between
strength and plasticity. The AHSS steel group includes dual-phase steels DP (Dual Phase),
DP-CP (Dual Phase - Complex Phase), steels with a martensitic structure (MS - Martensitic
Steel), which enable the creation of thin-walled components that simultaneously maintain
high resistance to deformation and impact. TRIP (Transformation Induced Plasticity), TWIP
(Twinning Induced Plasticity) steels and TRIPLEX steels characterized by exceptional
ductility, are also increasingly used, especially in places critical to safety (Fig. 3). AHSS
steels are the basic material in elements such as body panels, door frames or structural
reinforcements. They combine high bearing capacity with low mass, which allows for
reducing the weight of the vehicle while maintaining the required stiffness and durability [
15-17,18].

e Ultra High Strength Steel, (UHSS) - they are characterized by exceptionally high tensile
strength from 800 to even 1800 MPa. This strength makes them an ideal material for use in
the construction of modern vehicles, especially in elements that require maximum strength
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and minimum weight. They are used in key places, such as A, B and C pillars or roof
reinforcements. They are extremely resistant to deformation, thanks to which they
effectively protect passengers in the event of a collision. They also allow for a reduction in
the thickness of components, which has a positive effect on the weight of the car [11, 17,19]

e Extra High Strength Steel (EHSS) is a class of steel with very high mechanical strength,
reaching Rm up to 2000 MPa, designed for applications requiring special durability,
resistance to deformation and the ability to transfer extreme loads. Despite very high
strength, some EHSS grades retain sufficient plasticity to be used in stamping and forming,
but require special production technologies. EHSS is a development of high-strength steel
technology (HSS and UHSS), offering even higher mechanical parameters while
maintaining appropriate plasticity. In car bodies, EHSS steels are used for safety elements,
e.g. bumper beams, A, B, C pillars, roof and crumple zones [11,20].
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Fig. 3. Curves of strengthening of TRIP, TWIP and TRIPLEX steels [16]

The properties of steel depend on the share of individual structural components, such as
ferritite, pearlite, bainite, austenite and martensite, which affect its strength, hardness, plasticity
and endurance limit and wearability to a varying degree. Ferrite gives steel good plasticity, but
limits its strength. Pearlite provides higher strength and hardness, while maintaining relatively
good plasticity. Bainite is an intermediate structure that combines good strength with a certain
degree of plasticity. Austenite has a high deformability, which increases the plasticity of steel
and allows the use of effects such as TRIP (transformation of austenite into martensite during
deformation). Martensite is the hardest structural component, providing high strength, but at the
cost of reduced plasticity. By controlling the proportions and arrangement of these components, it
is possible to design steels with properties tailored to specific applications — from plasticity, easy-
to-form body parts to ultra-strong bearing capacity structures or crumple zones that must absorb
energy during a collision [2,10,15]. The microstructures of selected steels are shown in Fig 4.
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Fig. 4 . Microstructure: a) DP steel, b) TRIP steel, c) Medium manganese steel, d) TWIP steel

3. MODERN TECHNOLOGIES AND DEVELOPMENT OF AUTOMOTIVE STEEL

The automotive industry is constantly developing new steel production technologies and steel
processing processes. Increasingly lighter and stronger materials are being introduced, which
simultaneously meet ecological and safety standards. New hot stamping technologies are being
developed and optimized, which allow for the forming of elements with complex shapes and
high strength. Nano-technological coatings are being applied to provide additional protective
properties with reduced thickness of the protective layer. Increasingly often, steel composites
are being used in cars, which combine traditional steel with other materials, such as plastics,
ceramics or carbon fibers, in order to improve their mechanical properties, strength, rigidized or
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fatigue resistance. Although steel itself is very versatile, adding reinforcing elements allows its
use in modern, lightweight vehicle constructions. [2,3,5,21].

4. SUMARRY

Steel remains a fundamental material in the automotive industry, irreplaceable in many
construction applications. However, dynamic market changes, technological development and
growing ecological pressure require steel and car manufacturers to constantly adapt to new
challenges. In addition, the automotive industry's transition to electric vehicles will place new
requirements on steel. This material must meet specific needs, e.g. in the construction of battery
housings or electric drive components. The future of the automotive market is advanced high-
performance materials, including modern steels that combine durability, lightness and ecology
in one. Steel is not only one of the strongest materials in the world, it is also the best
automotive material in terms of design flexibility, cost-effectiveness, low emissions during
production, recyclability, and affordable price. An important aspect is the design of the
chemical composition of steel. Properly selected elements affect the final properties of the
finished product. They improve plasticity, strength, and have an impact on the correct
production process. The introduction of additives such as Si, Al, Ti can improve the hot
ductility of steel, leading to the avoidance of cracks during the manufacturing process, e.g. the
operation of straightening the ingot or rolling the sheets. The automotive industry pays
attention to reducing the weight of the vehicle, which reduces fuel consumption and harmful
exhaust emissions. Additionally, low-density steels are desirable to reduce the weight of the
steel construction of the vehicle, due to the installation in modern cars of a large number of
sensors, automatic systems and electronic systems, as well as high-class finishing materials -
causing an increase in the weight of the final vehicle [2,3,21].
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Streszczenie: W  pracy przedstawiono wyniki badan oraz analiz¢ wlasnosci
wytrzymato$ciowych laminatoéw, ktore moga petni¢ funkcj¢ personalnych oston balistycznych.
Laminaty te zostaly wykonane z kompozytéw opartych na papierze i zywicy oraz dodatkowo
wzmocnione tkaning ,,Poliamid 6”. W ramach badan przeanalizowano ich wlasciwosci
mechaniczne oraz zachowanie podczas prob uzytkowych, co pozwolito na oceng¢ ich potencjalne;j
skuteczno$ci w zastosowaniach balistycznych.

Abstract: This study presents the results of tests carried out and an analysis of the strength
parameters of laminates that act as a personal ballistic shields. These laminates were made of
paper and resin-based composites and additionally reinforced with Polyamide 6 fabric. As part
of the research, their mechanical properties and behaviour during use tests were analysed,
allowing their potential effectiveness in ballistic applications to be assessed.

Stowa kluczowe: laminaty, ostony balistyczne

1. WSTEP

W obecnym s$wiecie Srodki ochrony osobistej sg nieodzownym elementem wyposazenia
zohierzy, policjantow, innych stuzb mundurowych, czy tez VIP-Ow, badz dziennikarzy
znajdujacych si¢ poblizu dziatan wojennych. Najpowszechniej stosuje si¢ kamizelki ochronne
wyposazone w kieszenie na plytki z wkladow balistycznych. Aktualnie najbardziej popularne
jest zastosowanie kieszeni w okolicy klatki piersiowej z przodu i tytu, majacych na celu ochroni¢



Wytwarzanie laminatow stosowanych w personalnych ostonach balistycznych 103

najwrazliwsze miejsca. Zastosowanie dodatkowego wkladu jako elementu opcjonalnego,
umozliwia personalizacje wyposazenia, utatwia wymian¢ lub dostosowanie kamizelki do
nowych wymagan. Na rynku dostepne wktady balistyczne wytwarzane sg z polimerdéw, ceramiki,
metali czy kompozytoéw. Wielowarstwowe kompozyty-laminaty nalezg do grupy kompozytow
powszechnie stosowanych na wktady kamizelek kuloodpornych. Tworzenie laminatu odbywa
si¢ za pomocg tworzenia warstw skladajacych si¢ z: sktadnika wzmacniajgcego, zwanego
zbrojeniem oraz wypetnienia, ktory uklada si¢ pomiedzy warstwy. Wypetnienie tworzy forme
lepiszcza. Warstwy wzmocnienia wystepujag w postaci widkien cigglych, ktére utozone sg w
jednym kierunku, tkanin albo mat z wtokna cietego [1-8].

Gtowne prace badawcze polegaty na: doborze zywicy epoksydowej jako osnowy laminatu do
wytworzenia wktadoéw balistycznych; doborze sposobu utozenia tkanin oraz ilo$ci warstw przy
zatozeniu, ze sumaryczna grubo$¢ wszystkich warstw nie powinna przekroczy¢ 10 mm;
wytworzeniu laminatéw opartych na zywicy epoksydowej i tkaniny poliamidowej; badaniu
struktury 1 wybranych wtasnosci np. odpornosci na udarowe przebicie.

Celem badan jest opracowanie i wytworzenie wielowarstwowych kompozytow-laminatéw
opartych na osnowie zywic epoksydowych wzmacnianych tkaning poliamidowg oraz
wypetianych dodatkowo papierem celulozowym.

2. MATERIAL I METODYKA BADAN
2.1 Material i metodyka badan

Do wytworzenia laminatéw wykorzystano warstwy papieru i poliamidu, ktére nasgczono
zywicg epoksydowg, a nastgpnie poddano procesowi utwardzania. Gotowe probki zostaty
poddane testom balistycznym, podczas ktorych oceniano ich odporno$¢ na dziatanie pociskow
(rys.1). Struktura laminatéw zostala przeanalizowana za pomoca mikroskopii skaningowe;j
i $wietlnej, co umozliwito oceng rozktadu makro- i mikrouszkodzen w badanych materiatach.

Rysunek 1. Materiaty: a) naboje wykorzystane do proby wytrzymatosciowej; b) wielowarstwowe
kompozyty-laminaty;
Figure 1. Materials: a) bullets used for the endurance test; b) multi-layer composite-laminates,
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W pierwszym etapie prac przygotowano sktadniki do wytworzenia laminatow. Zywice
epoksydowa zmieszano z utwardzaczem. Nastepnie odwazono odpowiednie proporcje zywicy
oraz wzmocnienia (papier i/lub tkanina poliamidowa ,,Poliamid 6”) przy uzyciu precyzyjnej wagi
laboratoryjnej firmy Radwag. Wzmocnienie w postaci papieru zostato odpowiednio utozone
warstwami, natomiast tkaning przycieto do odpowiednich wymiaréw. Tak przygotowane
materialy wzmocnienia zostaty stopniowo nasgczane przygotowang zywica, a nastepnie utozone
w formie warstwowej, z zachowaniem zatozonej grubosci catkowitej, nieprzekraczajacej 10 mm.
Wszystkie elementy zostaly skompresowane w celu usunigcia nadmiaru zywicy oraz uzyskania
jednorodnej struktury laminatu. W ramach pracy przeprowadzono nastepujace badania:

- dobrano zywicg¢ epoksydowag jako osnowe laminatow, uwzgledniajac jej wihasciwosci
mechaniczne i przydatno$¢ w zastosowaniach balistycznych,

- okreslono optymalny sposéb uktadania warstw tkaniny ,,Poliamid 6” oraz dobrano odpowiednig
ilo$¢ warstw, przy zatozeniu, ze catkowita grubo$¢ laminatu nie przekracza 10 mm,

- wytworzono laminaty z zastosowaniem zywicy epoksydowej jako lepiszcza, papieru jako
wypelnienia oraz tkaniny ,,Poliamid 6 jako elementu wzmacniajacego,

- przeprowadzono badania struktury laminatéw z wykorzystaniem mikroskopu $wietlnego i
skaningowego mikroskopu elektronowego,

- zbadano podstawowe wiasciwosci mechaniczne, takie jak odporno$¢ na przebicie udarowe oraz
inne parametry wytrzymalo$ciowe, poréwnujac laminaty wykonane z papieru i laminaty
wzmacniane tkaning ,,Poliamid 6”.

W celu poréwnania wtasnosci uzytkowych wykonano seri¢ pomiaréw dla kazdego typu probek,
zarowno dla papieru, jak i kompozytow wzmacnianych tkaning. Obserwacj¢ struktury
przeprowadzono za pomocg stereoskopowego mikroskopu $wietlnego Leica DVM6 A oraz
skaningowego mikroskopu elektronowego ZEISS SUPRA 35 (rys. 2) oraz wykonano analize
sktadu chemicznego z wykorzystaniem detektora EDS. Przyktadowe przekroje wytworzonych
laminatow przedstawiono na rysunku 3.

Rysunek 2. a) przygotowanie laminatéw, b) stereoskopowy mikroskop $wietlny Leica, ¢)
skaningowy mikroskop elektronowy

Figure 2. a) preparation of laminates, b) Leica stereo light microscope, c) scanning electron
microscope
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Rysunek 3. Przykladowe przekroje wytworzonych laminatéw ztozone z papieru oraz zywicy
Figure 3. Examples of cross-sections of laminates made of paper and resin

3. WYNIKI BADAN

Przeprowadzone badania wykazaty, ze laminaty charakteryzujg si¢ wysoka odporno$cig na
przebicie udarowe i efektywnie zatrzymuja pociski o matej i $redniej energii kinetycznej.
Wielowarstwowa struktura, wzmocniona tkaning ,Poliamid 67, zapewnita skuteczne
rozpraszanie energii pocisku w catej objetosci laminatu.

Analiza mikroskopowa wykazata charakterystyczne uszkodzenia w postaci mikropgkni¢¢ oraz
deformacji lokalnych, co potwierdza mechanizm pochlaniania energii przez poszczegdlne
warstwy kompozytu. Zastosowanie tkaniny poliamidowej, jako warstwy wzmacniajgce;,
znaczaco zwickszyto wytrzymato$¢ laminatéw w poréwnaniu do kompozytow opartych jedynie
na papierze i zywicy (rys. 4-6).

Optymalizacja uktadu warstw pozwolita na zmniejszenie masy laminatu bez utraty jego
wiasciwosci ochronnych, co czyni go bardziej praktycznym rozwigzaniem w zastosowaniach
balistycznych (rys. 7).

Vel NS YR

Rysunek 4. Przestrzelona na wylot ostona Rysunek 5. Odksztalcony naboj
ztozona z papieru oraz zywicy Figure 5. Deformed bullet
Figure 4. Shot through cover composed

of sheets of paper and resin
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Rysunek 6. Uszkodzenie ostony ztozonej z kartek papieru, poliamidu oraz zywicy — schemat

utozenia warstw: 1 papier / 1 tkanina
Figure 6. Damaged sheath composed of sheets of paper, polyamide and resin - layering
scheme: [ paper / 1 fabric
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Rysunek 7. Struktura laminatu oraz analiza liniowa zmian sktadu chemicznego ostony ztozone;j
z kartek papieru, poliamidu oraz zywicy — schemat utozenie warstw 1 kartka papieru/ 1 tkanina
poliamidowa

Figure 7. Laminate structure and linear analysis of chemical composition changes of a sheath
composed of sheets of paper, polyamide and resin - layering scheme 1 sheet of paper / 1
polyamide fabric

4. WNIOSKI

W ramach badan okre$lono réznice parametréw wytrzymatosciowych laminatow —
personalnych oston balistycznych — wytworzonych z papieru i zywicy oraz wzmocnionych
tkaning ,,Poliamid 6" podczas préb wlasnosci uzytkowych. Na podstawie badan stwierdzono, ze
ostony modyfikowane warstwami tkaniny wykazuja znacznie wigksza odporno$¢ na pociski w
poréwnaniu do ostony z papieru. Dla porownania: do zatrzymania pocisku widocznego na
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zdjeciu 4, przebywajacego droge 20 metrow potrzebne jest 90 kartek papieru 80g/m?, w
przypadku zastosowania ostony jest potrzebne o potowge mniej. Wytwarzanie oston
balistycznych przy uzyciu zaproponoewanych materiatéw jest mozliwe i korzystne, ze wzgledu
na niska ceng¢, niewielkg mas¢ oraz powszechnos$¢ wykorzystywanych surowcow.
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Streszczenie: W pracy zastosowano modyfikacj¢ powierzchni profili stalowych poprzez
naktadanie cienkich powtok Cu w procesie galwanizacji. Badania wykonano na profilach ze stali
konstrukeyjnej S235, ktore poddano miedziowaniu galwanicznemu w kapieli siarczanowej, w
celu analizy wptywu przygotowania powierzchni oraz warunkéw procesu na jako$¢ powtok
metalicznych. Przeanalizowano wplyw sposobu przygotowania powierzchni uwzgledniajacego
szlifowanie, odtluszczanie i trawienie, a takze parametrow procesu migdzy innymi jego czasu
trwania 1 gestosci pradu, na jako$¢ powtok miedzianych. Przedstawiono takze charakterystyke
najczesciej stosowanych powtok galwanicznych, wraz z ich zastosowaniami. Wyniki badan
wykazaly, ze jako$¢ powtok zalezy od parametrow takich jak chropowato$¢ powierzchni,
temperatura odtluszczania i trawienia, a takze warunkow pradowych galwanizacji. Optymalne
wlasciwosci adhezyjne uzyskano dla probek o umiarkowanej chropowatosci poddanych
procesowi galwanizacji przy wyzszych temperaturach kapieli przygotowawczych.

Abstract: In the study, the surface of steel profiles was modified by applying thin Cu coatings
in the galvanization process. Electroplating is an electrochemical process that modifies material
properties by applying thin metallic coatings to enhance their properties. The study was
conducted on S235 structural steel profiles subjected to copper electroplating in a copper sulfate
bath to analyze the impact of surface preparation as well as process conditions on the quality of
obtained metallic coatings. The influence of surface preparation methods, including grinding,
degreasing, and etching, together with process parameters such as its duration and current
density, on the quality of copper coatings was examined. Additionally, the study presented the
characteristics of commonly used electroplated coatings along with their applications. The results
showed that the quality of the coatings depends on parameters like the surface roughness,
degreasing and etching temperature, and electrical conditions. Optimal adhesion properties were
achieved for samples with moderate roughness, subjected to electroplating at higher preparatory
bath temperatures.

Stowa kluczowe: galwanizacja, miedziowanie, stal S235
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1. WSTEP

Galwanizacja jest wszechstronnym procesem, ktoéry umozliwia modyfikacje wilasciwosci
powierzchni materiatow, odpowiadajagc na rosngce wymagania wspotczesnego przemyshu.
Gtownym celem powlekania elektrolitycznego jest ochrona metali przed korozja oraz poprawa
ich odpornosci na uszkodzenia mechaniczne, a takze dziatanie czynnikow zewnetrznych [1].
Podstawa tego procesu jest osadzanie cienkiej warstwy metalu na powierzchni innego materiatu
przy wykorzystaniu pradu statego oraz elektrolitu. Dzieki zdolnosci do poprawy przewodnosci
cieplnej i elektrycznej galwanizacja znajduje szerokie zastosowanie w branzy elektrotechnicznej
[2,3]. Mozliwo$¢ dostosowania parametrow procesu w tym doktadna grubos$¢ powtoki, jej
struktura 1 stan wykonczenia powierzchni, a zarazem minimalne obcigzenie termiczne
obrabianych elementdéw sprawiaja, ze proces ten jest powszechnie stosowany [4]. Dodatkowo
proces ten charakteryzuje si¢ wysoka skutecznoscig oraz mozliwoscig odzysku surowcow, co
obniza koszty [3,4].

1.1. Galwanizacja

Galwanizacja to proces polegajacy na elektrochemicznym pokrywaniu powierzchni
materialu, zazwyczaj metalowego, cienka warstwa metalu. Proces ten zachodzi w roztworze
elektrolitycznym, w ktérym zanurzone elektrody poddawane sg dzialaniu pradu statlego. W
efekcie powstaje rdznica potencjaldow migdzy katoda a anoda, co prowadzi do przemieszczania
si¢ jondw metalu zawartych w elektrolicie oraz ich osadzania na powierzchni galwanizowanego
elementu [1,2].

K.’y =y e-
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Impurities
(anode mud)

Copper Plating
Rys. 1. Schemat procesu galwanizacji [3]
Fig. 1. Electroplating process diagram [3]

1.2. Parametry procesu galwanizacji

W procesie galwanicznego naktadania powlok ochronnych kluczowag role odgrywaja
parametry, ktore bezposrednio wplywaja na strukturg oraz wtasciwosci otrzymywanych powtok.
Do czynnikoéw tych zalicza si¢: gestos¢ pradu, temperatura procesu, intensywno$¢ mieszania,
stezenie elektrolitu oraz zastosowanie substancji powierzchniowo czynnych na efektywnos¢
galwanizacji.
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Gestos¢ pradu to stosunek catkowitego nat¢zenia pradu do catkowitej powierzchni. Mata
gestos¢ pradu powoduje, ze wyladowanie jonow przechodzi wolno. Istniejgce juz zarodki rosng
szybciej niz powstaja nowe, przez to powloka bedzie grubokrystaliczna. Wraz z zwigkszaniem
gestosci pradu powtoka bedzie coraz bardziej drobnoziarnista [3]. Jednak przy bardzo duzych
gestos$ciach pradu moze doj$¢ do powstania narostéw, inaczej dendrytéw. Nie mniej istotnym
czynnikiem, obok gestosci pradu, jest jego charakter — moze by¢ staly lub pulsacyjny, co wptywa
na przebieg procesu. Stosujac okreslone pulsacje mozna uzyskaé mniejsze porowatosci
naktadanych w ten sposob powtok [1,3].

Poza gestoscig pradu, istotnym parametrem ksztalttujacym strukture oraz jako$¢ powlok
galwanicznych jest rowniez temperatura kapieli. Wzrost temperatury kgpieli moze miec
korzystny lub niekorzystny wptyw na struktur¢ powtoki. Sprzyja on dyfuzji, co zapobiega
powstawaniu struktury gruboziarnistej lub powlok gabczastych przy duzych gestosciach pradu.
Dodatkowo wyzsza temperatura powoduje spadek nadnapigcia wodoru, co utatwia wydzielenie
wodoru gazowego. To z kolei zmniejsza kwasowos$¢ roztworu i prowadzi do powstawania soli
zasadowych. W umiarkowanych temperaturach przewyzsza korzystny wpltyw dyfuzji, natomiast
w wyzszych temperaturach jakos¢ powlok ulega pogorszeniu [1,3].

Parametry takie jak mieszanie i st¢zenie elektrolitu w znacznej mierze si¢ uzupehniaja -
zwiekszajac stezenie elektrolitu lub wprowadzajac jego mieszanie, mozna stosowaé wyzsze
gestosci pradu bez ryzyka tworzenia struktury grubokrystalicznej lub wydzielania wodoru.
Stosujac kapiele o wyzszym stezeniu oraz rOwnomiernemu mieszaniu, uzyskiwane powloki
charakteryzuja si¢ wigckszg zwartg strukturg. Ponadto wigksza przewodnos¢ kapieli skutkuje
spadkiem napiecia w uktadzie oraz poprawia zdolnos¢ kapieli do rownomiernego pokrywania
powierzchni.

Elektrolit wywiera istotny wptyw na charakter powtoki, determinuje rowniez jej jakos¢ oraz
charakter osadzanej warstwy. Dostarcza on jony metalu, ktore nastepnie zostang osadzone na
powierzchni katody. Do jego kluczowych parametrow naleza pH, przewodnos$¢ i czystosc.
Zanieczyszczenia moga powodowac rdzne defekty, a zle dobrane pH - wytrgcanie si¢
wodorotlenkow metali [1,2].

Oproécz podstawowych parametréw elektrolitu, istotny wplyw na proces galwanizacji maja
takze dodatki modyfikujace jego wiasciwosci fizykochemiczne w tym substancje
powierzchniowo czynne. Substancje te obnizaja napigcie powierzchniowe, co ulatwia odrywanie
pecherzykéw wodoru od powierzchni katody, dzigki czemu zmniejsza si¢ ryzyko powstawania
wad takich jak pitting. Dziatanie podanych substancji opiera si¢ na ich adsorpcji na zarodnikach
krysztatow, co hamuje dalszy wzrost tych krysztatow. W konsekwencji wytadowujace si¢ jony
zmuszone s3 do tworzenia nowych zarodkoéw, co sprzyja powstawaniu drobnokrystalicznych
powtok. Brak tych substancji w identycznych warunkach elektrolizy powoduje powstawanie
powlok o strukturze grubokrystalicznej. Niemniej jednak zbyt wysokie stezenie tych dodatkow
moze prowadzi¢ to powstania powtok kruchych oraz stabo przyczepnych do podioza [1].

1.3. Rodzaje powlok galwanicznych

Powtloki galwaniczne, w zaleznos$ci od rodzaju uzytego metalu i technologii naktadania, moga
petni¢ funkcje ochronne, dekoracyjne lub techniczne. Wybor powtoki zalezy od oczekiwanych
cech koncowego produktu, takich jak odpornos¢ na korozje, przewodnos$¢ elektryczna czy
wytrzymato$¢ mechaniczna. Najczesciej stosowane rodzaje powlok galwanicznych-stosowane w
przemysle to chromowanie, cynkowanie, niklowanie, srebrzenie, miedziowanie i ztocenie.
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Chromowanie jest procesem elektrochemicznym, w ktérym na powierzchniach metalowych
osadzana jest warstwa chromu w celu poprawy ich twardosci, odpornosci na korozj¢ i1 $cieranie
oraz nadaniu im estetycznego wygladu. Najczesciej stosowanymi rodzajami kapieli do
chromowania sg kapiele siarczanowe, fluorokrzemianowe, czterochromianowe oraz wodne
roztwory kwasu chromowego [2].

Cynkowanie galwaniczne polega na elektrochemicznym pokrywaniu powierzchni
metalowych cienka warstwg cynku. Wytwarzanie powlok cynkowych odbywa si¢ w roztworach
zawierajacych sole cynku o réznych odczynach - kwasnych, obojetnych lub alkalicznych. Proces
ten znaczaco wydtuza zywotnos¢ metalowych konstrukcji i komponentdw, ktore sg narazone na
dziatanie wilgoci 1 innych czynnikow atmosferycznych, dzieki czemu znajduje zastosowanie w
przemysle, zwlaszcza w budownictwie oraz motoryzacji [2,4].

Niklowanie polega na nanoszeniu warstwy niklu na powierzchni¢ metali lub tworzyw
sztucznych, gdzie wykorzystuje si¢ miedzy innymi kapiele typu Wattsa, fluoroboranowe, czy
amidosulfonianowe. W zalezno$ci od przeznaczenia, niklowanie moze by¢ stosowane jako
warstwa ochronna, dekoracyjna, a takze jako podktad pod inne powloki z chromu lub ztota. W
przypadku stali czesto stosuje si¢ miedziowanie jako warstwe posrednig, ktora poprawia
przyczepno$¢ niklu do podtoza. Niklowanie jest mniej kosztowne od chromowania, ale
charakteryzuje si¢ mniejszg trwatoscig 1 odpornoscig na korozjg, co ogranicza jego zastosowania
[1,3,4].

Srebrzenie, czyli pokrywanie metali powlokami srebrnymi w wyniku procesow
elektrochemicznych. Maja one szerokie zastosowanie jako powtoki dekoracyjno-ochronne,
gtownie dla wyrobow jubilerskich oraz nakry¢ stotowych, a takze jako powtoki ochronne i
techniczne w elektronice. Powstata warstwa srebra charakteryzuje si¢ doskonatym
przewodnictwem elektrycznym oraz odpornoscig na korozje, cho¢ ze wzgledu na niewielka
grubos¢ jest podatna na Scieranie. Proces srebrzenia jest stosunkowo kosztowny, co ogranicza
jego zastosowanie do produktow wymagajacych najwyzszej jakosci [5].

Ztocenie galwaniczne to skuteczny sposob na uzyskanie estetycznych i funkcjonalnych
ztotych powtok. Cienkie powtoki (do 1 pum) naktadane na podwarstwie btyszczacego niklu
wykorzystywane sa w celach ozdobnych w jubilerstwie i zegarmistrzostwie. Z kolei grubsze
powtoki stosuje si¢ w aparaturze laboratoryjnej i1 elektronice, dzigki doskonatym wtasnosciom
przewodzacym. Powloki zlote osadzane sa w oparciu o kapiele o odczynie zasadowym,
obojetnym oraz stabo kwasnym, wykorzystujac zespolone zwiazki cyjankowe ztota lub czyste
zloto [1-4].

Miedziowanie to proces galwaniczny polegajacy na osadzaniu warstwy miedzi na elementach
metalowych lub wykonanych z materiatow przewodzacych prad elektryczny. Technologia
miedziowania opiera si¢ na wykorzystywaniu kapieli siarczanowych oraz cyjankowych.
Elektrolityczne powtoki miedziane wykorzystywane sa w celu poprawy przewodnos$ci
elektrycznej, zabezpieczeniu przed korozja, ochrony przed naweglaniem i azotowaniem lub jako
czes¢ wielowarstwowych powtok [6].

1.4. Przygotowanie powierzchni do procesu galwanizacji

Przed galwanizacja nalezy podda¢ obrabiany element odpowiednim procesom stuzacym
nadaniu powierzchni odpowiedniej chropowatosci, oczyszczeniu i jej aktywacji, aby zapewnic
wymagang przyczepno$¢ i estetyke powloki [7].

Pierwszym etapem przygotowania elementu do procesu galwanizacji jest obrobka
mechaniczna. Celem tego etapu jest usunigcie wickszych nierownosci, pozostatosci korozji oraz



112 TalentDetector2025 Winter

innych powtok, ktore mogtyby negatywnie wptynaé na przyczepnos¢ i jednorodnos¢ warstwy
galwanicznej. Do obrobki mechanicznej zalicza si¢ takie procesy obrobki ubytkowej jak
piaskowanie, szlifowanie oraz polerowanie [1].

Niezbednym dzialaniem po kazdym etapie przygotowawczym jest ptukanie elementu w
wodzie 1 jego suszenie przy pomocy sprezonego powietrza. Zapobiega to zardwno przenoszeniu
si¢ zanieczyszczen, jak 1 mieszaniu si¢ roztworéw nastepnych kapieli, co przedtuza ich
efektywnos¢ [8].

Kolejnym etapem jest odttuszczanie, ktoérego celem jest usunigcie z powierzchni thuszczow,
smarow oraz innych substancji mogacych ostabi¢ przyczepnos¢ powtoki galwanicznej. Do tych
procesOw nalezy odtluszczanie chemiczne oraz elektrochemiczne. Proces odtluszczania
chemicznego polega na zanurzeniu elementu w odpowiednim rozpuszczalniku, czgsto
podgrzanym w celu zwigkszenia skutecznosci dzialania. W przypadku odtluszczania
elektrochemicznego moga by¢ stosowane te same zwigzki, ale dodatkowo element pelni role
elektrody (anody lub katody), co wspomaga proces usuwania zanieczyszczen [4].

Trawienie ma na celu usuni¢cie mikrozanieczyszczen, takich jak tlenki metali czy zgorzelina.
Proces ten znaczaco poprawia przyczepnos¢ 1 jednorodnos¢ osadzanej warstwy galwaniczne;.
Trawienie chemiczne realizowane jest przy uzyciu roztworow kwaséw migdzy innymi kwasu
siarkowego lub azotowego. Dodatkowo w przypadku trawienia aktywacyjnego, stosuje si¢
specjalne kapiele chemiczne, ktére oczyszczaja powierzchnig, a takze zwigkszaja jej aktywnos¢,
co sprzyja lepszemu przyleganiu powtoki [4,9].

2. MATERIAL I METODYKA BADAWCZA

Badania zostaly wykonane na profilach stalowych, ktérych wymiary podano na rys. 2,
wykonanych ze stali konstrukcyjnej S235, zgodnej z normg EN 10025, ktérej sktad chemiczny
podano w tabeli 1. Przygotowanie probek do procesu elektrochemicznego obejmowato obrobke
mechaniczng powierzchni, odtluszczanie i1 trawienie. Pomigdzy kazdym etapem obréobki
przygotowawczej probki ptukano w wodzie i1 suszono. Proces miedziowania galwanicznego
przeprowadzano w kapieli z siarczanem miedzi o temperaturze pokojowej (rys.3). Okreslono
wplyw warunkow pradowych oraz czasu galwanizacji na wyniki badan.
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Rys. 2. Wymiary probek
Fig. 2. Sample dimensions

Tabela 1. Sktad chemiczny stali S235, %wag. (EN 10025)
Table 1. Chemical composition of S235 steel in wt% (EN 10025
Fe C Mn P S N

reszta <0,17 <1,4 <0,045 <0,045 <0,012
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Proces szlifowania wykonano z uzyciem papierow $ciernych o stopniowo zmieniajacej si¢
ziarnisto$ci, poczawszy od 800, przez 1200, 1500, 2000, az do 2500, przy uzyciu r¢cznej
szlifierko-polerki. Probki oznaczone numerami 1, 2, 3 oraz 5 zostaly wyszlifowane papierem
sciernym o ziarnisto$ci 1200, probka nr 4 — papierem o ziarnistosci 800, natomiast probki 617 —
papierem o ziarnistosci 2500. Po zakonczeniu procesu szlifowania wszystkie probki
wypolerowano, w celu uzyskania gtadkiej powierzchni. Z kolei probki oznaczone numerami od
8 do 10 zostaty oszlifowane r¢cznie za pomocg papieru $ciernego o gradacji wynoszacej 220. Po
zakonczeniu szlifowania probki poddano kapieli odttuszczajacej w 5% roztworze wodorotlenku
sodu, a nastepnie przeprowadzono proces trawienia w 10% roztworze kwasu solnego. W
przypadku probek 1 i 2 kgpiele odtluszczajace i trawigce przeprowadzono w temperaturze 20°C,
natomiast dla prébek od 3 do 10 roztwory zostaty podgrzane do 60°C.

Celem badan byto porownanie wptywu temperatury kapieli na jako$¢ uzyskanej powtoki. Stad
proces galwanicznego miedziowania wykonano w kapieli kwasnej produkcyjnej zawierajace;j
miedzy innymi roztwor siarczanu miedzi(Il). Miedziowanie przeprowadzano przy roznych
nat¢zeniach pradu, mieszczacych sie¢ w zakresie od 0,6 do 2,5 A oraz r6znym czasie zanurzenia
w kapieli elektrolitycznej, co przedstawiono w tabeli 2.

Probki zostaty zbadane pod wzgledem grubosci warstwy. Do pomiaru parametrow powloki
uzyte zostaty: miernik grubosci powtok Defelsko PosiTector 6000 F90S (rys. 4).

Tabela 2. Parametry procesu galwanizacji
Table 2. Parameters of the electrochemical copper plating process

Nr probki Natezenie pradu [A] Czas galwanizacji [min]
1 2,5 1
2 1 1
3 1 1
4 1 0,5
5 1 1,5
6 0,6 1,5
7 0,6 2,5
8 0,6 2,5
9 0,6 4
10 1 1
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Rys. 3. Stanowisko do galwanizacji Rys. 4. Miernik Defelsko PosiTector 6000
Fig. 3. Electroplating station F90S
Fig. 4. Defelsko PosiTector 6000 F90S gauge

3. WYNIKI BADAN

Wykonane badania wykazaty, ze jako$¢ powtoki miedzianej znaczaco zalezy od sposobu
przygotowania powierzchni. Probki nr 1 1 2, ktore zostaly wyszlifowane papierem o gradacji
1200, a nastepnie odtluszczane i trawione w roztworach o temperaturze pokojowej. Otrzymana
powtoka byta nietrwata 1 dosy¢ tatwo schodzita z powierzchni, co moze wskazywac na stabe
wiasciwosci adhezyjne. Z kolei probka nr 3, przygotowana w identyczny sposéb co probka nr
2, ale odtluszczana i trawiona w wyzszej temperaturze roéwnej 60°C, wykazata znacznie lepsze
przyleganie powloki. Zjawisko to wskazuje na to, ze zwigkszenie temperatury podczas procesu
odtluszczania 1 trawienia moze poprawia¢ wtasciwosci adhezyjne. Probka nr 4, wyszlifowana z
mniejszg doktadnoscig papierem o gradacji 800, charakteryzowata si¢ matowa powierzchnig
powtoki, co moze wskazywac¢ na jej gruboziarnistg strukture. Probke nr 5 wyszlifowano
papierem o ziarnisto$ci 1200 i poddano procesowi galwanizacji przez 1,5 minuty, przez co
osiggnicto grubg 1 jednorodng powltoke. Probki nr 6 1 7, szlifowane papierem o bardzo drobnej
gradacji 2500 oraz wypolerowane, cechowaly si¢ gladka powierzchnia, jednak uzyskana
powtoka schodzita juz przy lekkim potarciu, co moze o wskazywac na catkowity brak adhez;ji.
Podane wyniki sugeruja, ze nadmierne wygtadzenie powierzchni moze ograniczac przyczepnos¢
powtoki miedzianej, co moze by¢ zwigzane ze zmniejszaniem mikroskopijnej chropowatosci
niezbednej do prawidlowego wigzania miedzi z podlozem. Probki nr 8,9 i 10 oszlifowano
papierem o najmniejszej gradacji wynoszacej 220. Chropowata powierzchnia przyczynita si¢ do
bardzo dobrego przylegania powtoki.

Kolejnym czynnikiem wptywajacym na jakos$¢ uzyskanej powloki byta temperatura procesu.
Probki nr 11 2, odtluszczone 1 wytrawione w temperaturze 20°C, charakteryzowaty si¢ znacznie
gorszg jakoscig powlok w poréwnaniu do probek o numerach od 3 do 10, przygotowanych w
temperaturze 60°C. Wyzsza temperatura kapieli poprawiata zarowno adhezje, jak i grubo$¢
powtoki, co mozna thumaczy¢ bardziej efektywnym usuni¢ciem zanieczyszczen z powierzchni
oraz lepszym przygotowaniem jej do procesu galwanizacji.

Analiza wynikow wskazuje, ze zaro6wno natezenie pradu, jak i czas trwania procesu
elektrochemicznego wywieraja istotny wpltyw na grubo$¢ uzyskanej powtoki miedziane;.
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Szczegotowe parametry galwanizacji przedstawiono w tabeli 2, a $rednie grubosci uzyskanych
powlok w tabeli 3. Probka nr 1, poddana galwanizacji przy wysokim nat¢zeniu pradu
wynoszacym 2,5 A przez 1 minute, osiggneta stosunkowo cienka powtoke o grubosci 2,78 um,
ktora charakteryzowata si¢ stabg trwaloScia. Sugeruje to, ze zbyt wysoka gestos¢ pradowa ma
negatywny wpltyw na jako$¢ powlok. W przypadku probek nr 2 i 3, galwanizowanych przy
nat¢zeniu 1 A przez 1 minute, grubosci powtok wynosity odpowiednio 2,46 um oraz 3,90 pm.
Skrocenie czasu galwanizacji przy zachowaniu natezenia 1 A, jak w probee nr 4, prowadzito do
znacznego wzrostu grubosci powtoki do 7,58 pm, co moze wynikac¢ z bardziej skoncentrowanego
osadzania miedzi na powierzchni w krotkim czasie. W przypadku probki nr 5, przy tym samym
nat¢zeniu, ale wydluzeniu czasu do 1,5 minuty, uzyskano jeszcze grubsza powloke o grubosci
7,71 um. Probki nr 8 i 9 byty galwanizowane przy nizszym nat¢zeniu pradu wynoszacym 0,6 A
przez odpowiednio 2,5 oraz 4 minuty. Wyniki wskazujg na uzyskanie powtok o podobnych
grubosciach, wynoszacych odpowiednio 6,99 pm i 6,96 um, co sugeruje, ze przy dluzszym czasie
galwanizacji niskie nat¢zenie moze zapewni¢ rownomierne osadzanie powtoki. Ostatnia badana
probka nr 10, galwanizowana przy nat¢zeniu pradu 1 A przez 1 minute, uzyskala powtoke o
grubosci 7,49 um. Podane wyniki wskazuja, ze wyzsze natezenie pradu pozwala szybciej
osiggna¢ powtoki o okreslonej grubosci, jednak wydhuzenie czasu galwanizacji przy nizszym
nat¢zeniu pradu prowadzi do bardziej jednorodnych 1 trwalych warstw galwanicznych.
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Rys. 5. Probka nr 2 Rys. 6. Probka nr 3
Fig. 5. Sample no. 2 Fig. 6. Sample no. 3

Rys. 7. Probka nr 6 o Rys. 8. Probka nr 7
Fig. 7. Sample no. 6 Fig. 8. Sample no. 7

Rys. 9. Probka nr 8 Rys. 10. Probka nr 9
Fig. 9. Sample no. 8 Fig. 10. Sample no. 9
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Tabela 3. Wptyw parametrow przygotowania probek na $rednig grubos¢ powtoki

Table 3. Influence of sample preparation on average layer thickness

Nr Srednia grubo$é | Gestosé pradowa
probki [um] [A/dm?]

1 2,78 4,49

2 2,46 1,8

3 3,90 1,8

4 7,58 1,8

5 7,71 1,8

6 — 1,08

7 - 1,08

8 6,99 1,08

9 6,96 1,08

10 7,49 1,8
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Rys. 11. Wykres grubosci warstwy probki 5
Fig. 11. Coating thickness graph of sample 5
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Rys. 12. Wykres grubosci warstwy probki 9
Fig. 12. Coating thickness graph of sample 9
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Rys. 13. Wykres grubosci warstwy probki 10
Fig. 13. Coating thickness graph of sample 10

Na wykresach (rys. 11-13) przedstawiajacych pomiary grubosci powtok uzyskanych za
pomoca miernika Defelsko PosiTector 6000 FO0S mozna zaobserwowac, ze grubos¢ powloki w
poszczegbdlnych probkach miesci si¢ w przedziale od 0,9 um do 19,9 um. Biorac pod uwage
srednie arytmetyczne grubo$ci powtok ze wszystkich pomiardw zauwazy¢ mozna, iz $rednia
grubo$¢ powtoki naniesionej na probke nr 9 jest najmniejsza. Jednocze$nie zanotowano w niej
najwickszg maksymalng grubo$¢. W prébce 5 odnotowano najmniejsza ze wszystkich grubosé

powtoki wynoszacg 0,9 um.
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4. PODSUMOWANIE

W ramach badan wytworzono powtoki miedziane na elementach stalowych przy
zastosowaniu procesu galwanizacji elektrochemicznej. Wyniki badan potwierdzaja, ze jakos$¢
powlok miedzianych zalezy od kilku kluczowych parametréw procesu galwanizacji. Wysoka
chropowato$¢ powierzchni sprzyja uzyskaniu grubych powtok o dobrej adhezji. Dhuzszy czas
galwanizacji prowadzi do uzyskania ciemniejszego koloru powtloki. Dodatkowo, wyzsza
temperatura odtluszczania i trawienia zapewnia lepsze oczyszczenie powierzchni, co przektada
si¢ na wyzsza jako$¢ powloki. Z kolei optymalizacja parametréw galwanizacji, takich jak
natezenie pradu i1 czas procesu, umozliwia kontrole grubosci oraz trwatosci powtok, co jest
istotne w kontekscie ich zastosowan w roznych galeziach przemystu.

PODZIEKOWANIA

Praca powstala w wyniku realizacji projektu ,,Elektrochemiczne tworzenie powltok
ochronnych na metalach” w ramach ksztatcenia zorientowanego projektowo — PBL, w konkursie
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Technologiczny, Politechnika Slgska.
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Abstract: The article describes the use of the Shining3D EinScan Pro HD 3D scanner in the
process of designing 3D models for prosthetic applications. It focuses on the device’s
capabilities in accurately reproducing details essential for prosthetic modeling. In the conducted
study, the hand of a healthy individual was scanned, a digital model was developed, and it was
subsequently adjusted for 3D printing requirements. The results highlight the potential of 3D
scanning technology in prosthetics and the process of prosthetic personalization.
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1. INTRODUCTION

1.1. Introduction to the topic of 3D scanning

3D scanning is an advanced technology enabling precise digital representation of the shape
and structure of objects. The utilization of this method is gaining increasing importance in
various fields, including medicine and prosthetics, where accurate adaptation of designed
solutions to the specific needs of patients is crucial. 3D scanners facilitate the rapid and precise
acquisition of data, such as object geometry, enabling the creation of high-quality 3D models.
These models can subsequently be applied in design and manufacturing processes, for instance,
through 3D printing technology [1].

In prosthetics, 3D scanning allows a transition from traditional, time-intensive methods to
digital modeling, offering higher precision, time efficiency, and the possibility of customizing
prostheses and medical devices. Acquiring precise data on the shape of a patient’s limb enables
the creation of perfectly fitted prostheses, enhancing user comfort and functionality. This
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technology also supports advancements in prototyping and simulation, allowing for the testing
of innovative solutions before their final implementation [2].

The aim of this article is to present the technological capabilities of the Shining3D EinScan
Pro HD 3D scanner and its practical application in the creation of 3D hand models that can be
utilized in the 3D printing process. Owing to its modular design, high resolution, and ability to
capture intricate details even on challenging surfaces, this scanner finds applications across a
wide range of fields, from industry and design to medicine and prosthetics [2].

The paper illustrates how the EinScan Pro HD scanner can be employed to scan the hand of
a healthy individual to create a precise digital model. This model is then edited and prepared
for 3D printing. Conducting this process demonstrates the potential of 3D scanning technology
for personalizing prostheses, optimizing their design, and creating high-quality, accurate
anatomical models [2].

2. SHINING3D EINSCAN PRO HD SCANNER
2.1. Characteristics and applications of the 3D scanner

The Shining3D EinScan Pro HD scanner stands out for its versatility, offering various
operating modes such as handheld HD scanning, rapid scan mode, automatic, and fixed modes.
This makes it suitable for both small and medium-sized objects, enabling precise reproduction
of intricate shapes, such as hands or other limbs. Its advanced light projection algorithms and
accuracy of up to 0.045 mm allow for faithful replication of even challenging surfaces, such as
skin or materials with dark or metallic finishes. Its modular design and different scanning
modes provide flexibility to adapt the process to the object’s size and specific requirements [3].

These features make the device widely applicable in prosthetics, where individual
customization and high precision in reproducing object geometry are crucial. The scanner
excels in modeling small details and larger components, making it an indispensable tool in
designing personalized prostheses and anatomical models [3].

3. SCANNING AND MODEL PREPARATION PROCESS
3.1. Description of the hand scanning process for a healthy individual

During the scanning process, the hand is captured from various perspectives to create a
complete 3D model. In handheld mode, the EinScan Pro HD scanner allows the operator to
freely move the device around the hand, enabling precise capture of all details, such as skin
folds, nails, and spaces between fingers. Thanks to structured light technology and the optional
use of color reference markers, the device ensures high accuracy in reproducing even the most
complex shapes [4].

The scanner can process up to 3,000,000 points per second in handheld mode, making the
scanning process both fast and highly efficient. Furthermore, its modular design allows for
enhanced functionality through optional accessories, such as the Color Pack module. This
enables the scanner to capture full-color textures, which is particularly useful for creating
realistic 3D models of hands [4].
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3.2. Editing and processing the 3D model

The obtained model was edited using Meshmixer, where the model’s surfaces were
smoothed, and errors from the scanning process, such as unwanted deformations or
irregularities, were corrected. Meshmixer is a tool particularly suitable for preparing models for
printing, especially organic objects like hands, where details must be accurately represented
[5].

The next step involves processing the model in Fusion 360, which allowed the 3D model to
be divided into smaller parts. This enabled adjustment of individual component dimensions to
meet 3D printing requirements and ensured that the final model was well-suited to the
production technology [5].

3.3. Final model ready for printing and potential applications in prosthetics

T,

Figure 1. Hand Model After Processing

Upon completing the scanning and data processing, a 3D hand model ready for printing is
generated, which can be utilized in additive manufacturing technologies such as FDM, SLA, or
SLS. This model can be printed using various materials, including biocompatible plastics or
resins, enabling customization for specific prosthetic needs. It finds extensive application,
particularly in the design of cosmetic prostheses that accurately replicate the shape, texture, and
proportions of a natural hand, providing a realistic and aesthetically pleasing appearance [6].

The model can also be used to create personalized fitting components, such as prosthetic
sleeves, tailored precisely to the patient’s anatomy. Additionally, the 3D model serves as a
template or mold for producing prostheses from advanced materials such as silicones or
composites. A significant application is the digital inversion of a healthy hand model to design
a symmetrical prosthesis for a missing limb.

Moreover, the model is valuable for biomechanical analyses and functional tests, allowing
for the evaluation and optimization of prostheses in a virtual environment before their physical
production. Advanced 3D scanning and printing technologies make these models a critical tool
in developing modern, personalized, and functional prosthetic solutions [6].
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4. SUMMARY

This article presents the application of 3D scanning technology, exemplified by the
Shining3D EinScan Pro HD scanner, in the design of personalized hand prostheses. The high
precision in capturing details and the flexibility of modeling enable the creation of realistic and
functional prostheses tailored to the patient’s anatomy. The process of scanning a healthy hand
and digitally processing the model in Meshmixer and Fusion 360 software was discussed,
leading to project optimization for 3D printing technologies such as FDM, SLA, and SLS. The
developed models have applications in the production of cosmetic prostheses, casting molds,
fitting components, and biomechanical analyses.

In the future, 3D scanning could support the development of dynamic prostheses responsive
to muscle signals, advanced biomechanical simulations, and personalized rehabilitation
devices, offering precise and innovative medical solutions that enhance patient comfort and
quality of life.
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Abstract: Despite the widespread availibility of music via radio and the internet, vinyl records
remain highly popular. Enthusiasts, collectors, and artists who release their work in this
traditional format make up a large part of the vinyl audience. A gramophone operates through
the physical interaction of a needle with the record's grooves, which naturally wears down over
time with use, potentially impacting the quality of the music reproduced. This study
investigates the effect of repeated vinyl playback on the quality of gramophone signals.
Researchers conducted a band-frequency analysis to determine the harmonic distribution
of signals across various frequency ranges. The study compared the playback signals of both
new and worn records using statistical analysis. Initial findings indicate that within the analysed
range, the differences between the signals of new and worn records are not statistically
significant.

Keywords: phonograph needle, vinyl record, tribological wear, sound analysis, cleaning
agents.

1. INTRODUCTION

In today's world, access to music is virtually limitless. Thanks to the internet and especially
streaming services, you can listen to nearly any artist globally for a relatively low fee.
Numerous devices are available for playing music, with smartphones remaining the most
popular. With the continuous advancements in headphone and speaker technology, music now
accompanies us virtually everywhere.
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Despite this, a growing number of people prefer traditional methods of playing music at
home, such as using a gramophone. More artists are also releasing singles on vinyl records,
ensuring high sound quality [8]. Enthusiasts of turntables firmly believe that the audio
experience from analog output is vastly superior to that of digital devices [1].

The operation of a gramophone relies on the movement of the needle along the grooves
of the record. A vinyl phonograph record serves as a sound carrier, where the most crucial
component is the spirally arranged groove, which forms the embossed sound track [9].

During music playback, the needle traces the groove of the record, creating vibrations that
are transmitted to a sensor at the end of the gramophone arm. This sensor generates an
electrical signal proportional to the mechanical vibrations. The signal is then sent to the
amplifier, which boosts its level and converts it into sound. The process of reading sound from
a vinyl record is entirely analog, meaning the signal produced by the needle accurately reflects
the mechanical vibrations within the groove of the record [10].

Vinyl records are susceptible to surface scratches and electrostatic forces, which make them
easily charged and prone to attracting stubborn dust particles. Additionally, the playback
of sound involves friction, which can alter the groove's irregularities over prolonged use.
As a result, the sound reproduced may differ from the original recording [11, 12]. Given the
concern for sound quality reproduction from gramophone records, the question of their
longevity arises — specifically, how long they can continue to faithfully replicate the original
recording. [13].

A literature review on gramophone sound reproduction technology and the impact of wear
on both the needle and record reveals studies examining the overall effect of these components'
wear on the quality of the reproduced signal [2]. In particular, the wear of the gramophone
needle is analyzed for its impact on sound distortion, especially the decline in the quality
of high-frequency reproduction [14].

However, much of the available information comes from internet forum discussions, like
those on The Vinyl Press, where users share their experiences about the impact of needle wear
on sound quality. These discussions often focus on high-frequency distortions and suggest
replacing the needle after approximately 600—800 hours of use [15, 16, 17].

Despite numerous discussions on audiophile forums about the effects of record wear on
sound quality, there is a lack of scientific studies specifically analyzing the frequency-band
characteristics of the signal in relation to both needle and record wear. Most available analyses
focus on general effects of wear, such as micro-scratches or record contamination, rather than
examining how these changes affect the accuracy of audio signal reading across different
frequency ranges [3, 4, 5].

The primary objective of this article is to conduct preliminary studies and evaluate the extent
of wear on phonograph records under home usage conditions, employing frequency-band
analysis and statistical methods.

2. MATERIALS AND METHODS

2.1 Measurement station

The experiments were conducted using an Argon Audio TT turntable equipped with an
Ortofon 2M Bronze needle. For the recordings, two identical vinyl records were employed.
Prior to recording, one of the records was played 100 times, while the other was unwrapped
from its protective foil immediately before the recording. The audio signal from the
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gramophone was captured via the line output using a Zoom F8n recorder at a sampling rate
of 196 kHz. The data was saved in WAV format on an SD card. Recordings were performed
multiple times for each record to ensure a representative sample. Figure 1 shows
the measurement site, and Figure 2 presents photos of the individual components of the setup.

Gramophone: Line output | Audio recorder: Format: .wav &0 card
Argon Audio TT Zoom fén Fs = 196 kHz
L] .:
I |
I |
I I
Vinyl record: x1 Vinyl record x100

*without additional amplification

Figure 1. Measurement station diagram

Figure 2. a) gramophone Argon Audio TT, b) vinyl record, c) Ortofon 2M Bronze
gramophone needle, d) Zoom F8n audio recorder

2.2 Dataset

The dataset comprised six recorded fragments of the analyzed track. For each of the two
vinyl records — one new and one worn — three files were recorded and then shortened to 80
seconds. The chosen fragment covered the track's full frequency range.
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To analyze the data, a Fourier transform was applied to each file to extract the signal
spectrum. The amplitude spectrum components were then summed within predefined frequency
ranges: 100-599 Hz, 600-3599 Hz, 3600-8099 Hz, and 8100-12000 Hz [6,7]. This process
resulted in numerical values representing the contribution of sounds from these frequency
ranges within the track. Frequencies above 12,000 Hz were excluded from the analysis because
their amplitude spectrum values were significantly lower .

To enhance the visualization of the results and account for the non-linear nature of human
hearing, the amplitude values were converted to a logarithmic scale, expressed in decibels (dB).
This decibel scale facilitated the comparison of signal components across different frequency
bands [6,7].

2.3 Data analysis

The statistical analysis aimed to evaluate significant differences between the amplitude
spectra of signals from two types of recordings: new and worn records.

The initial step of the analysis involved checking the normality of data distribution within
each group (new record, worn record) using the Shapiro-Wilk test. Since the data did not
follow a normal distribution, the Mann-Whitney U test was selected. This test enables the
comparison of medians between two independent groups (new record vs. worn record) across
the entire frequency spectrum.

Subsequently, after categorizing the data into frequency bands (100-500 Hz, 600-3500 Hz,
3600-8000 Hz, 8100-12000 Hz), an analysis was performed using the Kruskal-Wallis test.
This test facilitated the evaluation of significant differences between groups within each
frequency band. The entire statistical analysis was performed using the JASP software [18].

3. RESULTS
The initial step in the results analysis was to perform a normality test on the data

distribution. The results, shown in Table 1, reveal a significant deviation from normal
distribution for both the new and worn record data.

Table I Test of Normality (Shapiro-Wilk)

W p
Harmonic sum [dB] record-worn 0.886 <.001
record-new 0.886 <.001

To evaluate the differences in signal power between the new and worn record data, the
Mann-Whitney U test was performed. The results, presented in Table 2, indicate that there were
no significant differences in the power spectrum of the signal (p = 0.095). Furthermore,
the Brown-Forsythe test for equality of variances, conducted to compare the variance
distributions between the two groups, also did not reveal significant differences (p = 0.493)
[Table 3].

Table 2 T-test for independent samples (Mann-Whitney U test)
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Harmonic sum [dB] 1699 79.000 0.095

Table 3 Test of Equality of Variances (Brown-Forsythe)

F dfi df; p

Harmonic sum [dB] 0.004 1 1198 0.493

The harmonic sum of the signal for each type of recording (all analyzed frequencies)
is presented on the Figure 3.

record-new —

MG'.N.- &

record-worn - } ¥

Harmonic sum [dB]
Figure 3. Harmonic sum of the signal for new and worn record

The next step of the analysis was to compare the power spectrum of the signals in different
frequency ranges using the Kruskal-Wallis test. Table 4 presents the test results for each
frequency band. The values from Dunn's post hoc analysis suggest that for all analyzed bands,
there are no significant differences between the signals from the new and worn records
(all p > 0.05). Figure 4 shows the harmonic sums for different frequency bands the two types of
recordings.

Table 4 Dunn's post hoc comparison — Frequency band (N — record-new, S — record-worn)

Comparison z Wi W; I'rb p

100-500Hz (N) - 100-500Hz (S) -0.017 700.067 701.333 0.084 0.987
600Hz-3.5kHz (N) - 600Hz-3.5kHz (S) -0.015 569.678 570.156 0.002 0.988
3.6kHz-8kHz (N) - 3.6kHz-8kHz (S) 0.030 390.274 389.519 0.005 0.976

8.1kHz-12kHz (N) - 8.1kHz-12kHz (S) -0.063 127.000 128.683 0.012 0.950
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Figure 4. Harmonic sum for different frequency bands for the two types of recordings (S —
worn record and N — new record)

4. DISCUSSION

The analysis revealed that there are no statistically significant differences between the
signals recorded from new and worn records, both within the entire frequency spectrum and
within individual bands (100-599 Hz, 600-3599 Hz, 3600-8099 Hz, 8100-12000 Hz). The
results of the statistical analysis indicate that after 100 plays, the wear on the vinyl record does
not cause significant changes in sound quality.

5. CONCLUSION

The findings of this study could be beneficial for vinyl record collectors and gramophone
users. They demonstrate that despite numerous plays, which cause wear on both the needle and
the record, the sound quality recorded in the groove remains largely unchanged. The statistical
analysis conducted shows no significant differences in sound quality between new and worn
records, even after 100 plays.

There is a clear need for further research into the macro and microscopic changes affecting
both records and phonograph needles. Comparing frequency analysis data with microscopic
or tribological observations could provide insights into the effects of use and storage on sound
quality during playback This is especially relevant considering the increasing popularity
of vinyl records and the expanding community of collectors and enthusiasts. Understanding
how records wear during use could encourage more mindful practices, including regular
cleaning with specialized products, careful handling, and limiting playback of particularly
valuable records. Such knowledge could help extend the lifespan of records and improve their
quality of use over the long term.



128 TalentDetector2025 Winter

ACKNOWLEDGMENTS

This work is part of a Project Based Learning (PBL) project titled 'Analysis of the sound
quality recorded on a vinyl record depending on its usage and the wear level of the phonograph
needle,' conducted in the 2024/25 academic year at the Silesian University of Technology.

BIBLIOGRAPHY

1. Bartmanski, D., & Woodward, 1. (2016). Vinyl record: A cultural icon. Consumption
Markets & Culture, 21(2), 171-177. Doi: 10.1080/10253866.2016.1212709

2. Bastiaans, C. R. (1967). Factors affecting the stylus/groove relationship in phonograph
playback systems. Journal of the Audio Engineering Society, 15(4), 389-396.

3. Hensman, A., & Casey, K. (2007). Optical reading and playing of sound signals from vinyl
records. The Annual International Conference on Information Technology and
Telecommunication (ITT07). Institute of Technology Blanchardstown, Dublin.

4. Tian, B., & Barron, J. L. (2007). Sound from gramophone record groove surface
orientation. 2007 IEEE International Conference on Image Processing (ICIP), San Antonio,
TX, USA, 84-91. Doi: 10.1109/icip.2007.4379641

5. Tian, B., & Barron, J. L. (n.d.). Reproduction of sound signal from gramophone records
using 3D scene reconstruction. Department of Computer Science, The University of
Western Ontario, London, Ontario, Canada, N6A 5B7.

6. Zwicker, E., & Fastl, H. (2007). Psychoacoustics. Berlin, Heidelberg: Springer Berlin
Heidelberg.

7. Alessio, S. M. (2019). Digital signal processing and spectral analysis for scientists:
Concepts and applications. Springer.

NETOGRAPHY

1. Recording and Playing Music [PL: Zapis 1 odtwarzanie muzyki]. Retrieved from
https://mlodytechnik.pl/eksperymenty-i-zadania-szkolne/wynalazczosc/30029-zapis-i-
odtwarzanie-muzyki [Accessed 29 November 2024].

2. Guide to Vinyl Record Sizes. Retrieved from https://blog.discmakers.com/2023/07/guide-to-
vinyl-record-sizes/ [Accessed 29 November 2024].

3. From Vinyl to Sound in Speakers — How Does a Vinyl Record Play? [PL: Od winylu do
dzwigku w glosnikach - jak gra ptyta winylowa]. Retrieved from https://rms.pl/baza-
wiedzy/2885-od-winylu-do-dzwieku-w-glosnikach-jak-gra-plyta-winylowa [Accessed 29
November 2024].

4. How do you take care of your vinyl records? Retrieved from
https://www.reddit.com/r/vinyl/comments/23121j/how do you take care of your vinyl r
ecords/ [Accessed 29 November 2024].

5. How to Care for Vinyl Records: A Comprehensive Guide. Retrieved from
https://vinyl.ae/blogs/news/how-to-care-for-vinyl-records-a-comprehensive- [Accessed 29
November 2024].



The impact of vinyl record wear on the quality of the gramophone signal... 129

6. How Many Times Can a Vinyl Record Be Played? Retrieved from
https://myvinylpassion.com/how-many-times-can-a-vinyl-record-be-played/ [Accessed 29
November 2024].

7. Vinyl High-Frequency Distortion. Retrieved from
https://allforturntables.com/2023/06/23/vinyl-high-frequency-distortion/  [Accessed 29
November 2024].

8. The Finish Line for Your Phonograph Stylus. Retrieved from https://thevinylpress.com/the-
finish-line-for-your-phonograph-stylus/ [Accessed 29 November 2024].

9. How Many Times Can You Play a Vinyl Record Without Worrying About Its Wear and
Tear? Retrieved from https://x-disc.pl/en/blog-en/how-many-times-can-you-play-a-vinyl-
record-without-worrying-about-its-wear-and-tear/ [Accessed 29 November 2024].

10. Three-Way Vinyl Record Wear Test. Retrieved from
https://www.reddit.com/r/vinyl/comments/1dvb5k6/threeway vinyl record wear test/?rdt
=62889 [Accessed 29 November 2024].

11. Source: Website — JASP Stats Download [PL: Zrodto: Strona internetowa: JASP Stats
Download]. Retrieved from https://jasp-stats.org/download/ [Accessed 29 November 2024].



31th January 2025
Gliwice, Poland

DEPARTMENT OF ENGINEERING MATERIALS AND BIOMATERIALS
FACULTY OF MECHANICAL ENGINEERING
_\\L SILESIAN UNIVERSITY OF TECHNOLOGY

-

TalentDetector INTERNATIONAL STUDENTS SCIENTIFIC CONFERENCE

Application of Advanced Computational Mathematics for Flight Mechanics
of Aircraft

Luka Guraspashvili®, Ramili Zukakishvili®

3 Georgian Technical University, Faculty of Transport Systems and Mechanical Engineering,
Department of Mechanical Engineering and Industrial Technology,

Email: guraspashvili.luka24@gtu.ge

b Georgian Technical University, Faculty of Transport Systems and Mechanical Engineering,
Department of Mechanical Engineering and Industrial Technology, Associate professor.

Email: r.zukakishvili@gtu.ge

Abstract: Computational Mathematics has been a huge advancement in engineering industry.
It allows engineers to solve complex equations with maximum accuracy and efficiency. It is
used to analyse material strength, construction strength, aerodynamics and so on. This paper
describes the use of computational mathematics in combination with Python and OpenVSP to
model, simulate and analyse flight and its applications in aircraft engineering. The advantages
of using computational methods in aircraft engineering, compared to traditional methods, are
also presented.

Keywords: Computational Mathematics, Differential Equations, CFD, Numerical Methods,
Numerical Analysis, Python, NumPy, SciPy, Mathematical Modelling.

1. INTRODUCTION

Computers have revolutionized our everyday lives, from transforming how we communicate
to enabling self-driving cars. However, their most profound impact lies in their ability to solve
complex problems faster and more accurately than ever before.

In the field of aeronautical engineering, flight analysis is one of the most challenging areas,
often involving differential equations that are impossible to solve analytically. Traditionally,
engineers relied on expensive and time-consuming physical experiments, such as wind tunnel
testing and real flight tests, to gather data and validate designs.

With advancements in computational technology, many of these experiments can now be
conducted virtually. By creating detailed models and running simulations, engineers can
analyze aerodynamic performance, predict flight behavior, and optimize designs, all from
within a computer. This shift not only reduces costs and time but also opens new possibilities
for innovation in aircraft development.
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2. COMPUTATIONAL FLUID DYNAMICS

Understanding an aircraft's aecrodynamics is one of the first and most crucial tasks for an
aeronautical engineer, as it directly determines the aircraft's performance in the air.
Traditionally, wind tunnels were used to study aerodynamic behavior by simulating airflow
around a model. However, with recent advancements in Computational Fluid Dynamics (CFD)
technology, engineers can now accurately analyze an aircraft's aerodynamic characteristics in a
virtual environment.

One of the tools widely used for this purpose is OpenVSP (Open Vehicle Sketch Pad), an
open-source parametric modeling tool developed by NASA. OpenVSP allows engineers to
quickly create detailed 3D models of aircraft and analyze their aerodynamic properties. The
tool provides a wide range of features to modify key parameters, such as wing shape, fuselage
dimensions, and airfoil profiles, enabling rapid exploration of various designs.

An important feature of OpenVSP is its ability to generate aecrodynamic data in CSV format,
which can be used for mathematical modeling and simulations. After running a virtual analysis,
OpenVSP can output a file containing key characteristics such as lift, drag, moment
coefficients, pressure distribution, and stability derivatives. This data can then be imported
into numerical models to study an aircraft's behavior under different flight conditions, allowing
engineers to predict performance, optimize designs, and reduce the need for expensive physical
experiments.

Computational Fluid Dynamics
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3. MATHEMATICAL MODELLING WITH PYTHON

After obtaining the results from OpenVSP, mathematical models can be created to better
understand the aerodynamic behavior of an aircraft. For this purpose, the Python
programming language and its scientific library SciPy are commonly used. By applying the
least squares method, engineers can fit mathematical functions to the data for drag, lift, and
moment coefficients, creating models that describe how these forces vary with different flight
parameters.
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These functions can then be integrated into flight simulations, allowing for more accurate
predictions of an aircraft's performance under various conditions. By building such simulations,
engineers can study stability, efficiency, and control characteristics, reducing the need for
costly real-world testing and accelerating the design process.

Creating Mathematical Models

@ Data Points
—— Fitted Curve

Curve Fitting for Drag Coefficient

3. SIMULATION WITH THE MATHEMATICAL MODEL

After creating the mathematical models, we are ready to use them for simulating flight.

Essentially, we are solving a differential equation that describes the plane's trajectory. To do
this, we will employ the Euler method.
In mathematics and computational science, the Euler method (also known as the forward Euler
method) is a first-order numerical technique used to solve ordinary differential equations
(ODEs) with a given initial condition. It is the simplest explicit method for numerically
integrating ODESs and is considered the most basic of the Runge—Kutta methods. The method is
named after the Swiss mathematician Leonhard Euler, who first introduced it in his work
Institutionum calculi integralis (published between 1768 and 1770).

We implement this numerical method in Python using the NumPy library for efficient

numerical calculations, which helps us solve differential equations iteratively. For visualizing
and plotting the results, we use matplotlib, a powerful Python plotting library. This enables us
to visualize the plane's trajectory over time as well as other important variables such as velocity
and forces.
By plotting the velocity over time, we can observe how the plane's speed changes during the
flight. Similarly, plotting aerodynamic forces (such as lift, drag, and thrust) helps us
understand the forces acting on the aircraft at different stages of the simulation. These plots
allow for a comprehensive analysis of the flight dynamics.
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d(aoa, X_pos, Y pos, mass, air_density, wing area, dt, initial_time, final_time, T_m, chord Length, moment_of inertia):

x_velocity
y_velocity = @
angular_velocity = @

n_steps = int((final time - initial time) [ dt)

time = np.lir initial_time, final time, n_steps + 1)
x_values = np.z (n_steps + 1)

y_values = n _steps + 1)

aoa_values = np ( eps + 1)

velocity values (n_steps + 1)

4. THE RESULT AND PRACTICAL USE OF THE DATA OBTAINED

In conclusion, leveraging simulations and mathematical models in aircraft design brings
numerous benefits to the industry. These tools enhance efficiency, safety, and cost-
effectiveness in various aspects of aircraft development.

e Optimizing aircraft design for performance: Improving aerodynamics, wing

geometries, and airfoil profiles to boost fuel efficiency and speed.

e Designing highly maneuverable aircraft: Refining control surface placement for

superior maneuverability.

e Cutting costs and time for testing: Reducing the need for expensive wind tunnel tests

and flight trials.

o Developing autopilot systems: Using flight dynamics models to design and test

accurate autopilot systems.

o Pilot training: Creating realistic virtual environments for effective pilot training

without the risks of actual flight
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Abstract: Nitinol, a memory alloy made of nickel-titanium, a material that has significant
potential in aerospace industry. Nitinol has unique properties like shape memory super
elasticity, and it is a corrosion resistant material, which allow it to be used in varies parts in
aircrafts. This paper describes the applications of nitinol in aircraft’s components like actuators,
sensors, and structural components. this paper describes the advantages and the challenge
accompanying the use of nitinol in aircrafts, focusing on nitinol potential to improve aircrafts
performance, efficiency, and safety.

Keywords: Nitinol, shape memory alloy (SMA), aerospace, aircraft, materials, wing morphing,
super elasticity, shape memory effect, landing gear, sensors, actuators, NASA, Boeing.

1. INTRODUCTION

The aerospace industry is committed to developing new technologies and material to make
aircrafts more efficient and ensure safety, that is why nitinol an nickel-titanium alloy was
researched to be used in aircrafts, nitinol has very interesting properties such as shape memory
effect and super elasticity, additionally, nitinol is corrosion resistant material an important
property for a material that will be used in an aircratft.

Nitinol properties are interesting because of the various ways in which it can be applied to
aircrafts as the shape memory effect property allows the material to remember it is original
shape even after the metal is deformed to a totally different shape by just heating the metal
above a certain degree the metal will return to it is original shape, additionally super elasticity
allows the metal to deform as many times without having any permanent damage to the metal
by just heating the metal it will return to the original shape, finally the metal is corrosion
resistant which is a very important property for a metal to have in case of aerospace
applications.
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2. WAYS OF USING NITINOL IN AIRCRAFTS

Nitinol can be used in numerous ways in aircrafts such as actuators, sensors, and structure.
» Actuators: Nitinol can be used as an actuator in aircrafts to operate and control systems, for
example it can be used to deploy the landing gears of an aircraft and even control the flaps,
aileron, and the slats in an aircraft wing, the advantage of using a nitinol actuator is that it uses
low amount of energy but still provide reliable and precise actuation.
* Sensors: Nitinol can be used to detect changes in environment such as temperature and
pressure during the flight of an aircraft. The reasoning behind that is the metal ability to change
shape with increase of temperature using this property it is possible to set triggers that control
specific systems based on the amount of change in the shape.
* Structure: Nitinol can be used as structural components such as wings, spars, ribs, and
fuselage. Nitinol ability to return is beneficial to such components as it allows the components
to return to the intended shape after impact or deformation that may happened during the flight
without the need for complex repairs.

3. ADVANTAGES OF NITINOL IN AIRCRAFT

Using nitinol in aircraft comes with various benefits such as:
* Lightweight: Nitinol is lighter than steel which make it a suitable candidate to use in aircraft
where weight reduction is essential for improving the aircraft performance and efficiency.
» Corrosion Resistance: Nitinol is highly resistant to corrosion making it suitable for the
hostile environment that aircrafts experience during flights.
* Durability: Nitinol is resistant to fatigue which is a needed property for a metal that will be
using in an aircraft that will experience cyclic loads each flight.
 Simplified Design: Using nitinol allows engineers to eliminate complex machines allowing
aircraft to be lighter and make the aircraft easier to maintain reducing cost of operation.
* Morphing Aerostructures: Nitinol enables morphing aerostructures, which allows control of
the aircraft aerodynamics by changing the shape of the wings improving the aircraft efficiency
and performance.

4. CHALLENGES OF NITINOL IN AIRCRAFT

Despite the advantages of nitinol, nitinol also has challenges that make it hard to adopt in the
aerospace industry such as:
* Cost: Nitinol is more expensive than currently used metals like steel and aluminium, which is
the main barrier preventing the adoption of nitinol in aircrafts.
* Manufacturing Complexity: Nitinol manufactures need to use overly complex techniques to
manufacture the metal, manufacturers must control temperature and parameters of the
production precisely to ensure that the nitinol have the desired properties and performance,
increasing the cost of production.
* Predictability: Nitinol needs advanced modelling to predict the behaviour of the shape
memory effect in every environment requiring heavy simulation and testing to ensure the
desired effect is achieved.
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5. APPLICATIONS OF NITINOL IN AIRCRAFTS

5.1. Adaptive Wing Structures

* Smart Vortex Generators: NASA is working with Boeing to utilize nitinol in creating smart
vortex generators that can change shape according to altitude, temperature, and speed for more
effective airflow around the airplane. Using the vortex generator can enhance the aircraft
aerodynamics help reducing drag and noise allowing for increased fuel efficiency.

Figure 1. Smart Vortex Generators in closed postion

|

Figure 2. Smart Vortex Generators in open postion

* Morphing Wings: Nitinol can be used to allow wings to change shape which is achieved
using nitinol wires or actuators inside the wing structure when heated they can deform wing
shape allowing for adjustment in the shape, which allows pilots to use the most optimal wing
shape for each situation, they can use a wing shape that can make take-off easier and faster then
change it to a shape that allow for faster and more comfortable cruise.

Figure 3. showing morphing wing mechanism concept

* Folding wings: Nitinol was used by NASA and Boeing to develop nitinol actuators for
folding the wings of F/A-18 which is beneficial for aircrafts with limited storage area in this
case aircraft carriers, this also shows the possibility of using nitinol for large wings morphing.
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Figure 4. NASA folding wing experiment

5.2. Aircraft Control Systems

Nitinol can be used in aircraft control systems such as landing gear deployment, wing
morphing, and flight control surfaces. The shape memory effect of nitinol allows it to have
precise and reliable actuation with minimal energy consumption. For example, Nitinol wire can
be used for landing gear deployments allowing reliable use even in extreme conditions and
environment. Also using nitinol actuators will allow for control over the flight surfaces in an
aircraft such as flaps and slats.

5.3. Aircraft Bearings

60NiTi, Made by NASA Glenn research center, is a type of nitinol that can be used as
aircraft bearing, it is lighter than traditional bearings with a corrosion resistance property that
make it very good for use in aircrafts, what is more interesting in this type of bearing is that it is
made of nitinol meaning by heating the bearing it will return to original shape so in case of
damage caused by debris to the bearing it can be fixed easily enhancing the reliability of the
bearing and most importantly the longevity of it.

NASA

Glenn Research Center

0 1 2 3 4 5
FERRER RN

cm

Figure 5. 60NiTi Made by NASA Glenn research center
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6. CONCLUSION

Nitinol, with it is unique properties of shape memory, super elasticity, lightweight, and
corrosion resistance, makes it a suitable metal to be used in aerospace industry which demands
high performance and lightweight metals to ensure performance and efficiency. Nitinol
applications as actuators, sensors and structure in aerospace can improve safety, performance,
and efficiency.

Development of innovative applications of nitinol is crucial to build the future of aircrafts,
despite the challenges of nitinol from cost and complexity of manufacturing, the industry needs
to continue the research on nitinol to develop new manufacturing process that can reduce the
cost of production, allowing for massive adoption of the metal in aircraft manufacture which
can reshape the industry allowing for new innovative aircraft designs which are not always
possible with current materials. NASA and Boeing have proved the potential nitinol has in their
research, so the main barrier for nitinol mass adoption is cost of production which with more
research can lead to new cost-effective manufacturing process.
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Abstrakt: Praca je zamerand na plasty - ako plasty pouzivat’ a sucasne chranit’ Zzivotné
prostredie. Cielom prace je identifikovat mozny c¢initel, ktory negativne vplyva v procese
termoformovania na vysledny produkt vyrobeny z polymérneho materidlu plneného talkom.
Zhrnuté s poznatky o polypropyléne, kompozitnych materidloch a vyrobnych technologiach,
kde st vysvetlené poznatky z oblasti termoformovania, extrazie a valcovania.
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1. UVOD

Plasty a ich kompozity sa uz pomerne dlhy ¢as vyuzivaji v leteckom priemysle, zaroven
vSak predstavuju novu generaciu alternativnych materidlov aj pre automobilovy priemysel,
vzhl'adom na ich nizku hmotnost’, vysoku odolnost’ a lepSie mechanické vlastnosti v porovnani
s tradicnymi materialmi.

Kompozit je materidl, ktory vznikol kombinédciou jednoduchych materidlov s vyuzitim
poznatkov fyzikalnej metalurgie. Pozostava z matrice, ktorda mé funkciu pojiva a zlozky, ktora
ma speviiujuci ucinok. Tuto speviiujucu fdzu moézu tvorit vldkna alebo castice, liSiace sa
morfologiou a velkost'ou. Matrica obklopuje a chrani vystuz pred poskodenim a okolitym
prostredim, ma relativne nizku pevnost’ v tahu, ale vysoku tvrdost’ a zaroven aj hizevnatost.
Material matrice zaroven urcuje pracovnu teplotu a podmienky spracovania kompozitu. Pre
tieto materidly je typicky tzv. synergizmus, ¢o znamena, ze vlastnosti kompozitu su vyssie, ako
vlastnosti jednotlivych zloziek, z ktorych kompozit pozostdva, dokopy. Kompozity mdézeme
klasifikovat z hladiska roznych parametrov, napriklad podla povahy matrice, tvaru
speviujucej fazy, atd’. [1].

Polymérne kompozity predstavuju Spickovu triedu materidlov, ktoré spésobuju revoluciu
v mnohych priemyselnych odvetviach na celom svete. Tieto kompozity st skonStruované
kombinaciou polymérnej matrice s vystuzenymi materialmi ako s vldkna alebo castice, aby sa
dosiahli zlepSené mechanické, tepelné a elektrické vlastnosti. Oproti kovovym a keramickym



Porovnanie vlastnosti polotovarov z polymérneho kompozitu ... 141

kompozitom maji polymérne kompozity niekol’ko vyhod, ako napriklad l'ahka vyroba a
spracovanie, dobré tlmiace vlastnosti, lepSie dynamické vlastnosti, odolnost” voci kordézii.
Medzi ich dobré vlastnosti patri aj vysoka tvarova stalost’ a fakt, ze z nich mozno vyrabat’
zlozité diely jednorazovo alebo ich skladat z celkovo menSiecho poctu dielov. Ich
najdolezitejSou vlastnostou je vysoka Specifickd pevnost, a to je aj jeden z dovodov, preco su
vystuzené plasty vhodné pre aplikacie, ktoré musia vydrzat narazy. Ako vyskum neustale
napreduje, polymérne kompozity su prisflubom pre eSte rozmanitejSie ainovativnejSie
aplikacie, ktoré pohanaju pokrok v roznych oblastiach [1].

2. ZAKLADNE POJMY

Zakladna stavebna jednotka - Makromolekulové latky maju vysoki molarnu hmotnost
(desiatky tisic az niekol’ko milionov), ¢o im dava unikatne vlastnosti odlisSné od
nizkomolekulovych zlucenin. Ich Struktara je charakterizovand pravidelne sa opakujicimi
stavebnymi blokmi, ktoré st zname ako stavebna jednotka (mer) a stvisia s monomérmi
pouzitymi pri ich syntéze. Strukturalna jednotka je najmensia Gast molekuly, ktora sa
pravidelne opakuje; niekedy je totoznd so stavebnou jednotkou, ako pri polyvinylchloride
(PVC) [1 -4].

Monomeér je organickd molekula schopna chemicky reagovat’ s d’al§$imi molekulami za
vzniku polymérov prostrednictvom procesu polymerizacie (obr. 1). KI'icovou vlastnostou
monomérov je polyfunkénost, teda schopnost’ vytvarat vidzby aspoit s dvoma d’alS$imi
molekulami, ¢im vznikaji bud’ linearne retazce, alebo zosietované Struktiry. Monoméry s
adi¢nymi reakciami obsahuju dvojité vizby (napr. styrén) alebo cykly, zatial' ¢o kondenzacné
polymerizécie sa vyskytuju medzi zlic¢eninami s alkoholovymi a kyslymi skupinami, ¢o vedie
k vzniku polyesterov ¢i nylonu-6,6. Monoméry su stavebné bloky polymérov, pricom ich
usporiadanie a reakcie urcuju vlastnosti vyslednych materialov [5-7].

. = Monomer

©+6C ©Q pimer
O+ 0 + ©— COCTimer
© +t U +t W + U — WUUWLNW Tetramer
©+0+ 0+ @+ — COOOCQ - Polymer

n Polymerization [ ]
n

Obr. 1 Polymerizacia [§].
Figure 1. Polymerizathion [§].
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Polymér je molekula tvorena opakujucimi sa jednotkami (monomérmi), ktoré tvoria dlhy
retazec. Tieto retazce mozu byt jednoduché (napr. polyetylén) alebo zlozité¢ (napr. proteiny).
Polyméry tvoria velka cast zivych organizmov (proteiny, celuldéza, nukleové kyseliny) a
priemyselnych materidlov (beton, sklo, plasty, guma). Kategorizacia polymérov je zlozita kvoli
ich variabilnej Struktire a vlastnostiam, preto sa delia podl'a roznych kritérii, ako st povod,
chemické zlozenie alebo vlastnosti pri zat’azeni [9 - 13].

Polyméry podl’a elasticko-plastickych vlastnosti delime na [9 - 13]:

o Termoplasty, ktoré mozno opakovane tavit’ a tvarovat, pricom si zachovavaju povodné
vlastnosti. Medzi najznamejSie patria polypropylén (PP), polyetylén (PE) a
polyvinylchlorid (PVC).

o Reaktoplasty, ktoré po vytvrdnuti nereaguju na opatovné zahrievanie. Tieto materialy
su zname svojou vysokou pevnost'ou a odolnost’ou, av§ak maju obmedzenu pruznost’.

e Elastoméry su primarne linearne polyméry charakterizované nizkou troviiou
zosietovania, ktora sposobuje prerusenie sekundarnych vézieb aj pri izbovej teplote.
Elastoméry ako synteticky kaucuk, st mimoriadne pruzné a vyuzivaji sa napriklad pri
vyrobe pneumatik ¢i tesneni.

3. KOMPOZITY

Kompozitné materidly su anizotropné a nehomogénne, vznikajiu kombinovanim dvoch alebo
viacerych materidlov s odliSnymi vlastnostami. Ich vlastnosti zavisia od faktory ako typ
vlakien, matrice, orientdcia vlakien a sposob vyroby.

Kompozity maju vysoky pomer pevnosti k hmotnosti a ich zlozky st dobre rozlisiteI'né.
Prikladom prirodného kompozitu je drevo, kde celulézové vldkna drzi lignin, ktory poskytuje
vacsiu odolnost’ [1, 13-14].

Medzi priklady kompozitnych materidlov patria cement, beton, vystuzené plasty, kovové a
keramické kompozity. Su Siroko vyuzivané v inzinierskom priemysle, najmd v letectve,
energetike a stavebnictve. Vyuzivaji sa napr. aj v kozmickych lodiach, ktoré musia odolavat’
extrémnym podmienkam [15].

Vystuzujuce vladkna pre kompozity zahiiaja:

o Uhlikové vlakna: Vysoky pomer pevnosti k hmotnosti, pouzivané v letectve a
automobilovom priemysle.

o Sklenené vliakna: Efektivne a nakladovo dostupné, pouzivané v lodnych trupoch a
automobilovych komponentoch.

e Armaidové vlakna (Kevlar): Vynimocna pevnost’ a odolnost’, pouzivané v balistickej
ochrane a letectve.

e Prirodné vlakna: Ekologické moznosti, ako I'an a konope, vyuzivané v aplikéciach so
zameranim na zivotné prostredie.

« Caditové vlakna: Dobra pevnost a odolnost’ vodi teplote, pouZivané v stavebnictve.

o Polyetylénové vlakna: Vysoka pevnost’, nizka hmotnost’, odolnost’ vo¢i chemikéaliam,
pouzivané v lanach a ochrannych prostriedkoch.

o Kompozity s kovovou matricou: Zlepsuju tuhost’ a tepelni vodivost, pouzivané v
letectve a automobilovom priemysle.
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e Keramické matricové kompozity: Odolnost’ voci vysokym teplotdm, pouzivané v
letectve a obrane.

3.1 Kompozity s polymérnou matricou

Kompozity s polymérnou matricou (PMC) pozostavaju z polymérov, ktoré tvoria spojiti
matricu a vyztuzené vlakna. Tieto materidly maju kI"i¢ovu tlohu v zvySovani pevnosti a tuhosti
kompozitov. Matrica zabezpecuje rovnomerné rozlozenie vldkien a prendsa zatazenie medzi
nimi [17].

PMC sa delia na pokrocilé a vystuzené kompozity, ktoré sa liSia pevnostou a tuhost'ou.
PMC nachadzaju Siroké vyuzitie, najmé v letectve, automobilovom priemysle a stavebnictve.
Pokrocilé kompozity, ako tie pouzivané v leteckom priemysle, poskytuju vynikajiucu pevnost’ a
odolnost’ voci korozii, ale ich vysokd cena a naro¢né vyrobné procesy obmedzuju ich SirSie
pouzitie. Hlavnymi vyzvami PMC su zlepsit' ndklady na vyrobu, odolnost proti narazu a
problémy s delaminaciou. Pri vyrobe PMC je dblezité vyvinut' efektivnejSie vyrobné metody a
zlepsit’ ich mechanické vlastnosti.

3.2 Polypropylén

Polypropylén (PP), objaveny v roku 1954, je l'ahky linearny polymér s nizkou hustotou.
Vznika polymerizaciou propylénového plynu a patri do skupiny polyolefinov [1]. PP ma
podobné vlastnosti ako polyetylén, ale liSi sa nizSou hustotou, vysSou prevadzkovou teplotou,
vacsou tvrdostou, odolnost’ou voci praskaniu a chemickému napadnutiu, ale je nachylnejsi na
oxidaciu. Vyznacuje sa vynikajicou odolnostou voci priepustnosti plynov a vody,
mechanickymi vlastnostami a tepelnou odolnostou, ¢o ho robi vhodnym pre vyrobky, ktoré
musia byt’ sterilizované, ako vedrd a flaSe. Je najuniverzalnejsi plast pouzivany v priemysle,
najmd v automobilovom sektore. PP je odolny voci atmosférickej oxidécii, ale podlicha
fotodegradacii pri vystaveni svetelnému ziareniu [1].

4. VYROBNE TECHNOLOGIE

Termoformovanie - je proces, pri ktorom sa plastova folia zahrieva na tvarnu teplotu,
natiahne cez formu a po ochladeni sa vytvara pozadovany tvar [18, 19]. Tento proces zahina
rozne techniky, ako vakuové tvarovanie, tvarovanie rasok, alebo tlakové tvarovanie.

Termoformovanie sa rychlo rozvija v plastikdrskom priemysle vdaka pokrokom v
materidloch a vyrobnych metédach. Hlavné vyhody su nizke néklady na stroje, flexibilita v
spracovani roznych materidlov a Siroké pouzitie v obalovom priemysle, doprave a medicine.
Nevyhodou je nerovnomerné zahrievanie a vysoké naklady na material. Pouzivané materialy
zahtnaju PVC, PS, PET, PP, LDPE, HDPE, PC, PMMA a ABS, ktoré maju rozne vlastnosti
vhodné pre rozne aplikécie, od obalov po automobilové diely a optické média.

Extruzia je proces, pri ktorom sa material pod tlakom pretldica cez formu, ¢im vznika
kontinualne tvarovany produkt. Tento proces sa pouziva nielen na kovy a plasty, ale aj na
potraviny, ako cestoviny alebo zuvacky [20].

Pri vyrobe plastovych strun sa plastovy granulat tavi a vytldca, priCom sa pouzivaju
vyhrievané valce a Snekovy dopravnik (obr. 2), ktory zabezpecuje rovnomerné roztavenie
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plastu a zabranuje jeho tniku. Hlavné vlastnosti extriznych strojov zahfiiaju vysoky vykon,
rovnomerny transport taveniny a zabezpecenie jej fyzikdlnych vlastnosti. Dolezité je tiez
zabranit’ kor6zii a degradacii materialu, preto si komponenty ako valec a $Snek vyrobené z
nehrdzavejtcej ocele. Pri vyrobe je potrebné udrziavat’ konstantna rychlost’ vytlacania.

Nasypka Granulat Vytlatky

Tvarovacia
L |
Ohrievace matrica Ces———r
—D
/ L
—

Extrdzny Snek  Val St lot
xtruzny sne alec nimace teploty W m

Obr. 2 Extruzny stroj
Figure 2. Extrusion machine

Valcovanie, alebo kalandrovanie, je proces vyroby suvislych pasov folii, typicky s hrabkou
od 0,17 mm do 0,6 mm (pre PVC-U). Pouziva sa pri termoplastoch ako PVC-U, PVC-P a
gumov¢é materidly. Materidl sa spracovava medzi vyhrievanymi valcami (obr. 3), ktoré
vytvaraju rovnomernu hrubku a povrch s moznym vzorom [21-22].

Tento proces je menej tepelne narocny ako extrizia, ¢o ho robi idedlnym pre vyrobu PVC
folii s nizSim obsahom stabilizatorov a kaucukovych zmesi. Kalandrovacie linky, vybavené
Styrmi valcami, st jednymi z kapitadlovo narocnejSich zariadeni v priemysle a st efektivne pri
vyrobe folii, koze a podobnych materidlov.

Vélcovani - tvaFeni materidlu

Chlazeni Navijen{

Obr. 3 Kaladrovacia linka [21].
Figure 3. Calendering line [21].
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Abstract: In the face of a growing global population, climate change, and environmental
degradation, the search for alternative plant cultivation methods is becoming crucial. In
response to these challenges, hydroponics — a method of growing plants without soil — is
emerging as a promising alternative to traditional agricultural methods. The aim of this
document is to compare hydroponics and conventional farming in terms of cultivation
technologies, water and energy efficiency, environmental impact, and crop productivity. It also
addresses the challenges associated with initial investment and maintenance costs, as well as
the future role of both approaches in agriculture.

Keywords: hydroponics, conventional agriculture, sustainable development

1. INTRODUCTION

Agriculture is a key and indispensable sector of the economy, forming the basis
of humanity's food supply [1]. Conventional farming requires large areas of land specifically
designated for cultivation, as well as soil, and is associated with intensive water consumption
and a negative impact on human health and the environment due to excessive use of fertilizers,
pesticides, and herbicides [1,2].

In light of the projected population growth, expected to reach 9.8 billion by 2050, the
challenge of ensuring sufficient food and living space for this population arises [3]. Current
issues such as hunger in many regions of the world, limited availability of fertile land,
environmental degradation, climate change, and ongoing urbanization drive the search for
alternative farming methods. To address these challenges, it is necessary to implement modern
agricultural technologies that maximize resource utilization, increase production efficiency, and
reduce the environmental footprint [1,3].
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One solution gaining importance is hydroponics — a system of growing plants using soilless
substrates. In hydroponic farming, plants are nourished with water-based solutions rich in
nutrients essential for their growth. By eliminating the need for soil, the "farming" area
required is significantly smaller compared to traditional farming, leading to reduced water
demand. Additionally, an advantage of this method is the ability to continuously monitor
environmental conditions, allowing for year-round cultivation. Circulatory systems not only
save up to 90% of water but also keep nutrients within the system, reducing their consumption
and preventing nitrates and phosphates from fertilizers from entering the environment [4].

2. TECHNOLOGY AND ENVIRONMENTAL COMPARISON
2.1. Cultivation technology

Traditional farming relies on soil as the primary medium for plant growth. It requires regular
irrigation, fertilization, and pest control [1]. Additionally, it is more vulnerable to changing
climatic conditions, which can negatively affect the quality and quantity of crops as well as the
stability of production [5]. Furthermore, traditional agriculture demands large areas of land, and
using soil as a source of nutrients necessitates crop rotation to maintain its fertility [3].

In contrast, hydroponics involves growing plants in a nutrient-rich water solution tailored to
their needs, without the use of soil. This method utilizes advanced control systems that allow
precise monitoring and regulation of key parameters, such as temperature, humidity, and water
levels, providing optimal conditions for plant growth [1]. Moreover, cultivation in controlled
environments enables plant growth in any climate, eliminating the adverse -effects
of unfavorable weather conditions on crop quality and yield [5]. Hydroponics also allows for
more efficient use of space by utilizing both horizontal and vertical surfaces [3].

2.2. Water usage

Conventional agriculture accounts for approximately 70% of global freshwater
consumption, primarily due to the need for crop irrigation. Unfortunately, this water is not
reused, as traditional farming systems lack water recirculation, leading to significant losses and
waste [5]. This is a critical drawback, especially in the face of a growing population and intense
urbanization, which increase the volume of wastewater. Such wastewater cannot be fully
treated and reintroduced into the cycle, further depleting potable water resources [1].

Despite the enormous water consumption, irrigated land constitutes only 17% of the total
agricultural area, yet it provides 30—40% of the world's food supply. In the context of the
increasing water deficit and United Nations (UN) forecasts indicating that by 2025
approximately 40% of the global population will live in water-scarce areas, such high usage is
disproportionate to the yields achieved [1].

In response to these challenges, hydroponics emerges as a far more water-efficient
alternative. Hydroponic systems enable water recirculation, reducing water usage by up to 95%
compared to conventional farming [1]. By delivering water directly to plant roots and using
closed containers, losses due to soil absorption and evaporation are eliminated [5]. Moreover,
water used in hydroponics can come from treated wastewater, further alleviating pressure on
freshwater resources [1].
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2.3. Energy consumption

In traditional agriculture, energy consumption is relatively low, amounting to approximately
1,100 kJ/kg annually for lettuce cultivation. Most of this energy is derived from fuels used to
power agricultural machinery and irrigation pumps [6].

Higher energy consumption is observed in traditional greenhouse farming, where energy is
primarily used to maintain appropriate temperature and lighting conditions. For instance,
a 1,050 m? greenhouse in Mexico required 32,228.76 kWh of energy annually for heating when
temperatures dropped below 12 °C [1].

Compared to the energy demand of hydroponics, this consumption is not as significant. In
hydroponic systems, most energy is used to maintain optimal temperature, provide artificial
lighting, and power water pumps that ensure water circulation and nutrient delivery to plants
[1,6].

For example, in the case of lettuce cultivation over an area of 866.56 m? in a hydroponic
system, the annual energy consumption was approximately 90,000 kJ/kg. Such systems require
greater energy inputs than traditional farming, primarily due to the more intensive management
of the microclimate within greenhouses [6].

2.4. Environmental impact

Traditional agriculture has numerous negative effects on the environment, primarily due to
the intensive use of pesticides, herbicides, and fertilizers. These practices lead to ecosystem
degradation, loss of biodiversity, and soil quality deterioration. Additionally, the intensive use
of agricultural land, combined with excessive chemical inputs, contributes to soil erosion and
water pollution as runoff carries these substances into water bodies [1].

In contrast, hydroponics offers a more sustainable method of plant cultivation. The absence
of soil eliminates the need for pesticides and herbicides, reducing the risk of environmental
contamination [3]. Furthermore, hydroponic systems enable precise management of water and
fertilizers, while water recirculation minimizes resource use and reduces the risk
of environmental pollution. Hydroponics also avoids soil erosion and degradation since it does
not rely on traditional land use. This is a significant advantage for environmental conservation,
especially given the increasing pressure on land resources [1].

2.5. Cultivation efficiency

Hydroponic farming demonstrates a clear advantage in terms of efficiency compared to
traditional plant cultivation. Hydroponic systems allow for significantly higher yields per unit
area due to increased plant density and the optimization of growth conditions. For many crops,
such as lettuce or tomatoes, the hydroponic method can deliver yields that are several times
higher than those achieved through traditional farming, often exceeding a tenfold increase
[1,6].

For instance, hydroponic lettuce cultivation yields are 11 times higher than those from
conventional farming, reaching 41 + 6.1 kg/m?*/year compared to 3.9 + 0.21 kg/m?/year in
traditional cultivation [6].
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3. ECONOMIC ASPECTS

3.1. Investment and maintenance costs

Soilless cultivation methods, such as hydroponics, require the purchase of specialized
equipment and suitable space for cultivation. However, finding space can be simpler than with
agricultural land, as hydroponics requires up to five times less space, which does not
necessarily need to be agricultural land. Urban farming, gaining popularity through initiatives
such as Parisian Garden Cultures (rooftop farming), Krakow's Community Gardens, and
vertical farms in Moscow, allows for efficient use of space. An example is the Pasona company
in Tokyo, which transformed an office building into an urban farm, allowing employees to
grow plants like rice and tomatoes. Thus, hydroponics, as a method of plant cultivation in
a controlled environment, significantly reduces the need for transporting food over long
distances. In urban agriculture or cultivation near consumption centers, such solutions reduce
greenhouse gas emissions associated with transportation, thereby lowering the carbon footprint
of the entire food production process. This also allows for harvesting plants at their peak
ripeness, enhancing their nutritional value and quality [7].

Limiting transportation also directly impacts logistical costs, such as fuel, storage fees, and
the cost of refrigeration during transport. Moreover, the freshness of locally delivered products
reduces the risk of losses due to spoilage during transport or storage [7,8].

Despite these benefits, hydroponics also has its drawbacks. Production generates significant
waste (e.g., plastic), consumes large amounts of energy, particularly due to year-round artificial
lighting. Hydroponic systems incur high costs and require advanced infrastructure, which
comes with the risk of system failures. This necessitates the involvement of properly trained
personnel to manage and maintain these systems in optimal condition [7,8].

On the other hand, conventional agriculture involves high investment costs, including the
purchase of land, agricultural machinery, fertilizers, pesticides, herbicides, and irrigation
systems. Land prices rise depending on the region, land availability, and its quality.
Additionally, maintaining large agricultural areas entails management costs and regular
expenses for fuel for machinery and irrigation systems. Fertilizers and plant protection products
also become significant expenses on large fields. Traditional agriculture also requires crop
rotation and pest and disease control measures, which incur additional investments. Climate
change, soil erosion, and environmental pollution can significantly affect these crops, thereby
increasing production costs [9].

3.2. Perspectives and future of both methods

Hydroponics, a modern method of soil-free plant cultivation, is gaining importance in the
context of the future of agriculture. Its development is driven by increasing urbanization,
climate change, and the need for sustainable use of natural resources. Thanks to its high
resource efficiency, particularly in cities and regions with limited natural resources, hydroponic
systems use up to 95% less water, eliminate losses associated with soil erosion, and allow for
year-round production independent of weather conditions. Examples of vertical farms in
Tokyo, London, and New York demonstrate that hydroponics can effectively meet the needs
of urban populations, reducing transportation emissions and food waste [7,8].

In contrast, conventional agriculture, despite its crucial role in global food supply, faces
challenges such as soil degradation, intensive water usage, and negative environmental impacts.
Traditional methods still dominate, but in order to meet the growing population, innovations
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such as mechanization, regenerative agriculture, and precise resource management are
necessary [9,10].

The future of agriculture will likely involve the integration of both approaches. Hydroponics
will become a key solution in cities, while traditional methods, supported by modern
technologies, will remain the foundation in rural areas. Hybrid solutions, like those used in the
Netherlands, demonstrate the tremendous potential for synergy, enhancing efficiency and
sustainability in the global food system [10].

4. SUMMARY

Hydroponics represents a promising alternative to traditional agriculture, offering numerous
economic and environmental benefits. With its lower water consumption and more efficient use
of space, it can be particularly advantageous in cities and regions with limited natural
resources. Additionally, cultivation in controlled conditions allows for year-round production,
regardless of changing climatic conditions. On the other hand, conventional agriculture, despite
its dominant role in global food supply, involves significant water, fertilizer, and pesticide
usage, as well as intensive land use, leading to soil degradation and environmental pollution.
While hydroponics comes with higher initial costs and greater energy consumption, its
ecological benefits and water-use efficiency make it a more sustainable option. The future
of agriculture will likely involve the integration of both methods, ensuring a sustainable food
production system where hydroponics supports urban development, while traditional
agriculture, enhanced by modern technologies, remains essential in rural areas.
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Abstract: The article explores various laser surface modification techniques, including laser
surface cladding, hardening, and shock peening, emphasizing their applications in improving
wear resistance, mechanical properties, and durability of materials. It presents the underlying
principles, benefits, and limitations of these methods while highlighting their use in industries
like automotive, aerospace, and tool manufacturing. The study also includes examples of
microstructural transformations and improved material properties achieved through these laser-
based processes.

Keywords: laser surface cladding, laser surface hardening, laser shock peening

1. INTRODUCTION

Surface modification is a frequently used solution to improve the wear resistance of materials.
It is a topic of significant importance according to current realities. It provides savings on
strategic materials while helping to design superior components with desired surfaces and bulk
properties. Many techniques are available for coating and modifying substrate surfaces, such as
electrodeposition, physical vapor deposition, chemical vapor deposition, thermal spraying, laser
surface treatment, etc. [1]

Each of these methods has its limitations, related to the substrate material, its geometry, film

adhesion, and the possibility of thermal deformation, among others. Laser surface treatment
(LST) overcomes most of these difficulties. It can be used on different types of geometries and
materials, guaranteeing excellent coating adhesion and a limited heat-affected zone. In addition,
the process is characterized by high repeatability and controllability, making it possible to
precisely adjust the parameters to the requirements of the material being processed [2].
The laser beam, thanks to its excellent spatial resolution, is particularly suitable for precise
deposition of coatings on miniature components. Various techniques are used in laser surface
modification, such as laser surface remelting, laser surfacing, and laser surface alloying. The high
power of the laser makes it possible to achieve temperatures sufficient to melt both the substrate
and the reinforcing material, leading to strong metallurgical bonding [3].
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Laser surface processing makes it possible to generate high heating and cooling rates and large
thermal gradients. Such conditions promote the formation of meta-stable phases and the
development of microstructures with unique properties that cannot be obtained using
conventional processing techniques. As a result, it is possible to significantly increase the
mechanical and corrosion resistance of the surface layers while maintaining the volumetric
properties of the material [3].

Laser beams are used in surface modification of many materials. They are used to improve the
properties of titanium [4], steel [5], copper [6], magnesium [7], and even polymers [8].

Laser surface treatment is widely used across industries where enhanced surface durability and
wear resistance are critical. In the automotive industry, it is applied to components such as gears,
camshafts, and crankshafts to improve their fatigue strength and extend operational life [9]. The
aerospace sector utilizes its capabilities to protect high-stress components like turbine blades and
landing gear against wear and +surface degradation [10]. In aviation, it is used to repair and
strengthen turbine blades and rotors, increasing the durability of these components under
demanding operating conditions [11]. In the tool and die industry, it is used to harden cutting
tools, molds, and dies, ensuring they withstand high pressures and abrasive environments [12].
Additionally, in heavy machinery and agricultural equipment, laser hardening reinforces parts
like hydraulic cylinders and tillage tools, which endure significant mechanical stress [13].

2. EXAMPLES OF LASER SURFACE TREATMENT METHODS

2.1 Laser surface cladding

Laser Surface Cladding (LSC) is a method of modifying the surface of materials to significantly
improve their properties by forming permanent metallurgical bonds between the coating and the
substrate. LSC is widely used in cases requiring dissimilar surface and core material properties
[2]. The process uses a laser beam to simultaneously melt the coating material and the surface of
the substrate, resulting in a homogeneous, compact layer of high microstructure quality. High
cooling rates in this process result in dense and homogeneous microstructures [14]. Figure 1
shows an example of this method [fig 1].

Cladding
powder

Heat Affected
Zone

Molten

Melt Pool <)  CladLayer /

Figure 1. Scheme of laser surface cladding
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The LSC process consists of several steps. The first step is surface preparation by removing
contaminants and degreasing to ensure good adhesion of the coating material [15]. The powder
is then uniformly applied to the surface using a nozzle, directing it precisely into the laser zone
[16].

The laser beam melts the powder material and the top layer of the substrate forming strongly
bonded layers with a homogeneous structure [17]. The final step is cooling the material and
quality control to eliminate defects and ensure coating consistency.

There are two main powder feeding techniques for this process. The first involves applying
powder to the surface in advance, which is then melted using a laser beam. The second method
uses powder blown into the laser's point of influence on the surface, where it is melted and fuses
with the substrate [4, 8].

Among the most important advantages of the technology is its high precision, which allows the
formation of thin, homogeneous layers with minimal thermal effects on the base material [19].
Precise powder material dispensing reduces material losses, making the process more economical
[20]. The versatility of the technology allows the use of a variety of powder materials, such as
nickel alloys, cobalt, or ceramics [21].

The process also has limitations. It requires expensive, specialized laser equipment and is energy-
intensive [21]. Making small parts using LSC is problematic [15]. Keeping the powder in place
during laser operation is also a considerable problem [22].

2.2 Laser hardening

This multi-step process results in enhanced wear resistance and mechanical properties while
preserving the material’s core toughness. Laser hardening induces significant microstructural
changes in the surface layers of treated materials, primarily transforming the existing structure
into a martensitic phase. The rapid heating and self-quenching process caused by the laser beam
results in the formation of fine-grained martensite, which significantly enhances the hardness and
wear resistance of the material. [23]. Additionally, the process refines the grain structure at the
surface, leading to residual compressive stresses, which improve the fatigue life of the
component. [24]. The localized nature of laser hardening ensures minimal impact on the core
microstructure, preserving its toughness while achieving a hardened surface layer with depths
ranging from 0.1 to 2 mm [25]. These microstructural changes make laser hardening a highly
effective surface treatment for improving the performance of components in demanding
environments.

Laser hardening enables precise and localized treatment, allowing targeted hardening of
specific areas without affecting surrounding material, thus minimizing thermal distortion [23].
Additionally, it is an environmentally friendly process, as it eliminates the need for quenching
media and hazardous chemicals, reducing waste and energy consumption [26]. The method also
enhances mechanical properties, such as surface hardness and fatigue resistance, through
martensitic transformation [25]. However, laser hardening is not without limitations. The cost of
the initial systems is high [23]. Furthermore, it has material limitations, as its effectiveness
diminishes with non-ferrous or low-carbon steels, and the hardened layer depth is generally
limited to 0.1-2 mm [24]. Despite these challenges, advancements in automation and laser
technology continue to expand its applicability in modern manufacturing processes.

Laser hardening is a precise process involving several critical steps. The process begins with
surface preparation, where the material is cleaned to remove contaminants, ensuring optimal laser
energy absorption [27]. The next step involves adjusting the laser parameters, which are tailored
to the specific material and desired hardening depth [28].
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During the heating phase, the laser raises the material surface temperature. For steel the
austenitization range [29]. This is immediately followed by self-quenching, where heat dissipates
into the cooler core, rapidly cooling the surface and forming a hardened martensitic layer as
shown in Figure 2 (fig2.) below

Self-Quenching
Heated Layer

Figure 2. Principle of laser hardening

2.3 Laser Shock Peening

The Laser Shock Peening (LSP) method is a modern surface treatment technique that uses
laser pulses to introduce compressive residual stresses into the surface of metallic materials. LPS
involves applying high-energy short-pulse laser treatment to the metal surface, generating a
powerful shock wave pressure. This process results in ultra-high strain rate plastic deformation
and introduces deeper residual compressive stresses, inducing grain refinement and nanosizing
[31].

Using LSP leads to enhance wear resistance, corrosion resistance, and mechanical strength
[32]. However, the process has some limitations. The generation of high-energy laser beams and
the associated systems involve substantial costs, which restrict the widespread industrial adoption
of LSP [33]. Additionally, precise control over laser power, pulse duration, and optical systems
is required, increasing the risk of errors and limiting productivity [34]. Excessive laser energy
can also result in localized overheating or microstructural damage [35].

LSP is particularly effective for improving the properties of materials such as aluminum [36],
titanium  [37], high-strength  steels [38], and various other metals [39].
The first step involves applying a protective coating to the surface of the target material. This
layer prevents thermal damage and aids in generating effective shock waves. Following this, a
transparent medium, typically water, is introduced to contain the plasma formed during the laser
pulse. This containment amplifies the pressure of the shock wave on the material's surface. A
high-energy pulsed laser beam is then aimed at the target area, with laser parameters adjusted
based on the specific properties of the material [40]. Scheme of LSP can be seen below — Fig. 3.
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Figure 3. Principle of laser shock peening

When the laser energy strikes the material's surface, it rapidly heats the area, causing plasma
formation. The rapid expansion of this plasma produces high-pressure shock waves that penetrate
the material, inducing compressive residual stresses beneath the surface. These stresses mitigate
tensile stresses, thereby improving the material's fatigue resistance. The localized plastic
deformation enhances the material's mechanical characteristics, such as its resistance to fatigue
and cracking. Maintaining precise control of laser parameters is essential to prevent unwanted
effects, such as melting or surface damage [41].

Once the LSP process is complete, the treated surface is examined to verify the desired
improvements. Advanced evaluation techniques, including X-ray diffraction (XRD) and
ultrasonic testing, are frequently utilized to assess the results [42].

Main advantages of LSP: modifies the inherent properties of the base material without adding
external material, ensuring homogeneity and avoiding potential issues like layer delamination
[43]. Unlike traditional peening methods that use media, LSP is a clean process with no risk of
surface contamination [44] and also can treat intricate shapes and hard-to-reach areas effectively
[45].

3. CONCLUSIONS

Laser surface modifications, such as surfacing, hardening and peening, enable significant
improvements in the mechanical and chemical properties of materials while maintaining their
volumetric integrity. Due to their precision and control, these processes are used in sectors such
as automotive and aerospace, where they increase the durability and wear resistance of
components. Laser surfacing creates homogeneous, metallurgically bonded layers, while
hardening strengthens the surface by introducing martensite, and peening introduces compressive
stresses, improving fatigue and corrosion resistance.
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Abstract: The efficient functioning of an urban transport system is determined by the
quantitative, qualitative, and interdependent parameters of available transportation means and
infrastructure. The effective use of moving assets is influenced by the cause-and-effect
relationship in transport system development and the "transport psychology" of its users,
including passengers, drivers, and pedestrians. This includes decisions on transport modes,
duration of use, trends in and frequency of alternative transport modes, specific route
parameters, and more.

This paper examines a modern model for studying urban transport systems and presents the
results of conducted research. Based on these findings, the current state, developmental trends,
and potential future scenarios for urban transport systems are identified. The implementation of
these findings will enhance the optimization of urban transport systems and improve the
convenience of their use for citizens.

Keywords: Transport; Mobility; Household; Public Transport; Questionnaire.

1. INTRODUCTION

The primary function of an urban transport system is to fully meet the mobility needs of the
population, which necessitates ensuring its optimal functioning. The design and operation of
modern urban transport systems differ significantly from the approaches of the 20th century,
which prioritized the seamless movement of motor vehicles, metros, trams, trolleys, and private
cars, demanding infrastructure development accordingly.

Today, the focus has shifted toward integrating non-traditional modes of transport such as
bicycles, mopeds, scooters, electric skateboards, and motorcycles, alongside promoting shared
and rental transportation services. Urban transport systems are analysed for their efficiency in
linking all areas of a city. However, the systems must also address problems such as traffic
congestion and environmental safety.
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Given these challenges, optimizing urban transport systems through the development of
sustainable urban mobility plans has become increasingly relevant. Such plans prioritize
transportation efficiency, safety, environmental impact, and equitable conditions for all types of
transport users.

Traditional vs. Sustainable Urban Mobility Planning:
Traditional transport system planning involves:
e Defining a dominant mode of transport;
e Developing infrastructure exclusively for the dominant mode;
e Aligning road infrastructure to cater to the dominant mode;
o Influencing user behavior to favor the dominant mode.
This approach often overlooks the needs of users of other transport modes, leading to
infrastructure overload and operational inefficiencies.
In contrast, sustainable urban mobility planning includes:
o Equal development of all transport modes;
o Infrastructure development for all types of transport;
e Encouraging the use of non-traditional transport modes;
e Studying urban mobility needs of the population;
e Reducing the negative impacts of transport systems on the environment and users.
The key criterion for optimizing urban transport systems in the modern era is the development
and implementation of a sustainable mobility plan. However, in cases where mobility needs are
still met using traditional approaches, it may be necessary to evolve traditional transport models
incrementally to align with sustainable mobility goals.
One of the advantages of a sustainable mobility plan is the elimination of discriminatory
approaches among transport modes and population groups. This requires comprehensive
research into urban mobility needs, the preparation of appropriate methodologies, and their
practical implementation.
The first step in studying urban mobility involves developing a relevant questionnaire, defining
interview methods, and determining delivery methods. For this research, focused on Tbilisi
residents, mass surveys were chosen as the method.
The mass survey process includes:
Developing research hypotheses and selecting tools (questionnaires or interviews);
Conducting a pilot study;
Sampling participants;
Data collection;
Statistical analysis of data;
. Preparing a research report detailing findings and their interpretation.
The questionnaire topics include:
e Household information: family size, vehicle ownership (quantity and type), income,
mobility with or without private cars;
e Personal information of respondents and family members: occupation, education,
vehicle ownership, mobility with and without private cars;
e Survey day characteristics: selected day, its similarities or differences from a standard
day, and mobility patterns;
e Mobility details: travel duration, purpose, direction, transport modes used, and whether
travel involved companions.

S e
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For a comprehensive household study, Thbilisi was divided into 10 districts, further subdivided
into 30 study zones. The target was to survey 1,000 individuals (approximately 330-350
households), with the proportional distribution of respondents across zones presented in Tab. 1.

Table 1

Number of
ercentage ALTIEE 0L Households to

# District Population . .~ . g Respondents
Distribution . Survey per
per District District
1 Samgori 168801 14% 140 47
2 Gldani 164229 14% 140 47
3 Nadzaladevi 161088 14% 140 47
4 Saburtalo 151060 13% 130 43
5 Isani 137588 12% 120 40
6 Vake 113215 10% 100 33
7 Chugureti 78060 7% 70 23
8 Didube 73227 6% 60 20
9 Mtatsminda 61194 5% 50 17
10 Krtsanisi 56734 5% 50 17
bomen 1165196 100% 1000 334

Although the number of individuals and families to be surveyed in the city's districts was
predetermined, the study was conducted using a random sampling method. This involved
selecting random points on Google Maps and surveying participants in the surrounding area,
which significantly enhanced the reliability of the research results.

During the research process, a histogram of the primary data was developed and used to
assess the alignment of the actual survey count with the targeted numbers.

1200 1100 140%
1000 117% 120%
100%
800 900 93%
809%
600 A% 75% 4% ’
60%
400 45% 40%
154 154 154 143 132
0 m l | | | | = 0%
1 2 3 4 5 6 7 8 9 10 11

Fig. 1. Histogram of Processed Current Data
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The purpose of the study was to identify the demand for transport mobility among the
population of Tbilisi and the preferred transport modes for meeting their mobility needs,
considering traffic and environmental safety of the surveyed households:

e 30% own 1 vehicle,

e 6% own 2 vehicles, and

o only 0.5% own 3 vehicles.
Additionally, 5% of the surveyed households use corporate vehicles. Approximately 9% of
households own motorcycles, mopeds, or scooters.
Thus, it can be inferred that the remaining households rely on shared/rented transport services
or public transport to meet their mobility needs. Therefore, it is important to study the
accessibility of public transport in the context of geographical location, specifically the distance
between boarding/disembarking points and residential areas. The study of this parameter is

presented in Histogram 2.

Public Transport Urban Railway Subway Train

Fig. 2. Distance of public transport boarding/disembarking points from residential areas, based
on travel time: 1-5 minutes, m 6-10 minutes, m11-15 minutes, m16-20 minutes, m20 minutes or
more.

It should be noted that the location of urban bus stops is convenient in 94% of cases, with
residents needing an average of 3-7 minutes to reach the stop. Only 4.3% require 11-15 minutes
to reach a stop, and an even smaller percentage, 1.1%, need 20 minutes or more. This allows us
to conclude that, from the perspective of urban planning, this mode of transport is favorable for
fulfilling the mobility needs of the population.

Based on the study's objectives, the demand for various modes of transport within the city's
transport system to facilitate mobility was determined. A questionnaire covering relevant topics
was developed, and the results of the study are presented in the form of the corresponding
histogram.
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Moped Automobile Motorcycle

Fig. 3. Percentage of Population with Driving Licenses in Households, by Gender:
mMale, mFemale.

Based on the presented histogram, it can be concluded that in addition to motor vehicles, it is
essential to prioritize the development of infrastructure required for the safe use of mopeds,
bicycles, and motorcycles. This is particularly important because the analysis of research
results revealed that over 30% of the city's population makes at least three trips a day in
different directions and using different modes of transportation. Of these, the third trip is often
a short-distance circular movement on foot or using bicycles, scooters, or electric skateboards.

CONCLUSION

Meeting the mobility needs of modern urban residents requires approaches that simultaneously
reduce pollution levels in the city's ecosystem and ensure mobility with high safety and comfort
standards. Such objectives cannot be achieved using traditional methods of urban transport
system management. Therefore, the focus must be on modifying the existing transport system
in line with the requirements of sustainable mobility planning.

The key starting point is the study of the city's residents' capabilities and needs, which serves as
one of the most effective means of identifying so-called stable and generated mobility
indicators.

Based on the study conducted in Tbilisi in 2022, the main indicators of a sustainable urban
mobility plan were identified, including:

e Preferred types of transport;

e Types and number of vehicles owned by residents;

o Residents' readiness and ability to operate specific types of transport;

e Accessibility and comfort of public transport;

e Mobility behavior of residents during the day.

From these indicators, it can be concluded that optimizing the city's transport system should
involve the development of a sustainable urban mobility plan. This approach will allow for the
development of infrastructure for all types of transport citywide and eliminate discriminatory
practices among transport modes.
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1. INTRODUCTION

A prosthesis is an artificial part that commonly replaces missing body parts and organs. The
advantages of the use of prostheses are comfort, improved quality of life and their natural
appearance. Nowadays, with the help of technology, it is possible to restore original mobility
through the use of a prosthesis [1]. The disadvantage of prostheses is that they need to be
individually adapted to the patient's needs depending on congenital defects or mechanical
damage. Personalisation of the prosthesis influences its cost through the use of differently
priced materials, which ultimately affects the cost of the finished product. The field of science
dealing with the manufacture and use of prostheses is prosthetics, which also deals with
material selection. The selection of a suitable prosthetic material is one of the key tasks to
which specialists must pay attention. Unfortunately, a large proportion of materials are oxidised
or corroded by interaction with human tissues or body fluids [2].

The most common materials for prostheses are titanium and silicone, but developments in
incremental (additive) technology are spreading polymeric materials such as PLA and PETG

[3].
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2. UPPER LIMB PROSTHESES

Upper limb prostheses are divided into two types: cosmetic [4] and functional. The purpose
of cosmetic prostheses is to naturally reflect the lost limb. They have no internal mechanisms
and are used as a camouflage for the missing limb. When deciding on a cosmetic prosthesis, the
user should be aware that the prosthesis will not restore full mobility.

Figure 1. Cosmetic prosthesis [5,8].

A functional prosthesis, as opposed to a cosmetic prosthesis, has moving parts that allow
basic simple activities of daily living to be performed. For example, a hand that can be
controlled mechanically or by electrical energy, which requires the development of special and
appropriate tools for this purpose [5].

Figure 2. Functional prosthesis [5,9].



168 TalentDetector2025 Winter

The use of functional prostheses is more demanding compared to cosmetic prostheses,
requiring appropriate training to teach the user how to use the prosthesis fully, leading to
independence. The selection of a suitable prosthesis depends mainly on the interview
conducted with the prosthetist and the patient's daily needs.

3. MATERIALS USED IN THE MANUFACTURE OF PROSTHESES

3.1 Titan

Titanium (Fig.3) is a metal with very similar strength properties comparable to human
bones. The main advantages of titanium are its light weight, biocompatibility with the human
body and resistance to corrosion. It is characterised by high fatigue resistance to alternating
loads, which is particularly important in the manufacture of internal and external prostheses.
Due to its hardness, it is very demanding in technological processing, which increases the cost
of producing a prosthesis [6].

Figure 3. Titanium [10].

3.2 Silicon

Silicone is a type of polymer based on silicon, characterised by high elasticity and
durability. It is biologically inactive and therefore does not react with human tissues. It is
commonly used in medicine as a material for implants in plastic surgery, orthotics and cosmetic
prostheses, due to its ability to mirror a missing limb and match the patient's skin colour.
However, using only medical silicone, it is not possible to produce a functional prosthesis [4].

33 PLA

Polylactide (PLA) is an almost odourless polymer that uses raw materials of natural origin,
mainly from corn and rice, which makes it biodegradable. It is neither toxic nor does it pollute
the environment, due to its biodegradability. It is not flammable (Fig.4) and has a low melting
point. It becomes liquid at temperatures between 150°C and 160° C, indicating its
thermoplastic properties. It is mainly used in 3D printing technology due to its availability. Its
wide application extends to the extensive medical field of prosthetics, in the manufacture of
prostheses, orthoses and stabilisers, for example [7].
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Figure 4. Polylactide PLA [11].

4. SUMMARY

Manufactured prostheses that replace missing body parts, improve quality of life and
restore the patient's mobility. Depending on his or her needs, they are divided into cosmetic and
functional, which influences the selection of the most favourable material.

Different materials are used in the manufacture of prostheses, depending on their
application and therefore their properties. In the case of functional prostheses, the most
commonly used material is the polymer PLA, which is particularly advantageous through its
ease of production using 3D printing technology. Low cost, easy availability and also colour
variety are further advantages of this material.

Despite many important advantages, PLA also has disadvantages. One of them is the
inability to use this material at higher temperatures. In addition, polylactide is not very durable
and cannot be subjected to high stresses.
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testing of engineering materials. The paper presents the results of the study of tribological
properties of CrN coating applied by physical vapor deposition (PVD) on AISi9Cu3 aluminum
alloy substrate. The paper primarily investigates how the linear velocity of the counterspecimen
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1. INTRODUCTION

The demand for materials that combine light weight and high strength is growing
significantly, which is particularly noticeable in various areas of the automotive and aerospace
industries. One solution to this challenge is aluminum alloy AlSi9Cu3, which contains silicon
and copper in its composition. AlSi9Cu3 has good corrosion resistance, and the combination of
silicon and copper in the alloy guarantees high mechanical strength. This alloy also includes
lead, which has lubricating properties that reduce wear in mechanical parts, and chromium,
which improves ductility, strength and corrosion resistance, including stress corrosion cracking.
This can be particularly important in chemically aggressive environments or under high
mechanical stresses. Chromium stabilizes the structure of the metal, reducing the risk of micro-
cracking due to stress and corrosive environments [1].

Thanks to these properties, the alloy is widely used in the production of advanced machine
and engine components, such as cylinder heads, engine blocks, transmission housings,
crankshafts, and other parts requiring precise, durable castings, but also in 3D printing



172 TalentDetector2025 Winter

solutions. Aluminum alloys, however, due to their light weight and strength, are prone to wear
under high loads or friction, requiring the use of appropriate lubrication technologies and
protective coatings [2].

To further improve the properties of these materials, protective coatings obtained by PVD
physical vapor deposition technology are used. This process takes place under vacuum
conditions, where the material to be coated is, among other things, vaporized and then
deposited on a suitably prepared substrate, forming a thin but very strong layer. PVD coatings
applied to aluminum improve its resistance to abrasion, scratching and corrosion, thus
increasing the durability of the material. In addition, they provide an aesthetically pleasing
appearance and do not significantly affect weight, which is important in various industries. In
research work, it was shown that PVD coating - AICrN, as well as PVD+ALD hybrid coatings
- TiO2/nanoTiO2, CrN/TiO> significantly improved the corrosion resistance of Al-Si-Cu alloys
coated with them. These coatings also helped to improve the tribological properties of the
materials studied [3-6]. The improvement of functional properties including especially
tribological properties through the application of PVD coatings (e.g. CrN, WC-C, Cr-DLC) on
various types of engineering materials was presented in research papers [7-12].

The purpose of this work is to evaluate the tribological properties of a CrN coating
applied by physical vapor deposition (PVD) to an AlSi9Cu3 aluminum alloy substrate.

2. MATERIALS AND METHODOLOGY

AISi9Cu3 aluminum alloy was used for the study. Specimens with a diameter of 20 mm
were properly prepared (ground, polished), and then CrN coating was applied to their surface
by PVD physical vapor deposition. Subsequently, ball-on-disk tests were carried out, where the
test sample performed rotational motion at a specified speed, and a counter-sample in the form
of a tungsten carbide ball with a diameter of 6 mm pressed against the surface of the test piece
with a constant load. These tests were performed at room temperature and 50% humidity. The
parameters of the tribological tests are shown in Table 1.

Table 1. Tribological test parameters

Parameters
Sample Substrate | Coating Number Load Radius Reading Linear
number of IN] [mm] frequency velocity[cm/s]
cycles [Hz] Y
é e :
3 AlSisCus : 20 000 5 5 10
4 CrN 20

The resulting abrasion was examined using a Taylor Hobson Surtonic contact profilometer.
The traces of the abrasion (damage formed) were also examined using a ZEISS SEM SUPRA
35 scanning electron microscope with a high electron voltage EHT of 15 kV at a magnification
of 40 to 5,000 times using secondary electrons (SE). In addition, chemical composition analysis
was performed on the same device using EDS energy dispersive spectroscopy.
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3. RESULTS

The coefficient of friction of the tested materials ranged from 0.4 to 0.8. For the uncoated
material (Fig. 1a), the coefficient of friction in the first cycles was high, then remained
constant. At a wiping speed of V=5 cm/s, the averaged coefficient of friction was 0.4216 and
the standard deviation was 0.0434, while at a wiping speed of V=20 cm/s it was 0.4245 and the
standard deviation was 0.0442. For CrN-coated aluminum alloy (Fig. 1b), the averaged
coefficient of friction was 0.5226 and the standard deviation was 0.1125 for a wiping speed of
V=5 cm/s. In contrast, for a wiping speed of V=20 cm/s, the averaged coefficient of friction
was 0.4862 and the standard deviation was 0.0671. Before reaching these values until the
coating rubbed off, the coefficient of friction gradually increased to a level of 0.7-0.8. At the
lower linear wiping speed, the CrN coating rubbed off after about 7980 cycles, and at the
higher speed after 4117 cycles. On the friction coefficient graphs, a dodge indicating the
moment when the protective coating wiped off is clear. To sum up, based on the friction
coefficient studies, it can be concluded that the use of a higher linear test speed causes faster
wear of aluminum alloy without coating as well as with CrN coating (Fig. 1, Table 2).

Table 2. Average coefficient of friction and standard deviation for coated and uncoated Al-Si-
Cu alloy

. Linear velocity Average coefficient of Standard
Sample number | Coating . .

[cm/s] friction deviation

1 - 5 0,421596 0,043383

2 CrN 0,522617 0,112501

3 - 20 0,424494 0,044208

4 CrN 0,48619 0,067088
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Figure 1. friction coefficient as a function of the number of cycles for Al-Si-Cu alloy (a) coated,
(b) uncoated

The abrasion profiles measured with the contact profilometer are shown in Figure 2. For the
uncoated material - aluminum alloy, the abrasion profiles are characterized by a symmetrical
shape and uniform indentation. For a linear wiping speed of Scm/s, the maximum indentation
was 40 um and for a speed of 20 cm/s it was about 50 um. In contrast, the wipe marks of CrN-
coated aluminum alloy are characterized by irregular indentation and sharp edges. The depth of
the wipe profile of coated samples is similar to that of uncoated samples. The application of
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CrN coating on this substrate material did not significantly affect the depth of abrasion. On the
other hand, the abrasive wear character of the coated samples was more irregular due to the
formation of fine particles of the abraded coating additionally in the wiping process.
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Figure 2. Profiles received from contact profilometer measurements: a) Al-Si-Cu alloy without

coating (Scm/s), b) Al-Si-Cu alloy without coating (20cm/s) c) Al-Si-Cu alloy with coating
(5¢cm/s), d) Al-Si-Cu alloy with coating (20cm/s)
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Table 3. Average surface area and abrasion volume of Al-Si-Cu alloy with and without coating

Coating | Linear velocity [cm/s] Area [mm?] Volume [mm?]
- 5 0,0144 0,4519
- 20 0,0094 0,2940
CrN 5 0,0081 0,2534
CrN 20 0,0073 0,2302

On the basis of the abrasion profiles, the surface area and abrasion volume of the tested
materials were calculated (Table 3). The reduction in the abrasion volume of PVD-coated Al-
Si-Cu alloy is due to the higher abrasion resistance typical of this type of hard protective
coating. For coated and uncoated aluminum alloys, a higher linear velocity of wiping leads to a
reduction in abrasion volume, which may be due to more intense initial wear at the lower
velocity, as well as differences in abrasion mechanisms for the two velocities. As a result, the
presence of a coating on this substrate material significantly reduces the abrasive wear of the
tested materials, as indicated by the calculated abrasion volume (Fig. 3).
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Figure 3. Average abrasion volume of CrN-coated and uncoated Al-Si-Cu alloy at different
linear test speeds

Interpreting the values of the abrasion volume, differences can be observed between the
tested materials with and without PVD coating. Aluminum alloy without coating shows a larger
abrasion volume for both linear velocities - about 0.452 mm? (V=5 cm/s) and about 0.294 mm?
(V=20 cm/s). On the other hand, Al-Si-Cu alloy with CrN coating exhibit a lower abrasion
volume of - about 0.253 mm? (V=5 cm/s) and about 0.230 mm? (V=20 cm/s).

Observations of the abrasion traces were made by scanning electron microscopy SEM
(Fig. 4) and the chemical composition was analyzed using energy dispersive spectroscopy EDS
in the indicated areas of the sample (Fig. 5). Based on the study of the abrasion traces, it was
concluded that the primary mechanism of the resulting damage in the materials studied was
abrasion. In the case of CrN-coated aluminum alloys, as a result of abrasion regardless of the
linear velocity of the test, the substrate was completely exposed and the surface of the substrate
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material was partially oxidized (as confirmed by chemical composition analysis (Fig 5)). In
some places, the loss of abraded material is significant - delaminations, discontinuities and
inhomogeneities of the abraded surface are visible. In turn, as a result of intensive flaking
(deformation) of the coating during the test, the rubbing edges of CrN-coated aluminum alloy
have an irregular shape.
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Figure 4. a) Wear trace of CrN-coated Al-Si-Cu alloy (20cm/s), b) magnification of the wear
edge

In the chemical composition determined by EDS energy dispersive spectroscopy, no
elements were found that would indicate material from the counter-sample (WC) material. In
addition, the chemical composition examined in the indicated areas confirmed complete
abrasion of the CrN coating applied to the aluminum alloy substrate. (Fig. 5).
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Figure 5. a) Al-Si-Cu alloy with CrN coating (20 cm/s), b) EDS analysis from area 1, ¢c) EDS
analysis from area 2
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. CONCLUSIONS

Based on the study, it was found that:

The use of CrN coating on Al-Si-Cu alloy substrate improves abrasion resistance, but its life
depends on the linear speed of the wear test. For a lower linear velocity of abrasion, the
coating wiped off after about 7980 cycles, and at a higher velocity - after 4117 cycles. The
lower the linear speed of abrasion, the longer the protection provided by the CrN coating.
CrN-coated Al-Si-Cu alloy has a lower abrasion volume than the uncoated one. The
abrasion volume was smaller for Al-Si-Cu alloy, for which the linear velocity of abrasion
was higher. Al-Si-Cu alloy with CrN coating had the smallest abrasion volume for V=5cm/s
it was 0.253 mm?>, and for V=20cm/s it was 0.230 mm°.

The average coefficient of friction for uncoated Al-Si-Cu alloys was 0.4216 (V=5cm/s) and
0.4245 (V=20cm/s). In contrast, it was 0.5226 (V=5cm/s) and 0.4862(V=20cm/s) when CrN
coating was applied.

The main wear mechanism of uncoated and CrN-coated Al-Si-Cu alloy was abrasive.
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Abstract: This article discusses the operating principle of lasers, their applications in cutting
engineering materials, highlights the eco-friendly benefits of their use, and presents the
challenges and prospects in the development of this technology.
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1. INTRODUCTION

Modern industrial technologies are increasingly focused on improving energy efficiency and
minimizing their impact on the natural environment. In this context, laser cutting of
engineering materials stands out as a technology that meets the demands of modern, eco-
friendly production. The use of lasers in materials engineering has been recognized as key to
enhancing product competitiveness through advanced repeatability, efficiency, and automation
capabilities.

Cutting is a process in which the material's cohesion is disrupted. Depending on the desired
outcome, cutting can be complete, resulting in separation into two distinct parts, or partial,
where the material is only incised. Energy application is essential in the cutting process to
disrupt the material's integrity. Depending on the energy source used, four cutting methods can
be distinguished:

o Laser cutting, where a focused laser beam acts as the cutting tool, is widely used due to
numerous advantages, including excellent surface quality of the cut and high
productivity. This method can cut materials up to 20 mm thick.

e Gas cutting, which utilizes oxygen or plasma to melt and then oxidize the metal being
cut, is suitable for cutting materials with significant dimensions (over 300 mm).

e Mechanical cutting, the oldest method, involves dividing the material with a moving
cutting tool that induces stress on the surface of the material, leading to cracking at the
desired location and subsequent separation.

e Water jet cutting, where highly compressed water at a pressure of approximately 4,150
bar presses against the material, removing it from the cutting gap through erosion and
abrasive fatigue of the processed material.
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Laser cutting is a process in which the energy of a continuous or pulsed (impact) laser beam is
applied to a specific area of a workpiece. Depending on the cutting technique and material type,
this energy causes the material to melt within the cutting gap and either be expelled,
synchronously melted and vaporized, or melted and burned. Although laser cutting can be
performed manually (nowadays very rarely), it is most often automated and robotized, widely
used in various industrial applications. This process is effective for cutting a wide range of
engineering materials, such as metals, cermets, ceramics, wood, and plastics.
An essential aspect of laser cutting is the use of an auxiliary gas, which flows coaxially with the
laser beam through the nozzle, removing molten and vaporized material from the cutting gap.
This gas may be chemically inert or reactive, depending on the material being cut. During the
process, the power density of the laser beam should range between 10*-10°® W/mm?, adjusted
based on the material to be processed.
The laser beam's radiation acts as a linear energy source that melts the material across its entire
thickness. Beam polarization is critical to process efficiency and cut quality, with the laser's
design determining whether the polarization is linear, random, circular, or elliptical. Circular
polarization is often preferred, as it ensures consistent cut quality in all directions, making it
widely used in laser cutting machines.
Selecting the appropriate working gas is crucial in laser cutting. The choice depends on factors
such as the material being cut and the desired processing outcome. The main working gases
include:

e Oxygen, used for cutting unalloyed or low-alloy steel sheets.

o Nitrogen, applied for cutting tool steels and non-metallic materials.
Laser cutting has numerous advantages that make it superior to other cutting methods in
various aspects, leading to its widespread industrial adoption. These benefits include:

e High cutting speeds.

o Excellent surface quality after cutting, often eliminating the need for finishing

processes.

e The ability to cut a wide range of materials.

e Minimal heat-affected zones on the material.

e Reduced material distortion.

e High material efficiency due to narrow cutting gaps.

o Compatibility with automation and robotization.

e Low production costs.
Despite its many advantages, laser cutting has certain limitations, such as:

e High initial investment costs.

e A thickness limitation of up to 20 mm for the materials being cut.

o Hazardous, invisible electromagnetic radiation.

o Specific surface quality requirements after cutting.
Key factors that influence laser cutting include the power and quality of the beam, the type of
working gas, and the cutting speed. In addition to the three primary cutting methods (melting
and blowing, melting and vaporization, and melting and burning), alternative techniques are
used in special cases. For instance, thermal fracture generation is applied when cutting glass,
while scribe-and-break techniques are employed for shaping corundum plates, where the
material is incised with a laser and then mechanically broken. The graph in Figure 1 illustrates
the relationship between cutting speed and beam power for the three main laser cutting
methods.
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_

LASER CUTTING SPEED
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== Cutting by combustion
== Laser cutting by melting
and blowing
== Laser cutting by
vaporization

Figure 1. Relationship between cutting speed and beam power for the three main laser cutting
methods

Laser cutting involving material combustion occurs when oxygen is used as the working gas.
This process resembles oxyacetylene torch cutting, as the material being cut burns within the
cutting gap, producing liquid slag as a byproduct, which is then expelled from the cutting area.
The process begins with the laser beam heating the material in the cutting gap to its ignition
temperature, approximately 1200°C for structural steel. Subsequently, oxygen is introduced
through the gas nozzle to enhance the combustion process dynamically. This type of laser
cutting enables relatively high cutting speeds but is limited to processing unalloyed and low-
alloy steels. The speed of the laser beam's movement directly depends on the laser power and
the dimensions of the workpiece. The quality of the cut is also significantly influenced by the
nozzle diameter, which increases with the material's thickness, and the oxygen pressure, which
decreases as the nozzle diameter grows. Figure 2 illustrates this method of laser cutting.

In the method of cutting by melting and subsequently blowing out the molten material, energy
is generated exclusively by laser radiation, with power densities ranging from 10' to 10?
kW/mm?. The working gas does not participate in energy generation, as it does not react
exothermically with the material being cut. The process begins with melting the material at the
cutting site, achieved through the high power of the laser beam. Next, a technical gas, such as
nitrogen or argon, removes the molten material from the cutting gap. This eliminates
combustion within the process and prevents the formation of oxides on the material's surface.
This characteristic is particularly advantageous in processes involving non-ferrous metals and
high-alloy steels. To achieve maximum surface purity, it is essential to use a gas at high
pressure, typically ranging from 8 to 29 [bar], depending on the material. The use of such high-
pressure gas requires specially designed cutting heads. Figure 3 illustrates this cutting process.
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Figure 2. Diagram of laser cutting, where material combustion occurs
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Figure 3. Diagram of laser cutting, where melting and blowing out of the material occur

The laser cutting method involving material vaporization operates at extremely high power
densities, ranging from 10? to 10* kW/mm?. Such intense radiation heats the material in the
cutting zone to a very high temperature, causing part of the material to transition into a gaseous
state. Within the cutting gap, a capillary forms, with its center filled with the material's vapor.
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These vapors collide with the capillary walls, enhancing absorption and facilitating the
penetration of the cutting channel into the material. This process results in full perforation.
Intense gas-dynamic processes inside the cutting gap further enhance the removal of cutting
byproducts. This method is primarily used for cutting non-metallic materials, such as plastics,
leather, and ceramics, with thicknesses limited to a maximum of 6 mm. For metals with high
thermal conductivity, the recommended material thickness should not exceed 3 mm. When
processing highly flammable materials, the use of inert gases (argon or nitrogen) is essential for
safety. Figure 4 illustrates this laser cutting method.

Woarking gas

Processed material

Cuttmg direction

Vaporlzed materlal

Figure 4. Diagram of laser cutting with the material vaporization process occurring

The energy of highly concentrated radiation used in laser cutting enables the production of
components with exceptional speed and precision. This method is increasingly applied in both
single-item and mass production, primarily because it delivers materials of outstanding quality
that often require no further processing. These advantages are driving the replacement of other
cutting methods, while continuous advancements in this technology are expanding the range of
laser-compatible materials and broadening the scope of laser cutting applications.

2. ENVIRONMENTAL ASPECTS OF LASER CUTTING TECHNOLOGY

Laser cutting of materials offers not only precision but also numerous environmental benefits,
such as:
e Waste minimization — The precision of the laser beam significantly reduces production
waste compared to traditional cutting methods.
o Energy efficiency — Modern lasers are more energy-efficient than mechanical cutting
machines.
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e No chemicals required — The laser cutting process does not require cooling fluids or
other chemicals, minimizing the risk of environmental contamination.

e Recyclability — Lasers enable the cutting of materials that are difficult to process, such
as composites or coated metals, facilitating recycling efforts.

3. CHALLENGES AND DEVELOPMENT PROSPECTS

Challenges in Using Eco-friendly Laser Cutting Technology:

o High Cost: The purchase of advanced laser equipment can be a barrier for smaller
companies. However, these costs are often recouped through higher efficiency and
material savings.

e Energy Demand: Processing thick materials requires higher laser power, which
increases energy consumption.

o Technological Progress: Innovations are needed toward more eco-friendly solutions,
such as ultrashort pulse lasers or hybrid laser systems.

Development Prospects Include:

o Integration with Industry 4.0 systems (e.g., Artificial Intelligence, Internet of Things).

o Utilization of lasers in the recycling of advanced materials.

o Continued improvement of energy efficiency and cost reduction.

4. CONCLUSION

This article presented laser cutting technology, which stands out for its significant eco-friendly
efficiency compared to traditional methods. Laser cutting of engineering materials, due to its
precision, minimizes production waste, thus reducing its negative environmental impact.
Furthermore, this process does not require the use of chemicals or cooling fluids, eliminating
the risk of environmental contamination. These technologies are also applied in industries
where they enable the processing of difficult-to-recycle materials, such as composites. As a
result, laser cutting plays a crucial role in sustainable development within material engineering,
combining precision with environmental efficiency.
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Abstract: Continuous improvement in the performance of solar cells requires an in-depth
understanding of their operation and the knowledge of their various properties. In this work,
crystalline silicon solar cells were characterized using advanced research techniques. Surface
topography of monocrystalline silicon was studied using scanning electron microscopy. The
influence of chemical treatment and antireflective coating deposition on optical properties of
monocrystalline silicon was investigated applying a UV-Vis spectrophotometer. Electrical
properties of mono- and polycrystalline solar cells were studied using a system for measuring
current-voltage characteristics equipped with a solar radiation simulator.
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1. INTRODUCTION

The production of silicon solar cells involves several stages. Pure silicon is obtained from
silicon dioxide (Si0O2), which is a commonly occurring chemical compound on Earth, mainly
found in sand and silicates. Silicon dioxide is reduced with carbon in large arc furnaces at
temperatures of 1500—-2000°C to form silicon and carbon dioxide [1]:

Si02+C—-Si+CO; (1)
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Silicon obtained in this way is referred to as metallurgical grade silicon, and its purity ranges
from 98% to 99%. It must be purified to be used in electronics during the Siemens process.
Silicon is converted into a volatile compound, which is purified through fractional distillation.
This is done by dissolving metallurgical silicon in hydrochloric acid (HCI) at 300°C, in the
presence of copper as a catalyst, forming trichlorosilane (SiHCl3) [2,3]:

Si+3HCI—SiHCl3+H> (2)

In this reaction, iron, aluminum, and boron are removed, forming FeCls, AlCI3, and BCls,
respectively. The gaseous reaction products condense, and the resulting liquid is distilled. The
product is purified SiHCls, which is then mixed with gaseous hydrogen in a reaction furnace at
1100°C for 200-300 hours [3]:

SiHCl3+H>—Si+3HCI 3)

This process produces a high-purity silicon [2,3].

Monocrystalline silicon is obtained by the Czochralski method. In this process, polycrystalline
silicon is melted in a quartz crucible with the addition of other elements. These elements are
added to obtain n-type or p-type silicon. The process takes place at 1410°C in an argon
atmosphere. A seed crystal is dipped into the molten silicon and then slowly pulled and rotated
around its axis. The temperature and pulling speed must be strictly controlled to achieve the
desired crystal diameter [3,4].

Semiconductors are elements which possess the ability to radically change their conductivity
in response to external influences like temperature, potential difference or light. Their structure
is described as band, with layers of different energetic states [5].

Creating useful semiconductor requires doping intrinsic semiconductor (e.g. silicon or
germanium). This allows to obtain semiconductors with surplus (n-type) or lack of the electrons
(p-type). Intrinsic semiconductors are elements of the fourth main group of the periodic table. By
doping them with an element of the fifth group (e.g. phosphorus, antimony, or arsenic) one excess
(from the crystal structure point of view) electron will be released to the structure. On the other
hand, adding elements from the third group (e.g. boron, gallium, aluminum, or indium) causes
structure to lack electrons. In room temperature of 300K number of free electrons and holes is
equal to the number of doped atoms [6].

Connecting both types of semiconductors makes p-n junction, which has useful applications
thanks to effects that happen between them. In 300K diffusion current in such junction has the
same value as drift current, but they flow in opposite directions. First one is caused by lack of
balance of electric charges. The second is an effect of electric field existing due to barrier layers.
Lack of balance (potential difference) creates voltage which will push electrons when layers are
connected by conductor or when gap between them in junction is minimized [7,8]. When solar
radiation with appropriate energy acts upon semiconductor electron jumps from the valence to
conductive energetic layer, which creates electron-hole pair. This causes movement of electrons
to negative layer and enhances potential difference between front and back electrodes [9].

Solar cells consist of p-type and n-type layers. Most often, p-type silicon is obtained by adding
appropriate dopants during its crystallization (e.g. boron). Then, such a p-type silicon wafer is
subjected to diffusion (e.g. phosphorus), as a result of which an n-type area is created in the
surface layer. Diffusion is carried out in a furnace about 850°C in the presence of POCIs. At high
temperatures, the concentration of donors (phosphorus) increases at the surface of the wafer,
phosphorus atoms begin to diffuse into the wafer surface, and the layer becomes an n-type
semiconductor [6]. Edge isolation is an important step in silicon solar cell production to prevent
electrical shunting of the front and back electrode at the edges. This is done for example by
plasma etching. The wafers are stacked so that only the edges are in contact with the plasma.
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Reactive gases (CF4 + O2) activated by the plasma aggressively etch the wafer edge, creating
a clean connection between the p and n layers [6,10].

In solar cells, a passivation layer (e.g. SiO2, Si3Ny) is a thin material layer that is applied to
reduce surface recombination of charge carriers. To increase solar cell efficiency, an anti-
reflective coating is applied to the wafers, usually made of titanium dioxide (TiOz) or SiNxH.
The coating is deposited from the vapor phase of (C2Hs)4Ti or from NH3 + SiHs in a vacuum at
400°C [7]. The final step of solar cell production is the fabrication of electrodes. The bottom and
top electrode is usually made of aluminium and silver, respectively, using the screen printing
method. The electrodes are then heated at temperature above 850°C [7]. The prepared solar cells
are tested and assembled into modules, and then into photovoltaic panels, which are used to
generate electricity [8,11].

Solar cells’ layers have usually great difference in size. Most often n-type layer is facing light,
while it is much thinner than the p-type layer. Such difference occurs because thicker layer of
silicon with phosphorus would cause element to generate less electron-holes pairs [12]. The
structure of a silicon solar cell is shown in Figure 1.
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Figure. 1. Solar cell structure [7,8,13]

Solar cells are an ecological alternative to traditional energy sources. Their research is aimed
at developing and improving technology that allows for the efficient conversion of solar radiation
energy into electrical energy. In this work, photovoltaic cells were characterized using advanced
research methods. The surface topography of monocrystalline silicon was assessed and the
optoelectrical properties of crystalline silicon solar cells were determined.
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2. MATERIALS AND METHODOLOGY

The materials used for experiments were:

e boron doped p-type monocrystalline silicon of thickness of 200£30 um with
crystallographic orientation (100),

e monocrystalline and polycrystalline silicon solar cells of area 10 cm x 10 cm (Fig .2 ).
All of them were produced using the same technology.

Figure 2. Silicon solar cells a) monocrystalline b) polycrystalline

The topography of monocrystalline silicon surface was investigated by Zeiss Supra 25
scanning electron microscope (SEM). The reflectance of the monocrystalline silicon surfaces
(without texture, with texture, with texture and SizN4 antireflection coating (ARC) was measured with
Thermo Scientific UV-Vis spectrophotometer (Fig. 3) in the wavelength range from 400 to
1000 nm.

The electrical properties of monocrystalline silicon solar cells were determined based on
measured current-voltage characteristics using a PV Test Solutions Tadeusz Zdanowicz system
equipped with a Solar Simulator model #SS150AAA from Photo Emission Tech (Fig. 4). The
measurements were conducted under the illumination intensity of 1000 W/m? with an AM 1.5
solar spectrum and a temperature of 25°C. Prior to the measurements, the system was calibrated
using a reference cell.
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Figure. 3. Thermo Scientific UV- Vis
spectrophotometer

Figure. 4. System for measuring the current-
voltage characteristics of solar cells
equipped with an SS1504AA solar radiation
simulator

3. RESULTS

Figure 5a shows the surface topography of monocrystalline silicon "as cut" - not subjected to
chemical-mechanical treatments. The surface is rough, uneven and defective, which, according
to literature [8], increases surface recombination and consequently reduces the efficiency of the
solar cell. In order to improve the surface quality, the silicon is subjected to cleaning and
texturing. The purpose of texturization is to increase the surface area and reduce light reflection.
This is often done using wet chemical etching (such as with sodium or potassium hydroxide and
isopropyl alcohol). As a result of alkaline etching, unevenly distributed "pyramids" are formed
on the surface of single-crystalline silicon (100), not exceeding 10 um at the base (Fig. 5b).

To confirm effectiveness of produced textures and deposited ARC reflectance was measured
with spectrophotometer UV-Vis (Fig.6). Monocrystalline silicon before texturization through
the entire range of the test area reflects above 27% of the light. The applied to monocrystalline
silicon with crystallographic orientation (100) alkaline texturization significantly enhances
absorption of the light. In the range of 500+1050 nm reflectance index decreases below 13.5%.
Textured monocrystalline silicon with antireflective coating shows the best outcomes with the
lowest values of the reflectance reached.
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Figure. 5. Monocrystalline silicon surface (100) a) before, b) after texturization

The reflection for the surface of textured monocrystalline silicon is significantly reduced
compared to the non-textured substrate, while the nature of the curve is very similar. On the other
hand, the application of an antireflection coating of silicon nitride causes a significant reduction
in reflection in the wavelength range of 580680 nm, reaching a minimum of 2.41% (at 627 nm).
Most of the solar energy that reaches the earth is in the visible light range (approx. 400 nm to
700 nm). Optimizing the absorption of light in this range is crucial for the solar cells to generate
as much electrical energy as possible.
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Figure. 6. Dependence of the light reflectance on the light wavelength of the monocrystalline
silicon surface for different stages of processing
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Comparison of the I-V characteristics of the monocrystalline and polycrystalline silicon solar
cells are shown in Figure 6. The electrical properties of silicon solar cells such as: conversion
efficiency (Ep), fill factor (FF), short circuit current (/i), open-circuit voltage (Voc), current (1)
and voltage (V) for which the power (P,,) reaches its maximum value are summarized in Table 1.
It was found that the monocrystalline silicon solar cell exhibit higher short-circuit current, open-
circuit voltage, fill factor and efficiency by 0.4 A, 0.025V, 0.01 and 2.37 percentage points,
respectively, compared to the device made of polycrystalline silicon. A monocrystalline silicon
has a uniform crystal structure, meaning that the silicon atoms are arranged in a regular manner
throughout the material. This regularity allows an electron to move freely within a single crystal
lattice, leading to lower electrical resistance. Moreover, the texturing of polycrystalline silicon
in alkaline solutions is not as effective as for monocrystalline silicon due to the different etching
rates of grains with different crystallographic orientations. This leads to a decrease in the
efficiency of solar cells made of polycrystalline silicon.

3.0
254
2.0
<
— 154
—— monocrystalline
od 2= 0 |=Eees polycrystalline
0.5
0.0 T T T T T T T T ——
0.0 0.1 0.2 0.3 04 0.5 0.6
V[V]

Figure 7. Current-voltage characteristics of polycrystalline and monocrystalline silicon solar
cells

Table 1. Electrical properties of polycrystalline and monocrystalline silicon solar cells

Type of silicon Electrical properties

solarcell [ [A] | VeIV | In[A] | VaIV] | PuIW] | FF | Ep[%]
polycrystalline 2.71 0.569 2.47 0.454 1.12 0.73 11.21
monocrystalline 3.11 0.594 2.86 0.477 1.36 0.74 13.58
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4. CONCLUSIONS

The solar cells characteristics are important factors to take into account when designing
photovoltaic systems expected to depend on the solar energy. Knowing them allows to optimize the
operation of devices. Despite the fact that the devices were made using the same technology, the
efficiency of the monocrystalline silicon photovoltaic cell is higher by 2.37 percentage points
compared to the device based on polycrystalline silicon. This is due, among other things, to the
different efficiency of silicon surface texturing. The use of potassium or sodium base for etching
monocrystalline silicon with crystallographic orientation (100) results in the formation of
a characteristic pyramidal structure on the surface. Unfortunately, this method of texturing
polycrystalline silicon is not as effective due to the presence of grains with different crystallographic
orientation, which reduces the efficiency of the solar cell. In addition, in the case of monocrystalline
silicon, the entire material is made up of a single crystal, which means that electrons can move freely
throughout the material, minimizing energy loss. In polycrystalline silicon, there are grain
boundaries, which makes it difficult for charge carriers to move and leads to energy loss.
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Abstract: This study explores the application of hard tungsten carbide (WC) coatings on H13
steel using the Electro-Spark deposition (ESD) technique to enhance its hardness and wear
resistance. Structural and mechanical characterization of the WC-coated samples was
conducted using scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS),
X-ray diffraction (XRD), and microhardness testing, providing both qualitative and quantitative
analyses. Additionally, dry sliding wear and microhardness tests were conducted to evaluate the
friction coefficient, wear behavior, and hardness of the samples. The results showed the
successful formation of WC and W>C phases, leading to a significant increase in hardness
(approximately 400%, from 290 HV to 1400 HV), a reduction in the coefficient of friction
(CoF) by 80-85%, and a decrease in wear volume by 80%. These findings demonstrate that WC
coatings applied via ESD significantly improve the mechanical properties of H13 steel, offering
enhanced durability and wear resistance for applications subjected to high loads and
mechanical stress in demanding industrial settings.

Keywords: Tungsten Carbide, Electro-Spark Deposition, Hot Work Tool Steels

1. INTRODUCTION

For many years, hot work die steels have been widely used in industries requiring materials
capable of withstanding high loads and mechanical stresses, such as those experienced by hot
forging dies, hot extrusion dies, and pressure casting dies [1,2]. H-series steels, in general, are
primarily employed in die manufacturing due to their exceptional ability to withstand the high
loads and elevated temperatures involved in forging. The demand for materials capable of
withstanding severe thermal and mechanical stresses has positioned AISI H13 steel as a
preferred choice in the tooling industry [3]. Although H13 steel exhibits excellent mechanical
properties and is widely utilized in various applications, prolonged usage under excessive
mechanical stresses and abrasive conditions can lead to surface degradation and wear-related
challenges. Surface modification techniques play a crucial role in overcoming these issues.
Various surface modification techniques have been developed in order to improve the
performance of HI3 steel and to extend its service life. Among these surface modification
techniques are physical vapor deposition (PVD), laser cladding, gas and plasma nitriding,
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powder-pack boriding, hot-dip aluminizing (HDA), and high velocity oxy-fuel (HVOF)
coating, with various studies and publications having been conducted on their applications and
effects [4-9].

WC (Tungsten Carbide), TiC (Titanium Carbide), CrC (Chromium Carbide), and NiC
(Nickel Carbide) are advanced ceramic materials widely used in industrial applications for their
exceptional hardness, wear resistance, and ability to withstand extreme thermal and mechanical
stresses [10—13]. Within surface modification techniques, the electro-spark deposition (ESD)
method is notable for its versatility, portability, and efficiency in improving surface properties,
enhancing wear resistance, and boosting performance in demanding conditions, allowing for
the application of cermets [14]. Electro-spark deposition (ESD) is a micro-welding process that
utilizes a potential difference to create rapid electrical discharges, transferring material from an
electrode to a substrate. This phenomenon can be visually represented in Figure 1. The process
generates high-temperature and high-stress zones through pulsed micro-arcs, enabled by the
potential difference, facilitating alloying and the formation of high-melting-point composite
coatings. This precise process minimizes heat affected zone (HAZ) compared to conventional
welding methods, making it ideal for repairing and improving steel surface properties in
demanding applications [15].

treating | ___ S |
electrode erosive crater — "—

. eroded molten volume
splash

melting pool . '
| o |

Substrate Substrate

Figure 1: Illustration of the transfer of eroded molten volume from the anode (electrode) to the
cathode (substrate).

The motivation behind this study stems from the need to enhance the durability and
performance of steel components, particularly in demanding industrial applications. The
findings could significantly contribute to improving the wear resistance, hardness, and overall
durability of steel components, thus advancing the field of surface coating technologies for
industrial applications.

In this study, a tungsten carbide (WC) coating was applied to an AISI H13 steel substrate using
the electro-spark deposition (ESD) technique. The coating layers were characterized
structurally and mechanically through both qualitative and quantitative analyses, while dry
sliding wear and microhardness tests were conducted to evaluate the friction coefficient, wear
behavior, and hardness of the samples.

2. EXPERIMENTAL PROCEDURES

2.1 Sample Preparation
For the experimental studies, H13 (ASTM A681- DIN 1.2344) hot work tool steel plates
were cut as rectangular prism-shaped plates with dimensions of 15 mm x 6 mm x 10 mm.
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The chemical composition of H13 steel, determined using a SpectroMaxx optic emission
spectrometer, includes 0.37 wt% carbon (C), 5.18 wt% chromium (Cr), 1.37 wt% molybdenum
(Mo), 0.9 wt% silicon (Si), and 1.0 wt% vanadium (V), with the remainder comprising iron
(Fe). All samples were ground using SiC grinding paper up to 1000 grit, then cleaned in an
ultrasonic bath containing alcohol. Afterward, samples were rinsed with distilled water and
dried using a heat gun. Detailed information about the ESD coating system can be found in
previous studies [16,17].

2.2. Coating System and Parameters

Elitron-16 type computer assisted electro-spark deposition device was used. WC (92)-Co(8)
electrode was used to conduct deposition. In the present investigation, the ESD coating
experiments were conducted in air with a series of pulses of a certain duration by hand-held
applicator. Mass changes in coated samples are measured by analytical balance before and after
deposition process. The electro-spark deposition process utilized a WC (92)-Co (8) coating
electrode with a pulse energy of 1.32 J, an electric charge of 3000 mC, a pulse current of 200
A, a pulse duration of 390.25 ps, and a frequency of 38.437 Hz.

2.3. Characterization Methods

Rigaku D/Max 2200 model XRD device was used for the XRD analyses, conducted with
Cu-Ka radiation at 40 mA current and 40 kV generator voltage, over a scanning angle range of
30° to 90°. The SEM-EDS analyses of the samples were conducted with Scanning Electron
Microscope using a Philips XL 30 SFEG scanning electron microscope equipped with an
integrated energy dispersive spectrometer (EDS). A Mitutoyo HM-112 microhardness tester
was used to measure the microhardness. Vickers microhardness indentations were made on all
samples by applying a 25-gram load for 10 seconds. To determine the effect of coatings on
wear characteristics, CSM Tribometer branded a “ball on disc” wear test method was applied to
the samples with alumina ball. The wear tests were conducted under conditions of 200 meter, a
10N load, and a speed of 10 cm/s for all samples.

3. RESULTS AND DISCUSSIONS

3.1. Characterization of Coating Layer

The graph shown in Figure 2 illustrates the relationship between the number of passes, along
with the increase in mass (in milligrams) and the percentage increase in mass of the substrate. It
can be observed that as the number of passes increases, the mass gain initially rises, but the
percentage increase in mass becomes limited. As a characteristic of Electro-Spark Deposition
(ESD), an increase in the substrate material's weight was expected. However, as the number of
passes increased, the rate of mass gain decreased due to the insufficient formation of an
adequate spark between the anode and cathode [18]. This trend highlights the efficiency of
material deposition during the initial passes, with the increase in mass becoming less
pronounced in the later passes.
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Figure 2. The number of passes, along with the increase in mass (in milligrams) and the
percentage increase in mass of the substrate.

X-ray diffraction (XRD) patterns of WC-coated sample and H13 steel are given in Figure 3.
XRD patterns analysis indicates the formation of tungsten carbide phases, primarily WC and
W2C, on the WC-coated sample surface. These phases are known for their high hardness and
wear resistance. The diffraction peaks corresponding to Fe-based phases are thought to
originate from signals emitted by the substrate metal.
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Figure 3. X-ray diffraction (XRD) patterns of WC-coated sample and H13 steel

Top view Scanning Electron Microscopy (SEM) images of the WC-coated steel surfaces at
different magnifications, along with the Energy Dispersive Spectroscopy (EDS) analysis
results, are presented in Figure 4. The SEM images reveal a heterogencous and rough
microstructure, which is characteristic of the Electro-Spark Deposition (ESD) process. The
surface displays distinct solidified regions, with microcracks and porosities observed in certain
areas. These features are indicative of the rapid solidification processes typical of ESD.
Additionally, regions showing splat-like structures suggest localized melting and
resolidification, consistent with the high-energy discharge inherent to the ESD method [19,20].
The droplet-like materials part, eroded from the electrode, fall on top of each other and form a
layered structure, contributing to the creation of small peaks on the surface. This stacking effect
is a direct result of the spark interactions during the electro-spark deposition process [21].
Energy Dispersive Spectroscopy (EDS) analysis confirms the tungsten carbide successfully
deposited on the H13 steel substrate. The primary elements detected include tungsten, carbon,
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iron. This morphological structure, formed by stacked droplets that create micro-scale
elevations, yielded a result consistent with expectations, showing the tungsten content to be
higher in the uppermost droplet.

Element Weight %

CK 2.98 1.37 212
VK 0.6 0.32 1.08
CrK 2.25 1.28 1.52
MnK 0.41 0 0.92

FeK 4015 | 29.93 13.3
CoK 5.94 4.17 5.63
_— WL 4767 | 62.94 | 7544
= Point 1 2 3

Figure 4. Scanning Electron Microscopy (SEM) top-view images of the WC-coated steel
surfaces at different magnifications, along with the Energy Dispersive Spectroscopy (EDS)
analysis.

Cross-sectional SEM images of the WC-coated steel surfaces at different magnifications and
the EDS analysis results are presented in Figure 5. The coating thickness varies between 15 um
and 25 pm, showing relatively consistent deposition across the surface with satisfactory
adherence to the substrate. On the other hand, defects in the coating layer, including cavities
and cracks, are evident, mainly due to the evaporation and accumulation of eroded materials
during the ESD process. This accumulation leads to the heterogeneous dispersion of phases
throughout the coating layers [22]. The EDS results show bright spots on the surface,
corresponding to high atomic number, which confirms the presence of tungsten phases in the
coating layers. The atomic percentages of tungsten and carbon indicate that the phases are
predominantly tungsten carbide.
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Figure 5. SEM cross-sectional images of the WC-coated steel surfaces at different
magnification with EDS analysis results
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3.2. Mechanical and Tribological Properties

As shown in Figure 6, the coefficient of friction (CoF) comparison between uncoated H13 steel
and the WC-coated sample is presented, along with a column graph highlighting the significant
increase in hardness of the WC-coated sample compared to H13 steel. Additionally, optical
images of the hardness track demonstrate the differences in the hardness profiles of the two
materials. Friction coefficient for uncoated H13 steel ranges between 0.8 and 0.9, exhibiting
fluctuations. In contrast, the WC-coated sample maintains a stable CoF of approximately 0.15,
reflecting superior frictional stability and reduced sliding resistance. Wear resistance is
markedly improved, with the WC-coated sample achieving an 80-85% reduction in wear
compared to the uncoated H13 steel, as evidenced by CoF and wear analysis. The average
hardness of the WC-coated layers is significantly enhanced, reaching 1400 HV, nearly five
times higher than the 290 HV of uncoated H13 steel. The increase in hardness and the decrease
in CoF can be correlated with the presence of WC phases on the surface [13,23].
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Figure 6. Graph of sliding distance, coefficient of friction and Vickers hardness value with
hardness track images

Figure 7 illustrates the wear rates graph, 3D profiles images, and SEM images of the worn
surfaces of the materials. The wear rate analysis indicates a significant improvement with the
WC coating. The wear volume of uncoated H13 steel is approximately 12.32 mm?, with a wear
rate of 12.5 x 107 mm?/N-m. In comparison, the WC-coated sample shows a drastically lower
wear volume of approximately 2.38 mm?, with a wear rate of 2.5 x 10° mm?/N-m. This
demonstrates a substantial reduction in material wear, indicating the effectiveness of the WC
coating in enhancing wear resistance, as expected [24,25]. Given these results, it is
recommended to use WC coating for applications where reduced wear and enhanced durability
are critical, as it significantly reduces the wear volume by approximately 80-85%, improving
the wear performance of HI13 steel. The worn trace images of uncoated H13 steel typically
show deeper grooves, cracks, and surface damage, with detached material particles (such as
small fragments or debris) visible around the wear track. The surface may exhibit signs of
plastic deformation, wear ridges, and micro-cracks, indicative of high friction and stress during
wear. The overall appearance often reflects a rougher and more severely worn surface
compared to coated materials, with signs of material loss concentrated in specific areas. In
contrast, the WC-coated surface exhibits shallower grooves and a less extensive worn area,
with abrasive wear patterns, further confirming its superior wear resistance [26,27].
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Figure 7. Wear rates and mean CoF graph, 3D profiles images, and SEM images of the worn
surfaces of the materials.

4. CONCLUSION

Deposition was successfully achieved with reasonable coating parameters and a consistent
coating process, as evidenced by the increase in mass. XRD analysis confirmed the formation
of WC and W:C phases on the surface, which are known for their high hardness and wear
resistance. In accordance with the EDS results, these phases were detected in the coating layers,
further supporting the presence of tungsten carbide compounds in the deposited material.

The hardness of the WC-coated H13 steel improved by approximately 400%, increasing
from 290 HV (uncoated H13 steel) to 1400 HV (WC-coated steel). The coefficient of friction
(CoF) was reduced by around 80-85%, with the WC-coated sample exhibiting a CoF of
approximately 0.15, compared to range of 0.8-0.9 observed in uncoated H13 steel. The wear
volume of the WC-coated sample decreased by approximately 80%, with the wear volume of
the uncoated H13 steel at 12.32 mm? and the WC-coated sample at 2.38 mm?. The wear rate of
the WC-coated sample was reduced by 80%, with a wear rate of 2.5 x 107* mm?*/N-m for the
WC-coated sample, compared to 12.5 x 107 mm?*/N-m for the uncoated H13 steel.

These mechanical improvements can be attributed to the presence of tungsten carbide (WC)
phases dispersed within the coating layers, which contribute significantly to the enhanced
hardness, wear resistance, and reduced friction.
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Abstract: This article discusses the principle of operation of lasers, their use in cutting
engineering materials, highlights the innovative features resulting from their use, and presents
challenges and prospects in the development of this technology.
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1. INTRODUCTION

Physicists had been working for generations toward controlling ever shorter wavelengths. After
radio (meters) and radar (centimeters, then millimeters), the logical next step would be far-
infrared waves. Masers had been modestly useful, more for scientific research than for military
or industrial applications. Only a few scientists thought an infrared maser might be important
and pondered how to make one. Infrared rays could not be manipulated like radar, and indeed
were hard to manage at all.

Schawlow found the key put the atoms you wanted to stimulate in a long, narrow cavity with
mirrors at each end. The rays would shuttle back and forth inside so that there would be more
chances for stimulating atoms to radiate. One of the mirrors would be only partly silvered so
that some of the rays could leak out. This arrangement (the Fabry-Pérot etalon) was familiar to
generations of optics researchers.

The same arrangement meanwhile occurred to Gordon Gould, a graduate student at Columbia
University who had discussed the problem with Townes. For his thesis research, Gould had
already been working with "pumping" atoms to higher energy states so they would emit light.
As Gould elaborated his ideas and speculated about all the things you could do with a
concentrated beam of light, he realized that he was onto something far beyond the much-
discussed "infrared maser". In his notebook he confidently named the yet-to-be-invented device
a LASER (for Light Amplification by Stimulated Emission of Radiation).

Schawlow, Gould and Townes now understood how to build a laser in principle. To actually
build one would require more ideas and a lot of work. Some of the ideas were already in hand.
Other physicists in several countries, aiming to build better masers, had worked out various
ingenious schemes to pump energy into atoms and molecules in gases and solid crystals. In a
way they too were inventors of the laser. So were many others clear back to Einstein.
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2. HISTORICAL DEVELOPMENT OF LASER

1960s

The first medical treatment using a laser on a human patient is performed by Dr. Charles J.
Campbell of the Institute of Ophthalmology at Columbia-Presbyterian Medical Center and
Charles J. Koester of the American Optical Co. at Columbia-Presbyterian Hospital in
Manhattan. An American Optical ruby laser is used to destroy a retinal tumor.

Groups at GE, IBM and MIT’s Lincoln Laboratory simultaneously develop a gallium-arsenide
laser, a semiconductor device that converts electrical energy directly into infrared light but
which must be cryogenically cooled, even for pulsed operation.

Nick Holonyak Jr., a consulting scientist at a General Electric Co. lab in Syracuse, N.Y.,
publishes his work on the “visible red” GaAsP (gallium arsenide phosphide) laser diode, a
compact, efficient source of visible coherent light that is the basis for today’s red LEDs used in
consumer products such as CDs, DVD players and cell phones.

Extreme nonlinear optical techniques have succeeded in upconverting visible laser light into x-
rays, making a tabletop source of coherent soft x-rays possible. (University of Colorado)

Bell Labs reports the first yttrium aluminum garnet (YAG) laser. Logan E. Hargrove, Richard
L. Fork and M.A. Pollack report the first demonstration of a mode-locked laser; i.e., a helium-
neon laser with an acousto-optic modulator. Mode locking is fundamental for laser
communication and is the basis for femtosecond lasers.

Herbert Kroemer of the University of California, Santa Barbara, and the team of Rudolf
Kazarinov and Zhores Alferov of A.F. loffe Physico-Technical Institute in St. Petersburg,
Russia, independently propose ideas to build semiconductor lasers from heterostructure
devices. The work leads to Kroemer and Alferov winning the 2000 Nobel Prize in physics.
After two years working on HeNe and xenon lasers, William B. Bridges of Hughes Research
Labs discovers the pulsed argon-ion laser, which, although bulky and inefficient, could produce
output at several visible and UV wavelengths.

Townes, Basov and Prokhorov are awarded the Nobel Prize in physics for their “fundamental
work in the field of quantum electronics, which has led to the construction of oscillators and
amplifiers based on the maser-laser-principle.”

The carbon dioxide laser is invented by Kumar Patel at Bell Labs. The most powerful
continuously operating laser of its time, it is now used worldwide as a cutting tool in surgery
and industry.

The Nd:YAG (neodymium-doped YAG) laser is invented by Joseph E. Geusic and Richard G.
Smith at Bell Labs. The laser later proves ideal for cosmetic applications, such as laser-assisted
in situ keratomileusis (lasik) vision correction and skin resurfacing. Two lasers are phase-
locked for the first time at Bell Labs, an important step toward optical communications. Jerome
V.V. Kasper and George C. Pimentel demonstrate the first chemical laser, a 3.7-um hydrogen
chloride instrument, at the University of California, Berkeley.

Charles K. Kao, working with George Hockham at Standard Telecommunication Laboratories
in Harlow, UK, makes a discovery that leads to a breakthrough in fiber optics. He calculates
how to transmit light over long distances via optical glass fibers, deciding that, with a fiber of
purest glass, it would be possible to transmit light signals over a distance of 100 km, compared
with only 20 m for the fibers available in the 1960s. Kao receives a 2009 Nobel Prize in
physics for his work. French physicist Alfred Kastler wins the Nobel Prize in physics for his
method of stimulating atoms to higher energy states, which he developed between 1949 and
1951. The technique, known as optical pumping, was an important step toward the creation of
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the maser and the laser. Bernard Soffer and Bill McFarland invent the tunable dye laser at
Korad Corp. in Santa Monica, Calif. In California, Maiman and other laser pioneers found the
laser advocacy group Laser Industry Association, which becomes the Laser Institute of
America in 1972. Gould buys back his patent rights for $1 plus 10 percent of future profits
when TRG is sold.

Basov, V.A. Danilychev and Yu. M. Popov develop the excimer laser at P.N. Lebedev Physical
Institute. Alferov’s group at loffe Physico-Technical Institute and Mort Panish and Izuo
Hayashi at Bell Labs produce the first continuous-wave room-temperature semiconductor
lasers, paving the way toward commercialization of fiber optic communications.

At Corning Glass Works (now Corning Inc.), Drs. Robert D. Maurer, Peter C. Schultz and
Donald B. Keck report the first optical fiber with loss below 20 dB/km, demonstrating the
feasibility of fiber optics for telecommunications.

A laser in operation at the Electronics Resource Centers Space Optics Laboratory is checked
by Lowell Rosen and Dr. Norman Knable. They investigated energy levels of atoms in very
excited states as a step to improving the laser’s efficiency in space.

The ERC opened in September 1964, taking over the administration of contracts, grants and
other NASA business in New England from the antecedent North Eastern Operations Office
(created in July 1962), and closed in June 1970. It served to develop the space agency’s in-
house expertise in electronics during the Apollo era. A second key function was to serve as a
graduate and postgraduate training center within the framework of a regional government-
industry-university alliance. Research at the ERC was conducted in 10 different laboratories:
space guidance, systems, computers, instrumentation research, space optics, power
conditioning and distribution, microwave radiation, electronics components, qualifications and
standards, and control and information systems. Researchers investigated such areas as
microwave and laser communications; the miniaturization and radiation resistance of electronic
components; guidance and control systems; photovoltaic energy conversion; information
display devices; instrumentation; and computers and data processing. Although the only NASA
center ever closed, the ERC actually grew while NASA eliminated major programs and cut
staff in other areas. Between 1967 and 1970, NASA cut permanent civil service workers at all
centers with one exception, the ERC, whose personnel grew annually until its closure in June
1970. (NASA Archives)

1970s

Arthur Ashkin of Bell Labs invents optical trapping, the process by which atoms are trapped
by laser light. His work pioneers the field of optical tweezing and trapping and leads to
significant advances in physics and biology. Izuo Hayashi and Morton B. Panish of Bell Labs
design the first semiconductor laser that operates continuously at room temperature.

Charles H. Henry invents the quantum well laser, which requires much less current to reach
lasing threshold than conventional diode lasers and which is exceedingly more efficient.
Holonyak and students at the University of Illinois at Urbana-Champaign first demonstrate the
quantum well laser in 1977. A laser beam is used at Bell Labs to form electronic circuit
patterns on ceramic. A pack of Wrigley’s chewing gum is the first product read by a bar-code
scanner in a grocery store.

Engineers at Laser Diode Labs Inc. in Metuchen, N.J., develop the first commercial
continuous-wave semiconductor laser operating at room temperature. Continuous-wave
operation enables transmission of telephone conversations. First quantum-well laser operation
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made by Jan P. Van der Ziel, R. Dingle, Robert C. Miller, William Wiegmann and W.A.
Nordland Jr. The lasers actually are developed in 1994.

First demonstration, at Bell Labs, of a semiconductor laser operating continuously at room
temperature at a wavelength beyond 1 um, the forerunner of sources for long-wavelength
lightwave systems.

John M.J. Madey and his group at Stanford University in California demonstrate the first free-
electron laser (FEL). Instead of a gain medium, FELs use a beam of electrons that are
accelerated to near light speed, then passed through a periodic transverse magnetic field to
produce coherent radiation. Because the lasing medium consists only of electrons in a vacuum,
FELs do not have the material damage or thermal lensing problems that plague ordinary lasers
and can achieve very high peak powers.

The first commercial installation of a Bell Labs fiber optic lightwave communications system is
completed under the streets of Chicago.

Gould is issued a patent for optical pumping, then used in about 80 percent of lasers. The
LaserDisc hits the home video market, with little impact. The earliest players use HeNe laser
tubes to read the media, while later players use infrared laser diodes.Following the failure of its
videodisc technology, Philips announces the compact disc (CD) project. Gould receives a
patent covering a broad range of laser applications.

1980s

Schawlow and Bloembergen receive the Nobel Prize in physics for their contributions to the
development of laser spectroscopy.

Peter F. Moulton of MIT’s Lincoln Laboratory develops the titanium-sapphire laser, used to
generate short pulses in the picosecond and femtosecond ranges. The Ti:sapphire laser replaces
the dye laser for tunable and ultrafast laser applications.

The audio CD, a spinoff of LaserDisc video technology, debuts. Billy Joel fans rejoice, as his
1978 album “52nd Street” is the first to be released on CD.

Bell Labs’ Steven Chu (now US Secretary of Energy) and his colleagues use laser light to slow
and manipulate atoms. Their laser cooling technique, also called “optical molasses,” is used to
investigate the behavior of atoms, providing an insight into quantum mechanics. Chu, Claude
N. Cohen-Tannoudji and William D. Phillips win a Nobel Prize for this work in 1997.

David Payne at the University of Southampton in the UK and his team introduce erbium-doped
fiber amplifiers. These new optical amplifiers boost light signals without first having to convert
them into electrical signals and then back into light, reducing the cost of long distance fiber
optic systems. Gould begins receiving royalties from his patents.

1990s

The first semiconductor laser that can simultaneously emit light at multiple widely separated
wavelengths — the quantum cascade (QC) laser — is invented at Bell Labs by Jérdme Faist,
Federico Capasso, Deborah L. Sivco, Carlo Sirtori, Albert L. Hutchinson and Alfred Y. Cho.
The laser is unique in that its entire structure is manufactured a layer of atoms at a time by the
crystal growth technique called molecular beam epitaxy. Simply changing the thickness of the
semiconductor layers can change the laser’s wavelength. With its room-temperature operation
and power and tuning ranges, the QC laser is ideal for remote sensing of gases in the
atmosphere.
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The first demonstration of a quantum dot laser with high threshold density is reported by
Nikolai N. Ledentsov of A.F. Ioffe Physico-Technical Institute. The first pulsed atom laser,
which uses matter instead of light, is demonstrated at MIT by Wolfgang Ketterle.

Shuji Nakamura, Steven P. DenBaars and James S. Speck at the University of California, Santa
Barbara, announce the development of a gallium-nitride (GaN) laser that emits brightblue-
violet light in pulsed operation.

An engineer at the Marshall Space Flight Center (MSFC) Wind Tunnel Facility uses lasers to
measure the velocity and gradient distortion across an 8-in. curved pipe with joints and turning
valves during a cold-flow propulsion research test, simulating the conditions found in the X-
33's hydrogen feedline.

Lasers are used because they are nonintrusive and do not disturb the flow like a probe would.
The feedline supplies propellants to the turbo pump. The purpose of this project was to design
the feedline to provide uniform flow into the turbo pump. (NASA Archives)

2000s

A team of researchers from NASA’s Marshall Space Flight Center in Huntsville, Ala., from
NASA’s Dryden Flight Research Center at Edwards Air Force Base in California and from the
University of Alabama in Huntsville successfully flies the first laser-powered aircraft. The
plane, its frame made of balsa wood, has a 1.5-m wingspan and weighs only 311 g. Its power is
delivered by an invisible ground-based laser that tracks the aircraft in flight, directing its energy
beam at specially designed photovoltaic cells carried onboard to power the plane’s propeller.
The international inertial confinement fusion community, including LLNL researchers, uses the
OMEGA laser at the University of Rochester's Laboratory for Laser Energetics to conduct
experiments and test target designs and diagnostics. The 60-beam OMEGA laser at the
University of Rochester has been operational since 1995.

Electronic switching in a Raman laser is demonstrated for the first time by Ozdal Boyraz and
Bahram Jalali of the University of California, Los Angeles. The first silicon Raman laser
operates at room temperature with 2.5-W peak output power. In contrast to traditional Raman
lasers, the pure-silicon Raman laser can be directly modulated to transmit data.

John Bowers and colleagues at the University of California, Santa Barbara, and Mario Paniccia,
director of Intel Corp.’s Photonics Technology Lab in Santa Clara, Calif., announce that they
have built the first electrically powered hybrid silicon laser using standard silicon
manufacturing processes. The breakthrough could lead to low-cost, terabit-level optical data
pipes inside future computers, Paniccia says.

Bowers and his doctoral student Brian Koch announce that they have built the first mode-
locked silicon evanescent laser, providing a new way to integrate optical and electronic
functions on a single chip and enabling new types of integrated circuits.

At the University of Rochester in New York, researcher Chunlei Guo announces a new process
that uses femtosecond laser pulses to make regular incandescent lightbulbs superefficient. The
laser pulse, trained on the bulb’s filament, forces the surface of the metal to form
nanostructures that make the tungsten become far more effective at radiating light. The process
could make a 100-W bulb consume less electricity than a 60-W bulb, Guo says.

The largest and highest-energy laser in the world, the National Ignition Facility (NIF) at
Lawrence Livermore National Laboratory in Livermore, Calif., is dedicated. In a few weeks,
the system begins firing all 192 of its laser beams onto targets.

The hohlraum cylinder , which contains the fusion fuel capsule, is just a few millimeters wide,
about the size of a pencil eraser, with beam entrance holes at either end. The fuel capsule is the
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size of a small pea. Credit is given to Lawrence Livermore National Security LLC, Lawrence
Livermore National Laboratory and the US Department of Energy, under whose auspices this
work was performed.

NASA launches the Lunar Reconnaissance Orbiter (LRO). The Lunar Orbiter Laser Altimeter
on the LRO will use a laser to gather data about the high and low points on the moon. NASA
will use that information to create 3-D maps that could help determine lunar ice locations and
safe landing sites for future spacecraft.

Lasers get ready to enter household PCs with Intel’s announcement of its Light Peak optical
fiber technology at the Intel Developer Forum. Light Peak contains vertical-cavity surface-
emitting lasers (VCSELSs) and can send and receive 10 billion bits of data per second, meaning
it could transfer the entire Library of Congress in 17 minutes. The product is expected to ship to
manufacturers in 2010.

Industry analysts predict the laser market globally for 2010 will grow about 11 percent, with
total revenue hitting $5.9 billion.

The National Nuclear Security Administration announces that NIF has successfully delivered a
historic level of laser energy — more than 1 MJ — to a target in a few billionths of a second and
demonstrated the target drive conditions required to achieve fusion ignition, a project scheduled
for the summer of 2010. The peak power of the laser light is about 500 times that used by the
US at any given time.

The artist's rendering features an NIF target pellet inside a hohlraum capsule with laser beams
entering through openings on either end. The beams compress and heat the target to the
necessary conditions for nuclear fusion to occur. Ignition experiments on NIF will be the
culmination of more than 30 years of inertial confinement fusion research and development,
opening the door to exploration of previously inaccessible physical regimes. Credit is given to
Lawrence Livermore National Security LLC, Lawrence Livermore National Laboratory and the
US Department of Energy, under whose auspices this work was performed.

Rainer Blatt and Piet O. Schmidt and their team at the University of Innsbruck in Austria
demonstrate a single-atom laser with and without threshold behavior by tuning the strength of
atom/light field coupling.

4. CONCLUSION

Before any other application, lasers were used for scientific research. At first, like masers, they
were used to study atomic physics and chemistry. But uses were soon found in many fields. For
example, focused laser beams are used as "optical tweezers" to manipulate biological samples
such as red blood cells and microorganisms. Five researchers have shared Nobel Prizes for
using lasers to cool and trap atoms and to create a strange new state of matter (the Bose
Einstein condensate) that probes the most fundamental physics. Over the long run, none of the
uses of lasers is likely to be more important than their help in making new discoveries, with
unforeseeable uses of their own.
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Abstract: The article describes the characteristics of compounds and layers for multilayer
organic solar cells. We are particularly focusing on a donor-acceptor polymer consisting of a
fused-thiophene and naphthalenediimide-based units. The procedure of fabrication of organic
solar cells with bulk heterojunction is described. The bulk heterojunction is based on two
structures. The first one is the standard fullerene/polymer system forming organic bulk
heterojunction PCBM:P3HT. The second one is all-polymer bulk heterojunction consisting of
donor-acceptor polymer PThNDI and P3HT. Atomic Layer Deposition process was included to
obtain intermediate ZnO layers.
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1. INTRODUCTION

The device that can absorb light and provide the electrical current as a response is known as a
solar cell. Solar cells are widely used in fabricating solar panels, that can be cast off for
renewable energy. Their working mechanism is based on the photovoltaic effect. When the
photons strikes the material it excites the electrons. The positive and negative charges are
generated. There are various types of solar cells like monocrystalline and polycrystalline silicon
solar cells, thin film silicon, dye-sensitised solar cells (DSSCs), perovskite solar cells, organic
solar cells (OSC) [1,2]. Current trends include scientific research aimed at obtaining of new
eco-friendly, less toxic, low cost, and environmentally friendly solar cells [3,4].

n-Conjugated polymers gain significant importance in the field of OSC. They are attracting
researchers' attention because of their light absorbance ability to convert into electrical current.
They can be an alternative to silicon solar cells where low weight and flexibility are important.
The advantages of OPV also include low-cost fabrication, low-temperature working, and roll-
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to-roll solution-processed fabrication. Several properties like mechanically flexible modules,
large-area, transparent and colored sheets, lightweight, etc. present new research possibilities to
work on it [5-7].

Among the n-conjugated polymers, the most interest has recently been aroused by those with a
donor-acceptor structure. It is a type of polymer consisting of at least two different repeating
units, one of which is electron-rich and the other is electron-poor.

H\(\ o, N(<C:
o s CH:ClI
/ s ODI + \ /1, ‘6 S - All Polymer Bulk Heterojunction
s C] ) Spin coating
oo Nf:

PTh-NDI P3HT
S CH;Cl
+ \ /-, —— > Organic Bulk Heterojunction
Spin coating
PCBM P3HT

Figure 1. Structure of the studied heterojunctions
2. EXPERIMENTAL

The synthesis of polymer PTh-NDI was described previously in article [8]. 97.6%
regioregular poly(3-hexylthiophene) (P3HT) and 6 pixel ITO substrates were provided by
Ossila B.V. [6,6]-Phenyl C61 butyric acid methyl ester 99.5% (PCBM) was provided by
Solaveni GmbH.

UV-Vis-NIR measurements were performed on a HP 8453 Spectrophotometer. Cyclic
Voltammetry measurements were performed on a CH 660 potentiostat. Solid films were
deposited using Spin Coater Laurell. Metallic layers were deposited using Lesker
SPECTROS150 Organic Thin Film Deposition & Metallization System. ITO electrodes were
prepared according to Ossila procedure [9].

The surface topography of the analyzed samples was evaluated utilizing the Park Systems
XE100 atomic force microscope (Park Systems, Suwon, South Korea). The investigation was
conducted in non-contact mode over regions measuring 2 X 2 pm? Both two-dimensional
images and their three-dimensional representations were recorded. Furthermore, essential
roughness parameters were calculated. The cantilever operated at a vibration frequency of 300
kHz. The acquired data were processed using the Park Systems XEI 4.3.1 software.

Thin films zinc oxide (Zn0O), along with their combinations, were deposited using an ALD
Picosun R-200 reactor (Espoo, Finland). Organometallic precursors, such as
trimethylaluminum (TMA) and diethylzinc (DEZ), were employed in the process. Deposition
was carried out at a temperature of 250 °C, with precursor pulse durations of 0.1 seconds for
TMA/DEZ and 4 seconds for water. Between pulses, a 4-second nitrogen purge step was
applied to eliminate residual precursors and by-products from the reaction. Deionized water
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served as the reactant throughout the process, with thermal ALD being utilized for the selected
materials.

3. RESULTS AND DISCUSSION

3.1. Polymer characterization
Electrochemical properties of PTh-NDI were estimated using Cyclic Voltammetry in order to
check the LUMO energy (Fig. 2a). The estimated LUMO energy is -4.04 eV indicates that the
polymer can be checked as a n-type semiconductor with complementary p-type polymer such
as P3HT in a bulk heterojunction photovoltaic cells.
The optical properties of polymers P2Th-NDI, P3HT and its mixture were characterized with
the use of UV-Vis-NIR spectroscopy, illustrated in Figure 2. The polymers were compared in
solution and as solid layers. The analysis reveals differences in light absorption for different
measurement conditions and polymer compositions. In the case of P3HT a sharp peak at
458 nm is observed for solution in C¢HsCl. For the solid layer of P3HT, a bathochromic shift is
observed up to 551 nm. Analysis of the P2Th-NDI spectra indicates only a slight absorption
shift. Their values are 366 nm, 384 nm, 458 nm, 606 nm for solution in C¢HsCl and 365 nm,
385 nm, 464 nm, 608 nm for solid film. There are also significant differences observed between
the absorption of the solution containing the polymer mixture and their layer forming the P2Th-
NDI:P3HT heterojunction. Analysis of the spectra recorded in in CegHsCl indicates a
predominant absorption by P3HT (peak at 456 nm) while the absorption of P2Th-NDI has a
much smaller influence on the recorded spectrum (small peak at 623 nm). The spectrum of
P2Th-NDI:P3HT heterojunction show multicomponent spectrum with a maximum at 556 nm.
This effect indicates strong m- 7 interactions between polymer chains and aggregations among
polymer chains [10-12].
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Figure 2. Cyclic Voltammetry of PTh-NDI (a) and UV-Vis-NIR characterization in solid state

and solution in chlorobenzene of polymers (b)

3.2. AFM film characterization

In the surface morphology analysis, topographical images and their corresponding 3D
representations were obtained (Fig. 3). A 4 um? area was examined. Thin layers of PTh-NDI
spin-coated from CHCIl3 and CeHsCI/CHCI; solutions, and PTh-NDI:P3HT blend were
investigated. In all cases, uniform layer thicknesses with minimal irregularities were achieved.
No significant impurities or large aggregates were observed. Each layer exhibited a granular
structure characterized by repeating small atomic clusters. The observed uniformity and
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absence of defects suggest good compatibility and homogeneity in the polymer layers, which is
critical for ensuring optimal performance in their intended applications. Based on the images
obtained using XEI software, key roughness parameters were calculated and are summarized in
Table 1. The PTh-NDI film spin-coated from CHCIl; exhibited lower roughness compared to
the polymer spin-coated from C¢HsCI/CHCIl3 (5:95%). This difference in roughness influences
the final morphology of the blend surface, with the roughness values of the blend falling
between those of the individual polymers. These results highlight the interplay between the
polymers and the role of solvents, which directly impacts the surface characteristics and may

influence the material's performance in practical applications.
b)

Fig. 3. Surface topography image and its 3D representation for: a-b) PTh-NDI from
CHCI3, c-d) PTh-NDI, e-f) PTh-NDI:P3HT polymer blend
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Tab. 1 Summary of roughness parameters

Sample Rq [nm] | Ra [nm] Max irregularity [nm]
PTh-NDI from CHCIl3 1.01 0.73 8.3

PTh-NDI from CsHsCl/CHCIl3 2.84 2.20 12.30

Polymer Blend 2.18 1.73 8.56

3.3. Fabrication of bulk heterojunction photovoltaic cells
The schematic process of preparing P2Th-NDI:P3HT heterojunctions and photovoltaic cells
based on them is shown in Scheme 1.

Cleaning ITO Electrodes

Preparation of solutions Deposition of Layers Using ALD
y

Preparation of active layers
using Spin Coating

Post treatment of active layers
in glove box

Thermal sputtering
of metal layers

6-pixel prototype
photovoltaic cells

Scheme 1. Schematic of the preparation of organic solar cells (OPV)
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Additionally, devices PCBM:P3HT heterojunctions were used as standards. Two different
device schemes were used, the first with standard architecture ITO/PEDOT:PSS/P2Th-
NDI:P3HT/Al and ITO/PEDOT:PSS/PCBM:P3HT/Al. The second one had an ITO/ZnO/P2Th-
NDI:P3HT/Al and ITO/ZnO/PCBM:P3HT/Ag reverse architecture.

ITO was cleaned using 5% Hellmanex solution, 10 % NaOH and isopropanol.

Depending on the photovoltaic cell architecture, appropriate layers are applied. PEDOT:PSS
was used as hole transport layer (HTL) in the case of normal structure. PEDOT:PSS was
deposited by Spin Coating. ZnO was used as electron transport layer (ETL) in the case of
reverse structure. ZnO was deposited using Atomic Layer Deposition. Depending on the
application of the layer to the ITO electrodes.

Appropriate P2Th-NDI, P3HT and PCBM were prepared in C¢HsClI and stirred for at least 18h.
Then, the solutions were filtered. A solution created from a combination of PCBM and P3HT
polymers was deposited on the ETL or HTL electrodes using spin-coating. The time of
depositing the layer was set to 40 seconds. The violet P2Th-NDI:P3HT and orange
PCBM:P3HT layers were obtained. The obtained multilayer structures were transferred to a
glove box. They were heated at 140 °C for 15 minutes. Then the multilayer structures were
transferred to the sputtering apparatus. A layer of Al and MoOs; was applied and left in the
apparatus overnight. The finished devices were removed from the sputtering apparatus and then
tested for conductivity which indicated the need for detailed optimization of devices.

4. SUMMARY AND CONCLUSIONS

The surface morphology analysis of PTh-NDI and its blend with P3HT demonstrated the
formation of uniform thin layers with minimal irregularities, free from significant impurities or
large aggregates. The granular structure observed in each layer, consisting of repeating small
atomic clusters, indicates good material compatibility and homogeneity. Roughness analysis
revealed that PTh-NDI spin-coated from from CHCIl; exhibited lower roughness compared to
the polymer film spin-coated from CgHsCI/CHCI; solution, with the blend displaying
intermediate roughness values. These findings underscore the role of solvents and interplay
between polymers, which significantly impacts the surface morphology and may influence the
functional properties of the material in practical applications. The observed uniformity and
controlled roughness suggest promising potential for these polymers in advanced technologies
requiring precise surface characteristics. Additionally the electrochemical and optical properties
of the P2Th-NDI polymer were investigated to evaluate its potential as an n-type
semiconductor for use in bulk heterojunction photovoltaic cells. Cyclic Voltammetry analysis
revealed that the LUMO energy level of -4.04 eV confirms the suitability of P2Th-NDI to pair
with p-type semiconductors, such as P3HT. UV-Vis-NIR spectroscopy showed differences in
light absorption between solutions and solid layers of P2Th-NDI, P3HT, and their mixtures.
The absorption spectra of the P2Th-NDI:P3HT mixture revealed significant differences
between the solution and the solid heterojunction layer. The results indicates strong m-m
interactions and aggregation among polymer chains in the solid state.
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Abstract: The work refers to the influence of temperature and humidity, in time of the
lightweight concrete curing time, on compressive strength and density. Comparative samples of
expanded clay concrete and samples with the addition of aggregates, gypsum plaster and
autoclaved cellular concrete, were made. The samples were cured in air at 5°C, 20°C and 35°C,
in water in temperature 20°C, and partially in water and air. The volumetric densities of each
sample were determined, and their compressive strengths after 28 days were determined. Based
on the results, it was found that humidity has no effect on the strength of some samples, while it
has a significant effect on sample with recycled porous aggregate. On the other hand, in the case
of samples cured at different temperatures, then significant differences can be seen only at 35°C,
and at 5°C and 20°C there are only small variations in strength between samples.

Keywords: lightweight concrete, lightweight aggregate, circular economy, recycling,
construction waste

1. INTRODUCTION

Expanded clay concrete is an innovative building material that is made by mixing expanded
clay, sand, water and cement, and sometimes various additives and admixtures. It belongs to
lightweight aggregate concretes and has a dry density between 800 kg/m? and 2000 kg/m>. It is
used to make a variety of structural elements either on site or as precast. Thanks to the lightness
of this concrete, it is possible to reduce the dimensions of these elements due to the lower self-
weight of the entire structure [1]. Expanded clay is included in the group of artificial lightweight
aggregates for concrete, which is derived from mineral resources [1].

Today’s society is faced with the challenge of environmental protection, use of natural
resources and waste management. The way to sustainable development is the Circular Economy
and the currently very important recycling of construction materials, which in 2022 in Poland
was only 47%, witch 736 thousand tons of construction and demolition waste produced. This is
a huge drop in the recycling rate, which was at 85% in 2020-2021 [2]. In their work, Adamczyk
and Dylewski [3] point out that in order to stop environmental degradation, ecological criteria
should also be taken into account when choosing materials, and traditional technologies should
be changed to preserve natural resources for future generations. This means that all building
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materials will have to be reusable, easily recyclable or should contain little virgin materials in
their composition. This will significantly reduce the environmental impact of building materials
and consequently, the entire construction sector. Currently, it is possible to measure the
environmental impact of building materials, as described by Golanski [4] in his work, proposing
as main factors, for example: the energy required for production, CO emissions, the possibility
of obtaining locally, and the life cycle of the material and its potential for recycling.

There is an effect of temperature and humidity on the compressive strength of concrete, which
has been repeatedly confirmed in normal concretes. It is estimated that this effect is negative up
to 85°C and above 3% moisture content, but there are no conclusive studies confirming either
hypothesis. With high-strength concretes, changes could only be seen at 120°C [5].

During the concreting of elements at the construction site, various weather conditions can
occur. The temperature is often between 5 and 35 degrees, and the weather can vary from full
sun to heavy rain. It is not uncommon to forget that everything affects the strength of concrete,
and even the smallest change can lead to a reduction in concrete grade. In this article we decided
to check whether the variation of temperature and humidity during the hardening of this concrete
will have a significant effect on its compressive strength.

The research results described in this article will be part of the author’s (N. Kocierz) master’s
thesis and are part of the work in the student’s research club “SKN Build Green” [6]. The main
purpose of the master thesis is to show what effect recycled filler aggregates have on expanded
clay concrete. Among other things, the research included compressive strength and water
sorption tests. The work also discusses issues related to ecology in construction industry and
circular economy-

2. MATERIALS AND METHODS

The concrete specimens were made using tap water taken form the laboratory building of the
Silesian University of Technology’s Faculty of Civil Engineering, and Heidelberg Materials
Poland (Goérazdze) Portland multicomponent CEM II 52,5N. The cement used had a declared
compressive strength after 28 days of at least 52,5 MPa, and “N” meant normal strength buildup
dynamics. The main aggregate was 0-4 mm anti-skid expanded clay from Weber (A-I) and 0-2
mm quartz sand from Kreisel (A-II). Additional aggregates were used in the form of gypsum
plaster aggregate (A-III) and autoclaved cellular concrete (A-IV) made by ourselves by crushing.
Figure 1 shows the aggregates used for the concrete mixtures.

The composition of the first mix, which is also the reference mix, was selected on the basis of
the estimated values of the bulk densities of the filling aggregates and the concrete integrity
formula. A w/c (water/cement mass) ratio of 0.5 was assumed, and then, based on previous
studies, the additional water was assumed to be 50% by weight of the additional aggregate, which
is the same as the estimated absorbability of additional aggregates. The amounts of cement, sand,
expanded clay and water remained the same, however, due to the different volumes of the mixture
obtained, the percentages of each component are shown in Table 1. Mixture K 1 is a reference
mixture and does not containt additional aggregate. Mixture TG 05 14 contains 5% filler
aggregate by weight of cement. It was prepared using aggregate from gypsum plaster which was
crushed 14 days after it was made. Mixture ABK 05 12 also containts 5% filler aggregate by
weight of cement, and it was from autoclaved cellular concrete (ACC) of 1-2 mm fraction.
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Figure 1. Aggregate A-I (a), A-1I (b), A-1II (c), A-1V (d)

Table 1. Percentage content of concrete mixture components

Crushed
Name of mixture C;Z’;e]':,t g’jyllé i:gf Water Ad;l);t:z;ml Sand Ex[é 7:}7ded
or ACC
K 1 34.5% 0.0% 17.2% 0.0% 37.9% 10.3%
TG 05 14 33.6% 1.7% 16.8% 0.8% 37.0% 10.1%
ABK 05 12 33.6% 1.7% 16.8% 0.8% 37.0% 10.1%

Figure 2 shows the preparation steps of the mixtures and consistency of the K 1 mixture.
During the preparation of the mixtures, half of the base water was added to the expanded clay
and left for 5 min to saturate the aggregate. Sand, cement, and additional aggregate were added
then. Finally, the rest of the base water and additional water were added. The mixture was mixed
after adding each ingridient until they were thoroughly mixed. The consistency of the made
mixtures can be described as plastic, but in order to maintain its rheological properties it required
mixing until the molds were filled.
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Figure 2. Preparation stages of the concrete mixture

Figure 3 shows how samples are cared for during curing. Samples 1/2/3 were curing in the
refrigerator at 5°C (a), samples 4/5/6/7 were curing in the air at 20°C (b and c), samples 8/9/10
were curing in a drying cabinet (d), samples 11/12/13 were in water all the time (e), and samples
14/15/16 matured in the air, but once every 3-5 days were put in water for 5 minutes (f). All
concrete cubes were unmolded after 1 day and immediately moved to proper temperature and
humidity conditions.

3 - =4\

samples 10x10x10cm curing in air in 5°C samples 10x10x10cm curing in air in 20°C
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a) samples 15x15x15cm curing in air in
20°C
S “h\{ ' -

c¢) samples 10x10x10cm curing in water d) samples 10x10x10cm curing in air
in 20°C and water in 20°C
Figure 3. Methods of care for concrete samples during hardening

3. RESULTS WITH ANALYSIS

Table 2 lists the density of made concrete cubes, counted for five different conditions of care
in time of hardening. The lowest density was for sample K 1 cured at 35°C in air and its density
was 1677 kg/m>. The reason for this result was most likely due to the lack of additional
aggregates, which increase the saturation of the entire sample, and thus, sample K 1 gave up
water faster than samples TG 05 14 and ABK 05 12. On the other hand, the ABK 05 12
sample cured in water had the highest density and it was 1854 kg/m>. This may be due to the
very high sorption capacity of the autoclaved cellular concrete aggregate, caused by its high
porosity. All samples matured at 35°C had the lowest density of the entire mixture, and the
highest density was for those stored in water. All cubes had density of less than 2000 kg/m?, so
they can be classified as lightweight concretes.
Table 2. The density of concrete cubes

Name of mixture K 1 TG 05 14 ABK 05 12
Curing in 5°C, air, kg/m’ 1702 1732 1732
Curing in 20°C, air, kg/m3 1735 1744 1725
Curing in 35°C, air kg/m’ 1677 1709 1684
Curing in 20°C, water, kg/m3 1844 1822 1854
Curing in 20°C, air and water, kg/m3 1758 1740 1722
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Figure 4 shows the change in densities of the samples depending on the thermal and humidity
conditions during curing. The graph clearly illustrated the finding described earlier that the
samples immersed in water had the highest density, while those dried in a dryer had the lowest
density. It was also observed that in samples matured in air at different temperatures or water and
air, sample K 1 always had the lowest density, followed by sample ABK 05 12 and sample
TG 05 14 with the highest density. Only in the samples matured in water it can be seen that
sample ACC had the higher density than TG, most likely due to the higher absorbability of the
additional aggregate.

1870
1860 ==K 1,5°C, air
1850 ==K 1,20°C, air
1840 _1,20°C,
1830 @& ==K _1,35°C, air
ig%g K_1,20°C, water

— 1800 K 1, 20°C, air and water

g 1790 .

ED 1780 =fl=TG 05 14, 5°C, air
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5 1750 TG _05_14, 35°C, air

A 1740 TG _05_14, 20°C, water
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Figure 4. Density of concrete cubes in different temperature and humidity in time of curing

Table 3 and Figure 5 show average compressive strength values after 28 days of hardening
under different temperature conditions. Sample K 1 cured at 20°C had the highest compressive
strength, while cured at 35°C had the lowest compressive strength from all of the samples. This
may be due to the lack of the additional aggregate to absorb water, which may have been released
during curing, nurturing the concrete from the inside. The smallest difference between curing at
different temperatures was observed in samples ABK 05 15, where the strength ranged between
39 — 42 MPa. Sample TG 05 14 showed a slight decrease in strength when cured at 35°C, which
is 36 MPa, compared to 39 — 40 MPa for samples cured at 20°C and 5°C. The largest decrease in
strength was observed in sample K 1 cured at 35°C, where the strength was 31 MPa, which is as
much as about 10 MPa less compared to samples matured at 20°C and 5°C.

Table 3. Average values of compressive strength of concrete cured in different temperatures

Name of mixture K 1 TG 05 14 ABK 05 12
Curing in 5°C, air, MPa 39.66 39.77 40.42
Curing in 20°C, air, MPa 42.15 38.94 41.87
Curing in 35°C, air, MPa 31.02 36.18 39.49
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Figure 5. Relationship between temperature and  compressive  strength
of concrete

Table 4 and Figure 6 show average compressive strength values after 28 days of specimens
cured under different humidity conditions. Sample K 1 cured in air and water had the highest
compressive strength, while sample ABK 05 12 cured in the same conditions had the lowest
compressive strength of all samples. Samples K 1 and TG_05 14 had about the same strength
regardless of the conditions under which they cured. Whereas, in the ABK 05 12 sample, it was
observed that even the small amount of water significantly reduced the strength by almost § MPa,
and by 5 MPa when fully saturated.

Table 4. Average value of compressive strength of concrete cubes (humidity)

Name of mixture K 1 TG 05 14 ABK 05 12
Curing in 20°C, water, MPa 42.15 38.93 36.63
Curing in 20°C, air and water, MPa 42.47 38.18 34.04
Curing in 20°C, air, MPa 41.45 37.97 41.87
47
=l 45 W 4492 WK 1, water
E 43 : 433 4291 B
= n 42,56 ’ 41,99 -a @K 1, air and water
= ® 41,63 41,54 &
= 41 42,38 .
o0 AK 1,air
5 39 w3896 39,15 # 40,00 A -
B ’ ’ 38,75 4 BTG 05 14, water
38,03
z N EiAE 3582 % #TG_05_14, air and water
2 » ATG 05 14, air
£ 33 ABK_05_12, water
© 31 .
ABK 05 12, air and water
29 ‘
water air and water air ABK_05_12, air

Humidity during curing [°C]

Figure 6. Relationship between humidity and compressive strength of concrete
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4. SUMMARY AND CONCLUSIONS

All samples had the highest volumetric density after curing in water and the lowest density
while cured in air at 35°C. In all samples matured in air, regardless of temperature, K 1 samples
had the lowest density, then there were ABK 05 12 samples, and the highest density had
TG 05 14, which may be related to the saturation of the additional aggregate.

Samples cured at 5°C and 35°C, the ABK 05 12 had the highest compressive strength, the
K 1 sample had the highest strength at 20°C. Thus may be due to the amount of water that was
absorbed in the additional aggregate and slowly returned to the sample during curing. This is the
most evident with samples matured at 35°C, where the difference between consecutive samples
(K 1, TG 05 14 and ABK 05 12) in compressive strength was 5 MPa and 3 MPa, respectively.

Samples K 1 and TG 05 14 had almost the same strength regardless of humidity conditions,
while in case of sample ABK 05 12, a significant difference can be seen even with a small
amount of water.

Lightweight concretes with waste aggregate are among the materials of the future that will be
widely used to maintain a low carbon footprint and low environmental impact. Research on them
should be ongoing, especially on concretes with low-carbon cement or even cement-free
concretes.
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Abstract: This article was produced within the scope of a PBL project between high school
students. The aim of the study is to illustrate biomimetic materials inspired by nature using
a scanning electron microscope. The research focused on two examples of biomimetic
inspiration: spider silk as a prototype for dental floss and the structure of the Arctium lappa fruit
as the blueprint for Velcro. The results indicate that mimicking natural solutions can lead to the
development of more durable and environmentally friendly technologies [12].
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1. INTRODUCTION

Biomimetics, the science of emulating solutions observed in nature, gained popularity in the early
20" century and has since been applied in various fields, from materials engineering to medicine.
The earliest and one of the most cited examples of biomimetics was Velcro invented by George de
Mestral in 1941, based on the mechanism of the Arctium lappa fruit. Observing how the fruit
adheres to clothing and animal fur, de Mestral developed the fastening system [1], which has
become one of the most popular products on the market. This technology constituted the birth of
biomimetics as an independent scientific discipline.

Spider silk as a model system for dental floss and the organisation of Arctium lappa fruit as a
template for Velcro. The tested materials were characterised for their structural characteristic by
scanning electron microscopy (SEM). The results demonstrate that biomimetics has great amount
of potential to develop stronger, functional, and environmentally friendly alternatives.

2. MATERIALS AND METHODOLOGY

2.1. Sample Preparation
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Spider Silk:
Spider silk was obtained from natural sources. After collection, it was cleaned of organic

impurities and trimmed to the required size to allow SEM analysis. The collected spider silk was
stored under controlled conditions before analysis to preserve its natural structure.

Dental Floss:

Dental floss was purchased from the market, selecting a standard commercial product. The
chosen floss was made of synthetic materials such as Teflon or nylon, which are commonly used
in commercial products. The floss was cleaned of any impurities and prepared in the same manner
as the spider silk, trimming it to the required size.

Arctium Lappa:

The inflorescence of arctium lappa was obtained from natural sources. After collection, it was
cleaned of organic impurities and trimmed to the required size to allow SEM analysis. The
collected inflorescences were stored under dry and controlled conditions prior to analysis to
preserve their natural structure.

Velcro:

The Velcro was sourced from the market, and a standard commercial product. The Velcro chosen
was made from synthetic materials such as nylon and polyester, which are commonly used in
commercial products. The Velcro was cleaned of any impurities and prepared in the same manner
as the Arctium lappa inflorescences by trimming it to the required size.

2.2 Sample preparation for SEM

All samples were subjected to drying to remove moisture, preventing distortion during
microscopic analysis. Spider silk, dental floss, arctium lappa, and velcro samples were placed in
a sputter coater to ensure proper electrical conductivity. A thin layer of gold was applied to the
surface of the samples to improve conductivity and achieve clearer images during scanning.

2.3 SEM Analysis

All materials — spider silk, dental floss, arctium lappa and velcro — were analysed using a
scanning electron microscope (SEM) [Zeiss Supra 35]. Images were obtained at various
magnifications, depending on the level of detail required for the analysis. SEM investigations
allowed for an in-depth structural analysis of both threads, particularly focussing on the
arrangement of the fibres and any microscale elements that might affect their strength and
flexibility properties.

3. RESULTS

3.1 Spider Silk as inspiration for Dental Floss

Spider silk is one of the most fascinating natural materials, known for its exceptional strength,
flexibility, and lightweight properties. These characteristics make it a remarkable example of
biomimicry, inspiring the design of many modern materials [2]. One such application is dental
floss, which draws from the strength and thinness of spider silk. Just like spider silk, dental floss
must exhibit high tensile strength, flexibility, and the ability to navigate narrow spaces, making
it an effective tool for oral hygiene.

3.1.2 Spider silk SEM analysis of spider silk (Fig. 1) revealed a unique fibre structure
characterised by a homogeneous surface with small irregularities and microscopic protrusions.
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At a magnification of 5000x, the natural layered construction of the fibre is visible, which may
contribute to its elasticity and high tensile strength. The surface of the spider silk does not show
irregular defects, indicating the high quality of the material produced by spiders.

200 um EHT = 15.00 kV Signal A = SE2 2 pm EHT = 15.00 kV Signat A= SE2
WD = 26.0 mm Mag= 20X WD = 24.9 mm Mag= S00KX
A B

Fig. 1. Spider silk: A) 20 X, B) 5000X
3.1.3 Analysis of dental floss

Dental floss, examined with SEM (Fig. 2), shows a significantly different structure compared
to spider silk. At a magnification of 101x, layers of synthetic fibres that form the final
structure of the floss are visible. The surface of the floss is uneven, with numerous
irregularities resulting from the manufacturing process, distinguishing it from the smoother
structure of spider silk. The interwoven fibres are also visible, providing mechanical strength
during usage.

100 sy EHT= 1500 kV Signal A= SE2 30 pm EHT= 1500 kV Signal A= SE2
WD = 29.3 mm Mag= 101X [ WD = 28.7 mm Mag= 181X

A B

Fig. 2. Dental floss : A) 101 X, B) 181 X
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3.1.4 Similarities Between Spider Silk and Dental Floss

Despite differences in origin and structure, an analysis revealed certain similarities between
spider silk and dental floss. Both materials exhibit fibrous structures that are crucial for their
properties. Spider silk consists of proteins with a high content of specific amino acids, which
form fibres with remarkable tensile strength [3]. Dental floss, originally made of silk, is now
manufactured using nylon fibres or other synthetic materials such as Teflon or polyethylene
[4]. Both materials have microscopic surface irregularities that influence their elasticity and
load-bearing capacities. Additionally, the layered construction of spider silk and dental floss
enables them to withstand multidirectional stresses, making them effective in their respective
natural and practical applications.

3.1.5 Interpretation of results

The results obtained through SEM analysis demonstrate that spider silk and dental floss differ
primarily in their origin and microscopic structure but share common features that could
inspire biomimetic engineering. The smoothness and exceptional tensile strength of spider
silk, derived from its hierarchical microstructure with crystalline B-sheet regions, could serve
as an inspiration for the development of advanced synthetic fibres [5]. Meanwhile, the layered
construction of dental floss, composed of multiple wound filaments, highlights the efficiency
of current manufacturing techniques in creating materials highly resistant to stress [6].

3.2 Arctium Lappa as inspiration for Velcro

The inflorescence of Arctium lappa is an extraordinary example of a natural hook-and-loop
mechanism that inspired one of the most innovative inventions of the twentieth century
Velcro. The characteristic hook-like spines of the burdock inflorescence allow it to attach to
fibres, animal fur, or clothing, which in 1941 inspired Swiss engineer Georges de Mestral to
create the system we now know as Velcro. As with the inflorescence of Arctium lappa, Velcro
is based on a hook-and-loop principle that makes it simple to attach and detach. This
biomimetic technology has been used extensively in textiles, medicine, industry, and even
personal life. By observation of a natural mechanism, the burdock has evolved into a brand
of innovation powered by nature, a marriage of effectiveness and simplicity in a perfectly
applicable solution. Mestral innovation is often cited as a classic case of biomimicry.
According to Barthlott et al. (1997), "Velcro is a remarkable example of biomimetic design,
directly inspired by the hooks of burdock spines that naturally evolved for seed dispersal."
Furthermore, Vincent et al. (2006) discuss how natural mechanisms such as burdock
attachment properties continue to inspire engineering solutions in modern design [9,10].

3.2.1 Principle of Arctium Lappa Attachment

The flower head of Arctium lappa has numerous small hooks on its surface (Fig. 3), which
are flexible and durable. When the flower head comes into contact with surfaces such as
clothing, animal fur, or plant fibres, the hooks latch onto protruding elements such as threads,
fibres, or other irregularities. The hooks are irregular in shape and arrangement, which
influences their attachment efficiency. Their natural flexibility allows them to adapt to
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various surfaces. This mechanism enables the seeds of the flower head to spread as they
attach to moving animals, which is critical for the plant's reproduction.

A B

100 pm EHT = 1500 kV Signel A=SE2 100 pm EHT= 1500 kV Signal A= SE2
WD = 152 mm Mag= 108X 'I WD = 30.5 mm Mag= 85X

Fig. 3. Arctium lappa hooks: A) 109 X, B) 85 X

3.2.2 Principle of Velcro Attachment

Velcro, inspired by the flower head of Arctium lappa, is an enhanced version of this natural
hooking system (Fig. 4). It consists of two layers: one with synthetic hooks and the other with
soft loops. [8] Unlike Arctium lappa hooks, synthetic hooks are more uniform in shape and
arrangement. This provides a larger active surface for attachment and greater durability. The
Velcro hooks latch onto the loops, creating a temporary bond. Separating the two layers requires
mechanical force to bend the hooks and release the loops. Due to the precise design and durable
materials, Velcro is reusable, making it more effective for everyday use compared to natural
Arctium lappa mechanis [7].

EHT = 10.00 kV Signal A= SE2 EHT = 10.00 kV Signal A= SE2
WD= 17.6 mm Mag= 20X WD = 17.6 mm Mag= 50X

A B

Fig. 4. Velcro structure: A) 20 X, B) 50 X
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3.2.3 Similarities Between Arctium lappa and Velcro

e Structure and Efficiency of Attachment: SEM analysis revealed that Arctium lappa
hooks are more irregular and less durable than synthetic Velcro hooks. However, natural
hooks possess enough flexibility to fulfil their biological purpose. Synthetic hooks,
optimised for uniformity and material properties, offer greater efficiency and durability.

e Hook arrangement: The uneven distribution of hooks on Arctium lappa flower heads
limits the number of active attachment points, whereas Velcro's evenly distributed hooks
create more contact points, which can enhance bonding strength.

e Adaptation to Different Surfaces: The natural mechanism of Arctium lappa is adapted
to grip natural fibres like fur or clothing, but is less effective on synthetic surfaces. Velcro,
with its flexible materials, performs equally well on natural and artificial fibres.

¢ Durability and Reusability: Arctium lappa hooks degrade after a limited number of
attachment cycles, restricting their long-term functionality. In contrast, Velcro’s synthetic
hooks are designed to maintain their properties even after repeated use, making them a
significantly more practical and durable solution. Studies such as Bhushan (2009)
highlight how advances in synthetic materials have optimised natural mechanisms for
enhanced longevity and efficiency in technological applications [11].

3.2.4 Interpretation of results

The SEM examination confirmed that the synthetic Velcro, inspired by the flower head of
Arctium lappa, is a significant improvement over the natural attachment mechanism. The study
highlights how nature provided a brilliant template, which, after optimisation, found widespread
applications in technology and daily life. This example demonstrates the power of biomimicry
in translating natural designs into improved technological solutions, offering improved
functionality and durability (Bhushan, 2009).

4.CONCLUSIONS
4.1 Clear connection with research findings

Studies on spider silk and Arctium lappa burrs demonstrate that nature provides patterns that can
be successfully adapted to technology. SEM analyses revealed unique features of these materials,
such as the layered structure of spider silk, inspiring the design of strong and flexible fibres, and
the hook mechanism of Arctium lappa, which formed the basis for Velcro. The similarities
between natural and synthetic materials confirm the effectiveness of biomimetics in the
development of practical solutions.

4.2 Theoretical implications
The findings confirm that biomimetics is a promising direction in materials engineering,

combining biological and technological advances. Structural analysis of spider silk and Arctium
lappa provides new insights into natural mechanisms, expanding knowledge of their
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microstructures. This supports the potential of biomimetics to serve as a foundation for new
material design theories that prioritise performance and ecological considerations.
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Abstract: This article has been made as a part of the PBL project (4th edition) conducted with
high school students, titled: "Electron Microscopy? Who Needs It? Applications of Microscopy
in Surface Engineering." The aim of this study was to examine the structure of single-layer
nitride coatings such as TiZrN, TiAIN, TiCN, and TiBN deposited using Physical Vapor
Deposition (PVD) on tool material surfaces. The cross-sectional structure and surface
morphology of the coatings were investigated using Scanning Electron Microscopy (SEM). The
chemical composition analysis was performed with an Energy Dispersive X-ray Spectrometer
(EDS).
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1. INTRODUCTION

Physical Vapor Deposition (PVD) is a method of applying thin coatings (with about a few
micrometers of thickness) on engineering materials, utilizing certain physical phenomena such
as evaporation and spraying the coated material. Ever since the 1960s this method has been
succesfully implemented in the process of formating coatings on tool materials, simultaneously
greatly contributing to the increase of overall tool durability. The first commercially used
coatings were single-layer TiN and TiC type coatings. They were followed by multi-
component, multi-layered, gradient and hybrid coatings that were brought onto the market next.
Among the most important advantages of PVD coatings there are for example: improved
microhardness of the surface (2400-4000 HV), high abrassive resistance (against grinding), low
friction ratio, low thermal conductivity, chemical resistance or preventing the parts of the
workpiece from sticking onto the tool surface(grease layers). However the most important
property of PVD coatings is the fact that they significantly improve upon the efficiency of the
tool that they are layered on by delaying the process of its deterioration, which as a result leads
up to a 300% of an increase in their work time when compared to an uncoated tool [1-9].
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Despite all the advantages listed above, PVD coatings have one significant drawback —
structural defects, such as grain boundaries or discontinuities in the form of craters (a side
effect of the deposition process), which in some cases can lead to a deterioration of the
functional properties of the coated materials. Therefore, it is crucial to conduct quality control
of the structure and surface morphology of the produced materials during the implementation
stage or innovative research on the designed coatings. For this purpose, a scanning electron
microscope (SEM) is often used. By utilizing a scanning electron beam at very high
magnification, it enables the examination of the quality of the produced surface layers.
Moreover, this microscope is equipped with an energy-dispersive spectrometer (EDS), which,
based on the emission of characteristic X-ray radiation, identifies the chemical composition of
the examined areas [1-9].

The aim of this study is to present the results of structural, surface morphology, and
chemical composition analyses of TiZrN, TiAIN, TiCN, and TiBN coatings deposited on tool
ceramics substrates using PVD technology.

2. MATERIALS AND METHODOLOGY

The research materials consisted of nitride and sialon tool ceramics covered with single-
layer coatings using the Physical Vapor Deposition technology. The nitride coatings TiZrN,
TiAIN, TiCN, and TiBN were applied to appropriately prepared tool materials using the
Cathode Arc Evaporation (CAE) process.

The structure of the fractures and the surface topography of the examined materials were
investigated using Scanning Electron Microscopy (SEM). The study was conducted using an
HRSEM SUPRA 35 microscope at a voltage range of 10 to 20 kV for SE mode and
magnifications between 1000 and 70000x. For InLens mode, the voltage was set to 7 kV, with
magnifications of 100000 and 200000x. The chemical composition was analyzed in selected
micro-areas of the coatings using an Energy Dispersive X-ray Spectrometer (EDS).

3. RESULTS

Based on the research conducted with Scanning Electron Microscopy (SEM), it was
confirmed that the observed TiZrN, TiAIN, TiCN, and TiBN coatings were uniformly applied
to the substrate material. Minor cracks and indentations were observed, but aside from them the
coatings adhered closely to the substrate material. In the case of TiAIN and TiCN coatings,
slight delaminations (discontinuities and inhomogeneities) were visible in the zone between the
substrate material and the coating. According to the theory presented in the literature [2], it can
be concluded that TiZrN and TiCN coatings exhibit a dense columnar grain structure consistent
with Zone II of Thornton's model, whereas the (Ti,Al)N coating also has a columnar structure
resembling Zone I of Thornton's model (Fig. 1). The thickness of the produced coatings,
measured using a SEM microscope, ranged from 0.7 to 1.8 um (Table 1).
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Table. 1. Coating thickness.
Coating TiZrN TiAIN TiCN TiBN
Thickness, pm 1.8 0.7 1.8 0.8

a)

1um EHT=10.00kV Signal A= SE2 1um EHT=15.00 kV Signal A= SE2
WD = 9.3 mm Mag= 10.00KX WD = 14.9 mm Mag= 15.00KX

EHT = 15.00 kV Signal A= SE2 EHT = 15.00 kV Signal A= SE2
WD =11.4 mm Mag = 10.00KX WD=9.1mm Mag = 10.00KX

Fig. 1. Structure of the: a) TiZrN coating, b) TiAIN coating, c) TiCN coating, d) TiBN coating

Based on the fractographic analysis of the surface topography of the coatings, a structure
typical of coatings applied by Physical Vapor Deposition (PVD) was identified [1,3,4]. The
surface of the examined TiZrN, TiAIN, TiCN, and TiBN coatings is characterized by
inhomogeneity and a presence of discontinuities in the form of micropores and cracks.
Analysis using the Scanning Electron Microscopy (SEM) showed the presence of numerous
microdroplets on the coating surfaces, which are remnants of the PVD coating process. This
type of defect is associated with the nature of the CAE process used for coating deposition. It
was also noted that craters formed in some areas where previously the solidified droplets had
been located, which is also a characteristic feature of this process, as confirmed by previous
research [1,3,4] (Fig. 2).
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& s - % -
2um EHT=15.00kV Signal A= SE2 2um EHT = 15.00 kV Signal A= SE2
WD = 12.5 mm Mag= 2.00KX WD = 15.3 mm Mag= 2.00KX

1pum EHT = 15.00 kV Signal A= SE2 1um EHT = 15.00 kV Signal A= SE2
WD =11.1mm Mag= 10.00KX WD = 16.0 mm Mag= 10.00KX

Fig. 2. Surface topography of the coating, a) TiZrN coating, b) TiAIN coating, ¢) TiCN coating,
d) TiBN coating

The chemical composition microanalysis conducted with the Energy Dispersive X-Ray
Spectrometer (EDS) confirmed the correct distribution of elements in both the coatings and the
substrate material. All elements present in the TiZrN, TiAIN, TiCN, and TiBN coatings were
identified solely within the coatings area (except for boron, which cannot be detected using this
method). In the substrate area, elements typical of tool ceramics were found (Fig. 3).

4. CONCLUSIONS

Based on the conducted research, the following conclusions were drawn:

e The thickness of the coatings applied to the tool ceramics ranged from 0.7 to 1.8 um.

e The TiZrN, TiAIN, TiCN, and TiBN coatings were uniformly applied and adhered closely to
the substrate material—tool ceramics. In the case of TiAIN and TiCN coatings, slight
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delaminations and cracks were observed in the zone between the substrate material and the
coating.

e TiZrN and TiCN coatings exhibit a structure resembling Zone II of Thornton's model, while
the TiAIN coating structure corresponds to Zone I of Thornton's model [2].

e Surface analysis of the PVD coatings revealed inhomogeneity associated with the presence
of micromolecules in the shape of droplets, which is inherent to the used CAE coating
deposition process.

e The EDS chemical composition analysis confirmed the presence of expected elements in
both the coatings and the substrate material.

Ti

C
Zr Ti
N Zr
0- s ! T 1
b 2 3 4 3 6 7
keV

b)

Fig. 3. EDS analysis from the: a) area TiZrN coating, b) area TiCN coating
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Streszczenie: Tematem niniejszego artykutu bylo przeprowadzenie analizy odksztatcen haka
kulowego holowniczego oraz przedstawienie jego dopuszczalnych wartosci. Model wyjsciowy
3D zostat wykonany za pomocg metod elementow skonczonych w programie SolidWorks.

Abstract: The theme of this article was to analyze deformation tow ball hitch and to provide its
permissible values. The output 3D model was made using Finite Element Methods in
SolidWorks.

Stowa kluczowe: hak holowniczy, MES, rozktad naprezenia, odksztatcenie

1. WPROWADZENIE

Haki holownicze moga pelni¢ w samochodzie kilka funkcji. Wykorzystywane sa gldwnie do
ciggniecia przyczep lub innych uszkodzonych samochodow, ale mogg zosta¢ rowniez uzyte do
montazu dodatkowego bagaznika, za posrednictwem ktorego mozna bezpiecznie przewozié
rozne elementy np. rowery. Hak holowniczy bez watpienia nie dodaje uroku samochodowi,
w ktérym jest montowany, ale daje komfort psychiczny w razie wystgpienia jednej
z powyzszych sytuacji. Niestety sam montaz jest nie lada problemem, gdyz w wielu
przypadkach konieczne jest cigcie zderzaka [1].

Hak dobiera si¢ na podstawie podstawowych parametréw auta, takich jak: marka, model,
rok produkcji czy wersja nadwozia. Zakupiony hak powinien by¢ wiec dedykowany do
poszczegbdlnego rodzaju pojazdu, dzieki czemu bedziemy mieli utatwiony montaz, poniewaz
mocowanie bedzie wykorzystywaé otwory fabryczne. Unika¢ nalezy zakupu najprostszych
hakow, ktore montowane sg do auta na state, z powodu braku mozliwosci ich zdemontowania,
a takze tego ze nie spetniaja one wymogdéw Unii Europejskiej. Zdecydowanie wigkszym
zainteresowaniem cieszg si¢ haki, ktére mocuje si¢ za pomoca kilku srub wraz z systemem
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automatycznego wypinania. Ponizej przedstawiono przykladowe mocowanie haka
holowniczego [1,4].

Rysunek 1. Przykladowe mocowanie haka holowniczego [5]
Figure 1. Examples of mounting the tow bar in car [5]

2. PARAMETRY HAKA HOLOWNICZEGO

Podstawowym parametrem, ktory decyduje o funkcjonalnosci haka jest jego maksymalny
udzwig. Kazdy hak powinien zawiera¢ wyszczegdlnione zalecenia dotyczace ciezaru, jaki jest
w stanie udzwigng¢. Nalezy przy tym pamigtaé, ze tonaz haka nie moze przekracza¢ masy
catkowitej pojazdu, do ktorego bedzie zamontowany. Drugim parametrem jest material
z jakiego jest wykonany. Haki holownicze wykonuje si¢ najczesciej ze stali konstrukcyjnej
S215 (st3) [2].

Tablica 1. Podstawowe wtasnosci stali S215 [3]
Table 1. Basic properties of steel S215 [3]
Oznaczenie Re [MPa] | Rm [MPa] | Twardo$¢ [HB] | As[%] | Zawarto$¢ C [%]
stali
S215/st3 235 375 120 23+26 0,22

Najwigksza uwage nalezy zwrdci¢ na kwestie homologacji haku, poniewaz bez niej
narazimy si¢ na klopoty podczas przegladu rejestracyjnego czy kontroli policji. Dodatkowo
wybierajgc hak warto sprawdzi¢ czy jest wykonany ze stali ocynkowanej, ktora cechuje si¢
wigksza odpornos$cig korozyjng niz stal bez powtoki [2].

3. PRZYGOTOWANIE MODELU I WYKONANIE SYMULACJI KOMPUTEROWEJ

W niniejszej pracy poddano analizie hak holowniczy z wykorzystaniem metod elementow
skonczonych (MES) przy uzyciu programu SolidWorks. Celem analizy bylo otrzymanie
symulacji naprezen, odksztatcen i przemieszczen wystepujacych w elemencie podczas pracy.

Gtownym zatozeniem MES jest podzial modelu geometrycznego cigglego na elementy
skonczone, czego efektem jest utworzenie modelu geometrycznego dyskretnego. Podczas
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dyskretyzacji dazy si¢ do maksymalnego zblizenia postaci dyskretnej i ciggtej. Na modelu 3D
zostaly dobrane punkty podparcia od strony mocowania do samochodu danego haka oraz
obcigzono go dwoma réznymi sitami — 11000 N oraz 20000 N (Rysunek 3). Dokonano dwoch
symulacji, poniewaz przedstawiono hak holowniczy dla ford galaxy, ktory posiada mase
wlasng okoto 1700 kg, jak podano wcze$niej samochdd ten powinien holowaé elementy
ponizej jego wlasnej masy, wtasnie dlatego dokonano dwoch symulacji. Geometryczny model
zostal przedstawiony na rysunku 2. Model zdyskretyzowano za pomoca 18528 weztow
(Rysunek 4).

N

-

Rysunek 2. Model geometryczny haka holowniczego
Figure 2. Geometric model of towbar

Rysunek 3. Nadanie utwierdzenia oraz obcigzenia zewnetrznego
Figure 3. Giving restrain and external load
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Rysunek 4. Model haka z naniesiong siatkg (zdyskretyzowany)
Figure 4. Numerical model of towbar

4. ANALIZA WYNIKOW

W pracy przeanalizowano wptyw obcigzen o dwoch réznych wartosciach. W pierwszym
przypadku element zostat obcigzony sitag rowng 11000 N, natomiast w drugim sitag 20000 N.
Pierwsza analiza rozktad naprgzen von Misesa (Rysunek 5 i1 6). Na podstawie analizy mozna
stwierdzi¢, ze najwigksze napr¢zenia powstaja na zgigciu haka oraz goérnej powierzchni
poziomej czesci.
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Rysunek 5. Rozktad naprezen von Misesa przy obcigzeniu 11000 N
Figure 5. Von Mises stress distribution for 11000 N load
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Rysunek 6. Rozktad naprezen von Misesa przy obcigzeniu 20000 N
Figure 6. Von Mises stress distribution for 20000 N load

Druga analiza dotyczyla rozkladu przemieszczen. W obu przypadkach najwigksze
przemieszczenia zachodzity na kuli haka. Najwiecksze wynosily kolejno: dla 11000 N —
0,125mm, a dla 20000 N — 0,228mm (Rysunek 7 i 8).
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Rysunek 7. Rozktad przemieszczen dla sity 11000 N
Figure 7. Displacement distribution for 11000 N load
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Rysunek 8. Rozktad przemieszczen dla sity 20000 N
Figure 8. Displacement distribution for 20000 N load

Ostatnig przeprowadzong analizg byt rozktad odksztatcen w badanym elemencie. W obu
przypadkach najwicksze odksztalcenie wystepuje na wewnetrznym  zgieciu  haka
(Rysunek 91 10).
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Rysunek 9. Rozktad odksztatcen dla sity 11000 N
Figure 9. Deformation distribution for 11000 N load
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Rysunek 10. Rozktad odksztatcen dla sity 20000 N
Figure 10. Deformation distribution for 20000 N load

5. PODSUMOWANIE

Jak wida¢ na powyzszych rysunkach punkt maksymalnego przesuni¢cia w obu przypadkach,

znajduje si¢ na kuli. Maksymalne przesuniecie dla pierwszego przypadku (11000 N) wyniosto
0,125 mm, a dla drugiego przypadku (20000 N) wyniosto 0,228 mm. Dla obcigzenia 1100 kg
jest to odksztatcenia bardzo mate i ma znikomy wplyw na zywotno$¢ tego elementu. Dla
drugiego obciazenia 2 ton jest to odksztatcenie prawie dwa razy wigksze, wiec juz nalezy
uwaza¢ z zwigkszaniem masy. Ogolna zasada mowi, aby holowany samochdd byt 1zejszy od
holujacego pojazdu, co pierwsza symulacja potwierdza mozliwo$¢ bezpiecznego uzywania
haka holujgcego. Jezeli obcigzenia bylyby rzedu kilku milimetrow, wtedy element posiada
wade konstrukcyjng i jest niesprawny do uzycia.
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Abstract: This article explores the application of stereolithography in the design and
production of Fresnel lenses. It discusses the structural differences between traditional lenses
and Fresnel lenses, highlighting their advantages, such as reduced weight and thickness while
maintaining the ability to focus light. The manufacturing process of the lens using 3D printing
and resin-based materials is presented. The results of tests conducted with various types of
lasers are analyzed, demonstrating significant differences in light-focusing capabilities
depending on the surface treatment. These findings confirm the practical potential of
stereolithography in producing precise optical components.

Keywords: Optics, Frensel lens, 3D printing, stereolithography

1. INTRODUCTION

A lens, as an optical instrument made of a transparent material (e.g., glass or plastic), is
bounded by two spherical surfaces or one spherical and one flat surface. Its purpose is to focus
or disperse light rays through double refraction: first when transitioning from the surrounding
medium into the lens, and then upon exiting back into the same medium. A key geometric
element of a lens is its principal optical axis, a line passing through the centers of the bounding
surfaces, which also serves as the symmetry axis of the lens [1, 2].

Typically, the medium surrounding the lens is air or another medium with a refractive index
lower than that of the lens material. Lenses can be classified as either converging or diverging
(Figure 1). Converging lenses have a thickness at the edges that is smaller than at their optical
axis. Examples include convex, plano-convex, and concave-convex lenses. Diverging lenses,
on the other hand, have greater edge thickness than at the optical axis. Examples include
concave, plano-concave, and convex-concave lenses [3].



Stereolithography in the design and manufacturing of Fresnel lenses 245

The real focus (F) of a converging lens is the point on its optical axis where all parallel light
rays meet after passing through the lens. The virtual focus (F') of a diverging lens is the point
where the extensions of dispersed light rays intersect. The focal length (f) of a lens is the
distance between its focus (F) and the center of the lens (O). For virtual foci, this value is
negative. The paths of light rays through both types of lenses are shown in Figure 2. In a
converging lens, parallel rays focus at a point on the optical axis, whereas in a diverging lens,
the rays spread out, and their extensions meet at the virtual focus [4].

CONVERGING LENSES DIVERGING LENSES
CONVEX ~ PLANO  CONCAVE CONCAVE  PLANO CONVEX
-CONVEX -CONVEX -CONCAVE -CONCAVE

Figure 1. Classification of lenses
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Figure 2. Light ray paths through both types of lenses
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Traditional lenses with large diameters are heavy and difficult to manufacture, while Fresnel
lenses minimize material usage by dividing the optical surface into concentric rings. Each ring
acts as an independent prism, maintaining the ability to focus light while significantly reducing
thickness and weight. Each Fresnel lens segment directs light based on refraction principles,
reducing optical aberrations compared to flat lenses of the same diameter. Fresnel lenses are
particularly useful in systems where long-distance light focusing is critical, such as lighthouses,
theatrical lighting, or projectors. Modern applications include solar concentrators and cameras.
When designing Fresnel lenses, both precision requirements and practical limitations are
considered. Their ability to control light propagation depends on precisely engineered surfaces
and their geometric arrangement [5-9].

2. MATERIALS AND METHODS

The Fresnel lenses were designed using CAD software, specifically Fusion 360 by
Autodesk. However, before the design process in Fusion 360, a custom Python script (Figure 3)
was developed to calculate the diameter, thickness, and the number of rings for the Fresnel
lenses. This script ensured precise specifications and optimized the geometry for the desired
optical performance. Once the designs were finalized, several lenses were 3D printed using a
Formlabs SLA printer with clear resin (Figure 4a). After printing, the lenses were carefully
cleaned to remove uncured resin using an isopropyl alcohol bath. To complete the process, the
outer layer of the lenses was cured in a UV curing chamber for 60 minutes at a temperature of
60°C (Figure 4b).

This combination of computational precision, advanced CAD tools, and SLA printing
resulted in high-quality Fresnel lenses, ready for further application and testing.

1 import adsk.core, adsk.fusion, traceback, math
2
3 # Global event handlers
4 handlers = []
5
6 def create_upper_surface(diameter, focal_length, thickness, surface_type, rootComp, n):
7 try:
8 # Gorna powierzchnia
9 # Calculate the center position for the circle
10 m=n/2
11 radius = diameter / 2
12 x = focal_length - (focal_length - math.sqrt(focal_length**2 - radius**2)) if focal_length**2
- radius**2 >= @ else @
516 onCommandCreated = LensCommandCreatedHandler()
517 cmdDef . commandCreated.add(onCommandCreated)
518 handlers.append(onCommandCreated)
519
520 cmdDef .execute()
521 adsk.autoTerminate(False)
522 except Exception as e:
523 if ui:
524 ui.messageBox(f'Failed: {traceback.format_exc()}"')
525
526 #Stworzone przez: Blazej tagsz
527

Figure 3. The beginning and the end of Python script that computes the key dimensions of_a
Fresnel lens, serving as the foundation for its CAD design in Fusion 360
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Figure 4. The Fresnel lenses:
a) printed with clear resin using a Formlabs SLA printer, b) cured in a UV curing chamber

3. RESULTS AND DISCUSSION

The lens with a diameter of 70 mm was partially covered with a brush with a thin layer of
clear resin from which it was printed. Then, the outer layer of the lenses was cured in a UV
curing chamber for 60 minutes at a temperature of 60°C again. Several tests were conducted
using different lasers: red-point, red-horizontal, and green-horizontal. All results were
compared on graph paper. By covering a thin layer with a brush and hardening it, improved its
ability to focus light, what is shown on Figure 5 and Figure 6. The other half was left without

an additional layer.

b)
Figure 5. The Fresnel lens with:
a) point laser on uncovered surface; b) point laser on covered surface

a)
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Significant differences in the focus of the laser beam can be observed, particularly with the
red laser. For the red-point laser, the focus improved from 6 cm (untreated surface) to 2 cm
(treated surface). Similar improvements were observed with the red-horizontal laser. The green
laser showed smaller improvements in focus, from 4 cm (untreated) to 2 cm (treated).

a) b)
Figure 6. The Fresnel lens with partially covered and partially uncovered surface with:
a) horizontal green laser,; b) horizontal red laser

4. SUMMARY

Lenses are optical instruments designed to focus or disperse light through refraction,
achieved by their unique geometry composed of spherical or flat surfaces. They are classified
as converging or diverging, with their functionality determined by thickness distribution and
refractive properties. While traditional lenses are bulky and challenging to manufacture,
Fresnel lenses revolutionize optics by dividing the optical surface into concentric rings,
significantly reducing material and weight while maintaining light-focusing capabilities. These
features make them ideal for applications requiring precise light control, such as lighthouses,
solar concentrators, and projectors.

In this study, Fresnel lenses were designed using a combination of computational and
additive manufacturing techniques. A custom Python script was first developed to calculate the
dimensions and number of concentric rings, forming the basis for CAD modeling in Autodesk
Fusion 360. The lenses were then 3D printed using a Formlabs SLA printer with clear resin and
underwent cleaning and curing processes to enhance optical quality.

Experimental results demonstrated the lenses' effectiveness in focusing light, particularly
when an additional resin layer was applied and cured. Tests with red and green lasers showed
significant improvements in focus, confirming the precision and practicality of the combined
computational and manufacturing methods. These findings highlight the potential of Fresnel
lenses for advanced optical applications, showcasing the synergy of modern design tools and
manufacturing technologies.
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Abstract: This article presents the integration of LIDAR data with PSMNet, focusing on data
preparation and a custom Datal.oader for converting LIDAR depth maps into disparity maps
required by the network. These methods enable accurate depth estimation and open new
possibilities for multimodal applications in challenging conditions.
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1. INTRODUCTION

Contemporary technologies in image processing and spatial analysis play a significant role in
developing fields such as autonomous vehicles, robotics, and monitoring systems. Among these
technologies, LIDAR systems and advanced neural networks, such as PSMNet, serve as the
foundation for precise spatial analysis and depth estimation.

The LIDAR system, based on laser technology, enables precise environmental mapping
regardless of lighting conditions. Utilizing the time-of-flight (ToF) of laser beams allows the
generation of accurate 3D point clouds that can be transformed into depth maps [4,9].

Simultaneously, the development of neural networks like PSMNet allows the use of
stereoscopic images to generate depth maps based on disparity differences between images.
PSMNet, leveraging cost volumes and 3D convolutions, delivers precise depth maps applicable
in numerous applications, including vehicle automation and spatial modeling.
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Combining LIDAR data with neural networks creates broad opportunities for spatial
analysis[2]. This article presents methods of their integration, the process of preparing data, and
adapting it to the needs of the PSMNet model. Additionally, it discusses the structure and
application of a custom Datal.oader program, which enables transforming depth maps generated
by LIDAR into formats used by neural networks.

2. LIDAR

The LIDAR system emits laser beams in various directions, creating a 360-degree depth map
[2]. The LIDAR detector receives light reflected from objects in the environment. For each
emitted beam, the time of flight (ToF) is recorded, and the distance is calculated using the
formula:

c ToF
d= >
based on the calculated distances, the system generates a three-dimensional map of the
environment in the form of a point cloud. Each point represents spatial coordinates (x,y,z)[1].

LIDAR operates independently of external light sources, allowing data collection in
challenging lighting conditions, including total darkness. This makes the system an ideal data
source for training neural networks in extreme conditions. It is also possible to combine LIDAR
with other technologies, such as GPS and RGB cameras, enhancing the system's versatility[3,8].

Data collected by LIDAR can be transformed into a depth map - a two-dimensional
representation containing information about the distance of each point within the sensor's field
of view. In such a map, each pixel corresponds to a point in space and is represented by
brightness, reflecting the distance from the sensor.

LIDAR operates independently of external light sources, allowing data collection in
challenging lighting conditions, including total darkness[8,10]. This makes the system an ideal
data source for training neural networks in extreme conditions. It is also possible to combine
LIDAR with other technologies, such as GPS and RGB cameras, enhancing the system's
versatility (see Figure 1).

el b o
0 200 400 600 800

Figure 1. A frame captured from the camera image with the corresponding points from the
LIDAR projected onto it. The LIDAR points are overlaid on the image in a way that aligns with
the camera's perspective, providing a combined view of the scene.
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3. PSMNET

PSMNet is a neural network utilizing a pyramidal architecture to analyze information at
multiple scales[5]. The processing involves several stages. Initially, input images from the left
and right cameras are analyzed separately. Then, a cost volume is generated by combining feature
maps extracted from both images. This volume reflects the matching costs of image fragments
for various disparity values.

The next step is analyzing the cost volume using 3D convolutions, which account for spatial
dimensions and disparity, enabling the understanding of pixel relationships. The network's output
is a disparity map generated relative to one of the cameras (left or right). This map represents
differences in pixel positions between images, which can be transformed into a depth map
indicating actual distances to objects.

The transformation requires knowledge of the camera parameters and the distance between
cameras in a stereoscopic setup. Such an approach enables precise depth estimation of a scene
based on stereoscopic images.

4. DATALOADER

The PSMNet architecture was implemented in Python using the PyTorch library and is
available in the PSMNet GitHub repository. The default loader program supports KITTI[7] and
Scene Flow[6] datasets.

To enable training and validation of PSMNet on LIDAR data, a custom loader class was
developed. This class handles PNG files containing RGB images and depth maps generated by
LIDAR, which are dynamically converted into disparity maps.

Overlaying the point cloud onto images requires transforming points from the LIDAR
coordinate system to the camera system using a transformation matrix. Depth maps are then
encoded, scaled, and stored. To obtain a normalized depth map, PNG files are converted to
float32 arrays scaled by dividing by 256.

PSMNet requires disparity maps for the training process. Since no ready-made data exists in
this format, an algorithm was developed to convert depth maps into disparity maps using the
formula:

di focal - baseline
isp = )
p depthnorm

the baseline is the distance between cameras in the stereoscopic pair (expressed in meters). For
data collected from the LIDAR system, the focal length is described by the equation:

width
FOV'H)
360

focal =
2 -tan(

In the above equation, width represents the number of pixels, while FOV refers to the horizontal
field of view of the camera, determined using calibration tables. Additional conditions have been
applied to prevent unwanted errors in the neural network:
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disp = { 0, disp < 0.5
P = disp, disp = 0.5

Minor shifts between corresponding points in the left and right images are misinterpreted by the
neural network, negatively affecting the learning process.
The data loading class for the model was designed to accept the following arguments:

e alist of paths to images from the left camera,

e alist of paths to images from the right camera,

e alist of paths to depth maps.

The elements in the lists correspond to each other, meaning that the data from the left camera,
right camera, and the associated depth maps should be linked by the same index. The PIL library
was used for data loading: images are loaded in RGB format, and depth maps are converted into
disparity maps using appropriate formulas.

Before processing, the data is cropped to dimensions 256x512, converted to tensors, and
passed to the model. The DatalLoader class inherits from data.Dataset, allowing integration with
PyTorch and efficient data management.

5. CONCLUSION

The integration of the LIDAR system and neural networks such as PSMNet enables precise
spatial analysis and depth estimation. Thanks to LIDAR-generated data, independent of lighting
conditions, and advanced processing in PSMNet, it is possible to develop applications in
autonomous vehicles, robotics, and monitoring systems. The described solutions, including the
data adaptation process, provide a solid foundation for further research and implementation in
modern future technologies.
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Abstrakt: Clanok sa zameriava na aplikaciu a vyuzitie farebného leptania pri $truktiirnej analyze
grafitickych liatin, s cielom priniest’ nové detailnejSie poznatky o ich Struktire. Medzi tieto
zistenia patria napr. schopnost’ zvyraznit’ rozdiely v chemickom zlozeni mikrolokalit, alebo
rozliSenie faz v matrici grafitickych liatin, ktoré su pri pouziti ¢iernobieleho kontrastu t'azko
rozligitelné, pripadne uplne neidentifikovatelné. Dalej sa &lanok zaoberd charakteristikou
a rozdelenim grafitickych liatin a metodikou leptania.
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1. UVOD

Liatina sa vyrabala uZ v 4. storo&i pred nasim letopo&tom na tizemi dnesnej Ciny, kde sa z nej
vyrabali r6zne pol'nohospodarske predmety. Aj ked’ je tento materidl pomerne stary, stale
nachadza Siroké uplatnenie v réznych priemyselnych oblastiach. V priebehu ¢asu sa poznatky o
metalografii a vyrobe liatin neustale prehlbovali a zdokonal'ovali. Dnes sice vyroba a produkcia
zliatin Zeleza a liatin klesa, ked’ze sa vyvijajii nové materialy so znac¢ne lep$imi vlastnost’ami,
avsak tieto kovové materialy stale zostavaju dolezitou stiCastou priemyselnej vyroby. Jednou z
najstarSich a najbeznejSich metéd na skumanie Struktury kovov a zliatin je svetelna
metalograficka mikroskopia, ktora je zaloZena na fotodokumentacii vnttornej Struktary kovov a
zliatin ziskanej odrazom svetelnych lacov od povrchu Specidlne pripravenych vzoriek. Na
rozliSenie Strukturnych faz metalografickych vzoriek sa ¢asto pouziva Ciernobiely kontrast medzi
roéznymi Struktirnymi mikrolokalitami.

Farebna metalografia je subor metodik svetelnej metalografickej mikroskopie, ktory vyuziva
farebny kontrast faz ako zdroj novych informécii o Strukture v porovnani s klasickymi postupmi.
V rade pripadov je mozné vyvolat’ farebny kontrast tam, kde sa klasickymi postupmi vébec
neziska identifikovatelny fazovy kontrast. Pomocou farebného kontrastu ziskavame nové
informacie o Strukture, v ¢om je prinos jeho vyuzitia v metalografii. Farebny modro-zIty kontrast
je rozhodne vyraznejsi ako tmavosivo-svetlosivy kontrast. Pritom nie je podstatna celkom presna
reprodukovatel’nost’ farieb, pretoze nie je podstatné, ¢i dve fazy rozliSime podl'a modro-zlt¢ho
alebo zeleno-okrového kontrastu. Tento farebny kontrast je mozné dosiahnut’ bud’ pouzitim
Specidlnych pridavnych zariadeni mikroskopu, alebo tpravou povrchu vzoriek [1 - 2].
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1.1 Charakteristika grafitickych liatin

Liatina je zliatina Zeleza, uhlika a d’al§ich prvkov, priCom obsah uhlika presahuje maximalnu
rozpustnost’ v austenite, teda 2,14 %. Liatiny sa rozdel'uju na biele a grafitické na zéklade svoje;j
Struktary, pricom z technického hl'adiska su dodlezitejSie grafitické liatiny, pretoze st v praxi
pouzivané CastejSie. Pri grafitickych liatinach prebieha eutekticka premena v stabilnej rovnovahe
a jednym z jej produktov je grafit. Grafit je Cisty uhlik, ktory krystalizuje v hexagonalnej sustave.
Typickym znakom grafitickych liatin je pritomnost’ grafitu, ktory vznika tvorbou grafitického
eutektika pri stabilnej rovnovéhe [3 - 4].

1.2 Rozdelenie grafitickych liatin

Grafitické liatiny sa rozdel'uju podl'a tvaru grafitu, ktory vznika krystalizaciou z taveniny.
Medzi tieto liatiny patri liatina s lupienkovym grafitom, liatina s Cervikovitym grafitom, liatina
s gul'ockovym grafitom a tiez temperovana liatina, ked’ze grafit méze vzniknit' grafitizaciou
cementitu v tuhom stave [3 - 5].

Medzi klacové faktory, ktoré ovplyvituju velkost' a tvar grafitu, patria ockovanie a
modifikovanie. O¢kovanie znamena pridavanie cudzich latok do taveniny, ktoré podporuju vznik
grafitizanych zarodkov a tym aj znizuju velkost’ grafitu. Modifikovanie podporuje rast grafitu,
¢im sa zabezpecuje jeho vyhodnejsi tvar. Modifikator sposobuje, Ze grafit sa stava globularnym,
bud’ ¢iastocne (v pripade cervikovitého grafitu), alebo uplne (v pripade gul'ockového grafitu) [3].

Struktaru zékladnej kovovej matrice grafitickych liatin moézu tvorit ferit, perlit a ich
kombindcia, cementit, fosfidové eutektikum alebo inkluzie. Perlit ma lamelarny tvar a jeho
pritomnost’ zlepSuje pevnostné vlastnosti, ako je pevnost’ v tahu (Rm) a tvrdost (HB), avsak
znizuje tvarne vlastnosti liatiny, ako st taznost’ a huzevnatost’. Ferit v Struktare grafitickych liatin
znizuje pevnost’, ale zlepSuje tvarnost. Cementit je neziaduca faza, ktora zvysSuje tvrdost’ a
krehkost’, ¢im zhorSuje obrabatel'nost. Fosfidové eutektikum sa vyskytuje v liatindch s vys$$im
obsahom fosforu a tvori sa na hraniciach eutektickych buniek, pricom je povazované za tvrdl a
krehku Struktirnu zlozku. Inkluzie v grafitickych liatinaich mézu byt v podobe oxidov,
kremicitanov, hlinitanov, hlinitokremicitanov, karbidov, karbonitridov, nitridov a sulfidov [3].

Pri opise vlastnosti grafitickych liatin je potrebné zohl'adnit’ velkost’, rozloZzenie, mnozstvo a
tvar grafitu, ako aj Struktaru zakladnej kovovej matrice. Grafit méze byt vyluc¢eny v réznych
formach, od lupienkového az po pravidelne gul'6¢kovy tvar [4 - 5].

1.2.1 Liatina s lupienkovym grafitom

Liatina s lupienkovym grafitom (obr. 1) sa vyznacuje lupienkovym grafitom v Strukture a
obvykle obsahuje 2,5 az 3,5 % C, do 3,5 % Si, 0,4 az 0,8 % Mn, 0,2 az 1,2 % P a 0,08 az 0,12 %
S. Ockovanim sa dosahuje nizky stupen eutektickosti, ¢o vedie k zniZeniu obsahu grafitu v
Struktare, ale zaroven sa zvySuje pevnost liatiny. NajcCastejSie pouzivané ocCkovadlo je
ferosilicium, ktoré sa priddva v mnozstve priblizne 0,5 %. Zakladni kovovi matricu tvoria perlit,
perlit-ferit alebo ferit. Mikrostruktura liatiny s lupienkovym grafitom je zobrazena na obrazku 1.

Tato liatina dosahuje pevnost’ v tahu do 250 MPa, pricom po ockovani sa pevnost’ zvySuje na
250 az 350 MPa. Je to krehky material, ktory ma takmer nulovt t'aznost, ale vynika vybornymi
zlievarenskymi vlastnostami pri nizkych nakladoch. Liatina s lupienkovym grafitom sa vyuziva
na vyrobu lozisk, valcov kompresorov, ozubenych kolies, vaciek, zavitovych kolies,
hydraulickych piestov, remenic a roznych ¢asti motorov [5].
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Obr. 1. Mikrostruktura perliticko-feritickej liatiny s lupienkovym grafitom, lept. 3 % Nital
Figure 1. Microstructure of pearlite-ferritic lamellar cast iron, etch. 3 % Nital

1.2.2 Liatina s ¢ervikovitym grafitom

Pri vyrobe liatiny s Cervikovitym grafitom je poziadavkou priblizne eutektické zlozenie s
obsahom siry do 0,02 %. Modifikovanim sa dosahuje neuplna sferoidizacia grafitu a teoretické
znizenie necistot, ako su kyslik a sira, na rozhrani tavenina-grafit pocas rastu grafitu. V strukture
liatiny s Cervikovitym grafitom sa mdze vyskytovat’ aj gul'ockovy grafit, pri¢om jeho podiel by
nemal presiahnut’ 20 %. Struktira matrice liatiny s Gervikovitym grafitom v liatom stave zavisi
od chemického zlozenia vychodiskového tekutého kovu, typu a mnoZstva modifikitora a
rychlosti ochladzovania. Pre optimdlne modifikované odliatky je charakteristickd feriticko-
perliticka matrica, ktord obsahuje 40 - 70 % feritu [5]. MikroStruktura liatiny s ¢ervikovitym
grafitom je dokumentovana na obr. 2.

N

Obr. 2. MikroStruktura feriticko-perlitickej liatiny s Cervikovitym grafitom, lept. 3 % Nital
Figure 2. Microstructure of ferrite-pearlitic vermicular cast iron, etch. 3 % Nital

Tato liatina obvykle krystalizuje s vysokym podielom feritu v matrici (zvycajne 40 - 80 %),
pricom pevnost’ v tahu sa pohybuje v rozmedzi 500 - 350 MPa, modul pruznosti je 160 - 140
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GPa a taznost As je 2 - 6 %. Mechanické vlastnosti tejto liatiny je mozné zlepsit’ tepelnym
spracovanim, ktoré sa moze, ale nemusi pouzit’. Ak sa pouzije, moze to viest’ k zvySeniu pevnosti,
taznosti a huzevnatosti. Liatina s cervikovitym grafitom sa vyuziva pri vyrobe tvarovo
zlozitejSich odliatkov a suciastok, ktoré su vystavené vysSSim mechanickym zatazeniam a
tepelnym rdzom, aj ked’ jej vyroba nie je vel'mi Casté [5 - 6].

1.2.3 Liatina s gul6¢kovym grafitom

Chemické zloZenie liatiny s gul'6¢kovym grafitom obvykle obsahuje 3,2 az 4,2 % C, 1,5
az 4 % Si, 0,4 az 0,8 % Mn, menej ako 0,1 % P a menej ako 0,02 % S. Na dosiahnutie
gul'6¢kového tvaru grafitu sa liatina modifikuje, pri¢om ako modifikator sa pouziva horéik alebo
zliatiny horc¢ika. Ked’ze horCik zvySuje stabilitu karbidov, nasledne sa vykonava grafitizacné
ockovanie. Matrica liatiny byva tvorena perlitom, zmesou feritu a perlitu alebo feritom, priCom
jej zlozenie zavisi od chemického zlozenia a rychlosti ochladzovania. Pri vybere chemického
zloZenia je dolezité, aby mikrostruktira neobsahovala voI'né karbidy, ktoré negativne ovplyviuji
zlievarenské vlastnosti. Uhlik a kremik su dva kli¢ové grafitotvorné prvky, ktoré zabranuju
vyluceniu volnych karbidov. S narastajucim obsahom kremika sa zvysSuje podiel feritu alebo
perlitu, zvySuje sa tvrdost’ feritu, znizuje sa razova huzevnatost’ a zvysuje sa prechodova teplota.
Mikrostruktura liatiny s gul'6ckovym grafitom je zobrazena na obr. 3.

Obr. 3. Mikrostruktura feriticko-perlitickej liatiny s gulockovym grafitom, lept. 3 % Nital
Figure 3. Microstructure of ferrite-pearlitic nodular cast iron, etch. 3 % Nital

Liatina s gul6ckovym grafitom patri medzi najpouzivanejSie materidly na vyrobu
odliatkov. Pevnost’ v tahu dosahuje hodnoty od 400 do 800 MPa, tvrdost’ je v rozmedzi 150 az
300 HB a taznost’ sa pohybuje od 20 % do 2 % [6].

1.3 Leptanie grafitickych liatin

Leptanie je najpouzivanejSou metddou na rozliSenie Struktury grafitickych liatin pomocou
svetelnej metalografickej mikroskopie, ktora umoziuje pozorovanie Struktirnych zloziek na
rovinnom reze vzorky a kontrolu kvality odliatkov. Pre rozliSenie jednotlivych faz a rozhrani sa
pouziva leptanie, ktoré vytvara na povrchu vzorky mikroreliéf. KIiCovou poziadavkou je, aby
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medzi Struktirnymi Gtvarmi vznikol opticky kontrast, ¢o sa dosahuje bud’ ¢iernobielym, alebo
farebnym leptanim.

Pomocou leptania sa zviditeIni Struktura matrice metalografickej vzorky. Po leSteni sa na
povrchu vzorky vytvara tzv. Beilbyho vrstva, ktort je potrebné odstranit’ chemickou cestou, a to
leptanim vzorky v kyselinach, zasadach, ich alkoholickych roztokoch alebo elektrolyticky.
Leptanie moze prebiehat’ roznymi sposobmi, pricom leptadlo mdze posobit’ bud’ na plochu zin,
na hranice zfn, alebo len na urcité Struktirne zlozky ¢i fazy. Podl’a toho sa leptanie deli na plosné
leptanie, leptanie na hranice zfn a selektivne leptanie.

NajcastejSie sa leptanie vykondva ponorenim vzorky do leptadla, pricom vzorkou sa
pohybuje, aby sa leptadlo premiesalo a leptanie prebiehalo rovnomerne. Dalsou metodou je
leptat’ pomocou vaty namocenej v leptadle, pricom povrch vzorky sa vatou potiera. Stupen
naleptania sa posudzuje podl'a zmatnenia povrchu, a podrobne sa sleduje pomocou svetelného
mikroskopu. Po leptani je potrebné vzorku dokladne oplachnut’ destilovanou vodou a alkoholom
a nésledne osusit” horucim vzduchom.

Po leptani sa pozoruje a hodnoti druh, tvar, velkost’, mnozstvo a rozlozenie jednotlivych
Struktarnych zloziek vzorky. Tento proces umoziuje detailné posudenie mikroStruktury
materialu, ¢o je rozhodujuce pre analyzu jeho vlastnosti a kvality [1].

1.3.1 Ciernobiele leptanie

Leptanim sa na povodnom rovnom povrchu vybrusu vzorky vytvéra reliéf, ktorého stupne
pri Sikmom osvetleni vrhaju tien, ktory zobrazuje tvar hranic zfn (obr. 4).

Obr. 4. Vytvorenie mikroreliéfu plosnym leptanim jednofizovej struktury a vytvorenie tiena
po osvetleni [1]

Figure 4. Creation of microrelief by surface etching of a single-phase structure and creation
of a shadow after illumination

Na obr. 5 st zobrazené¢ modely naleptanych ploch vybrusov s polyedrickou a lamelarnou
Struktarou. Polyedrickd Struktira méze byt tvorena kryStalmi I'ubovolnej homogénnej fazy,
zatial’ o lamelarna Struktara je typicka pre eutektoidné zmesi. Tento povrchovy reliéf, ktory
vznikne pri leptani, je podstatou zviditeI'nenia Struktiry materialu.
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Obr. 5. Schéma leptania: I - neleptany povrch, 2 - reliéf po naleptani, 3 - tiene na reliéfe, 4 -
charakter mikrostruktury: A - polyedricka Struktura, B - lameldarna Struktura [1]

Figure 5. Etching scheme: 1 - unetched surface, 2 - relief after etching, 3 - shadows on the
relief, 4 - character of the microstructure: A - polyhedral structure, B - lamellar structure

Pri Ciernobielom leptani sa najcastejSie ako leptadlo pouziva Nital. Nital sa mdze tiez
kombinovat’ s inymi leptadlami, ako je napr. kyselina pikrova, aby sa dosiahol pozadovany
kontrast a zviditeI'nenie Struktirnych detailov na povrchu vzorky.

1.3.2 Farebné leptanie

Farebnym leptanim sa zvyraznuju rozdiely v chemickom zlozeni mikrolokalit, tepelne
ovplyvnenych zon alebo difuznych vrstiev. Farebné leptadla reaguji s povrchom vybrusu, ¢im
vznikd sulfidovy, chromatovy, oxidicky alebo iny transparentny film, ktory posobi ako
interferencny povlak. Tento film spdsobuje interferenciu svetla, ked’ sa odrazené svetlo rozdeli
na zlozky, ktoré¢ sa odrazaji na rozhrani vzduch-vrstva a na rozhrani kov-vrstva (obr. 6). Tymto
sposobom vznika farebny kontrast, ktory umoziiuje podrobnejSie skiimanie mikroStruktary
materidlu [4].

Vznik interferenéného javu zavisi od vlnovej dizky svetelného zdroja (A), hrabky filmu (t) a
indexu lomu svetla v iom. Ak sa skuto¢né draha svetla odrazeného od oboch povrchov lisi o
neparny nasobok A/2, dochadza k interferencii. NajviditelI'nejsi farebny kontrast sa dosahuje pri
najtenSej hrabke povlaku, ktora zabezpecuje interferenciu (t = A/4). Pri splneni tejto podmienky,
ked’ je vzorka osvetlend bielym svetlom, sa objavi komplementarna farba pre niektora zlozku
svetla (napriklad modra-zIta, zelena-rySavohneda). Tento jav umoziuje vizualizovat’ rozdiely v
chemickom zlozeni alebo Strukture materialu [4, 7].
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Obr. 6. Schéma interferencie lucov odrazenych od vzorky s povlakom [1]
Figure 6. Scheme of the interference of rays reflected from a coated sample

Hrubka povlaku je zavisla od chemického zloZenia materidlu vybrusu, pricom pri vyraznej
zmene chemického zloZenia mikrolokalit sa bude menit’ aj farba jednotlivych mikrolokalit. Tento
efekt je obzvlast’ zretelny pri osvetleni v svetlom poli (obr. 7), kde r6zne mikrolokalitné zlozky
reaguju na svetlo a vykazuju odlisné farby v dosledku interferenénych javov.

modra

povrchovy film

Obr. 7. Podstata farebného leptania [7]
Figure 7. The essence of colour etching

Chemické zlozenie farebnych leptadiel je navrhnuté tak, aby umoznilo vytvorenie povlakov s
meniacou sa hrabkou v rozmedzi priblizne 100 - 150 nm [1].
Najdolezitejsie farebné leptadla sa delia do troch hlavnych skupin:
a) Pyrosiriitanové leptadla: Tieto leptadld maju pyrosiri¢itanovy i6n (S20s>") ako zdkladna
zlozku, ktora je pritomné vo forme draselnej soli. Pyrosiri¢itanové leptadla sa d’alej delia
podrla typu zakladného roztoku, v ktorom sa rozpusta prisada pyrosiri¢itanu draselného.
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b) Molybdénové leptadla: Pri pouziti tychto leptadiel sa vytvara transparentny film, ked’ sa
molybdén (Mo) redukuje z oxida¢ného stavu Mo® na Mo*" pdsobenim Struktirnych
zloziek, ktoré funguju ako mikrokatddy.

¢) Horuce leptadla: Tieto leptadla st na baze chrémanu sodného alebo pikratu sodného. Pri
vare sa vytvaraju zlozité chromatové alebo oxidické transparentné vrstvy, ktoré spdsobuju
farebny kontrast [4].
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Abstract: With the increasing interest in photovoltaic technologies, the number of
manufacturers offering innovative solutions in this field and the level of market competition are
both on the rise. To thrive as a manufacturer or technologist in this industry, it is essential to
provide services that are distinctive and competitive. One way to differentiate products in the
photovoltaic cell market is by producing cells in non-traditional colors, which are uncommon
for this type of technology. The study investigates the influence of ZnO layer thickness on the
color variation of polished silicon wafers. The ZnO layer was characterized and applied using
the ALD (Atomic Layer Deposition) method to produce solar cells, resulting in unique, colored
silicon cells. Additionally, the electrical properties of the fabricated cells were analyzed.

Keywords: thin films, ZnO, Solar cells, Photovoltaic

1. INTRODUCTION

Silicon-based photovoltaic (PV) cells are among the most common and efficient solutions for
converting solar energy into electricity. This is primarily due to their ability to achieve high
efficiency levels—up to 25%—at a relatively low production cost. These attributes have made
silicon-based cells dominant in the photovoltaic market, accounting for over 80% of its share.
While continuous advancements are being made to improve the electrical properties of solar
cells, increasing attention is being directed toward enhancing their utility and adaptability for
diverse applications. One of the key areas of focus is the aesthetic aspect of solar panels,
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particularly the ability to customize the shape and color of the cells [1-4]. This is especially
relevant for installations on buildings under conservation protection, where the integration of
modern technologies must respect architectural and historical constraints. The possibility of
producing photovoltaic cells in non-standard shapes and colors broadens their application
potential, making them suitable for use in heritage sites or architecturally unique structures. To
achieve this, research efforts are being directed toward the deposition of specialized layers,
such as ZnO (zinc oxide), on silicon wafers. These layers can modify the visual appearance of
the cells while maintaining or even enhancing their electrical performance. Techniques such as
Atomic Layer Deposition (ALD) have proven effective in achieving consistent, thin, and
uniform coatings, enabling a wide range of optical effects. By combining advancements in
efficiency with innovations in aesthetics, the photovoltaic industry is moving toward a future
where solar panels are not only functional but also seamlessly integrated into their
surroundings, meeting both energy and design requirements [5-9].

2. EXPERIMENTAL

High-purity polished silicon wafers, commonly used in electronics, were cut into fragments
with dimensions of 20 x 20 mm? using a diamond scribe. The silicon pieces were then
thoroughly cleaned using an ultrasonic bath. The cleaning process involved sequential rinsing
for several minutes in water with detergent, acetone, and isopropyl alcohol to ensure the
removal of any contaminants. Zinc oxide (ZnO) layers were deposited onto the cleaned silicon
substrates using the Atomic Layer Deposition (ALD) method. Diethylzinc (DEZ) served as the
precursor, while water (H20) was used as the reactant. The deposition process was carried out
under controlled temperature conditions, with the thickness of the ZnO layers being determined
by varying the number of deposition cycles. The deposition was performed using the R200
Basic system manufactured by Picosun, which is specifically designed for precision ALD
applications. This setup ensured uniform and high-quality ZnO coatings, critical for further
analysis and applications in photovoltaic technologies.

The thickness of the prepared thin films was determined using a FR-pRo-UV/VIS
spectroscopic reflectometer (ThetaMetrisis SA., Peristeri, Greece). The tests were performed in
the reflective mode.

Current-voltage characteristics of polycrystalline solar cells with ITO layers deposited with
various parameters were recorded using a solar simulator SS1S0AAA type. The measurements
were conducted under standard test conditions (STC) (Pin = 1000 W/m2 , AM1.5G spectrum, T
= 25°C). The most important electrical properties of the solar cells were computed by using the
software I-V Curve Tracer

3. RESULTS AND DISCUSSION

In parallel with the measurement of the thickness of the deposited layers (Fig. 1), detailed
color measurements were conducted. The specialized software utilized in the study allowed for
the determination of the color's position within several color spaces, including RGB, HUE, and
CIE Lab. The change in the RGB color values in a two-dimensional representation as a
function of the number of ALD cycles is shown in Figure 2 and summarized in Table 1.
However, it should be emphasized that the RGB color space does not faithfully represent the
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actual colors observable by the human eye when viewing the examined substrates. This is
because RGB does not align with the human visual system's perception of color and fails to
account for factors such as chromaticity and light source properties. These limitations can lead
to discrepancies between numerical representations and perceived colors. To address this issue
and provide a more accurate depiction of color variation, the study also analyzed the color
changes in the CIE Lab color space. Unlike RGB, the CIE Lab model incorporates parameters
that reflect human visual perception, including lightness and chromaticity.
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Figure 1. Dependence of the thickness of the applied ZnO coating on the number of ALD cycles
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Figure 2. The color change of the cell in the 2-stage RGB color space
depending on the number of ALD cycles performed

The results of CIE lab analysis, highlighting the dependence of color on the number of ALD
cycles, are illustrated in Figure 3. This approach ensures a more precise understanding of the
optical properties of the deposited ZnO layers. The colors represented in the two-dimensional
CIE Lab color space provide a more precise depiction of human visual perception when
observing the obtained samples. Unlike simpler color models such as RGB, the CIE Lab space
is designed to align with the way the human eye perceives color, accounting for variations in
lightness, chromaticity, and the nuances of color tones under different lighting conditions. This
model's ability to separate color dimensions (lightness, a* for green-red, and b* for blue-
yellow) makes it particularly valuable for analyzing subtle differences in the visual properties
of the deposited layers. By offering a perceptually uniform representation, the CIE Lab space
ensures that changes in the coatings' appearance whether due to variations in thickness,
material composition, or ALD processing parameters can be interpreted in a manner consistent
with human visual experience. As a result, the application of the CIE Lab color space in this
study enhances the accuracy and relevance of the color analysis, providing critical insights into
the optical effects achieved through advanced material deposition techniques.
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Tab. 1 Summary of color parameters

Number of ALDcycles| R | G | B
250 45 | 71 | 127
300 71 | 112 | 197
350 119 | 184 | 183
400 168 | 242 | 119
450 0 | 189 | 60
500 0 | 128 28
550 175 66 | 3
600 116 | 34 | 2
650 74 | 13 | 2
700 531 3 7
750 23 | 2 | 37
800 7 2 |71
850 2 2 | 110
900 2 | 16 | 180

Figure 3. The color change of the cell in the CIE Lab 2-level color space depending on the
number of ALD cycles

Following an initial analysis of the obtained results for the thickness and colors of the deposited
layers, the ALD process was reproduced on three monocrystalline silicon solar cells. The
process was carried out for 500, 750, and 1000 cycles, resulting in a sequential change in color
from navy blue to gold, purple, and green. The electrical properties of the modified silicon solar
cells were evaluated using a solar simulator Tab. 2. This method allowed for precise
characterization of the cells' performance under standardized light conditions, providing
insights into the impact of the deposited ZnO layers on their photovoltaic efficiency and
functionality.



ZnO coatings deposited by the ALD method in the application ... 267

Tab. 1 Summary of the current-voltage characteristics of the cells before and after the ALD

process

Parameters | Solar cell before modification Solar cell after modification
3+ZnO

Voc [V] 0,632 0,633 0,632 0,620 0,619 0,618
Isc [A] 5,604 5,628 5,682 5,294 5,237 5,302
Vwmer [V] 0,475 0,471 0,470 0,465 0,466 0,470
Imer [A] 5,004 4,981 5,038 4,520 4,474 4,469
Mpep [W] 2,377 2,350 2,371 2,102 2,089 2,103
FF 0,670 0,658 0,659 0,640 0,644 0,641

n [%] 15,267 15,040 | 15,153 13,491 13,347 13,407

4. SUMMARY AND CONCLUSIONS

This study examined the optical of ZnO thin film on the silicon substrate by ALD method and
its application on the silicon solar cells. The investigation focused on the relationship between
the number of ALD cycles and the resulting layer thickness, color, and photovoltaic
performance. To achieve a precise depiction of color changes, measurements were conducted
using RGB, HUE, and CIE Lab color spaces. The study highlighted the superiority of the CIE
Lab model in representing human visual perception, accounting for factors such as lightness,
chromaticity, and nuanced color tones. This approach allowed for an accurate analysis of the
optical properties of ZnO layers, demonstrating how variations in ALD cycles influenced color
transitions from navy blue to gold, purple, and green. The process was replicated on
monocrystalline silicon photovoltaic cells for 500, 750, and 1000 ALD cycles, and their
electrical properties were subsequently evaluated using a solar simulator. The results showed
that the ZnO layers not only altered the cells' visual appearance but also impacted their
photovoltaic performance. These findings underscore the potential of ALD as a versatile tool
for customizing both the aesthetic and functional properties of photovoltaic materials, paving
the way for broader applications in building-integrated photovoltaics and other design-sensitive
technologies.
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Abstract: In this paper, we have shown how important the mechanical recycling of aluminum
cans is in increasing the mechanical properties of gypsum prefabricated products. For this
purpose, we have made an aluminum grid for reinforcing a gypsum brick and we have tested
the compressive and bending resistance of 2 samples, namely a simple gypsum brick and a
brick reinforced with 3 aluminum grids, using a hydraulic press.
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1. INTRODUCTION

Aluminum is a resource that makes up about 8% of the Earth's crust. It is mined and
extracted from bauxite, which contains the compound alumina, in an energy-intensive
electrolytic process. Four tons of bauxite contain two tons of alumina, which produces one ton
of valuable aluminum. The metal is used in buildings, transportation and other industrial
applications, as well as in packaging. Aluminum is the most cost-effective material to recycle,
using about 5% of the energy and emissions required to make it from the raw material bauxite.
In addition, all scraps left over from the aluminum production process can be melted down and
used again and again. For this reason, recycling is part of the normal life cycle of large
industrial products - about 75% of all aluminum ever produced is still in circulation.

The aluminum recycling industry has set an impressive standard for other recycling industries
to follow. Long-term efforts to promote the recycling and reuse of aluminum have paid off
handsomely, and no product material is returned to recycling plants more frequently (on a
percentage basis) than aluminum [8].

Globally, approximately 67% of all consumer-grade aluminum cans are recycled, making them
the most recycled container in the world. To put this into perspective, only nine percent of
plastic bottles are currently recycled, despite the popularity of community recycling programs
and the wide availability of recycling containers in public areas. The modern aluminum
recycling process is fast and efficient, and this is vitally important as much of this eminently
practical metal is now available for reprocessing and reuse.

Aluminum may be the most versatile product and building material on the planet. It is light and
extremely flexible, but also very strong when combined with other metals such as magnesium,
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copper, molybdenum and silicon. It is non-magnetic, has high thermal conductivity and is
extremely resistant to corrosion. It can be cast, machined, bent, welded, tapered and alloyed
easily and does not degrade with repeated reuse. Aluminum is widely used in the construction,
manufacturing and consumer goods industries to make items large and small [9,10].

2. MECHANICAL RECYCLING COMPARED TO THERMAL RECYCLING

Molten aluminum is produced from alumina by the Hall-Heroult electrolysis process. This
process involves two steps: the dissolution of the previously obtained alumina in a bath with
cryolite and the passage of electric current through this bath, which has the effect of
decomposing the alumina into aluminum and oxygen.

The aluminum obtained is removed from the cell for electrolysis and the oxygen is used to
obtain carbon dioxide and monoxide. Aluminum smelters are generally equipped with
monitoring and emission reduction systems. The most used purification systems are scrubbers,
whether with a dry or wet process. However, unlike the scrubbers with a dry process, those
with a wet process more efficiently capture carbon dioxide, nitrogen and sulfur oxides. The
operations associated with this process consist of: recovery, preparation and handling of the
raw material; control operations; equipment maintenance and repair; water and waste air
treatment [1].

Beverages packaged in aluminum cans are bought by millions of consumers around the world
every day. The life cycle of a dose of drink lasts up to 60 days. In this short period of time, a
can of drink arrives from the shelves of a store in the possession of consumers and then enters a
recycling cycle. Within this cycle, it can be remelted and reused as raw material to obtain
another dose with the same physical characteristics as the one that was used as raw material in
the recycling process.

Aluminum cans are usually recycled according to the following steps:

In a first phase, the doses are separated from the municipal waste through an eddy current
separator, and then, to reduce the volume, they are crushed with the help of a crusher. The
doses are then subjected to a chemical or mechanical treatment in order to avoid the oxidation
of aluminum in contact with oxygen. The shredded cans are then placed in furnaces and heated
to temperatures of up to 750°C to produce molten aluminum. The slag is removed and the
dissolved hydrogen is degassed (cast aluminum easily dissociates on a hydrogen basis from
water vapor and hydrocarbons as contaminants). This is usually done with chlorine and
nitrogen gas. Hexachloroethane tablets are normally used as a chlorine source. Ammonium
perchlorate can also be used, which decomposes mainly into chlorine, nitrogen and, if heated,
into oxygen. Samples are taken for spectroscopic analysis. Depending on the desired end
product: high purity aluminum or alloys, copper, zinc, manganese, silicon and/or magnesium
are added to modify the composition of the melt according to the alloy specifications. The
furnace is exploited, the molten aluminum is poured out, and the process is repeated again for
the next batch [2].

Depending on the final product, it can be cast into ingots, blocks or rods, formed into large
rolling slabs, atomized into powder, sent to an extruder, or transported in a molten state to
manufacturing facilities for further processing. Unlike recycling by melting aluminum cans,
mechanical recycling requires lower costs without having to reach the melting point with the
material, only a cutting device is needed to the dimensions that are desired to be achieved. The
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energy consumption by cutting the doses into strips is much lower, and the phases of this
process are fewer than in the case of melting.

3. TEST RESULTS AND DATA DISCUSSIONS

In order to highlight the applicability of the work, two types of samples were made with and
without aluminum insertion. The first reference sample was made without insertion, called
sample 0 and the other type of sample with three rows of insertion, (Figure 1). When plaster is
mixed with water, the water reacts with the semi-hydrated calcium sulfate in a solid state,
which it turns into dehydrated calcium sulfate, which begins to crystallize.

Figure 1. Aluminum grid used to reinforce the bricks

At first, the crystals being very small, the mixture of plaster and water acquires the plasticity
necessary for the work. Through the continuous growth of the crystals, they solidify and form a
rigid mass, completely devoid of plasticity. The precision and accuracy with which one works
will later determine the quality of the sample. The mold must have all perfectly straight
surfaces and must be designed in such a way that no mechanical shocks occur when the sample
is removed, which can damage the integrity of the sample. The mold must be reusable so that
later cast samples have the same dimensions [1].

The dimensions of the sample are 250x120x60 mm. After finishing the casting, the mold is
placed on a perfectly horizontal surface so that the paste hardens uniformly in the mold, with
equal dimensions over its entire surface. The accuracy of the tests to which the sample is
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subjected depends on the quality of the sample manufacturing process. The samples were dried
for 28 days, after which they were subjected to mechanical tests, to determine the different

resistance values [2].

Figure 2. Compression testing of brick with hydraulic press

The figure below shows the simple brick that broke very quickly after compression testing
using a hydraulic press.

Figure 3. Simple brick after breaking
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The graph below shows the axial deformation of a brick reinforced with three layers of
aluminum grid. Compared to simple unreinforced brick, the mechanical properties of
reinforced brick are superior in terms of resistance to compression and bending.

60 Axial stress-strain curve for brick with aluminum fiber

Tension (MPa)
) w B 9)]
(=] o (=] =

[y
(=]

0
0 0.2 0.4 0.6 0.8
Axial deformation (%)

Figure 4. Axial strain graph for aluminum brick

4. CONCLUSIONS

Following the tests of the two samples, we found that the mechanical properties of reinforced
brick are superior in terms of compressive and bending resistance compared to plain
unreinforced brick.

The process of mechanical recycling of aluminum cans and the use of reinforcement from the
product resulting from this process in the reinforcement of gypsum prefabs provides a new

economically advantageous recycling method that provides better resistance to mechanical
demands.
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Abstract: The article was written as part of the PBL project. It investigates the tribological
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The tribological properties were examined using the ball-on-disc method. Wear mechanisms
were analyzed with a contact profilometer and scanning electron microscopy (SEM). Studies on
topography of coating were conducted using atomic force microscopy (AFM).
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1. INTRODUCTION

Stainless steel is one of the most popular metal materials used in such fields as cookware,
medical devices and also in high-end engineering applications. This kind of steel has several
advantages ranging from excellent corrosion resistance even in diverse harsh engineering
environments, high ductility and shapeability to high and stable across a broad temperature
spectrum impact strength and sufficient mechanical strength [1,2].

One type of stainless steel is 316L (X2CrNiMol7-12-2). This grade of steel due to its
mechanical properties, great corrosion resistance and sufficient biocompatibility is extensively
used in sectors like transportation or petrochemistry, as well as in biomedical engineering. In the
later field, 316L steel has an application because it is the most popular representative of stainless
steel in this range and it is used for surgical implants like bone screws and plates or even joint
endoprosthesis [3,4].

However, 316L steel has low hardness which could cause a predisposition to galling and
scratch the surface and makes it susceptible to wear. Other disadvantages are poor tribological
properties and also limited lifespan in high temperature applications. Various types of coatings
are used to remedy this type of defect [3,5,6].

Chemical composition of 316L steel is shown in Table 1.
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Table 1. Chemical composition of 316L steel [7]

Chemical composition [%]

Cr Ni Mo C Mn Cu P S Si N Fe
Min 17 13 2.25 - - - - - - -
Balance
Max 19 15 3 0.03 2 0.5 0.025 | 0.01 0.75 0.1

Coatings applied by physical vapor deposition (PVD) increases surface microhardness,
reduces friction coefficient and also enhance aesthetic values and electrochemical properties. The
improvement of specific properties depends on the type and chemical composition of the coating
applied to the material [2].

PVD coating finds use in a wide variety of situations, improving surface properties of material
without the need of making whole parts out of high-end materials, greatly decreasing costs and
often allowing for easier manufacturing. PVD or physical vapor deposition is a process in which
solid materials are vaporized and deposited on the surface of a part making a coat with desired
mechanical, chemical or esthetical properties most often higher than the material of the coated
part. Such coatings can increase corrosion resistance and protect against wear, those properties
are extremely important among medical instruments and prosthetic implants. Combining great
surface properties of PVD coating with relatively low cost 316L stainless steel would make tools
that could be used in many fields where degradation of material is critical. Most commonly used
coatings are titanium-based Ti/TiN and chrome based CrN/CrAlIN [8].

Ti/TiN were extensively studied showing considerable increase in corrosion resistance of
coated steels as well as hardness, conducted test on tribocorrosion showed ability of coating to
repair passive film affected area after sliding stops, that passive film also shows some lubricating
abilities helping with wear degradation [9].

Other commonly used coatings CrN/CrAlIN, studies conducted on those coatings showed
significant increase in microhardness and good adhesion to base material. What is more, those
kinds of coatings had great surface roughness and small friction coefficient leading to good
tribological wear resistance and contributing to increase in corrosion resistance [10].

The study of sliding surface interaction is known as tribology. It consists of friction, wear and
lubrication. The resistance exerted on a solid body by another body in contact is called friction.
Wear occurs as a consequence of the mechanical action exerted by a solid body removing
material from the surface of another body. A significant part of the energy and objects generated
by humanity is wasted due to friction and wear. Introducing intended substances between the
surfaces of two bodies to reduce friction and wear is lubrication [11].

Wear resistance can be tested with a tribometer, e.g. in the ball-on-disc mode. Parameters
affecting wear are type of counter-sample, wear diameter, linear speed, normal force and number
of cycles [4].

The purpose of this research is to present the results of tribological and structural studies
of PVD coating deposited on 316L austenitic steel samples.

2. MATERIALS AND METHODOLOGY

The material used to conduct the tests was 316L stainless steel. Samples with a diameter of
20 mm were subjected to grinding and polishing. Subsequently, the CrN coating was applied to
the samples.
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Tribological properties (e.g. friction coefficient) of samples with and without coating were
examined by a tribometer using ball-on-disc method. Study parameters are presented in Table 2.

Table 2. Parameters used for the study of tribological properties

Parameters
Sample | ¢\ trate Coating | Number | Normal load | Radius | Acquisition rate Linear
number cm
of cycles [N] [mm] [Hz] speed [T]
1 -
5
2 CrN
3 316L 20000 5 5 10
20
4 CrN

The studies were conducted at temperature of 25°C and 50% humidity. The tungsten carbide
(WC) ball with 6 mm diameter was used as a counter-sample.

Paths created by counter-sample were measured by Taylor Hobson Surtronic profilometer.
Topography of coatings surface and wear mechanisms were analyzed using atomic force
microscopy AFM and scanning electron microscopy SEM using EHT voltage of 15 kV at
magnifications ranging from 40 to 5000 times and using secondary electron (SE) detectors.
Chemical composition of certain micro areas was conducted using X-ray energy dispersive
spectroscopy EDS.

3. RESULTS

The surface topography at the microscale shows a topographical structure of CrN coating
obtained by PVD method (Fig. 1). Some morphological defects in form of pores appear on the
surface of coatings as well as visible scratches, which are residues from process of mechanical
preparation of samples by grinding and polishing.

a) b

10 pm EHT =15.00 kv Signal A = SE2
WD =13.6 mm Mag= 5.00 KX

Fig. 1. CrN coating topography a) AFM, b) SEM.

Tribological measurements showed the difference between coated and uncoated. Average
coefficient of friction and standard deviation are shown in Table 3. For uncoated samples, the
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coefficient of friction slowly increased as the test continued. Measurements showed that the
friction coefficient value was lower at higher speeds, averaging at u = 0.71 for v =15 cm/s and
pn=0.67 for v=20 cm/s.

For the CrN-coated samples, the coefficient of friction was lower than for the uncoated
samples. For v =5 cm/s, the average coefficient of friction reached p = 0.51, and for v =20 cm/s
it was u = 0.49. These differences are small and may be due to the test conditions and surface
purity. The lack of abrupt changes indicates a lack of abrasion to the surface (Fig. 2).

Table 3. Average coefficient of friction and standard deviation for steel samples

. . cm . e . o g
Sample number | Coating | Linear speed [T] Average friction coefficient | Standard deviation
1 - 0.71 0.12
5
2 CrN 0.51 0.06
3 - 0.67 0.05
20
4 CrN 0.49 0.03
a) b)
1 07
08 =2
3 c 06
= 08 o
S 07 G 08
(=3 =
E os bl ¥
2o Z 0
3 o4 e
S L 02
% 0.3 %
8 0.2 Q 01
0.1 o N
0 0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000
o 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000
Number of cycles Number of cycles

V=50 MM/s  ———v=200MM/s =——=Trendline v=5cm/s  m=Trend linev=20cm/s v=50mm/s ——v=200mm/s e===Trendlnev=5cm/s essTrend line v=20cm/s

Fig. 2. Friction coefficient as a function of the number of cycles for the steel sample a) uncoated,
b) coated.

Measurements conducted using contact profilometer showed that in case steel with no coating
raising linear speed at which tests were conducted from 5 cm/s to 20 cm/s affected the amount
of lost material increasing it by more than four times (Table 4). As to samples with CrN coating,
the cavities that appeared on them during tests were so small that they were immeasurable
proving effectiveness of coatings (Fig. 3, Fig. 4).

T ¥ T T T ! T

o o5 1 15 2 26 3  35mm Width
Fig. 3. Profile of steel with no coating received from contact profilometer measurements, linear
speed 5 cm/s.
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speed 20 cm/s.

Samples with CrN coating don’t show any visible signs of wear and give back results with
which it is impossible to calculate the amount of material lost to wear damage. With results from
measuring samples of raw 316L steel we can calculate area of the profile of cavities and then

0

0.5

1 15

2 25 3

calculate volume of lost material. This is shown in Table 4.

35mm Width
Fig. 4. Profile of steel with no coating received from contact profilometer measurements, linear

Table. 4. Average area and volume of cavities created on samples with no coating

Coating Linear speed [?] Area [mm?] Volume [mm?]
- 5 0.017 0.557
- 20 0.072 2.276
CrN 5 Unmeasurable Unmeasurable
CrN 20 Unmeasurable Unmeasurable

The wear area and volume are significantly greater in the steel sample tested at v =20 cm/s
than in the sample tested at v =5 cm/s (Fig. 5).

2.500

2.000

1.500

Wear Volume mm?
(o
o
(=]
o

0.500

0.000

0.557

v=>5cm/s

2.276

v=20cm/s

Fig. 5. Comparison of surface wear volume of uncoated samples for different linear speeds.
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Conducted SEM topography studies confirmed severe but expectable wear on an uncoated
sample, also EDS results didn’t show any unexpected elements that shouldn’t be present in 316L
stainless steel.

As to coated samples the wear traces were hardly as noticeable, SEM studies showed that in
neither case did the coatings fail, small cases of delamination were visible. EDS study showed
mostly chromium and nitrogen confirming that the counter-sample didn’t wear through the
coating, what’s more study showed traces of tungsten which might have come from the tungsten
carbide counter-sample (Fig. 6, Fig. 7, Fig. 8).

a) b)

100 pm EHT= 1500 kV Signal A= SE2 10 prm EHT = 15.00 kV Signal A= SE2
WD=13.4mm Mag= 40X |_| WD=13.4mm Mag= 500X

Fig. 6. a) Wear trace after the ball-on-disc test at linear speed v = 20 cm/s for 316L steel without
coating, b) Close-up of the wear edge.

a)

20 pm EHT = 15.00kV/ Signal A= SE2 10 um EHT = 1500 kV Signal A= SE2
WD = 13.4 mm Mag= 200X — WD = 13.4 mm Mag= 1.00KX

Fig. 7. a) Wear trace after the ball-on-disc test at linear speed v = 20 cm/s for 316L steel with
CrN coating, b) Close-up of the damage on the coating surface.
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2000- cr

0 2 4 6

Fig. 8. EDS analysis a) from the xI micro-area as in fig. 7b, b) from the x2 micro-area as in

fig. 7b.

Average wear width depends on whether the sample was coated or not and on linear speed at
which tests were conducted, wear width was smaller on coated samples and in both cases
increased with higher linear speed. Average wear width for all samples is shown in Table 5.

Table 5. Average wear width for all samples

Cr

Cr

Sample number

Wear width [pum]

1 987.3

2 185.5

3 13943

4 145.8
4. CONCLUSIONS

Based on the conducted research, it has been determined that:

e Higher linear velocity, at which tribological tests are conducted, results in more wear on

the samples.

e The CrN coating greatly increases the wear resistance of the material.
e The presence of tungsten on the surface of the test sample indicates that the strength of
the CrN coating is greater than that of the tungsten carbide counter-sample.

ACKNOWLEDGEMENTS

This work was produced as part of the project implemented within the framework of project-
oriented education — PBL, in the XI competition under the Excellence Initiative — Research

University program, at the Silesian University of Technology.




282 TalentDetector2025 Winter
BIBLIOGRAPHY
1. K. Chen, Yiting Pan, G. Tang, D. Liang, H. Hu, X. Liu, Z. Liang, Facile fabrication of TiN

10.

11.

coatings to enhance the corrosion resistance of stainless steel, Surface and Coatings
Technology 494 (2024) 131450.

M. Staszuk Investigations of CrN+Cr203/Ti02 coatings obtained in a PVD/ALD hybrid
method on austenitic 316L steel substrate, Vacuum 207 (2023) 111653.

S. Indupuri, P. Sai Kiran, R. Kumar, Ch. Satish, A. Kumar Keshri, High-temperature
tribological behavior of plasma sprayed GNPs-reinforced YSZ coating over 316L stainless
steel, Materials Today Communications 41 (2024) 110451.

M. Staszuk, D. Pakuta, L.. Reimann, A. Kloc-Ptaszna, K. Lukaszkowicz, Structure and
properties of the TiN/ZnO coating obtained by the hybrid method combining PVD and ALD
technologies on austenitic Cr-Ni-Mo steel substrate, Surfaces and Interfaces 37 (2023)
102693.

V.J.S.N. Prasad, F. Mayanglambam, P.N.V.V.L. Primila Rani, Pamu Dobbidi, Silver-doped
Zr02-TiO2 nanocomposite coatings on 316L stainless steel for enhanced corrosion
resistance and bio applications, Surface and Coatings Technology 493 (2024) 131203.

A.F. Yetim, H. Tekdir, K. Turalioglu, M. Taftali, T. Yetim, Tribological behavior of plasma-
sprayed Yttria-stabilized zirconia thermal barrier coatings on 316L stainless steel under high-
temperature conditions, Materials Letters 336 (2023) 133873.
https://www.ebmia.pl/wiedza/porady/obrobka-porady/stal-3161-1-4404/

(access: 22.12.2024)
https://blog.vaportech.com/what-is-pvd-coating-an-intro-to-physical-vapor-deposition
-other-thin-film-deposition-technologies (access: 04.11.2024)

S.A. Naghibi, K. Raeissi, M.H. Fathi, Corrosion and tribocorrosion behavior of Ti/TiN PVD
coating on 316L stainless steel substrate in Ringer's solution, Materials Chemistry and
Physics 148 (2014) 614-623.

M. Soleimani, A. Fattah-alhosseini, H. Elmkhah, K. Babaei, O. Imantalab, A comparison of
tribological and corrosion behavior of PVD-deposited CrN/CrAIN and CrCN/CrAICN
nanostructured coatings, Ceramics International 49 (2023) 5029-5041.

The Editors of Encyclopedia Britannica. “Tribology | Physics.” Encyclopedia Britannica,

7 June 2017, www.britannica.com/science/tribology.



31th January 2025
Gliwice, Poland

DEPARTMENT OF ENGINEERING MATERIALS AND BIOMATERIALS
FACULTY OF MECHANICAL ENGINEERING

—’\ \ A—/ SILESIAN UNIVERSITY OF TECHNOLOGY

TalentDetector INTERNATIONAL STUDENTS SCIENTIFIC CONFERENCE

Development of a computer model and simulation of three-point bending test
using the Gleeble 3800 simulator

Michat Mason 2, Wojciech Borek °

# Student of the Silesian University of Technology, Faculty of Mechanical Engineering,
Department of Mechanical Engineering and Machine Design

email: mm304152@student.polsl.pl

® Silesian University of Technology, Faculty of Mechanical Engineering, Department
of Engineering Materials and Biomaterials

email: wojciech.borek@polsl.pl

Abstract: In this article, the design and numerical verification of a specialized fixture for three-
point bending tests conducted on a Gleeble 3800 are presented. The fixture was initially
conceived as a digital model and is designed to meet ISO 14125 standards, enabling precise
specimen clamping under various conditions. Finite element analysis was used to evaluate stress
and strain distributions, ensuring the fixture's structural integrity and accurate test results.
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1. INTRODUCTION

The phenomenon of the diversity of materials, their unique characteristics, and properties
accompanies us at every step. From everyday objects such as smartphones and cars to advanced
space technologies, we encounter a variety of substances everywhere, whose characteristics
determine their application. Material properties are a set of physical, chemical, and mechanical
characteristics that describe the behaviour of a material under various conditions. It is thanks
to these properties that we can understand why steel is strong, glass is transparent, and rubber
is elastic [1].

To fully understand the behaviour of engineering materials under various operating conditions
and to select them optimally for specific applications, it is necessary to conduct a series
of specialized tests. These types of tests aim to accurately determine the mechanical properties
of materials, such as strength, hardness, ductility, or fatigue resistance. Due to the diversity
of engineering materials and the wide range of their potential applications, many advanced
research methods have been developed. Each of these methods allows for the determination
of specific material parameters, providing engineers with the necessary information
for designing and optimizing structures. Mechanical testing of materials is not only static tensile,
compressive, or bending tests, but also more advanced dynamic tests that simulate the actual
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operating conditions of materials in structures. Thanks to them, we can assess how the material
will behave under cyclic loading, variable temperatures or aggressive environments [2].

2. RESEARCH METHODOLOGY

A detailed 3D computer model of the grip (Fig. 1) for mechanical tests according to ISO 14125
was developed which can be used only in Gleeble 3800 simulator. The model was adapted to the
geometric constraints of the machine's clamps, ensuring adequate stiffness, stability, and secure
clamping of the 56 mm long, 2.5 mm thick specimen with a 40 mm span. The optimal method of
attaching the grip to the clamps was also determined. Necessary analyses and simulations were
carried out [3-5].

Figure 1. 3D assembly of the grip, jaw with pin, and specimen components

In accordance with ISO 14125, the support span was set to a ratio of 1:16. Subsequently,
a numerical simulation of the bending process was conducted, focusing on the stress distribution
analysis in the support area. To optimize the simulation process, degrees of freedom were
reduced. The entire structure was made of S314L stainless steel [3, 4].
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Figure 2. Finite element model

The mesh (Fig. 2) is non-uniformly refined, meaning that the size of the finite elements varies
across the model. In regions where high stress or strain gradients are expected, such as at the
support, the elements are smaller. Conversely, in areas with lower stress gradients, the elements
can be larger. This discretization approach allows for more accurate results while simultaneously
limiting the number of elements, which reduces computation time. Three-dimensional solid
elements were used, providing a versatile tool for numerical analysis.

Subsequently, a simulation was conducted to obtain information about the model's behaviour
under a displacement of 0.1 mm.

0,00019655 Min

Figure 3. Equivalent stress at the supports in a three-point bending test
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Figure 4. Total displacement of the supports during a three-point bending test

The highest stress values for the support during the three-point bending test (Fig. 3)
concentrate in a narrow region, indicating stress concentration. This is a typical phenomenon
at section changes, holes, or other geometric discontinuities. In this case, stress concentration
likely occurs at the joint of the structural elements. The area with the highest stresses is most
susceptible to damage. If the value of these stresses exceeds the material's strength, a fracture
or other type of damage may occur. The support displacements (Fig. 4) are relatively small,
indicating that they are sufficiently stiff to carry the loads. The largest displacements occur in the
cylinder, suggesting it is the most loaded element of the structure, where the highest stresses also
occur.

A similar simulation was conducted with a 10mm pin displacement for the previously
mentioned scenario.
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Figure 5. Equivalent stress at the supports in a three-point bending test
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Figure 6. Total displacement of the supports during a three-point bending test

3. RESULTS

Table 1. Maximum and minimum stress and displacement at the supports

Displacement 01 10
[mm]

max and min

max min max min
value [MPa]

Equivalent stress 476.06 0.00020 613.62 0.00025
[MPa]

Total
displacement 0.0277 0.0013 0.159 0.0017

[mm]

In Table 1 shown that increasing the displacement from 0.lmm to 10mm resulted in a
significant increase in both maximum stresses and total displacement. The very low values of
minimum stresses indicate that the support areas were practically unloaded during the test.
Conversely, the maximum stress values suggest that the material was subjected to significant
loads in these areas. The difference in total displacement for both displacement values is
significant, confirming that larger deformations lead to greater overall sample deformations.
Based on the above results, it can be concluded that the simulation was performed correctly.

4. CONCLUSIONS

The developed grip design meets the requirements of ISO 14125. Geometric measurements
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allowed for the adaptation of the grip to the machine clamp limitations, while ensuring safe
sample clamping. Correctly defined boundary conditions and an appropriately dense finite
element mesh increased the accuracy of the simulation results. The use of model symmetry and
non-uniform mesh refinement significantly reduced computation time without loss of accuracy.
Increasing the pin displacement value results in an increase in stresses and strains in the sample.
The simulation view shows a uniform distribution of these quantities throughout the structure.
Such a stress state is beneficial for the sample's strength, as it minimizes the risk of local stress
concentrations that could lead to premature material failure. Based on the simulation analysis, it
was found that the most stressed area is the contact area between the support and the sample.
With a maximum pin displacement of 10mm, the maximum support stress value was 613MPa.
These stresses were distributed uniformly, with the least stressed points having a value of only
0.0025MPa. The tested structure exhibited high stiffness. Despite increasing the pin
displacement by 10mm, the resulting structural deformations were small, indicating its high
resistance to deformation. The maximum deformation, amounting to 0.159 mm, occurred at the
contact point and gradually decreased to a minimum value of 0.0017 mm, confirming the uniform
stress distribution throughout the structure. Based on the analysis of literature data and simulation
results, it was concluded that the proposed design meets the requirements for a three-point
bending test in the Gleeble 3800 simulator.
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Abstract: The article discusses the technologies for the production of carbon fiber components,
which are widely used in the automotive industry. Carbon fiber, with its exceptional
mechanical properties such as high strength and low weight, is used in the construction of
components that require high durability and precision. The methods for producing composites,
such as wet laminating, vacuum molding, the RTM method, and prepreg technology, are
analyzed. The importance of experience and precision in the production process is emphasized,
and the potential of carbon fiber in modern industry is presented.

Keywords: carbon fiber, wet laminating, vacuum molding, RTM, prepreg, composites,
automotive industry.

1. INTRODUCTION

Carbon fiber is a material with unique mechanical properties such as high strength,
stiffness, and low weight, making it ideal for applications in the automotive, aerospace, and
sports industries. Its history dates back to the late 19th century when Thomas Edison first used
carbon fiber in light bulbs. Today, it is used across a wide range of industries utilizing
advanced technologies.

Fig. 1. Carbon fiber car hood of the Toyota GT86.



290 TalentDetector2025 Winter

The aim of the article is to analyze the methods of manufacturing carbon fiber components,
their advantages, disadvantages, and potential applications in industrial practice.

1. Carbon Fiber and production process

Carbon fiber is a composite material composed of thin fibers made almost entirely of
carbon atoms (92-99%). The residual atoms that may be present are oxygen, associated with the
processes of carbonization and stabilization. These fibers have a unique structure in which
carbon atoms form microscopic crystals arranged parallel to the fiber axis, resembling graphite.
Fibers with a high modulus of elasticity have a more regular and parallel arrangement of
crystallites. Additionally, if there are amorphous areas in the fiber structure arranged
irregularly, these parts of the fibers are more flexible.

The production of carbon fiber is a complex process that can be divided into several key
stages:

1. Chemical Stabilization of the Precursor:

In this process, the fiber undergoes oxidation, forming a stable chemical structure ready for

further carbonization. The most commonly used precursor is polyacrylonitrile (PAN), which is

processed in a controlled atmosphere with oxygen at a temperature of around 200-300°C.
2.Carbonization:

During carbonization, the fibers are subjected to very high temperatures (1000—3000°C) in an
oxygen-free environment, which removes atoms other than carbon, such as hydrogen, oxygen,
or nitrogen. This results in almost pure carbon fiber, which gains its exceptional mechanical
properties due to this process.

3.Surface Treatment:

The fibers are lightly oxidized or etched with chemicals to improve their adhesion to the resin
in the composite.

4.Finishing:
The fibers are coated with special substances (e.g., sizing) that facilitate further processing and
enhance their compatibility with various resins.

2. METHODS OF PRODUCING CARBON FIBER COMPONENTS

2.1 Wet Laminating

Wet laminating is one of the most cost-effective methods for producing carbon fiber
components, primarily used in low-volume and prototype production. The process involves
manually laying carbon fiber fabric in a properly prepared mold, wetting it with resin, and
removing excess resin using tools. The laminate cures at room temperature or slightly higher,
making this method simple and economical. However, the lack of vacuum pressure limits the
mechanical properties of the produced components. Mold preparation plays a crucial role in the
quality of the final product. The mold must be thoroughly cleaned (e.g., with acetone), coated
with a release agent (such as wax or PVA), and possibly gel-coated, which improves the
surface finish and composite resistance. After applying the required number of fiber layers,
separated by resin, the laminate undergoes a curing process, during which the resin gels and
hardens, achieving its final mechanical properties. During curing, an exothermic reaction may
occur, especially in thicker laminates, which requires supervision to avoid overheating. Once
curing is complete, the laminate is removed from the mold using plastic wedges to prevent
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damaging the composite. Final finishing includes applying a clear coat and polishing, giving
the component an aesthetic appearance.

(d)

Fig. 2. Steps of wet lamination method: a) laying the first layer of carbon fiber, b)
saturating with resin using a brush; c) excess resin on the surface; d) using a roller to remove
air trapped in the resin.

In summary, the wet laminating method is a simple and versatile solution, but it requires
experience to achieve high-quality components. The limitations of this technology include
a lower fiber volume fraction and the inability to precisely control curing, making it less
efficient compared to more advanced techniques such as vacuum molding or RTM.

2.2 Vacuum molding

Vacuum molding is an advanced technique for manufacturing carbon fiber components,
which involves removing air and excess resin from the laminate using a vacuum pump. The
process requires the use of additional materials such as release films, absorbent fabrics, and
vacuum bags. Conducting the process under vacuum ensures better wetting of the fibers and
reduces the number of voids in the composite. This results in a higher fiber volume fraction and
better laminate consolidation compared to manual laminating.
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Fig. 3. Diagram of vacuum molding process.

A key step in the process is preparing a sealed vacuum bag using sealing tape, which allows
for effective air extraction and the creation of a vacuum. This process can take several hours,
depending on the size of the component. After the laminate has cured to a solid state, the
equipment is removed, and the composite is separated from the mold using plastic wedges. The
process may be supported by additional thermal treatment to accelerate the resin curing after
the part has been formed. Vacuum molding is a technique that enables the production of high-
quality composites by effectively removing air and excess resin, which reduces the number of
voids and improves fiber consolidation. Additionally, it allows for achieving a higher fiber
volume fraction, which translates to better mechanical properties of the laminate. The
advantage of this method is the reduced emission of organic compounds during production.
However, its drawbacks include higher costs associated with auxiliary materials and the need
for skilled operators, which can affect production time and cost.

2.3 Resin Transfer Molding (RTM)

The RTM (Resin Transfer Molding) method involves placing several layers of fabric or
preform in the lower part of a two-part mold, which is then closed. Resin is injected through
a central inlet channel under pressure of 69-690 kPa, filling the spaces between the fibers and
displacing the air through vents. The process can take place at room temperature or in an oven,
depending on the type of resin and hardener used. The use of preforms is also possible, which
allows for better molding of complex shapes and eliminates time-consuming material trimming.
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Fig. 4. Simplified diagram of the RTM (Resin Transfer Molding) process.

When using this method, voids may form in the composite due to uneven fiber
permeability, which arises from differences in the fiber structure and orientation. High resin
flow rates can lead to the formation of pores within the fibers, while low flow rates result in
voids between them. The permeability of the composite depends on the type of fabric — for
random fibers, it is about 1 x 10~ m?, and for unidirectional fabrics with a high fiber content, it
is approximately 1 x 107" m?. The RTM method enables the production of parts with high
precision, uniformity, and complex shapes. It is an effective method for larger production runs,
allowing controlled resin flow and a high fiber volume fraction. However, its drawbacks
include high mold and equipment costs, the need for precise process parameter control, and the
risk of defects if the fibers are not sufficiently wetted.

2.4 Manufacturing Components Using Prepregs

Prepreg molding is a precise method for manufacturing composites that uses carbon fiber
pre-impregnated with epoxy resin, known as prepreg. Prepregs, which are partially cured
materials, are stored in freezers for 3-12 months. After being removed from the freezer, they
are thawed for several hours, cut to the desired shape, and then used. At room temperature, they
become sticky and easy to handle. Heating them during placement helps conform them to the
mold. Prepregs are characterized by high precision in fiber orientation, which ensures high-
quality composites with low porosity (about 1%).
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Fig. 5 Preirhpregnate pre-soaked in resin.

Additional thermal curing, in an autoclave under pressure, allows for the elimination of
air bubbles and ensures material uniformity. This additional curing occurs within a constant
temperature range of 60-180°C. The advantages of the prepreg method include exceptional
precision in fiber orientation, low composite porosity, and high-quality control. The drawbacks
are higher material costs and the need for storage of prepregs in freezers and careful
preparation before use.

¥ =~ e .‘.'-. Y
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Fig. 6. Components prepared for heat curing in an autoclave

3. SUMMARY

The production of carbon fiber components is a multi-stage process that requires the proper
selection of manufacturing methods depending on the intended use and the design
specifications of the element. An analysis of the technologies reveals that each method has its
advantages and limitations, which determine their application. Due to its unique properties,
carbon fiber enables the creation of components with very low weight and high strength
simultaneously. In particular, in the automotive industry, where the goal is to reduce vehicle
weight and increase energy efficiency, carbon fiber-based composites provide invaluable
solutions. In the future, advancements in manufacturing and recycling technologies may allow
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for even broader use of this material, making it one of the cornerstones of modern engineering
technologies.
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Abstrakt: Prispevok sa zaobera koréznou odolnostou austenitickych nehrdzavejicich oceli
s povrchovou upravou - plazmovou nitridaciou. Teoreticky popisuje nehrdzavejuce ocele,
definuje koro6ziu, koréznu odolnost’, typy korézie a podava zakladné informacie o nitridovani
a druhoch nitridovania.
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1. UVOD

Koroézia je bezny samovol'ny jav, ktory je vidiet’ vSade na svete. Je to dej, pri ktorom material
degraduje vplyvom vonkajSieho prostredia a straca svoje mechanické aj fyzikalne vlastnosti.
Tento dej sa d4& spomalit’, nie vSak zastavit' ato pomocou réznych povlakov (niklovanie),
pouzitim vhodnych materidlov (nehrdzavejuce ocele) alebo chemicko-tepelnym spracovanim
ako je napriklad nitridovanie, ktoré sluzi na zlepSenie tvrdosti a odolnosti vo¢i opotrebeniu.

V tomto clanku je vysvetleny pojem nitridovania a prehlad réznych metod nitridacie.
Osobitna pozornost’ je venovana plazmovej nitridacii, ktorou budu oSetrené vzorky v ramci
experimentalnej Casti projektu. Plazmova nitridacia je Siroko vyuzivana v priemysle, vratane
potravinarskeho a automobilového odvetvia.

2. NITRIDOVANIE

Nitridovanie je jednym z procesov chemicko-tepelného spracovania, ktorého podstata je v
nasyteni povrchov oceli a liatin dusikom. Dusik, ktory prenikne do ocele vytvara od urcitej
teploty nitridy v povrchovej vrstve a tym zlepSuje jej povrchovu tvrdost. Nitriduje sa v
kvapalnom alebo plynnom prostredi a pomocou plazmy [1].

Pocas nitridacie v plyne atomarny dusik vznikne termickou disociaciou c¢pavku na
nasycovacom povrchu [2]. Nitridy legujucich prvkov a aj nitridy zeleza sa vytvaraju vd’aka
dusiku. Nitridacia v sol'nom kupeli sa vykonava v zmesiach kyanatov a kyanidov ich naslednym
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rozkladom. V ramci poslednych rokov sa zacala vyuzivat plazmova nitridacia, ktorad zacala
pouzivat’ ionizovany dusik ziskany elektrickymi vybojmi.
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Obr. 1 Zavislost hrubky a) a tvrdosti b) nitridovanej vrstvy od casu pre rozne teploty
nitridacie

Figure 1. Dependence of the thickness a) and hardness b) of the nitrided layer on time for
different nitriding temperatures

O nitridovani hovori norma STN ISO 42 0004. Pri nitridovani nie je hlavnym prvkom uhlik,
ako pri inych tepelnych spracovaniach oceli, ale hlavnym prvkom je dusik [3]. Atomarny dusik
ma schopnost’ prenikat’ cez absorbénu vrstvu nitridov, pri zvysenej teplote mriezky kovu a
difundovat’” d’alej do ocele. Dusika je vo vzduchu 80 %, ale tento dusik je v podobe
dvojatomovych molekul a zlucuje sa vel'mi problematicky s tazkymi kovmi [3]. Dusik, ktory
difunduje do povrchovej vrstvy ocele zlepsuje tvrdost’ hlavne pri oceliach obsahujtcich hlinik a
chrom.

Po nitridovani uz nenasleduje zZiadne d’alsie tepelné spracovanie.

Zakladnym faktormi, ktoré maju vplyv na vysledky nitridacie su zloZenie ocele, ¢as a teplota
nitridacie a tiez tepelné spracovanie pred nou. Teplota pri nitridacii sa pohybuje pri beznom
procese pri teplote pod A v intervale 470 - 580 °C s dizkou trvania od 12 - 95 hodin, &o vedie
k nadmernej spotrebe energie a nizkej efektivnosti vyroby v priemyselnych aplikaciach [1]. Preto
sa skratenie doby spracovania a zlepSenie ucinnosti nitridacie stdva hlavnou vyzvou pre
povrchovych inzinierov a vyskumnikov [4]. V si¢asnosti sa naj¢astejSie voli casovy rozsah 24 -
72 hodin (obr. 1).

Nitridovana ocel’ odolava vel'mi dobre tinavovym lomom, pretoze inavovy lom vznika az pod
vrstvou a pripadné povrchové chyby nemaju v dosledku nitridovania ziadny vplyv na unavu
komponentov [5]. Povrchova vrstva sa skladd z dvoch hlavnych Struktarnych casti: bielej
(zltCeninovej) vrstvy a difiznej vrstvy (obr. 2).
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Obr. 2 Znazornenie zlozenia nitridovanej vrstvy
Figure 2. lllustration of the composition of the nitrided layer

2.1 Plazmova nitridacia

Plazmova nitriddcia sa vykonava v plazme, teda v ionizovanom plyne, ktory obsahuje iony
a elektrony generované pri kolizidch neutrdlnych castic s elektronmi. Je podmienena
pritomnost'ou atomarneho dusika na povrchu materialu [6]. Suciastky su vlozené izolovane vo
vakuovej nadobe (recipiente) a zapojené ako katoda. Recipient je zapojeny ako andda. Pri
procese nitridacie je potrebné udrziavat' tlak zriedenej zmesi plynov NH3z, NH3+N>, No+H>
v rozpdti 0,1 - 1,5 kPa [1]. Medzi anddou a katdédou musi byt' vysoké napitie 400 - 1000 V.

V dosledku vytvoreného elektrického pola dochadza k ionizacii a Stiepeniu plynnej
atmosféry na plazmu. Kladné idny s vysokou kinetickou energiou dopadaju na katddu (obr. 4).
Kinetickd energia sa pri ndraze meni na tepelnd, o spdsobuje zahrievanie nitridovanych
komponentov. Plazmova nitridicia sa bezne vykondva pri teplotach v rozpiti 500-600°C.
Necistoty sa z povrchu suciastky odstrania iGnovym bombardovanim po uplynuti nastavené¢ho
Casu nahrievania a tlakovania nadoby. Suciastky pocas nitridacie maju fialova farbu (obr. 3).
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Obr. 3 Vzhlad suciastok pocas plazmovej nitridaci
Figure 3. Appearance of components during plasma nitridinge
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Aby mali Castice plynu dostatok kinetickej energie na zrazku so sti¢iastkou, plazmové procesy
prebiehaju vo véakuu, vd’aka ktorému maju suciastky malé deformacie a dosahuje sa vyssia
rychlost’ nasycovania a proces ma ziadiice u¢inky na ochranu zivotného prostredia a vysoku
mieru ekonomickosti [7]. V rdmci procesu nitridacie plyny reaguju s ¢asticami ocele a vytvaraju
vrstvu odolnu voci opotrebeniu. Téato vrstva moze pozostavat’ z gama (y) primarneho FesN (nitrid
zeleza) alebo epsilon (g¢) Fex3sN (nitrid Zeleza) v zavislosti od podielu kazdého plynu v %
v danom prostredi. Okrem zvySenia odolnosti voc¢i oteru, sa vylepSuje aj Gnavova pevnost’
a znizuje koeficient trenia. Cyklus prebieha 2 - 72 hodin, obvykle dosiahne vrstva 0,0508 -
0,6096 mm. Nizkolegované ocele sa vSeobecne spracovavaju dlhsiu dobu [8].
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Obr. 4 Schéma procesu plazmovej nitridacie
Figure 4. Scheme of the plasma nitriding process

3. KOROZIA

Pod pojmom korozia si predstavujeme neziaduce interakcie materidlu a prostredia, ktoré
samovolne vedi k postupnému zhorSeniu alebo az uplnej strate ich povodnych vlastnosti
u kovov, nekovovych organickych alebo anorganickych materialov [9, 10]. Koro6zia predstavuje
postupnu degradaciu materialu vplyvom zivotného prostredia, vedtcu k trvalym zmenam v jeho
mechanickych, chemickych a fyzikalnych vlastnostiach. Kor6zii pomahaju k vzniku agresivne
prostredia, ktoré posobia fyzikdlno-chemicky alebo chemicky a znehodnocujii material [9, 10].
Do okruhu korézie zarad'ujeme aj deje, ktoré vedu k naruseniu materialu, pri ktorych ma kl'acovy
vyznam pdsobenie chemickych procesov.

Korézia vznikéd v kvapalnych, plynnych a aj dokonca tuhych prostrediach, ktoré st denne
vystavené réznym environmentdlnym faktorom. Znaky kordézie sa preukazuji vzhladom,
rozmerovymi a hmotnostnymi ubytkami dosahujicimi hodnotu 1-5% celkovej hmotnosti,
pevnost'ou, zmenou Struktary materialu [11].

V uzSom zmysle sa korozia tyka len kovovych materidlov. Najznamejsia forma kordzie
je hrdzavenie. Ked’ d6jde k hrdzaveniu, kovovy povrch sa pokryje charakteristickou oranzovo-
hnedou skvrnou (obr. 5).
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Obr. 5 Korozia na ocelovej platni
Figure 5. Corrosion of steel plate

Koré6ziu mézeme rozdelit’ podl'a mechanizmu na chemicku a elektrochemicku (obr. 6), podl'a
vzhladu na rovnomernu anerovnomernu. Pozndme aj rozdelenie podla rozhodujiceho

kordzneho Cinitel’'a na kor6ziu pod napétim a na iinavovu koréziu.

Rozdelenie korozie

Chemicka korézia
elektricky nevodivych prostrediach

Elektrochemicka korézia

elektricky vodivych prostrediach

oxidacia kovov pri vysokych teplotach

korozia plastov v réznych prostrediach

korozia kovov v elektrolytoch,

korozia kovov v kvapalinach neelektrolytoch

korézia kovov vo vode,

Obr. 6 Schéma rozdelenia korozie
Figure 6. Corrosion distribution diagram

kordézia kovov v pode,

kordzia kovov v atmosfére
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3.1 Chemicka korozia

Chemicka kordzia je porusenie kovovych materidlov vplyvom chemického pdsobenia
vonkajSiecho nevodivého prostredia. NajcastejSie sa prejavuje pdsobenim suchych plynov,
produktov horenia a v kvapalnych neelektrolytoch, ako su benzin a nafta [12]. Je heterogénnou
chemickou reakciou kvapalného alebo plynného prostredia s kovmi. Pri tomto druhu korézie
vznikd na fazovom rozhrani kov - kordzne prostredie vrstva kordznych splodin nového
chemického zlozenia [10]. Dané vlastnosti zavisia od teploty, Struktury kovu, chemického
zloZenia, stability (rozkladaji sa alebo st stabilné) a objemu splodin, ktoré zapricinuju d’alsi
priebeh korézie povrchu kovu, pretoze chrania, resp. nechrania povrch pred d’alSim priebehom
kor6ézneho procesu. NajrozsirenejSou chemickou koréziou, je kordzia plynmi (oxidacne alebo
redukéne pdsobiacimi), obvykle pri vysokych teplotaich. Hlavnym faktorom ovplyviujucim
rychlost’ kordzie v plynoch je homogenita vrstvy splodin [10]. Difuzia je ¢asto rozhodujica pri
vzniku hrubych vrstiev kordznych splodin.

3.2 Elektrochemicka korozia

Elektrochemicka kor6zia je naruSenie kovovych materialov vplyvom vzajomného
elektrochemického pdsobenia s okolitym elektricky vodivym prostredim [9]. Hlavnym
predpokladom je vytvorenie tzv. katdédovych a anddovych miest na kove, ktory koroduje, preto
jej vytvorenie je zavislé od vonkajSich a vnutornych faktorov kovu. Prebieha pri spolocnom
posobeni kovov s vodou, elektrolytmi, vlhkym vzduchom, kyselinami, roztavenymi solami
alithmi avodnymi roztokmi soli. Elektrochemickd korézia je zavisld od pravidiel
elektrochemickej kinetiky. Elektricky prad je vytvoreny pri kordznej reakcii a velka cCast’
elektrického pradu sa premiena na teplo. Vodivym spojenim dvoch kovov v kor6znom prostredi
sa mdze vytvorit’ kor6zny makroclanok [9]. V danom pripade sa anddova reakcia vzt'ahuje na
menej uslachtily kov, avsak nie je mozné vylucit’ jej priebeh na obidvoch kovoch.

Koréziu rozdelujeme na rozne druhy. Druhy a tvary kor6zneho napadnutia zistené na
metalografickom vybruse sa porovnavaju so schémami normy STN 03 8137, sluziacej k
metalografickému vyhodnocovaniu kor6ézneho napadnutia kovov [13].

4. NEHRDZAVEJUCA OCEL

Nehrdzavejuca ocel’ (slangovo nerez, nerezova ocel alebo nehrdzavejica ocel) je
vysokolegovana ocel’ so zvySenou odolnost'ou voci chemickej aj elektrochemickej korézii.
Korézna odolnost’ je zaloZzend na schopnosti tzv. pasivacie povrchu Zeleza. Nehrdzavejuce ocele
sa zarad’'uju do triedy 17. Skladaju sa aspont z 11,5 % chromu a vrchnou hranicou chromu 30 %
[11]. Chrom poskytuje odolnost’ voci kordzii a tvori ochrannti oxidacnu vrstvu na povrchu ocele.
Tvorbu pasivacnej vrstvy podporuje aj nikel, ktory sucasne zvysSuje odolnost’ proti redukénym
kyselinam. Molybdén zvySuje odolnost’ proti bodovej kordzii a proti pésobeniu chloridov.

Nehrdzavejuce ocele rozdelujeme podla Struktury do réznych skupin (obr. 7). Podla
chemického zlozenia st to ocele chrémové, chromniklové a chrommanganové, ktoré mozu
obsahovat’ este d’alSie zliatinové prvky ako molybdén, kremik, med’, titan, nidb, dusik a pod.

Jednou z kI"i¢ovych vlastnosti nehrdzavejicej ocele, ktord zabezpecuje jej rozsiahle vyuzitie,
je schopnost’ odolavat’ kor6zii. Odolnost’ nehrdzavejucej ocele voci kordzii je tzko spojend s
tvorbou povrchovej pasivnej vrstvy, ¢o je tenkd, rovnomerna a stabilna vrstva oxidu chrému na
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povrchu materialu [10]. Vytvorenie a vlastnosti tejto pasivnej vrstvy su posilnené zvysenim
obsahu chromu a pridanim d’alSich prvkov, ako st molybdén a dusik.
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Obr. 7 Rozdelenie nehrdzavejucich oceli podla struktury a legujucich prvkov
Figure 7. Classification of stainless steels according to structure and alloying elements
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Abstract: Maintenance techniques and applications are becoming increasingly significant in
enhancing the efficiency of industrial production processes and ensuring uninterrupted
operations. Failures in machinery lead to production downtime and disruptions, which increase
operational costs and negatively impact a company's reputation. In this study, predictive
maintenance practices were implemented on an extruder machine used in a cable production
line. After initial measurements, detailed analyses and calculations were performed, leading to
the replacement of faulty machine components and the completion of maintenance procedures.
Subsequent measurements revealed the positive effects of the maintenance on the machine’s
efficiency and performance. Additionally, the costs and environmental impacts of the
maintenance process were evaluated, examining its economic and ecological benefits through
cost analysis and carbon footprint calculations. The findings of this study demonstrate that
predictive maintenance plays a crucial role in extending machine life and reducing energy
consumption.

Keywords: Predictive maintenance, vibration analysis, spectrum form, wave form.

1. INTRODUCTION

The main purpose of this study is to demonstrate that predictive maintenance offers a more
rational, efficient, and cost-effective alternative compared to traditional breakdown-based and
periodic maintenance strategies. Unexpected machine failures in industrial settings lead to high
costs and production losses, causing disruptions in operational processes. Therefore, the
development and optimization of maintenance strategies are critical not only for reducing costs
but also for achieving environmental sustainability goals.

This study aims to systematically integrate predictive maintenance practices into extruder
machines used in cable production. In the initial phase, the current condition of the machines
will be identified through parameters such as vibration, temperature, and electrical
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consumption, while potential failure sources—such as imbalance, mechanical looseness, and
coupling misalignment—will be analyzed. The collected data will be thoroughly examined
using spectrum analyses and waveform interpretations, enabling the early detection of
abnormalities and potential failures in the machines.

These analyses will not only assess the condition of the machines but also contribute to the
optimization of maintenance planning. Additionally, periodic measurements will facilitate trend
analyses and electrical energy consumption calculations, enabling the monitoring of changes in
machine performance.

The study aims to demonstrate the effectiveness of predictive maintenance practices and
contribute to reducing the carbon footprint. By promoting early intervention and planned
maintenance processes, it seeks to enhance production efficiency and help businesses maintain
their competitive edge.

2. PREDICTIVE MAINTENANCE

The predictive maintenance approach is a strategy that enables intervention in systems by
monitoring and analyzing potential failures before they occur. This approach predicts the
timing of failures using specific monitoring methods, minimizing the need to replace parts
before they break down. As a result, it reduces spare parts and inventory costs. Predictive
maintenance aims to minimize downtime caused by failures, thereby reducing production
losses.

The advantages of predictive maintenance include minimizing maintenance costs, extending
the operational lifespan of machinery, maximizing machine efficiency rates, and preventing
unplanned downtime and failures. Let us illustrate several studies from the literature on
predictive maintenance as an example.

Aydin and Meran (2018), predictive maintenance methods applied in cement plants, the
devices used, and field application examples were detailed. Weekly vibration measurements
were carried out using mobile measurement devices, particularly on critical equipment such as
the Rotary Kiln-1 Flue Gas Fan. During the periodic measurement on June 2, 2017, changes
were observed in the bearing measurement trends of the flue gas fan. Spectrum measurements
on the motor-side bearing revealed the formation of peak and harmonic frequencies
corresponding to the bearing outer race failure frequency. Upon examining the demodulation
graphs, it was clearly demonstrated that damage development had begun in the outer race of the
bearing. [1]

Saleem et al. (2012), the concept of "Deformation Shape of the Shaft" (DSS) was used to
detect imbalance in the rotating components of a rotor machine. They demonstrated that
changes in the deformation shape indicate the presence of imbalance in the shaft. To conduct
the study, tests were carried out on a machine fault simulator under various imbalance
conditions. As a result, it was concluded that imbalance in rotor machines causes a significant
increase in vibration, which occurs due to the rise in centrifugal force. [2]

Ozbay (2002) studied a system consisting of a motor, coupling, disc, and bearing. Under
normal operating conditions of the system, he collected vibration values at specified
measurement points and then created artificial faults in the experimental setup to take
measurements again at those points. In his comparisons, he observed that the vibration values
increased as expected. [3]
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3. MATERIAL AND METHODS

In line with the scope of the study, detailed performance measurements of the machine were
conducted both before and after maintenance. Maintenance activities were carried out based on
the identified faults. The measurements were taken in radial (vertical and horizontal) and axial
directions while maintaining constant motor speeds. The measurement directions and locations
are shown in Figure 1. These data were analysed to compare the machine's condition before
and after maintenance. The motor speeds were determined by considering the operational limits
and speeds used in the factory's production processes, ensuring that measurements were
conducted under consistent parameters. This approach enabled a more accurate evaluation of
the maintenance activities' impact on machine performance and provided valuable insights for
preventing potential efficiency losses in the production process.
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Figure 1. Schematic representation of the measurement directions (M: Engine (Motor), G:
Gear, H: Horizantal, V: Vertical, A: Axial, P: PeakVue)

In our study, the machine used is the IK 34 main extruder, located at the Nexans factory and
employed in cable production. It is primarily responsible for producing the outer sheath or
insulation material of the cable. The main extruder processes the primary plastic coating
material, which protects the cable from external factors and provides electrical insulation. The
machine and its components are illustrated in Figure 2.

As shown in Figure 3, the initial vibration measurements were conducted with the SKF
Microlog GX series CMXA 70 analyzer. The SKF Microlog GX analyzer was used for initial
measurements to collect data from machinery and equipment. The device supports two-
channel, multi-route, or non-route data collection. It was preferred in our factory due to its ease
of use and performance. With its FFT analyzer, it enables easy spectral/phase measurements. It
allows fast data collection in the field for FFT spectrum and phase measurements. [4]

The second vibration measurements were performed using the Emerson AMS 2140
analyzer, as shown in Figure 4. The AMS 2140 analyzer was used for second measurements to
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collect vibration data and perform analysis on machinery and equipment. The AMS 2140
features simultaneous four-channel plus phase data collection and peak detection capabilities,
which serve as the earliest indicators of bearing and gearbox degradation.
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ﬁ

Figure 3. SKF Microlog GX serisi CMXA70 Figure 4. Emerson AMS 2140

4. RESULTS AND DISCUSSION

The first measurements were taken before maintenance, the second measurements were
taken after maintenance and they are compared. The measurements and comparison are
presented in Table 1. In the measurements taken before and after maintenance, care was taken
to ensure that measurements were conducted under the same conditions in order to maintain the
consistency of the measurement points and the motor operating speeds. Analysis of the results
of the first measurements revealed high amplitude values in the bearings and gears of the first
bearing (figure 5.). Based on this observation, it was determined that maintenance actions
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should be carried out during the first scheduled downtime to ensure the sustainability of
machine performance and improve efficiency.

During the planned maintenance, which involved stopping the machine, the accuracy of the
signals obtained upon opening the bearing covers was verified. The inspection revealed damage
to the bearings and fractures in the input gear. The bearings were replaced, and since the input
gear is an integral part of the shaft (integral gear), its replacement was postponed to a later

maintenance period.

Following the maintenance, the second set of measurements showed a significant reduction
in the amplitude values. However, since the input gear was not replaced, the current condition
of the gear continued to cause the amplitude values to remain at elevated levels. Replacing the
gear is expected to further reduce these high amplitude values and ensure the efficient operation

of the machine.

Machine | Measurement Date of 1st
ID ID Ist Measurement
Measurement values

K34 MI1H 10.10.2024 30.11.2024 1,924 mm/s 1,219 mm/s
K34 M1V 10.10.2024 30.11.2024 0,960 mm/s 0,677 mm/s
IK34 M2H 10.10.2024 30.11.2024 1,813 mm/s 1,265 mm/s
IK34 M2V 10.10.2024 30.11.2024 1,799 mm/s 1,356 mm/s
IK34 M2A 10.10.2024 30.11.2024 1,459 mm/s 917 mm/s
IK34 GIH 10.10.2024 30.11.2024 3,047 mm/s ,878 mm/s
IK34 Gl1V 10.10.2024 30.11.2024 4,377 mm/s 1,296 mm/s
IK34 G1P 10.10.2024 30.11.2024 3,244 G’s 0,038 G’s

IK34 Gl1A 10.10.2024 30.11.2024 2,197 mm/s 1,325 mm/s
IK34 G2H 10.10.2024 30.11.2024 1,803 mm/s 1,084 mm/s
IK34 G2V 10.10.2024 30.11.2024 2,291 mm/s 1,186 mm/s
IK34 G2P 10.10.2024 30.11.2024 2,216 G’s 0,373 G’s

IK34 G2A 10.10.2024 30.11.2024 1,880 mm/s 1,231 mm/s
IK34 G3H 10.10.2024 30.11.2024 2,120 mm/s 1,110 mm/s
IK34 G3V 10.10.2024 30.11.2024 1,939 mm/s 1,071 mm/s
IK34 G3A 10.10.2024 30.11.2024 1,264 mm/s 1,211 mm/s
IK34 G4H 10.10.2024 30.11.2024 2,236 mm/s 0,835 mm/s
IK34 G4V 10.10.2024 30.11.2024 3,223 mm/s 0,759 mm/s
IK34 G4A 10.10.2024 30.11.2024 1,823 mm/s 2,044 mm/s

Table 1. The vibration measurement test results
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Figure 5. The spectrum graph for first measurements taken on the gearbox

Following the initial measurements, it was determined that the measurement values of our
machine were above the standard values. Detailed analyses and calculations led to the
conclusion that the gear on the input shaft of the gearbox might be broken and the bearing cage
could be disintegrated. Based on these findings, a maintenance plan was created, and the
machine was stopped for the necessary maintenance work. After the maintenance, verification
procedures were carried out, and the analyses were confirmed to be correct, as verified by the
images shown in Figure 6. and Figure 7.

Figure 6. Broken gear Figure 7. Damaged bearing cage
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After the maintenance, the repeat measurements taken from the motor and gearbox data
showed a significant decrease in the amplitude values (7able 1.). This development indicates
that the maintenance work was effective and resulted in a substantial improvement in the
overall system performance. However, since the gear is an integral gear, the gear replacement
has not been carried out yet, and as a result, the broken signals persist. The gear replacement
has been postponed to a later date as part of the planned maintenance strategy. On the other
hand, after the bearing replacement, a notable reduction in the signals was observed, and some
signals were completely eliminated.The spectrum and waveform graphs obtained from the
second measurements are shown in Figure 8. This clearly demonstrates the effectiveness of the
bearing replacement and the improvement in the system. The accuracy of the interventions has
been further confirmed by monitoring the vibration levels and overall performance of the
system. At the same time, the electricity consumption of the line was analyzed at the same line
speeds before and after maintenance and is shown in Table 2.
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Figure 8. The spectrum and wave form graphs for second measurements on the gearbox

Table 2. Comparison of electricity consumption before and after maintenance

Line Speed Amper(A) Engine revolution
m/min min!
Before After Before After
Maintenance Maintenance Maintenance Maintenance
60 198.,7 197,3 1266 1266

As can be seen from Table 2, although there are no significant differences in energy
consumption before and after maintenance, when considering all the machines in the factory, it
is clear that non-negligible values have emerged. These small differences can lead to significant
energy consumption in large-scale production processes, resulting in substantial cost increases.
Furthermore, this increased energy consumption contributes to higher fossil fuel use, which in
turn increases the carbon footprint, causing a negative impact on the environment. In the long
term, failure to prevent such waste can harm the company’s sustainability goals. Air pollution
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may also worsen as a side effect of this increased energy consumption, posing serious threats to
both the environment and public health. Therefore, implementing measures to increase energy
efficiency not only reduces costs but also helps the company fulfill its environmental
responsibility by reducing its environmental impact.

5. CONCLUSION

Many companies view the maintenance of machines used in production processes as an
unnecessary cost and often prefer to postpone these tasks. However, maintenance not only
ensures that machines operate efficiently and healthily, but also significantly contributes to
improving product quality and preventing operational disruptions such as unexpected
downtime. When maintenance is neglected, the continued operation of the system can lead to
failures in other components of the machine and may also negatively affect production quality.
Therefore, neglecting maintenance can result not only in machine failures but also in costly
repairs and production interruptions.

Vibration analysis, one of the predictive maintenance techniques, has become an
indispensable method for detecting and addressing machine faults at very early stages. In this
study, through measurements taken before and after maintenance on our machine, the analysis
and calculations conducted from the spectrum and waveform graphs obtained via vibration
analysis are practically demonstrated on an extrusion machine in a cable production line. The
key is to regularly monitor vibration amplitude trends, take measurements, and intervene
beforehand based on this data, ensuring that limit values in standards are not exceeded. In this
way, machines can operate healthily, allowing faults to be detected early, and preventing
potential disruptions and costly repairs.

It should not be forgotten "What gets measured, gets managed." (Peter Drucker)

REFERENCES

[1] Aydm, G., & Meran, C. (2018). Cimento sektoriinde kestivimci bakimla ariza teshisi ve
onlenmesi. Miihendis ve Makina, 59(692), 48-67.

[2] Saleem, A., Diwakar, G., Satyanarayana, M.R.S., "Detection of Unbalance in Rotating
Machines Using Shaft Deflection Measurement During Its Operation" IOSR Journal of
Mechanical and Civil Engineering (IOSR-JMCE) ISSN: 2278-1684 Volume 3, Issue 3 P8-20,
2012

[3] Ozbay, A., “Predictive Maintenence and its Applications in Industry”, Yiiksek Lisans Tezi,
Cukurova Universitesi Fen Bilimleri Enstitiisii, Adana, 99s, (2002).

[4]Dereoglu, F. (2020). Kagit Uretim Sistemindeki Kurutucu Silindir ve Sirkiilasyon Faninin
Kestirimci Bakim Teknigi ile Ariza Takibi ve Titresim Analiziyle Tespiti (Yiiksek Lisans
Tezi). Kocaeli Universitesi, Kocaeli



31th January 2025
Gliwice, Poland

DEPARTMENT OF ENGINEERING MATERIALS AND BIOMATERIALS
FACULTY OF MECHANICAL ENGINEERING
_’\ /\— SILESIAN UNIVERSITY OF TECHNOLOGY

TalentDetector INTERNATIONAL STUDENTS SCIENTIFIC CONFERENCE

Predictive Maintenance on Rod Break Down Machine

!Cemal Meran, 2Aysenur Kabukcu, 2Dilruba Yavas, “Mustafa Furkan Orha, *Fatih Oztekin

"Prof.Dr., Pamukkale University, Faculty of Engineering, Department of Mechanical
Engineering, Denizli, Turkey, cmeran@pau.edu.tr

2Student, Pamukkale University, Faculty of Engineering, Department of Mechanical Engineering,
Denizli, Turkey

3Nexans Turkey Industry, R&D Center, Denizli, Turkey

Abstract: Predictive maintenance aims to prevent unexpected breakdowns, reduce maintenance
costs, and enhance production efficiency by continuously monitoring machines and predicting
potential failures in advance. This strategy plays a critical role in increasing operational
efficiency and extending equipment lifespan, particularly in the manufacturing sector.

In this study, predictive maintenance practices were carried out on a coarse wire drawing
machine, selected as a pilot in the cable industry, through vibration analysis. The primary aim of
the study was to assess the current condition of the machine and identify potential failures. Using
vibration measurements, gear faults, mechanical looseness, and bearing defects were identified,
with these issues being concentrated in the gearbox. The results were evaluated in accordance
with ISO 10816-3 standards, and the applicability of predictive maintenance in the sector was
examined in detail within this context.

Keywords: Predictive Maintenance, Vibration Analysis, Mechanical Looseness, Current
Analysis

1. INTRODUCTION

In the cable production industry, with rapidly advancing technology and increasing energy
demands, losses and breakdowns during the production process reduce machine efficiency,
disrupt production workflows, and increase operational costs. Regular and effective maintenance
is crucial to ensure that machines operate continuously and efficiently. Predictive maintenance
stands out as a key strategy to meet this need, extending the lifespan of machines while ensuring
they operate at maximum efficiency.

There are a limited number of studies on predictive maintenance of wire drawing machines in
the literature. Novelo and Chu (2022) investigated the detection and prediction of mechanical
failures through vibration analysis in a nut production factory in Taiwan. In their study, analytical
techniques such as fast Fourier transform, empirical mode decomposition, and shock response
spectrum were applied to a six-die nut production machine. The research demonstrated that
optimizing maintenance schedules could enhance production volume and quality [1]. Alcelik and
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Kam (2020) investigated the effects of vibration analysis on shaft bearing systems. According to
the study's findings, misalignment increases vibration levels, leading to additional static and
dynamic loads on the bearings, which in turn reduces system performance [2]. Ranieri et al.
(2018) evaluated the applicability of vibration analysis in engine and transmission systems in a
study conducted within the automotive sector. The results indicated that this method achieved an
accuracy of over 85% in fault detection and reduced operational costs by 20% [3]. Martinez and
Lopez (2017), in a study conducted at a textile factory, reported that predictive maintenance
practices reduced the failure rate of weaving machines by 35% and decreased unplanned
downtimes from 120 hours to 40 hours annually. This improvement resulted in annual savings
of $75,000 [4]. Bose and Sharma (2011) evaluated predictive maintenance practices in power
plants through a study conducted on a 2 MW gas turbine. Cracks in the turbine blades were
detected early using vibration analysis, resulting in savings of $350.000. Additionally, the
operational lifespan of the turbine was extended by 15% [5]. Peng and Chu (2004) examined the
applicability of vibration analysis in high-cost systems such as wind turbines. Their findings
revealed that vibration analysis plays a critical role in the early detection of rotor imbalance and
gear failures, increasing system reliability by 25% [6].

Literature reviews indicate that predictive maintenance has been addressed across various
industries, but studies focusing on wire drawing machines in the cable industry are limited.
Therefore, this study aims to explore the potential benefits of applying predictive maintenance
practices to wire drawing machines.

2. PREDICTIVE MAINTENANCE

It is a type of maintenance that evaluates the operational status of machinery and equipment,
assesses the results of measurements and analyses, and takes necessary precautions and planning
when adverse conditions are detected. In predictive maintenance, specialized devices are used to
perform observations and measurements. By monitoring the condition of a machine or
component and utilizing the collected data, this approach determines the most appropriate time
for maintenance. This results in fewer downtimes, reduced labor and cost losses, and extended
equipment lifespan, allowing for greater utilization. Since the cause of the failure is identified in
advance with this method, less time is spent during maintenance. As intervention occurs before
a machine breaks down, it can be reactivated without production halting or delays in deliveries.
This method ensures better continuity in production processes.

Methods used in predictive maintenance include infrared thermography, oil analysis, ultrasonic
monitoring, motor current monitoring, and vibration analysis. [7].

Vibration analysis identifies machine faults at the frequency level. Faults produce vibrations at
specific frequencies, which can be used for fault detection. Imbalances cause increased vibrations
at a frequency equal to the machine's rotational speed (1x). Gear faults generate distinct
vibrations at multiples of the gear mesh frequency, depending on the number of gear teeth.
Bearing faults, on the other hand, exhibit high-frequency vibrations, with damage to the inner or
outer races causing vibration peaks at specific frequencies. Coupling misalignments typically
manifest as increased vibrations at 2x or 3x the rotational frequency. By analyzing vibration data
in this way, machine faults can be detected early, and maintenance needs can be identified in a
timely manner.
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3. MATERIAL AND METHODS

This study was conducted to implement predictive maintenance practices on the TC-10 coarse
wire drawing machine located at Nexans Turkey Industry and Trade Inc.'s Denizli Cable Factory.
The materials used included the TC-10 wire drawing machine and the Emerson AMS 2140
vibration measurement device. The TC-10 performs copper wire drawing, where an 8§ mm
diameter copper wire is reduced to as thin as 1.75 mm upon exiting the machine. The machine
has 750 km/day production capacity, which translates to approximately 8.64 meters of wire being
drawn per second. During the wire drawing process, the machine operates at a speed of 1518
rpm, drawing 217 amperes of current and requiring 265 kW of motor power. Figure 1 shows the
image of the wire drawing machine used for the measurements.

F igre 1. Rod copper break down machine

In this study, the focus area for measurements was the motor and gearbox section of the machine.
Figure 2 shows an image of the motor and gearbox. The mains frequency was fixed at 50 Hz,
and all measurements were conducted at this constant frequency.

Figure 2. Gearbox and motor section of the measured TC-10 machine
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Measurements were taken from a total of 16 different points, covering the radial (vertical and
horizontal) and axial directions at the motor's input and output points as well as the gearbox's
input and output points, to fully analyze the vibration behavior of the machine. The representation
of these points on the system is shown in Figure 3.
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Figure 3. Vibration measurement points. A: axial V: vertical H: horizontal G: gearbox E: engine

The collected data was analyzed using PeakVue Technology, developed by Emerson. PeakVue
is an advanced vibration monitoring method that enables rapid and reliable analysis of the health
status of rotating machinery. Unlike traditional vibration analysis, which typically focuses on
RMS (root mean square) values of the signal, PeakVue analyzes the peak values of the signal.
This approach allows for a clear detection of sudden impacts or irregularities, making it
particularly effective in identifying mechanical issues, lubrication deficiencies, or wear in
rotating equipment such as bearings, gears, and pumps. Figure 4 illustrates the moment of
measurement at the horizontal axis of the gearbox's input section using the vibration
measurement device.

vibration
. measurement
device

Figure 4. Vibration measurement from the horizontal axis at the inlet of the gearbox
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4. RESULTS AND DISCUSSION

Although there was no definitive information about the existing issues at the outset, the current
condition of the machine was evaluated based on the analyses performed, and potential solutions
to the identified issues were discussed.

The results obtained from the spectrum and time-wave graphs of the motor's rear vertical
measurement are presented in Figure 5. According to the findings, the highest peak in the motor's
rear vertical measurement graph was observed at the 6x frequency component, indicating a
potential for broad-band mechanical looseness at the base of this frequency. As a medium-sized
machine with a 265 kW motor, it was assessed that the motor has a flexible structure due to its
feet not being anchored and fixed to concrete.

According to ISO 10816-3 standards, the vibration velocity thresholds for flexible, medium-sized
machines are set at 2.3 mm/s for the warning level, 4.5 mm/s for the alarm level, and 7.1 mm/s
for the danger level. The measurement data from the motor's rear vertical axis are below these
threshold values, and measurements from other axes also remain similarly below the standard
limits.
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Figure 5. Engine rear vertical measurement spectrum and time-wave form

The gearbox measured consists of two stages. The operating principle of this gearbox is similar
to that of a 4-speed transmission system. While shaft 1 remains stationary, shaft 2 moves along
the x-axis and can shift through four stages with the assistance of a hydraulic fluid.

The spectrum and time-wave graphs for the horizontal input measurement of the gearbox's first
stage are shown in Figure 6. According to the findings, significant mechanical looseness, likely
originating from the bearings, was identified at low CPM (Cycles Per Minute) value ranges.
Since the system contains only a 6316-type bearing, it is considered that this bearing may be
contributing to the looseness issues. Regarding gear damage, for the second gear with an input
RPM (Revolutions Per Minute) of 1518 and an output RPM of 1012, the CPM value for the gear
pair Z=36 and Z=54 (Z=number of teeth) was calculated to be approximately 55,000, indicating
potential damage. Similarly, for the fourth gear with an input RPM of 1518 and an output RPM
of 1659, the CPM value for the gear pair Z=47 and Z=43 was found to be approximately 71,000,
suggesting a high probability of damage in the fourth gear set.
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The spectrum and time-wave graphs for the horizontal input measurement of the gearbox's second
stage are shown in Figure 7. According to the findings, the narrower CPM (Cycles Per Minute)
range defined for the second stage (0—10,000) was more effective in identifying bearing faults. The
6316-type bearing, located at the input side of the second shaft, is considered to have a potential for
damage in both its inner and outer races. However, this possibility could not be definitively
confirmed due to a lack of precise alignment with the CPM values.
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Figure 7. Reducer 2nd stage input horizontal measurement spectrum and wave-time graph

On the other hand, the 6220-type bearing, positioned at the output side of the second shaft and
associated with the second gear, was observed to have a high likelihood of severe damage in both
its inner and outer races. These faults were clearly visible in the vibration graph, indicating an
urgent need for maintenance on these bearings. Additionally, other peak values observed in the
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graph were inconsistent with the CPM values calculated. Therefore, assuming these peaks
indicate faults could lead to misleading conclusions.

5. CONCLUSION

Many enterprises continue to produce without checking whether the machines they use in the
production line are working properly. Mechanical looseness, axial misalignment and unbalance
in production lines are among the most important factors that need to be monitored frequently.
As the system operates with unbalanced, it can both cause other parts of the machine to fail and
reduce product quality. In addition to these, it has been seen in the study that even the slightest
unbalancing will increase production costs due to significant electricity consumption.

Vibration analysis is of indispensable value today in detecting and controlling machine failures
at much earlier stages. This study explains how primary gear and bearing faults can be detected
using a vibration measurement device and spectrum analysis. It is essential to take measurements
regularly and compare them with baseline values to ensure that the threshold limits
are not exceeded

In the study, it was determined that continuing operation with the damaged gear pair in the 4th
gear and the 6220-type bearing is not considered safe for the machine. Therefore, maintenance
planning should be carried out as soon as possible, and the necessary faults should be
addressed promptly.
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Abstract: This thesis focuses on the use of thermochromic pigments as additives in cables by
using their ability to change color with temperature. This will make it easier to recognize the
cables in the event of a possible short circuit and to take precautions without preventing bigger
dangers. For this, pigment that changes color at 60 degrees Celsius was used. The experiments
in this thesis were carried out with the help of the R&D centers of Nexans Turkey Industry in
Denizli. The test parts were carried out in the heat treatment laboratory at Pamukkale
University with the help of engineering faculty lecturers. As a result of these experiments and
tests, it was determined that the thermochromic pigment was used as an additive in the most
cost-effective way and the amount was sufficient.

Keywords: Cable, Thermochromic, Coloring Pigment, PVC

1. INTRODUCTION

Cable, a metallic conducting wire covered with an insulating material used in the transmission
of electric current. Url 1. The cables, which are defined in this way and have an important place
in our lives, are protected from external factors thanks to their insulating sheaths.

Paints are used for many different purposes, such as protecting, beautifying, highlighting or
drawing attention to or stimulating the materials they cover. Increasingly, new ideas and
applications are developing in the coloring process. One of them is the ability to change color
due to taste or needs.Url 2. Color-changing dyes or pigments are almost ubiquitous colorants
and have many different functions. They can have different stimuli and respond differently. For
example, the type of dyes defined as thermochromic dyes have properties such as changing
color at a certain temperature, becoming colorless or revealing its color. The aim of this thesis
is to use thermochromic pigments to make cables change color at the desired temperature. In
this way, it will be possible to easily observe the damaged or potentially damaged areas by
changing color depending on the temperature due to short circuit or any other reason. A target
temperature of 60 C was chosen as the target temperature, which is slightly below the
temperatures that the cable is required to withstand.
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During the study, it will be important to find the appropriate thermochromic dye that can
change color at 60 degrees and mix it in the compound in appropriate proportions.

In this project, unlike the common usage areas of thermochromic pigments, it is to ensure that
electrical appliances such as mouse, charger, kitchen appliances, which we use everywhere to
make life easier, are noticed by changing the color of that cable by heating in case of any short
circuit. In this way, it prevents any dangerous situations such as fire, cable melting, etc. by
seeing the danger in advance and preventing it. In this context, by conducting the necessary
research and some experiments, we evaluated its suitability and cost and tried whether it can be
used in our lives.

2. CABLE ADDITIVES AND COLORING PIGMENTS

A cable is a device that transmits electrical energy, connects two electrical devices and consists
of one or more cores. Cable structures, except for special cables, generally consist of two main
parts.

1. Conductor part: A wire or bundle of wires, consisting of one or more wires and not insulated,
used to transmit electrical energy. The most common materials used for conductors are copper
and aluminum.

2. Insulator part: The substance that electrically insulates the conductor. The most common
materials used for insulators are thermoplastic insulators (PVC, PET), tires and paper. Url 3.
The recipe for the insulating part of the cable can be in different mixtures according to the
need. Likewise, the substances added according to the need may vary. Their main components
are usually polymers. This component constitutes the majority of the mixture. In addition,
additives such as plasticizers, antioxidants, fillers, colorants, flame retardants, lubricants,
mixing modifiers, stabilizers can be used according to the need.

Pigments are used as colorants in many different industries such as plastics, textiles and food.
They give color to dyes and also add durability to the product and extend its life. Used as
additives, these pigments determine the color of the final product.

Color-changing pigments change color depending on different environmental factors, giving
the product an aesthetic appearance. Materials produced with these pigments change their color
depending on the temperature change in the environment or in response to the light they are
exposed to. In addition, depending on the area of use, they not only beautify the appearance but
also provide different functions. Their application areas are quite wide and for example;
temperature indicators, sensors, color changing inks, plastic industry and textile industry, safety
markings, etc. It is also used in many different sectors.

Thermochromic pigments are pigments that change color according to the ambient temperature
as an external stimulus. Upon reaching certain activation temperatures, these pigments change
color in response and return to their original state when the temperature drops below the
activation temperature. The way they change color can be from colored to colorless, from
colorless to colored and from one color to one other color. Some types even have a certain
range, e.g. 60 degrees activation, =15 degrees activation and flexibility in reversibility.
Reversible thermochromic dyes are classified into 2 different sections in the field used in the
PVC industry.

1. Standard Thermochromic Pigment: These are generally the thermochromic pigments
mentioned in the first part. When they reach the activation temperature, they lose their color
and become colorless. When the ambient temperature drops below the activation level, they
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return to their former color.

2. Reverse Thermochromic Pigment: These pigments work exactly opposite to the standards.
When the ambient temperature is below the activation temperature, they look colorless, when
they reach the activation temperature, their color is revealed. When it falls below the activation
degree, they lose their color again and become colorless.

Most thermochromic pigments are based on the rearrangement of chemical bonds in their
molecular structure upon temperature change. These pigments are encapsulated in
microcapsules before application. When heat is applied to a thermochromic microcapsule, the
structure of the thermochromic material inside the microcapsule changes and thus the color is
lost. On cooling, the microcapsule's internal material structure reversibly returns to its original
state and the microcapsule gains color. Url 4.

These chemical structure changes occur in 3 ways in thermochromic pigments. These are;

1. Proton Transfer: It is the occurrence of proton transfer with temperature change. This leads
to a rearrangement of the chemical bonds of the pigment's molecules, resulting in a color
change.

2. Hydrogen Bonding: Color change occurs when hydrogen bonds are broken or formed. These
bonds affect the structural stability and color changing properties of the pigment.

3. Electron Distribution: Redistribution of electrons occurs in pigments when the temperature
increases. This changes the optical properties of the pigment so that the absorption and
reflection of light is different.[5]

3. MATERIAL AND METHODS

The experimental work was carried out at Nexans Turkey Industry in Denizli. After the
production materials were received, they were taken to the production room and all processes
were carried out in the extruder machine. The extruder machine is shown in Figure 1.

The test phase was carried out in the furnace in the Heat Treatment Laboratory in Pamukkale
University Mechanical Engineering Faculty of Engineering, shown in Figure 2. The main cable
material was supplied by Nexans and the thermochromic material by Nanorenk co. The
pigments sent as samples are of two different types: black standard thermochromic and pink
reverse thermochromic. The degree of activation is the same for both pigments at 60°. The
dosage recommendation for thermochromic pigments is between 0.5% and 2% for PVCs.
Firstly, the mixtures were weighted according to the mixture ratios with a precision balance to
prepare the mixtures in the room for production. Then the mixtures were put into bags and
mixed. The recipe of our mixture, which is the cable material, is as follows; PVC Resin
(powder) 40%, Calcite (filler) 40%, Stabilizer 4%, Plasticizer 16%. The addition amounts of
thermochromic pigments to this mixture are as follows; black pigment was added at a rate of
1% and pink pigment at a rate of 2% in accordance with the guide.
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Figure 1. Extruder Strip Sample Production Figure 2. Heat treatment furnace
Machine of NEXANS Company

The reason for adding different amounts is to observe whether it influences the material
produced. The mixture was mixed by hand for about 10 minutes by closing the mouth of the
bag and homogenization was ensured. Then the mixture was put into the extruder and
production was started as a strip. The strip coming out of the machine came out in different
colors because it was hot in the first state. As can be seen in Figure 3a and 3b, the black
pigmented strip came out of the machine as white, and the pink pigmented strip came out of the
machine in the first state by showing its color, that is, dark pink.

a)Black Sl‘l:'-l'p b) Pink Strip
Figure 3. Views of band extrusion from the extruder

4. RESULTS AND DISCUSSION

The produced strip was observed at different temperatures in the furnace in the laboratory to be
used in the test phase and it was checked whether there was a change. With this experiment, the
condition of our material at the activation temperature was observed and its effects were
examined. The tested temperatures started from room temperature (about 25°) to 65 degrees,
which is slightly above the activation temperature of 60 degrees. The test was performed with
one black and one pink sample. The temperatures shown step by step in Figure 4 were



Production of Cable That Changes Color at 60 °C Temperature 323

photographed at 25 degrees (a), 40 degrees (b) , 50 degrees (c), 55 degrees (d), 58 degrees (e),
60 degrees (f), 62 degrees (g) and 65 degrees(h) respectively.

€)58 °C f) 60 °C )62 °C h)65 °C

Figure 4. The view of color changing of polimer depend on tempereture

As expected as a result of the above observations, no change was observed in our samples at
room temperature, Figure 4a. At 40°C, the same image was obtained with room temperature,
Figure 4b. However, due to the attachment of the samples with wires at the temperatures we
made in the oven, the temperature was homogeneously distributed, but openings occurred,
which are thought to be due to the thermal conductivity of the wires. For example, when we
examined their condition at 50°C, we saw that the color of the samples started to change from
the corners, Figure 4c. When we observed their condition below 55°C, we found that these
color changes increased a little more, Figure 4d. As we approached the degree of activation, we
started to observe the results we expected. The situation below 58°C shows a result that
supports this statement, Figure 4e. When we reached 60°C; although not a complete
transformation, we observed that we reached a satisfactory and noticeable change, Figure 4f.
In the 62°C and 65°C observations, we can say that the color change was completed with very
close results, Figure 4g and Figure 4h. This shows that the properties of our pigment fully serve
its intended use and will give the necessary warning in a timely manner if used.

When the opened oven at 65°, we started to observe directly and saw that both samples reacted
very quickly and returned to their original state at the end of 90 seconds. At t=0s, It was seen
that they started to recover quickly from the corners, Figure 5a. When the looked at t=30s and
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t=60s, it was seen that first half and then all of the black sample was restored, while the pink
sample was fully restored around t=90s, Figure 5b-d.

a)t=0s b)t=30s c)t=60s d)t=90s

Figure 5. The view of color changing of polimer depend on time

5. CONCLUSION

Although the data obtained at the end of the experiment was sufficient, it proved that
thermochromic pigment can be used in different areas of our lives and that it can have different
functions other than aesthetic and pleasant appearance for us in areas such as security and
precaution. The experiment showed that it can be successful in the field of detecting and
preventing short circuits in cables and served as a pioneer in future studies. Despite the very
small amounts added to the mixture, the thermochromic pigment showed its effect quite
adequately. This is considered to be a method that can be used considering the benefits it will
provide from the cost phase of the thesis.

According to these results, it was obtained the same results at the activation temperature
regardless of the amount of pigment added to the mixture. It seen that the amount only affects
the vividness and brightness of the color and that there will be a time delay in the recovery time
that will not be important. In terms of cost, it may say that the most suitable one may vary
according to the desired tone, but these pigments work for their purpose in an economical way.
Considering that this method acts as an insurance and saves other costs, it is believed to be a
method that should be used.
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Streszczenie: Przedmiotem analizy byl n6z znajdujacy zastosowanie do urabiania skat
kombajnami goérniczymi, stosowanymi przy drazeniu tuneli oraz eksploatacji zt6z surowcow
mineralnych. N6z oraz uchwyt nozowy zaprojektowano i zestawiono w programie SolidWorks,
a nastepnie przygotowano model do analizy w oprogramowaniu Ansys. Przygotowano siatke
elementow skonczonych, odebrano stopnie swobody, dodano wtasciwosci kontaktu na
odpowiednich powierzchniach elementow oraz zatozono ruch obrotowy.

Abstract: The subject of the analysis was a rock — cutting pick, which is used in the cutting of
rock with shearers and roadheaders used in tunneling and mining of natural resource deposits.
The pick and pick holder were designed and compiled in SolidWorks, and then a model was
prepared for analysis in Ansys software. A finite element mesh was prepared, degrees of
freedom were taken away, contact properties were added on the relevant surfaces of the
components and rotational motion was assumed.

Keywords: Ansys, MES, n6z kombajnowy, symulacja

1. WSTEP

Noze kombajnowe (rys. 1) sg kluczowymi elementami goérniczych maszyn urabiajacych
wykorzystywanych w budownictwie i gornictwie do mechanicznego urabiania skal, drazeniu
tuneli w roznorodnych warunkach geologicznych oraz w robotach wybierkowych. Do maszyn
tych nalezg kombajny $cianowe stosowane w procesiec wydobycia surowcoéw mineralnych,
takich jak wegiel kamienny czy inne surowce naturalne oraz kombajny chodnikowe stosowane
szeroko do drazenia wyrobisk korytarzowych w kopalniach podziemnych oraz tuneli. Ich
podstawowym zadaniem jest urabianie skal na zasadzie skrawania. Noze te osadzone sg w
uchwytach nozowych przyspawanych do pobocznicy organéw roboczych maszyn urabiajacych.
Noze kombajnowe sktadajg si¢ z korpusu trzonka wykonanego z wysokiej jakosci stali oraz
ostrza z weglikow spiekanych, ktore charakteryzuja sie wysoka twardoscig i odporno$cia na
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Scieranie. Proces laczenia wkiladek z weglikow spiekanych z trzonkiem noza odbywa si¢
poprzez lutowanie twarde, co zapewnia trwalo$¢ i wytrzymato§¢ narz¢dzia. Odpowiednie
rozmieszczenie 1 ustawienie katowe nozy pozwala na efektywne urabianie materialu skalnego.
Wysoka jako$¢ wykonania oraz regularna kontrola stanu technicznego nozy sg kluczowe dla
zapewnienia ciaglosci 1 efektywnoSci procesu wydobywczego. Wytwarzanie nozy
kombajnowych obejmuje zaawansowane technologie takie jak walcowanie poprzeczne,
obrobka cieplna trzonkéw oraz technologie spiekania odpowiednio dobranych proszkow na
bazie weglikow wolframu 1 kobaltu. Zastosowanie tych metod pozwala na uzyskanie narzedzi o
wysokiej wytrzymatosci i odpornosci na trudne warunki pracy w gornictwie. Podczas
eksploatacji noze kombajnowe s3 narazone na intensywne zuzycie S$cierno-erozyjne oraz
wykruszanie weglikow spiekanych oraz zmeczenie termiczne, co moze prowadzi¢ do obnizenia
skuteczno$ci ich dziatania. Dlatego istotne jest monitorowanie stanu technicznego nozy oraz
ich regularna wymiana w celu utrzymania optymalnej wydajnosci kombajnu. Noze
kombajnowe stanowig nieodzowny element wyposazenia maszyn gorniczych, determinujgc
efektywnos$¢ i bezpieczenstwo procesu wydobywczego oraz oczekiwane postepy drazenia
wyrobisk korytarzowych oraz tuneli. Ich konstrukcja, materialy uzyte do produkcji oraz
technologie wytwarzania sg kluczowe dla zapewnienia wysokiej jakosci i trwalo$ci tych
narzedzi w trudnych warunkach pracy pod ziemig [1-5].

Rys. 1. Przyktad noza stozkowego stosowanego w kombajnach tunelowych wraz z uchwytem
montazowym [Opracowanie wlasne].
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whasne].

Rys. 3. Model uchwytu noza kombajnowego zaprojektowany w programie SolidWorks
[Opracowanie wtasne].
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Rys. 4. Model noza kombajnowego spozycjonowanego w uchwycie [Opracowanie wtasne].

Metoda Elementéow Skonczonych (MES, ang. Finite Element Method, FEM) jest jedna
z najczgsciej stosowanych technik numerycznych do analizy i rozwigzywania probleméw
inzynierskich oraz fizycznych. Jej wszechstronno$¢ umozliwia modelowanie skomplikowanych
geometrii, analize napre¢zen, przeplywow cieczy, transferu ciepta oraz wielu innych zjawisk
wystepujacych w mechanice, budownictwie, termodynamice czy elektrotechnice. Metoda
elementow skonczonych polega na rozbiciu ciaglej dziedziny, takiej jak konstrukcja
mechaniczna, na dyskretne, mniejsze fragmenty zwane elementami skonczonymi. Kazdy z tych
elementow reprezentowany jest przez zestaw funkcji aproksymujacych (funkcje ksztattu), ktore
opisujg rozktad wielkosci fizycznych w jego wnetrzu. Podstawowym krokiem w MES jest
sformutowanie rownan rozniczkowych problemu, ktoére nastepnie przeksztatca si¢ w uktad
rownan algebraicznych. Rozwigzanie tego uktadu pozwala na wyznaczenie przyblizonych
warto$ci szukanych wielkos$ci w weztach siatki dyskretnej. Etapy analizy w MES:
e modelowanie geometryczne: definiowanie geometrii badanego obiektu.
e podzial na elementy (meshowanie): tworzenie siatki elementéw skonczonych, ktora jest
kluczowa dla doktadnos$ci obliczen.
e definicja warunkéw brzegowych 1 obcigzen: okreslenie obcigzen zewnetrznych, sit,
temperatur lub innych wielko$ci wptywajacych na obiekt.
e rozwigzanie: obliczenie rozktadéw pdl, takich jak napr¢zenia, odksztatcenia czy przeptyw
energii.
e analiza wynikéw: wizualizacja 1 interpretacja wynikow w formie map konturowych,
wykresow czy animacji.
Metoda Elementow Skonczonych znajduje zastosowanie w wielu dziedzinach inzynierii i
nauki, m.in.: mechanice konstrukcji: analiza napr¢zen, odksztatcen 1 stabilnosci konstrukcji
stalowych, betonowych czy kompozytowych, termodynamika: badanie przewodzenia ciepla,
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wymiany ciepla w elementach oraz procesow chlodzenia, mechanice ptyndéw: symulacje
przeplywéw cieczy 1 gazéw w kanalach, rurociggach oraz otwartych zbiornikach,
biotechnologia: modelowanie struktur biologicznych, takich jak ko$ci czy implanty, przemyst
lotniczy 1 samochodowy: projektowanie aerodynamiczne oraz analiza wytrzymatosci
komponentow. Do zalet zastosowanie MES nalezag mig¢dzy innymi: mozliwo$¢ analizy
ztozonych geometrii i warunkow brzegowych, wszechstronno$¢ w zakresie roznych dziedzin
fizyki, dostgpnos¢ nowoczesnych narzegdzi i oprogramowania (ANSYS, Abaqus, COMSOL).
Do ograniczen metody elementow skonczonych nalezy zaliczy¢é: wysokie wymagania
obliczeniowe dla skomplikowanych modeli, konieczno$¢ doktadnego przygotowania modelu
oraz definiowania warunkéw brzegowych, wyniki sg zalezne od jakosci siatki 1 parametrow
modelowania [6-10].

2. METODYKA BADAWCZA

Pierwszym krokiem bylo zamodelowanie noza i uchwytu nozowego, a nastepnie
spozycjonowanie noza w jego gniezdzie (rys. 2 — 4) w programie SolidWorks. Dalej tak
przygotowany model zaimportowano do S$rodowiska programu Ansys. Tam z kolei
przygotowano siatke elementow skonczonych (rys. 5-6) o rozmiarach: 2 [mm] na powierzchni
kontaktowej noza, 5 [mm] na pozostalych jego powierzchniach, 3 [mm] na powierzchni
kontaktowej uchwytu nozowego i 5 [mm] na pozostalych jego powierzchniach. Kolejnym
etapem bylo wprawienie noza w ruch obrotowy wzgledem jego osi podluznej w wyniku
przylozenia do jego ostrza momentu obrotowego (rys. 7). Ostatnim krokiem byto
przygotowanie powierzchni kontaktowych pomigdzy nozem, a gniazdem (rys. 8), zastosowano
kontakt typu ,,frictional” ze wspotczynnikiem tarcia typowym dla pary ciernej stal — stal p=0,2.
Celem pracy byta budowa poprawnie dzialajacego modelu, uktadu néz stozkowy — uchwyt
nozowy. Model ten bedzie stanowil podstawe do ustalenia warunkéw koniecznych do
zapewnienia rotacji noza podczas procesu urabiania skat.

Rys. 5. Model z natozong siatkg elementéw skonczonych wykonany w programie Ansys.
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Rys. 6. Powierzchnia kontaktowa z natozong siatka elementow skonczonych wykonana w
programie Ansys.

Rys. 7. Model z oznaczonym miejscem przytozenia momentu obrotowego wykonany w
programie Ansys.
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Rys. 8. Powierzchnie kontaktowe modelu wykonane w programie Ansys.

3. PODSUMOWANIE

Opracowany model symulacyjny w srodowisku Ansys pozwala na badanie stanu napr¢zenia
1 odksztalcenia w trzonku noza oraz jego wspotpracy z gniazdem w uchwycie nozowym.
Zamodelowane warunki brzegowe pozwalaja na swobodny obrot noza wzgledem uchwytu co
jest warunkiem réwnomiernego zuzycia jego ostrza. Model ten stanowi punkt wyjscia do
okreslenia warunkéw niezbednych dla zapewnienia obrotu noza w trakcie urabiania skal.
Zbadanie mozliwo$ci obrotu noza w trakcie urabiania wymaga uwzglednienia rzeczywistego
stanu obcigzenia noza. W wyniku przeprowadzonego eksperymentu numerycznego uzyskano
wykresy rozktadu naprezen w miejscach kontaktowych (rys. 9) oraz przemieszczenia (rys. 10).
Rysunek 9 przedstawiajacy mape naprezen wykazatl ich koncentracje w obszarze sfazowania,
zwigzanego z stopniowaniem S$rednicy trzonka noza oraz na kotnierzu oporowym noza, w
miejscu jego osadzenia na powierzchni czotowej uchwytu nozowego. Przemieszczenia
przedstawione na rysunku 10 wskazuja na obrotowy charakter pracy noza, co potwierdza
prawidlowe zatozenia modelu.
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Tab. 1. Wyniki rozktadu napr¢zen zredukowanych na powierzchniach kontaktowych.

,7661e-002 6.1992e-003

9,3733e-002 6,054 7e-003

B: Static Structural

== 0,087879 Max

— 7,4621e-7 Min

Rys. 9. Rozktad napr¢zen zredukowanych na powierzchniach kontaktowych noza.

== 0,0038335 Max

Rys. 10. Rozktad przemieszczen noza osadzonego w gniezdzie.
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Streszczenie: W  niniejszym  artykule przedstawiono wyniki statycznej analizy
wytrzymalo§ciowej pary ciernej wystepujacej w tarczowym ukladzie hamulcowym. W tym
celu wykonano model tarcza-okladziny, a nastgpnie wykonano symulacj¢ komputerowa
wykorzystujgc program SolidWorks.

Abstract: In the following article the static strength analysis of friction pair occurring in the
disc brake system was presented. For this purpose, the disc-lining model was made and then,
using SolidWorks, the simulation was carried out.

Stowa kluczowe: pary cierne, hamulec tarczowy, symulacja, SolidWorks

1. WSTEP

Jednym z najwazniejszych systemow bezpieczenstwa w przemysle samochodowym jest
uktad hamulcowy pojazdéw. Z tego wzgledu stawiane sag mu bardzo rygorystyczne wymagania
1 kryteria oceny. System hamulcowy samochodu musi zapewnia¢ [1]:

 zatrzymanie samochodu na dystansie nie przekraczajacym maksymalnej dopuszczalnej

dhugosci drogi hamowania,

» mozliwo$¢ regulacji predkosci samochodu w zaleznosci od warunkéw ruchowych,

Z punktu widzenia inzynierii materialowej kluczowag rol¢ odgrywaja pary cierne
wystepujace w hamulcach. W przypadku elementow hamulcow dobdér odpowiednich
materialow warunkuje bezpieczenstwo pojazdu, redukcje masy pociggu w wyniku obnizenia



Analiza rozktadu naprezen wystepujgcych w ciernym uktadzie hamulcowym 335

masy hamulcéw, polepszenie odpornosci korozyjnej oraz wihasnosci trybologicznych. Istotng
cechg materiatow na pary cierne jest wspodiczynnik cieplny, poniewaz elementy hamulcow
pracuja w wysokich temperaturach, w pociaggach osiagajacych nawet 800°C [1].

W kolejnictwie najczesciej stosowane sg hamulce cierne. Podstawowymi typami hamulcow
ciernych sa3 hamulce klockowe, tarczowe, i1 szynowe. W hamulcach klockowych
1 tarczowych para cierna tworzona jest przez element obrotowy wraz z mogacym si¢ do niego
dociska¢ w miar¢ potrzeby drugim elementem ciernym, potagczonym przegubem z ramg wozka
lub nadwozia pojazdu [2]

W hamulcach tarczowych (rys. 1) elementem obrotowym pary ciernej jest specjalna
tarcza, osadzona na state na zestawie kolowym. Z tg tarczg wspoOtpracujg szczgki pokryte
oktadzing cierng. Oktadzina cierna przenosi sil¢ tarcia z tarczy obrotowej na o$ kola zestawu.
W pojazdach szynowych, ze wzgledu na ciggly wzrost predkosci jazdy w celu uzyskania
wymaganej drogi hamowania, stosuje si¢ hamulec tarczowy jako hamulec zasadniczy [2-3].

Do niewielu wad hamulca tarczowego zalicza si¢ brak mozliwos$ci kontroli stanu pary
ciernej tarcza-oktadzina w catym procesie eksploatacji.

Rys. 1. Schemat hamulca tarczowego, 1 — element obrotowy, 2 — element
dociskajacy
Fig. 1. Disc brake scheme, 1 — rotary component, 2 — pressing component

2. MODEL CAD

Modele tarczy hamulcowej (rys. 2) oraz oktadziny (rys. 4) wykonane zostaly w programie
AutodeskInventorProfesiona. Poslugujac si¢ operacjami, w jakie wyposazone jest
oprogramowanie, zamodelowano odpowiedni ksztalt tarczy wraz z systemem wentylacji
a takze uproszczony model oktadziny. Projekt zaktada prostot¢ elementu, majgcg na celu
usprawnienie procesu wytwarzania i obrobki tarczy.

Funkcje wentylacyjng pelni¢ majg poprzeczne elementy laczace ptyty tarczy (rys. 3),
charakteryzujace si¢ aerodynamicznym ksztattem, ktéry ma usprawniaé przeptyw powietrza
1 chtodzenie detalu. Wykorzystanie podobnego ksztattu pretow znalez¢ mozna np. w patencie
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nr US 4865167 A z 1987 r. czy patencie nr US 20090272609 Al z 2009 r.
Odpowiednie rozmieszczenie elementow wentylacyjnych pozwala na lepsze chlodzenie tarczy,
a tym samym wydtuzenie czasu jej eksploatacji. Rozwigzanie to w porownaniu z klasycznymi
kanalami wentylujagcymi umozliwia obnizenie masy tarczy przy jednoczesnym polepszeniu
przeplywu powietrza wewnatrz tarczy.

Stosowanie otwordw jest jednym z podstawowych sposobow obnizania masy
elementow, wskazuje na to wiele patentoéw, m.in.: EP 0085361 A1 z 1983 r., US 20070181389
A1 z2007 r., US 7066306 B2 z 2006 .

Rys. 2. Model 3D tarczy hamulcowej
Fig. 2. Model of the brake disc

Rys. 3. Przekroj modelu tarczy
Fig. 3. Section model of the brake disc
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W celu dodatkowego ograniczenia masy tarczy wykonano cztery otwory przy kotnierzu
tarczy, ktére wzmocnione zostaty poprzez dodanie zebrowan. Oktadzing tarczy zamodelowano
w oparciu o nowe wymagania dla oktadzin ciernych hamulcéw tarczowych pojazdow
kolejowych, okreslajacych m.in. cechy geometryczne oktadzin oraz procedury homologacyjne
[4]. Przyjeto powierzchni¢ kontaktowa okladziny réwna 200 cm? Ksztatt oktadziny
odpowiada¢ miat geometrii tarczy. W kontaktowej czesSci oktadziny zastosowano rowki,
majace na celu usprawnienie chtodzenia elementu.

Rys. 4. Model oktadziny
Fie. 4. Model of the brake pad

3. SYMULACJA WYTRZYMALOSCIOWA

Statyczna analize¢ wytrzymato§ciowa wykonano z wykorzystaniem narz¢dzi dostgpnych
w programie SolidWorks 2015 — dodatku SolidWorks Simulation. W symulacji rozwazany byt
uktad tarcza — dwie okladziny (rys. 5). Celem symulacji bylo okreslenie napr¢zen
wystepujacych w uktadzie, ewentualnych odksztatcen elementéw oraz stwierdzenie ogolnej
wytrzymato$ci zamodelowanego rozwigzania.W analizie przyjeto, ze tarcza wykonana jest z
zeliwa szarego, natomiast oktadziny ze staliwa weglowego. Zatozono réwniez wspotczynnik
tarcia migdzy powierzchniami kontaktowymi wynoszacy 0,35. Warto$¢ ta uznawana jest za
najbardziej optymalng dla par ciernych hamulca tarczowego [5]. Laczna masa uktadu
elementow wynosi ok. 140 kg

t
Rys. 5. Ztozenie tarczy hamulcowej z oktadzinami

Fig. 6. Brake disc and pads assembly

-
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Rys. 6. Umocowania oraz obcigzenia zewnetrzne przyjete w analizie
Fig. 6. Constants and applied forces

Tarcza zostata umocowana wykorzystujac nieruchomg geometri¢ na wewnetrznej $cianie
kotierza (rys. 6). Ma to w uproszczeniu symulowac przytwierdzenie tarczy do piasty.
Sita przylozona do kazdej z oktadzin wynosita 25kN. W literaturze warto$¢ ta odpowiada sile
potrzebnej do zatrzymania pociggu. Analiz¢ rozpoczeto poprzez wygenerowanie —siatki
brytowej o rozmiarze elementu 17.4666 mm oraz tolerancji 0.87333mm (rys. 7).

Rys. 7. Ztozenie po wygenerowaniu siatki
Fig. 7. Assembly with generated mesh

8.1. Wyniki symulacji

W tabeli 1 zostaly zestawione punkty maksymalnych i minimalnych naprezen,
przemieszczen oraz odksztatcen wystepujacych w rozwazanym uktadzie oktadzina-tarcza.
Na rysunkach 8-10 przedstawiono graficzng prezentacj¢ przemieszczen, odksztatcen oraz
naprezen zredukowanych wg Missesa, ktore wystepuja w uktadzie tarcza-oktadziny podczas
hamowania.
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Tabela 1. Punkty maksymalnych i minimalnych naprg¢zen, przemieszczen oraz odksztatcen
Table 1. Points of maximum and minimal stesses, static displacements and deformations

Nazwa Typ Min Max
Naprezeniel VON: Naprezenie | 18.8177 N/m”2 6.54892e+006 N/m"2
zredukowane wg | Wezet: 50732 Wezet: 54009
Misesa
Nazwa Typ Min Max
Przemieszczeniel URES: Wypadkowe | 0 mm 0.00256367 mm
przemieszczenie Wezet: 328 Wezet: 85457
Nazwa Typ Min Max
Odksztatceniel ESTRN: Odksztatcenie | 4.9691e-010 6.79185e-005
réwnowazne Element: 32829 Element: 796
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Rys. 8. Graficzna prezentacja przemieszczen wystgpujacych w ukladzie tarcza-oktadziny
podczas hamowania
Fig. 8. Grafic representation of displacement occuring in brake disc-pads setup during braking
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Rys. 9. Graficzna prezentacja odksztatcen wystepujacych w uktadzie tarcza-oktadziny podczas
hamowania
Fig 9. Grafic representation of deformations occuring in brake disc-pads setup during braking
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Rys. 10. Graficzna prezentacja naprezen zredukowanych wg Missesa wystepujacych
w uktadzie tarcza-oktadziny podczas hamowania
Fig. 10. Grafic representation of Von Misses stresses occuring in brake disc-pads setup during
braking

4. WNIOSKI

Przeprowadzona statyczna analiza wytrzymalo$ciowa pozwala stwierdzi¢, ze elementy
speiniajag postawione przed nimi wymagania eksploatacyjne. Wystepujace naprezenia
sag bardzo niskie, a materiat wybrany na tarcz¢ posiada wystarczajace wlasnosci
wytrzymalo$ciowe. Sama konstrukcja tarczy hamulcowej umozliwia prawidtowe przenoszenie
naprezen oraz nie ulega odksztatceniu. Analiza nie wykazata zadnych deformacji elementow, a
wiec konstrukcja jest dostatecznie wytrzymata.

Zamodelowane elementy nie powinny ulega¢ deformacjom ani pegknigciom,
ktore wykluczatyby je z uzytku. W wyniku symulacji ukladu tarcza — oktadzina mozna
stwierdzi¢, ze elementy te wytrzymaja warunki eksploatacyjne i naprezenia wystepujace
w uktadzie w wyniku dziatania sit hamujacych.

5. PODSUMOWANIE

Hamulce s3 jednym z najwazniejszych systemdéw bezpieczenstwa w samochodzie, ktorych
zadaniem jest regulowanie predkosci pojazdu w zaleznosci od warunkéw ruchowych, a przede
wszystkim zatrzymanie samochodu na dystanse krétszym niz maksymalna dopuszczalna
dlugos¢  drogi  hamowania.  Ksztalt  tarczy  oraz = oktadzin = zamodelowano
w oprogramowaniu CAD i modele te poddano statycznej analizie wytrzymalo$ciowe;.
Zaproponowane rozwigzanie speinito postawione wymagania, pozostawiajagc miejsce dla
dalszej optymalizacji postaci konstrukcyjnej. Przy dalszej analizie nalezatoby uwzglednié
rowniez wplyw temperatury, ktéra mogta by wplyna¢ niekorzystanie na wytrzymatos$c
podzespotow.
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