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INTERNATIONAL STUDENTS SCIENTIFIC CONFERENCE
TALENTDETECTOR2024_SUMMER
SILESIAN UNIVERSITY OF TECHNOLOGY, GLIWICE, POLAND
17™-19™ JUNE 2024

The International Student Scientific Conference TalentDetector2024 Summer aims to
integrate the student and scientific community dealing with topics related to material
technologies. It is a place that gives the opportunity to exchange experiences, knowledge,
skills and present current scientific achievements, developing and expanding students'
interests in the field of materials engineering, surface engineering, biomaterials and
biomedical engineering, nanotechnology, pro-ecological technologies and computer materials
science. The conference allows for the presentation of projects conducted with the industry as
part of the activities of Student Scientific Circles, doctorates, projects implemented in the
form of PBL - Project Based Learning as part of the Excellence Initiative - Research University
at the Silesian University of Technology, projects in the framework of EURECA PRO/European
University in Responsible Consumption and Production and international bilateral cooperation

between Universities.

CONFERENCE ORGANIZER
STOWARZYSZENIE
. . . P . HIZI%
Materials Science Circle of the Association of Alumni of the

3

1

Silesian University of Technology, Gliwice, Poland

CONFERENCE CO-ORGANIZER

Department of Engineering Materials and Biomaterials, Faculty I(
of Mechanical Engineering, Silesian University of Technology,

Gliwice, Poland
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TalentDetector HISTORY

The International Student Scientific Conferences TalentDetector from 9 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 500 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, the Czech Republic, Ethiopia, Ghana, Georgia, Iran, 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 160 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_Winter (Gliwice-Zilina)
Number of articles: 84

Number of authors: 147

Number of countries: 8

Number of cooperating universities: 11

Gazi University, Ankara, Turkey

Gebze Technical University, Gebze, Turkey

Georgian Technical University, Tbilisi, 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 Pristina, Pristina, Kosovo

University of Zilina, Zilina, Slovakia
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Activity supported by
International Visegrad Fund’s
V4 Generation Mobility Mini-Grant No 12410044

The project has access to the possibility for participants to use the analysis of available literature and
the results of innovative material testing in order to apply technological parameters, including laser
treatments of functional elements in ecological technologies. The aim of the scientific project is the
impact of the use of a laser in the operation of laser thermal power and melting of the surface layers
of metal materials on the structure and substances on the surface. Scientific research undertaken to
optimize laser technological conditions in order to provide a fine-grained structure of the surface
layers, ensuring a specialized increase in the operational level of the surface. The aim of the project is
to strengthen cooperation between young people who want to develop scientifically. The activities will
involve encouraging contact with authorities who share their life experiences. Maintaining and
constantly deepening bonds of friendship, cultivating the tradition of self-education and the principles
of professional ethics at the international level.

Organizer:

Association of Alumni of the Silesian University of Technology, Gliwice, Poland. Cooperation on a
Master & Apprentice basis. Encouraging contact with Authorities who share their life experiences.
Maintaining and constantly deepening the bond of friendship, cultivating the tradition of the
profession and the principles of professional ethics at the international level (Poland, Slovakia).
Organizing self-education assistance for youth and university graduates. Development of various forms
of care for the youngest pupils and students starting their professional careers. Action to increase the
prestige and importance of the idea of lifelong learning. Organization of the TalentDetector
International Scientific Seminar twice a year (talentdetector.polsl.pl), which is a place for the exchange
of experience, knowledge, skills and presentation of the current scientific achievements of students
and graduates in the field of materials engineering and surface engineering.

Partner:

University of Zilina, Department of Materials Science and Engineering, Zilina, Slovakia completed the
comprehensive accreditation process, which included the restructuring of activities. A series of
seminars was planned based on interdisciplinary teams with the strong involvement of foreign
scientists and external university institutions, as well as establishing procedures for expanding
activities in cooperation with the Interdepartmental Research Center. The main emphasis will be on
promoting modern methods of teaching materials and technologies among pupils and students. The
University of Zilina actively participates in various coordination activities of new European technology
platforms. The University of Zilina has scientific staff, experience and laboratories that fully justify its
choice as a place for joint seminars.

Direct target groups:

Participants: 15 people from Slovakia and 15 people from Poland (high school students, university
students, PhD students - age 17-26) and 6 international supervisors from Poland and Slovakia
(professors and PhD).: 30

Event 1

TalentDetector Seminary Zilina, 5"-7'" June 2024, Zilina, Slovakia

Visit to the University of Zilina, Department of Materials Science and Engineering, (several faculties of
the University, the area of the city of Zilina, Rajecké Teplice) - Groups of several participants will
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participate in 3-day workshops at the University and the surrounding area - visits to historical places
and meetings with regional history experts.

The project has access to the possibility for participants to use the analysis of available literature and
the results of innovative material testing in order to apply technological parameters, including laser
treatments of functional elements in ecological technologies.

Participants will be divided into 6-person international teams. The partner has unique research
equipment allowing to determine the mechanisms of material consumption and scientific staff
guaranteeing a high level of the seminar. During the visit, the students will gain knowledge enabling
them to explain the structural mechanism of improving the properties of the surface layer by
increasing the hardness and resistance to abrasion and tribocorrosion using modern lasers in the laser
surface treatment process. Classes will be held in laboratories, lecture halls and production companies
related to the Zilina region. The meetings will be held in accordance with the approved program
consisting of meetings at the University, shared meals, sightseeing around Zilina and meetings with
people who cherish the history of the region and materials engineering graduates.

Event 2

TalentDetector2024_Summer, 17t'-19*" June 2024, Gliwice, Poland

The International Seminary TalentDetector2024_Summer — 3-day meeting at a laboratories, science
centres and in hotel in Gliwice. Presentations of common interests, knowledge competitions,
integration meetings, learning about the history of Poland and Slovakia on expeditions around the old
city. Discussion on social and cross-border issues with invited international guests. The seminar will
include lectures and discussion panels with scientific authorities. Participants will be able to present
their scientific and social projects at the oral and poster sessions. There will be an integration meeting
devoted to the history of the regions the participants come from and a joint miner feast. During the
afternoon classes, there will be a visit to nearby attractions such as the silver mine in Tarnowskie Géry
and the museum of history of industry on Silesian region. Materials from the seminar in the form of
concise studies by individual teams will be published in a monograph (each participant will receive a
book with a monograph) and transferred to the publicly available library system. During the seminar,
proposals for further cooperation within the established teams will be prepared and forms of broad
promotion of international Visegrad Fund projects among candidates, students and graduates of fields
related to materials engineering will be developed. Information about the tasks carried out in the
project will be disseminated by youth and accompanying persons via social media and at seminars
organized online.

www.talentdetector.polsl.pl

The project is co-financed by the Governments of Czechia, Hungary, Poland and Slovakia through
Visegrad Grants from the International Visegrad Fund. The mission of the fund is to advance ideas for
sustainable regional cooperation in Central Europe.
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Abstract: Electrically conducting substances with a comparatively limited capacity for light
absorption are known as transparent conducting oxides, (TCOs). These materials are primarily
used in opto-electronic devices and are more frequently manufactured using thin film
processes. FTO was the preferred TCO in this work, after depositing it onto a glass substrate at
(~ 3000 rpm for 15-30 seconds) the etchant concentration and time and other conditions for
fabrication were used to make an analytical modeling. The highest adhesion energy obtained
was 2.5 x 107% J/m? - 2.7 x 10!3 J/m? using an etchant concentration of FeCl, (~1 M) and HCI
(~1 M). It was also obtained that the allowable particle size between the FTO layer and glass
substrate was 0.04 x 10" m — 0.07 x 10”3 m. The stronger the concentration of the etchant, the
more particles would be removed which can inherently affect the adhesion.

Keywords: Etchant concentration, Fluorine Doped Tin Oxide, Adhesion energy, Contact
length

1. INTRODUCTION

Before the invention of Transparent Conducting Oxides (TCOs), silicon was heavily used as
a semiconductor in integrated circuit and device fabrication. Apart from silicon being
expensive it is only applicable in the visible region; it reflects about one third of light that can
be converted in solar cells to electricity. It is difficult to integrate it with other semiconductors
in devices and needs to be doped before it can be used to perform its desired purpose. All these
defects and disadvantages made device fabrication difficult and expensive to acquire[1].

Transparent conducting oxides (TCOs) are electrically conducting materials that possess a
relatively low ability to absorb light. These materials are more often prepared with thin film
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technologies and mostly applied in opto-electronic devices. Their conductivity can be
manipulated from insulating through to conducting as well as their transparency. TCOs are
semiconductor compound where the non-metallic part is made of oxygen. TCOs are electrically
conducting materials with relatively low absorption of light ability. They are used in opto-
electrical devices. Examples of these materials are doped ZnO, SnO; and In,O3 and are very
resourceful in the transparent electrodes in optoelectronic applications. Optoelectronics is the
research and implementation of electronic devices and systems, that detects the sources and
stimulates the control of light, usually known to be a subfield of photonics [2].

In this project, the relationship between the adhesion energy, etchant concentration and size
particles in the patterning of a Fluorine Doped Tin Oxide (FTO) will be investigated.
This would help to determine whether TCOs with high surface and elastic energy would need a
higher concentration of etchant and a high etching time or not. In patterning of a TCO a
process called etching is used to remove all forms of debris or impurity and to dissolve the
surface of the substrate. Patterning of TCOs is also termed as photolithography where desired
pattern is masked with a photoresist and the parts to be etched are exposed so they can dissolve
after etching [3].

2. MATERIALS AND METHODOLOGY

Even though specific optical properties are required and crucial, additional important criteria
should be met and by the method used for the deposition. Before deposition of the TCO layer,
the glass substrates were submerged in acetone within an ultrasonic cleaner and sonicated for
15-20 minutes. The glass substrates were thoroughly rinsed with isopropanol to remove acetone
residues. The glass substrates were placed in deionized water within the ultrasonic cleaner and
sonicated for another 15-20 minutes. The rinsed glass substrates were placed in a drying oven. .
A precursor solution containing Tin(IV) chloride (SnCls), hydrofluoric acid (HF) and acetic
acid stirred for 5 hours at 50°C and then forms FTO gel through sol-gel.
The glass substrate was held on a spinner chuck by vacuum and FTO is coated to uniform
thickness by spin coating (~ 3000 rpm for 15-30 seconds) and the FTO thickness is set by
primarily FTO viscosity, secondarily spinner rotational speed. The FTO thickness is given by
equation 3 as:

k 2
== (M
where k is the spinner constant, typically 80 -100— p is the Resist solids content in percent (%)
and w is the spinner rotational speed in rpm/1000.
The samples are then dried in an oxygen rich oven at 400°C for 30 minutes.
Since FTO does not react with acid, its etching is not possible by an acid. Therefore, a unique
method was used to etch FTO in which Zn powder is spread on FTO then concentrated HCI is
added. Zn reduces H' to H atom that penetrates into FTO network and reduces Sn+ to metallic
Sn [4,5]. This reduction of Sn+ slowly breaks down FTO structure, which eventually causes the
detachment of the FTO layer from the glass substrate [6]. Since H atom can penetrate reduced
Sn, there is no control of etching unless all the Zn is used up or substrate is taken out from the
etching bath [7]. Thus, the etching of masked area is frequently observed, which produces
undercut or side etching. To overcome this problem, FeCl. (~1 M) is used as a penetration
controlling and oxidizing agent with Zn and HCI Zn reduces Fe* to Fe» along with H- ions, and
these Fe ions are involved in producing the shiny film of Sn on the FTO that acts as barrier to
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further reduction. Moreover, Fe ions can dissolve metallic Sn. Thus, FeCl: along with Zn and
HCl is used to fine line the etching process [8].

RESULTS AND DISCUSSION

Analytical modelling

Using the thickness of the FTO layer obtained, annealing temperature, etching concentrations
and environmental conditions analytical models were done to investigate the adhesion energy
and contact length between the FTO layer and the glass substrate to understand how effective
the layer deposition is at a microscopic level.

Adhesion

Adhesion energy is the attractive energy between two unlike molecules. They are caused by

forces acting between two materials, that is mechanical forces (sticking together) and

electrostatic forces (attraction due to opposite charges) [9].

The relation between the contact profile and adhesion energy can be represented by:
2Et2h?

X_3(1—1.12)a‘1

E= Young’s modulus

V=Poisson ratio

t=thickness

h=height of the blister under the beam

2)

Adhesion energies are required in modelling of the role of adhesion during contact between two
surfaces. In a recent study the relation between stiff materials such as glass and other
interlayers of the devices are represented using the Derjaguin, Muller and Toporov (DMT)
model. It gives

— Fadhesion _2Fadnesion 3
IpMT T T ok L3/:¢: amm— (3)

Fadnesion 18 the adhesion force and R is the effective contact radius, which is given by

1 1

R tip + ers) (4)

Where Ry, and R, are radius of the atomic force microscopy (AFM) tip and root mean
square roughness of the substrate.

R=(

6EIR?
S

E= young’s modulus

[= second moment area of the beam

h =height of the dust particle

U, = surface energy due to adhesion at the region where there is a contact given by

U, =-%A, (6)
A, =contact

¥ = adhesion energy

©)



4 TalentDetector2024 Summer

A, is given by

A, =WX L,

=W x(L-s) (7)
L. =contact length
U, =-ww(L-s) (8)

The total energy of the system is the sum of U, and U,

__6EIR?

=" Fw(L-s) 9)

Ur

The total energy will be least (minimum) at an equilibrium value of s. Therefore, by

differentiating.
dUy _18EIR?
@ st +¥w (10)
dUy )
" =0, hence the Adhesion energy
S
2
¥= (11)
where the analytical form of the second moment of area I, is given by
wt?
In terms of the adhesion energy and the void lengths
_ 3Et3h? 13
- 2s* (13)
4 _3EC°hA1 /
st (s (14)

Since the length of the void is in relation to the entire beam length and the contact region of the
two layers (L), the nominal contact length is related by

352
S==( 3E2:rh YWa=L-L, (15)
32
The nominal length of the contact is %= 1-%(%}32r L )1/ 4 (16)

Surface roughness often causes adhesion energy to rise. Stronger interactions between particles
and surfaces result from rough surfaces because they offer more places of contact for adherence
[10]. However, results from the graph shows that adhesion energy between the FTO layer and
the Glass substrate decreases with the increase in the size of the particle and vice versa, meaning
the smaller the size of the particle the higher the adhesion energy. For a thin layer of FTO to
adhere appropriately on a glass surface after etching, the particle sizes must be between 0.04 x
10 m —0.07 x 103 m to obtain adhesion range from 2.5 x 10"13 J/m? - 2.7 x 10'* J/m?. These
values correspond with literature where the average allowable particle size in a thin film is 0.1 to
0.6 um with a median diameter [11]. Therefore, from these findings it can be concluded that
there is a limit to the theory that roughness of a surface increases adhesion energy. In this case
FeCl, (~1 M) and HCI (~1 M) were able to achieve this adhesion energy values. It can also be
deduced that in order to get more surface roughness the etchant concentration must be reduced
and vice versa.
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Figure 1. shows a schematic graph of the analytical modelling of the FTO on Glass plotting the
adhesion energy against size of the particle.

In materials science, the contact length between particles can influence properties such as
mechanical strength, electrical conductivity, and thermal conductivity of materials. The contact
length is often related to the particle size and shape distribution within a material [12]. Results
from the graph shows that the contact length between the FTO layer and the Glass substrate
increases with the size of the particle. Between particle size ranges 0.04— 0.07 x10"'* m shows
minimal contact length which is required for adequate adhesion between the layers. Large
contact length means little to no adhesion, therefore the particles on the glass substrate must not
exceed 0.07 x 107!% m after etching.

3. CONCLUSION

This work proved the limitation to the claim that stronger interactions between particles and
surfaces result from rough surfaces because they offer more places of contact for adherence.
The analytical modelling proved that when particle sizes are too huge, the contact length
between the FTO layer and glass substrate surface increase which can affect the adherence
between the layers. This could be true for particles measured in micrometres or nanometres but
not large particle sizes. Additionally, it may be inferred that decreasing the etchant
concentration is necessary to increase surface roughness and vice versa.
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However, it would be recommended if the etchant concentrations were varied and also
analytical methods like UV-Vis analysis and X-Ray Diffractometry (XRD) analysis are done to
support the Analytical Modelling results.
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Figure 2. shows a schematic graph of the analytical modelling of the FTO on Glass plotting the
contact length against size of the particle.
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Abstract: Magnesium alloys are emerging as materials of choice in high-performance
applications due to their exceptional strength-to-weight ratio. This study focuses on the
microstructural and mechanical properties of Magnesium RZ5 alloy, which contains zinc and
rare earth elements, providing enhanced mechanical strength. We examine the alloy’s
microstructure and hardness before and after laser surface treatment. Laser surface treatment was
performed on Mg RZS5 alloy in a wide range of parameters. Variability included both number of
passes and laser texture patterns. Light optical microscopy, SEM, and hardness tests were
performed to investigate the microstructure and hardness of the alloy. Results indicate significant
microstructural changes and increased hardness in the heat-affected zones, particularly with
multiple laser passes. These findings demonstrate the potential of LST to enhance the properties
of Magnesium RZ5 alloy, making it suitable for more demanding engineering and medical
applications.

Keywords: Magnesium RZ5, laser surface treatment, micro-texture, microstructure, hardness

1. INTRODUCTION

Magnesium alloys are dominant in engineering applications where strength-to-weight ratio is
a critical factor in material selection. These alloys exhibit excellent damping capabilities and are
non-toxic, making them suitable for medical applications. Though current research of these
alloys in medical applications is limited, they are employed mostly as materials for specific
components for aerospace and automobile applications. This stems from their ability to absorb
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shock and vibrations, also making them suitable for cast components such as helicopter gearbox
housings. Aside their low density of 1.74 g/cm? compared to aluminium’s of 2.7 g/cm? and steel’s
of 7.86 g/cm?, they also possess higher specific strength and specific stiffness with better casting
properties [1][2]. However, commercially available magnesium alloys are designed to be useful
in most general applications and for some specific applications, further modifications are
required to enhance their desirability.

The tailoring of metallurgical characteristics of these alloys through purification, mechanical
processing, and heat treatment methods can modify the microstructure and composition, thereby
improving upon their mechanical characteristics and extending their usability in various high-
performance applications. Surface modification has been proven to improve on the mechanical
properties and corrosion resistance of magnesium alloys [3]. One of the effective methods of
surface modification is laser surface texturing.

Laser surface texturing (LST) processes utilize intense thermal energy of laser beams for
modification, alloying, deposition, and cladding the surface of substrate materials. LST processes
proceed with advantages such as very high cooling rates, very narrow heat-affected zone (HAZ),
etc. Laser surface treatment of materials is an important technique because it offers a possibility
to enhance various properties such as the surface strength, hardness, roughness, coefficient of
friction, chemical resistance, wear resistance, and corrosion of various materials by altering the
structure of the materials [4]. The texture designs are inspired by crocodile, shark skins, fish
scales, lobster, turtle shells, leading to square, circular, diamond, and hexagonal micro-texture
patterns for engineering material design. The various micro-textures are displayed in Figure 1.

Figure I Biomimetic micro-textures and microstructures for laser surface treatment[5]

According to Amukarimi et al. [6], Magnesium RZ5, containing zinc and rare earth elements,
offers improved mechanical properties and corrosion resistance. Despite its properties, the
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possibility of improving upon its mechanical attributes using LST has yet to be explored. This
study therefore aims to contribute to knowledge by investigating the evolution of microstructure
and hardness properties of Magnesium RZ5 alloy after laser surface treatment to determine its
suitability for various high-performance applications.

2. MATERIALS AND METHODS

To evaluate the microstructural and mechanical properties of Magnesium RZS5 alloy, samples
sourced commercially were used, and cut with 15 mm x 15 mm x 15 mm thickness and mounted
in resin for metallographic procedure. Samples were grinded using SiC paper with grit size 1200,
followed by mechanical polishing following sequential order of: 9 um, 6 um, 3 um, 1 pm
diamond suspension, and finally 0.04 um colloidal silica to achieve a mirror finish. Laser surface
treatment was performed using an A-355 laser micromachining system (Oxford Lasers, Didcot,
UK) based on a 355 nm wavelength diode-pumped solid state picosecond laser, to induce surface
textures using laser power of 21 mW at a speed of 1 mm/s. Three specimens were fabricated
using two unique textures — honeycomb and square. A summary of the specimen identities and
texturing conditions are summarized in Table 1.

Table 1. LST conditions for investigated samples.

Sample ID Laser Texture Number of Passes
Base — —
HC-SP Honeycomb 1
HC-DP Honeycomb 2
SQ Square 1

Microstructural investigations were performed using optical microscopy (ZEIS, Jena,
Germany) and scanning electron microscopy (SEM) using ZEIS Evo MA 15 series instrument.
Hardness tests were conducted using a Vickers microhardness tester and diamond indenter with
a load of ~1 Newton [N] and dwell time of 5 seconds. The average hardness was investigated for
the heat-affected zone (HAZ), and melt pool after laser surface treatment, which is crucial in
determining the strength and durability of the alloy.

3. RESULTS AND DISCUSSION

3.1 Microstructure

The microstructures of the alloy before and after LST are presented in Figure 2. The optical
micrograph of the alloy prior to LST, as shown in Figure 2(a), reveals that the conventional
casting process produced a coarse dendritic structure with equiaxed grain morphology similar to
those reported by Meher et al.[2], and Mehra et al.[7], with an estimated average grain size of
approximately 122 pum. Following the application of LST in a single pass, Figure 2(b)
demonstrates that the laser tracks divide the surface melt pool into isolated hexagonal cells, each
with an approximate surface area of 4.53 x 10 cm?, spaced about 18.7 um apart. After a second
laser pass, the honeycomb structure in the HC-DP sample (Figure 2(c)) shows a slight reduction
in cell area to approximately 4.39 x 10" cm?2, accompanied by a marginal increase in the inter-
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hexagonal spacing to approximately 19 um. In contrast, the square texture depicted in Figure
2(d) results in squared melt pool patterns with inter-square spacing of about 19.7 um and each
square having a surface area of approximately 529 x 10* cm? To further analyze the
microstructural transformations and heat-affected zones induced by LST, detailed examinations
of the textures were conducted using SEM.

Figure 2 Light Optical Microscopy of Magnesium RZS5 alloy (a) before LST, and after (b) HC-
SP (c) HC-DP (d) SQ LST patterns

The scanning electron microscopy (SEM) image presented in Figure 3 illustrates the
microstructural characteristics of the RZ5 alloy prior to laser surface treatment (LST). The
micrograph reveals a significant presence of non-equilibrium eutectic phases, predominantly
arising from the segregation of zinc (Zn) and silicon (Si) at the boundaries of the melt pool and
within the interdendritic regions. This observation is corroborated by the energy dispersive x-ray
spectroscopy (EDS) chemical composition maps, which highlight these segregations. The data
strongly suggest the formation of the Si»Zn binary intermetallic compound during the casting
solidification process within the melt pool.
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Figure 3 SEM image of the microstructure of Mg RZ5 before LST, with Energy dispersive X-ray
spectroscopy (EDS) chemical composition maps.

The impact of number of passes and LST pattern are further observed in Figure 4 which
depicts the SEM micrographs of Magnesium RZ5 after laser surface treatment. A trend of
increasing size of heat affected zone (HAZ) with increasing number of passes is observed for
honeycomb single- and double-passes. The average size of the heat affected zone of HC-SP was
found to be 21.8 um + 2 um which is displayed in Figure 4(b), while HC-DP recorded an average
of 25.5 um £ 3.7 um displayed in Figure 4(c). Laser surface treatment with square pattern (SQ)
recorded an average HAZ size of 24.4 pm =+ 3.3 um as displayed in Figure 4(d).
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Figure 4 SEM images of the microstructure of Mg RZ5 after (a-b) HC-SP (c-d) HC-DP (e-f) SQ
LST patterns

3.2 Hardness

The Vickers microhardness of the prepared samples was investigated at room temperature, to
assess the mechanical performance before and after laser surface treatment. Figure 5 displays
the average microhardness results observed in the heat affected zone (HAZ) and melt pool of the
samples, taking into account all surface conditions after metallographic polishing. The least
microhardness 0f 49.4 HV £ 2.7 HV was recorded in the melt pool for the base metal. The highest
average of 93.5 HV + 12.8 HV was recorded in the HAZ for honeycomb double-pass (HC-DP)
sample, while honeycomb single-pass recorded an average hardness of 81.6 HV £4.2 HV. There
was a significant increase in hardness of the HAZ of ~15% after honeycomb double-pass as
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compared to honeycomb single-pass. The average hardness of the square pattern was found to be
84.9 HV + 8.7 HV, which is 4% higher than honeycomb single-pass. Overall, the heat affected
zones (HAZ) of the samples after laser surface texturing were higher than that of the
corresponding melt pools, which is attributed to the change in microstructure due to the heat
associated with the treatment process.

120

Base

B He-1

100 - [_]HC-2
: 1 /4 SQ

s
z
N\

Hardness [HV]
3

40
20 -
0 - : .
HAZ Melt Pool Before LST
Samples

Figure 5 Hardness of Mg rz5 alloy before LST, and after LST in the HAZ and melt pool

This study has demonstrated the significant impact of laser surface treatment (LST) on the
microstructural and mechanical properties of Magnesium RZ5 alloys. By applying various LST
patterns, including honeycomb single-pass, honeycomb double-pass, and square patterns, we
observed substantial changes in both the microstructure and hardness of the alloy. The light
optical microscopy and SEM analyses revealed that the LST process induces a clear alteration in
the microstructure, particularly in the heat-affected zone (HAZ). The size of the HAZ increased
with the number of laser passes, indicating a correlation between the extent of surface treatment
and the resulting microstructural modifications. Specifically, the honeycomb double-pass pattern
resulted in the largest HAZ, followed by the square and honeycomb single-pass patterns. The
Vickers microhardness test results further corroborated these observations. The hardness of the
HAZ was significantly higher than that of the melt pool across all treated samples. Notably, the
honeycomb double-pass pattern exhibited the highest hardness, demonstrating a marked
improvement of approximately 15% over the single-pass pattern, followed by the square pattern
with a 4% improvement over the honeycomb single pass pattern. This enhancement in hardness
is attributed to the refined microstructure and increased density of dislocations induced by the
LST process|[8].
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4. CONCLUSION

The findings underscore the potential of LST as an effective technique for modifying the
microstructure and enhancing the mechanical properties of Magnesium RZ5 alloys. The ability
to tailor the microstructure and improve hardness through controlled laser surface texturing opens
new avenues for extending the application of Mg RZS5 in high-performance and demanding
environments. Future research could focus on optimizing the LST parameters further and
exploring the long-term performance and durability of the treated alloys in various operational
conditions.

BIBLIOGRAPHY

1.

B. Liu, J. Yang, X. Zhang, Q. Yang, J. Zhang, and X. Li, “Development and application
of magnesium alloy parts for automotive OEMs: A review,” J. Magnes. Alloy., vol. 11,
no. 1, pp. 15-47, 2023, doi: 10.1016/j.jma.2022.12.015.

A. Meher, M. M. Mahapatra, P. Samal, and P. R. Vundavilli, “Study on effect of TiB2
reinforcement on the microstructural and mechanical properties of magnesium RZ5 alloy
based metal matrix composites,” J. Magnes. Alloy., vol. 8, no. 3, pp. 780-792, 2020, doi:
10.1016/j.jma.2020.04.003.

Z. E. Kennedy, Shivappa, B. Poorani, V. Hariram, and S. Mohan, “Laser Texturing on
Magnesium Alloys for Bio-Implants,” Int. J. Veh. Struct. Syst., vol. 15, no. 6, pp. 848—
851, 2023, doi: 10.4273/ijvss.15.6.22.

W. M. Steen and J. Powell, “Laser surface treatment,” Mater. Des., vol. 2, no. 3, pp. 157—
162, 1981, doi: 10.1016/0261-3069(81)90056-X.

P. Lei et al., “Research status of laser surface texturing on tribological and wetting
properties of materials: A review,” Optik (Stuttg)., vol. 298, no. December 2023, p.
171581, 2024, doi: 10.1016/j.ijle0.2023.171581.

S. Amukarimi and M. Mozafari, “Biodegradable magnesium-based biomaterials: An
overview of challenges and opportunities,” MedComm, vol. 2, no. 2, pp. 123-144, 2021,
doi: 10.1002/mco02.59.

D. Mehra, M. M. Mahapatra, and S. P. Harsha, “Processing of RZ5-10wt%TiC in-situ
magnesium matrix composite,” J. Magnes. Alloy., vol. 6, no. 1, pp. 100-105, 2018, doi:
10.1016/j.jma.2018.01.002.

P. K. S, D. B. P, J. Gautam, A. K. Rai, and C. P. Paul, “Synergistic integration of laser
shock peening and heat treatment for refined microstructure and enhanced mechanical
properties in additively manufactured 17-4PH stainless steel,” J. Mater. Process.
Technol., vol. 328, mno. December 2023, p. 118395, 2024, doi:
10.1016/j.jmatprotec.2024.118395.



17th-19th June 2024
Gliwice, Poland

TaenDetecor  INTERNATIONAL STUDENTS SCIENTIFIC CONFERENCE

Influence of CWJ (Continuous Water Jet) Pressure on the Surface Structure
of Peened SLM AlSi10Mg Alloy

Beatrice N.A Ardayfio?, Augustine N.S Appiah®, Przemystaw Snopinski®, Anna Wozniak®,
John Ampah-Essel?, Benjamin Agyei-Tuffour?

# University of Ghana, CBAS, Department of Materials Science and Engineering

b Silesian University of Technology, Faculty of Mechanical Engineering, Materials Research
Laboratory

¢ Silesian University of Technology, Faculty of Mechanical Engineering, Department of
Engineering Materials and Biomaterials, email: bnaardayfio@st.ug.edu.gh

Abstract

Water jet peening serves as a surface modification method commonly used to introduce residual
stresses at both surface and sub-surface levels, enhancing the strength of various materials, such
as metals. Nonetheless, the resultant surface roughness post-peening can significantly impact its
suitability for specific applications. This study delves into the effect of water jet pressure on the
ensuing surface roughness, exploring pressures ranging from 140 MPa to 280 MPa. Through
macro and micro examinations, along with surface profilometry, the study identifies an optimal
pressure of 280 MPa for generating peened surfaces with the most pragmatic surface roughness.

Keywords: Water jet peening, AISi10Mg alloy, Surface treatment, Selective laser melting.

1. INTRODUCTION

The transition from heavy to lightweight metals, such as aluminum and its alloys, in the
automotive and aerospace industries is a crucial step in promoting sustainable engineering
practices. Lightweight metals offer a balance of strength and reduced weight, leading to enhanced
fuel efficiency, reduced emissions, and improved performance across various applications [1][2].
The use of lightweight materials aligns with sustainability objectives by promoting energy
efficiency, decreasing environmental impact, and optimizing resource utilization. Research
focusing on the development of high-performance, sustainable, lightweight, and thermally stable
bulk materials underscores the importance of this shift for future structural applications [3].

Despite their benefits, lightweight materials face challenges that hinder their widespread
adoption. For example, aluminum and its alloys, commonly used for lightweight structures, often
exhibit a tradeoff between strength and ductility. To address these challenges, various forming
processes have been explored, with additive manufacturing[4] being particularly noteworthy.
Snopinski et al.[5] demonstrated the potential of selective laser melting (SLM) in fabricating
AlSi10Mg alloy, highlighting its heterogeneous structure as a significant step towards
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overcoming the strength-ductility tradeoff. This structure enables post-SLM operations to
enhance the alloy's performance.

Among these post-processing operations, including heat treatment and plastic deformation,
surface engineering techniques such as laser surface treatments, peening operations[6], and
surface coatings deposition stand out. These techniques offer significant advantages by
enhancing alloy properties through surface or sub-subsurface modifications without altering the
material's bulk structure. In particular, water jet peening employs a high-pressure water jet to
bombard the surface of the treated material. This bombardment introduces compressive residual
stresses into the material, thereby strengthening it and improving its fatigue resistance[7].
Consequently, water jet peening is a crucial process for components subjected to repeated
stresses, such as aircraft wings and engine components|8§].

The degree of surface roughness in structural materials is a critical indicator of their
susceptibility to failure phenomena such as corrosion and wear, which directly impacts their
performance and lifespan[9][10]. Therefore, it is essential to meticulously monitor the surface
condition and its roughness during water jet peening operations to produce surfaces capable of
withstanding harsh environmental conditions. This study aims to contribute to this field by
evaluating the influence of water jet pressure on the resulting surface morphology and roughness
of AISi10Mg alloys subjected to water jet peening surface treatment.

2. METHODOLOGY

2.1 Sample Preparation

The AlISi10Mg test specimens were fabricated using Selective Laser Melting (SLM) with
commercially obtained gas atomized powders from Sigma Aldrich. The fabrication utilized the
TruPrint 1000 system (Trumpf, Ditzingen, Germany) to create test pieces measuring 15 mm x 15
mm x 50 mm. The laser power was set to 175 W, with a layer thickness of 20 um and a focused
beam diameter of 55 um. The laser scan speed was 1400 mm/s, with a rotation angle of 90°.

The surfaces of the as-built specimens were treated with peening using a continuous water jet
(CWJ). The peening process was conducted at a travel speed of 1500 mm/s, with the water jet
positioned 60 mm above the surface. The pressure was varied to produce four different peened
surface conditions as shown in Table 1.

Sample ID Continuous Water Jet Pressure [MPa}
CW1J140 140
CWIJ180 180
CW1J230 230
CW1J280 280

Microscopic observations were carried out using the Leica DVM6 (Leica Microsystems,
Heerbrugg, Switzerland) digital microscope. Surface roughness profiles were acquired using
Surtronic 25 from Taylor Hobson.
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3. RESULTS AND DISCUSSION

3.1 Surface Morphology
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Figure 1. Digital micrographs of peened tracks (a) & (b) show the width of peened area and
depth color contour map for CWJI sample, (c) & (d) show the width of peened area and depth
color contour depth map for CWJ2 sample, (e) & (f) show the width of peened area and depth
color contour depth map for CWJ3 sample, and (g) & (f) show the width of peened area and
depth color contour depth map for CWJ4.
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The post-peening surface morphologies of the peened tracks were analyzed using a digital
microscope, and the results are presented in Figure 1. At a pressure of 140 MPa, the digital
micrograph of CWIJ1 in Figure 1(a) shows no discernible change in the morphology of the
peened area compared to the unpeened surface of the as-built sample. The depth map of this
specimen, shown in Figure 1(b), corroborates this observation, indicating no visible difference
in the depth of the peened area. Upon increasing the pressure to 180 MPa, the morphology of
CWIJ2’s peened area displayed a notable distinction from the unpeened area, as seen in Figure
1(c). The peened area appears relatively smoother than the unpeened zone, with a mean width of
approximately 393 um. The corresponding depth map for this specimen in Figure 1(d) shows a
distinct peened zone with a depth of approximately 0.11 mm. When the pressure was increased
to 230 MPa, the width of the peened area in CWIJ3 increased by about 8.4% to approximately
425 um, as depicted in Figure 1(e). The depth map in Figure 1(f) indicates a decrease in the
depth of the peened track by 18% to 0.09 mm. At a pressure of 280 MPa, the width of the peened
area in CWJ4 further increased by 60% to approximately 681 um, as shown in Figure 1(g). The
corresponding depth of the peened area, as seen in Figure 1(h) decreased from the surface of the
as-built specimen to 0.147 mm, representing an approximate decrease in depth of 84% compared
to CWJ3.

The results indicate a trend of increasing the width of the peened area on the surface and a
corresponding decrease in the depth of the peened area as the CWIJ pressure increases.
Additionally, the surface of the peened area exposed more subsurface structures as the CWJ
pressure increased. CWJ4 demonstrated the most unique combination of peened surface structure
and the lowest depth of the peened zone, making it desirable for CWJ peening operations that
require effective treatment of a thin surface layer.

3.2 Surface roughness

The surface roughness profiles are shown in Figure 2. It is observed in Figure 2(a) that there are
peaks which are below the mean line signifying that the surface of the CWJ1 sample is smooth
and has no major irregularities on the surface. In Figure 2(b), the CWJ2 sample similarly shows
a comparable level of smoothness since irregularities on the surface are equally not as
pronounced. CWJ3 exhibits a rather lower level of roughness in Figure 2(¢). The profiles above
the mean line as not as pronounced as observed in CWJ1 and CWJ2 and the those below the
mean line are similarly shallower. The CWJ4 sample shows the most significant variations in the
profiles above and below the mean line in Figure 2(d), showcasing higher levels of surface
irregularities and consequently, the highest surface roughness among the investigated samples.
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Figure 2. Surface roughness profiles (a) CWJI, (b) CWJ2, (c) CWJ3, and (d) CWJ4.

4. CONCLUSION

The results demonstrate a significant influence of CW1J pressure on the surface structure of the
peened samples. As the pressure increases, the CWJ effectively exposes more subsurface
structures, accompanied by an expansion in the size of the peened area. Conversely, an inverse
relationship is observed with the depth of the peened area; higher CWIJ pressure results in a
reduction in the depth of the peened region. The pressure of 280 MPa was identified as optimal
for water jet peening processing, as it efficiently treats the surface while confining modifications
to a thin surface layer. Additionally, this pressure produced the highest surface roughness among
the investigated CWJ pressures.
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Abstract: The subject of consideration in the following article will be gas laser welding using
CO, gas, which has found significant application in various industries such as aviation,
automotive, and electronics. In the respective sections of the article, basic information about
CO, laser welding, its parameters, comparison of various laser welding methods, as well as the
advantages and disadvantages of the selected method - CO; laser welding, have been presented.

Keywords: welding technology, laser welding, gas laser, CO>

1. INTRODUCTION

Laser welding systems are divided into two groups: gas lasers and solid-state lasers. CO»
lasers belong to the group of gas lasers, where CO» is a component of the active medium in the
gas mixture CO>+Ny+He. Laser radiation, also known as laser light, is a specific type of
electromagnetic radiation that covers a range of wavelengths from 10.0 nm to 1.0 mm,
including ultraviolet, infrared, and visible light. The laser light beam is generated in laser
generators through energetic transitions of atoms between higher and lower energy states in the
laser's active medium. Laser radiation is produced through stimulated emission of energy. It is
characterized by high uniformity in time and space and a narrow range of wavelengths,
meaning it is monochromatic. The main characteristics of laser light radiation include:

e Monochromaticity; for example, CO, gas lasers are characterized by a very narrow
spectral line of output radiation, and the theoretical beam width is on the order of
hundredths of nanometers.

e Collimation; in CO; lasers, the divergence of the laser beam remains below 2-5
milliradians.

e High radiation energy; the power density of continuous-wave lasers ranges from 10° to
107 [W/mm?], while the power density of pulsed and shockwave lasers ranges from 10°
to 10'' [W/mm?].

e Minimal divergence of the laser beam results from its coherence, spatial and temporal
coherence, which means equality of phases and uniformity of amplitude on the surface
of electromagnetic waves.
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Table 1. Comparision of Lasers
Laser type CO: Gas Nd: YAG Nd: YAG Yb-Doped Nd: YAG
Laser Pumped Pumped with | Multimode Fiber | Disk Laser
with white Diode Laser Laser
Light
Laser Medium Gas Mixture | Crystal Rod Crystal Rod Doped Fiber Crystal Disk
Emitted Wavelength 10,6 1,06 1,06 1,07 1,03
[pm]
Beam Transmission Mirrors, Fiber, lenses | Fiber, lenses Fiber, lenses Fiber, lenses
lenses
Typical Transport - 600 400 100-200 150-300
Fiber Diameter [pm]
Output Power [kKW] Up to 50 4,0 Over 6 Up to 50 Up to 10
Beam Quality BPP 3,7 25 12-25 12 7
at 1.0 kW Power -
[mm x mrad]
Beam Quality BPP 3,7 12 <12 1,8 4
at 1.0 kW Power -
[mm x mrad]
Periodic 2000 800-1000 2000-5000 10000 2000-5000
Maintenance
Interval [hours]
Energy Efficiency 5-8 1-5 10-20 20-30 10-20
[%]
Approximate Cost of 60 130-150 150-180 130-150 130-150
Laser per 1.0 kW
Power [1000 USD]
Device Footprint Very large Medium Medium Small Medium
Laser Mobility Low Low Low High Low

2. CONSTRUCTION OF A CO2 GAS LASER WITH TRANSVERSE FLOW OF THE

LASER GAS MIXTURE

Operating principle: The CO2+N2+He gas mixture is introduced and flows through
discharge tubes made of quartz glass. For high-power lasers, additional unstable resonators
(composed of segments of tubes arranged in a rectangular or triangular configuration) are used
to limit the obtained laser radiation beam in the discharge tubes. This design allows for
increasing power, improving cooling conditions, and extending the path of the radiation beam.
An example of the above-described CO2 gas laser with transverse flow of the laser gas mixture
is shown in the picture of the Trumpf Model TIf 3800 Turbo laser located at the Welding

Center in Gliwice.

The mentioned model is used for cutting and welding sheets of various thicknesses.
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Figure 1. Tlf 3800 Turbo Laser

3. ADVANTAGES AND DISADVANTAGES

Laser welding is a method of joining materials that offers several significant benefits in
industry. One of the main advantages is the minimal amount of heat required to create the weld
and the small heat-affected zone, ensuring precise and controlled connections with minimal risk
of material distortion. Additionally, the short welding time allows for efficient joining of
materials of considerable thickness in a single pass, even up to around 30 mm, resulting in time
and cost savings in production. The ability to weld in a controlled atmosphere or in a vacuum
adds versatility to this method, allowing for applications in various environmental conditions.
Focusing the laser beam on a small area enables the joining of small, closely spaced objects,
which is useful in the production of components with precise dimensions. Automation of the
welding process through numerical and computer control contributes to increased efficiency
and repeatability of welding operations. The absence of a magnetic field influence on the weld
eliminates the risk of undesirable magnetic effects. Laser welding also enables the joining of
diverse materials, making this method versatile. The narrow shape of the weld and the ability to
precisely control the process guarantee high-quality connections. Additionally, the ability to
transmit the laser beam to multiple workstations increases the flexibility of the welding process,
allowing for simultaneous operations on multiple components or at different stages of
production.

Despite its numerous advantages, this method has certain limitations. Firstly, the joint must
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be accurately positioned under the laser beam, taking into account its focal point, which
requires precision and proper preparation of materials. Additionally, the surfaces to be joined
should be tightly pressed together, requiring similar accuracy to electron beam welding to
ensure adequate joint quality. The maximum thickness of the joined elements is also limited,
typically practically up to around 19 mm, although this may vary depending on the power of
the device used. Finally, for some metals such as aluminum, copper, and their alloys, high light
reflectivity and high conductivity can have an adverse effect on weldability, requiring
additional attention during the welding process.

3.1 CO2 Gas Laser with Longitudinal Flow of Laser Gas Mixture

It is characterized by very high beam quality achieved at a comparably lower maximum
output power compared to other types of lasers. Additionally, it allows for operation with both
continuous and pulsed emission of laser radiation, with different pulse frequency ranges that
can range from 100 Hz to 100 kHz. An important advantage is also the compact design of the
resonator, which contributes to the stability and efficiency of operation of the CO2 gas laser
with longitudinal flow of laser gas mixture. These features make it an attractive solution for
many applications in industry and other fields where high beam quality and operational
flexibility are crucial.

The issue of electrode burnout arises, which results from the interaction between the
electrode material and the molecules of the laser gas mixture, which can lead to the need for
frequent electrode replacement. Additionally, the necessity of continuous replacement of the
laser gas mixture is caused by contamination with electrode wear products, which can generate
additional costs and make it difficult to maintain laser stability. Moreover, poorer heat
dissipation conditions from the discharge area can lead to problems with effective cooling,
which can affect laser stability. Finally, high electricity consumption is another significant
drawback, which can be a significant factor in terms of operating costs and environmental
impact. These factors may be important in evaluating the choice of CO2 gas laser with
longitudinal flow of laser gas mixture for specific applications, considering both the benefits
and limitations of this technology.

3.2 CO2 Gas Laser with Transverse Flow of Laser Gas Mixture.

This method boasts high output power, a result of multiple beam reflections, translating into
process efficiency and effectiveness. Additionally, its high operational reliability is a
significant advantage, ensuring stable operation in various environmental and operational
conditions. The long lifespan of electrodes contributes to reduced maintenance and operating
costs, particularly in the long term. Furthermore, low gas mixture consumption and effective
cooling contribute to resource efficiency and minimize overheating issues. Low electricity
consumption is another significant benefit, impacting both operational costs and environmental
benefits. Finally, the simplicity of the laser radiation generator's design facilitates its operation
and maintenance, enhancing user convenience and reducing maintenance costs. These features
make the CO2 gas laser with transverse flow of laser gas mixture an attractive solution in many
industrial and technological applications.

However, this laser has relatively low beam quality. This means that the beam may be less
focused and coherent, which can affect the precision and efficiency of processes utilizing this
laser. This characteristic may be significant in applications where high precision and quality are
required, such as in the electronics or medical industries. Nevertheless, despite this drawback,
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CO2 gas lasers with transverse flow of laser gas mixture still find wide application in many
fields, especially where slightly lower beam quality is acceptable in exchange for other
benefits, such as high output power or low operating costs.

4. APPLICATION

Laser welding is a technological process closely related to the development of sciences such
as mathematics, physics, and chemistry. The advancement of industrial technologies largely
depends on achievements in these fields. This is an observable direction of development that
concerns practically all sectors of industry, including electronics, electrical engineering,
information technology, precision mechanics, and metallurgy. Modern welding technologies
that utilize lasers provide an excellent example where the principles of laser radiation physics,
material physics, and metallurgy play a crucial role.

CO, gas laser with longitudinal flow of laser gas mixture is used in industrial and
technological processes. These include cutting, perforating, and grooving materials, where high
precision and speed of execution are crucial. Additionally, this laser is also used in spot
welding, allowing for the creation of durable and precise connections between elements. Other
applications include cladding, soldering, and surface treatment, where the laser enables precise
and controlled application of materials or modification of surface structure.

CO> gas laser with transverse flow of laser gas mixture encompasses surface processing,
allowing for precise and controlled modifications of material structure and properties. Another
significant application is laser welding with a keyhole technique, enabling the creation of
durable and precise connections between elements, often without additional material.
Moreover, hybrid laser-arc welding is increasingly being used, combining the advantages of
both technologies to ensure high quality and process efficiency. Thanks to its effectiveness and
versatility, CO> gas laser with transverse flow of laser gas mixture plays a significant role in
industry, contributing to the efficient and precise execution of various production and
machining operations.
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Abstract: Additive manufacturing, commonly known as 3D printing, has revolutionized the
manufacturing industry. It enables the production of intricate and customized objects with a
level of detail and efficiency not possible with traditional production methods. This technology
has catalyzed new approaches in design and the fabrication of complex geometries, fostering
innovation in manufacturing techniques and processes. This technology stands in stark contrast
to conventional manufacturing methods, providing unparalleled design flexibility, production
speed, and efficiency.
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1. INTRODUCTION

The versatility of additive manufacturing extends across multiple sectors such as aerospace,
automotive, healthcare, and consumer goods, demonstrating its influence on contemporary
production modalities [1].

The scope of this seminar paper is a comprehensive literature review that delves into the
breadth and depth of additive manufacturing. This review anchors its analysis in scholarly
publications where authors have elucidated various aspects of additive manufacturing
processes. We aim to draw from these academic discussions to identify the current consensus,
breakthroughs, and prevailing challenges as reported by leading researchers in the field.

By examining scientific studies and technical reports, the paper will emphasize the
transformative impact of additive manufacturing on product quality, material utilization, and
cost efficiency. We will dissect the literature to understand how machine characteristics,
material properties, and process technology contribute to the final outcome of printed products.
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Additionally, we will explore the strategic implications of 3D printing technology on design
thinking and operational management within the modern manufacturing paradigm. AM
technology has enabled the tooling sector to eliminate environmentally damaging process
enablers while also repairing and remanufacturing critical tools and dies [2].

1.1. Literature review Additive Manufacturing: Challenges, trends, and Applications

Additive manufacturing (AM), characterized by its layer-upon-layer material addition
process, has become a cornerstone of modern industrial innovation. The ability to fabricate
complex geometries with reduced material waste positions AM as a strategic technology that
aligns with sustainable manufacturing goals and the drive toward customization and flexibility
in production. As such, AM is not just transforming manufacturing processes but also setting
new benchmarks for product design, supply chain management, and resource efficiency. This
review will provide a critical assessment of the state-of-the-art in AM. Focus the technological
and material advancements, process innovations, economic considerations, and sector-specific
implementations that define the field's progress (3) This research provides a critical analysis of
the current state of Additive Manufacturing (AM), focusing on key aspects shaping its
development. This paper explores the technological advances, material developments, printing
processes, post-processing techniques, quality control measures, and various applications of
AM. By investigating these key components, we gain insight into how AM continues to evolve
and impact different industrial sectors.

@Addiﬁve Manufacturing (DfAM)

Figure 1. Additive Manufacturing Overview Flowchart

2. METHODOLOGY

In order to establish a robust scientific foundation for our methodology, we have conducted
an extensive review and drawn upon existing scientific literature and research findings. This
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chapter offers an in-depth exploration of additive manufacturing technologies, processes, and
materials, integrating insights and knowledge derived from pertinent scientific works.

It comprehensively examines various 3D printing techniques and their applications,
providing a detailed analysis of their strengths, limitations, and recent advancements. After
three decades of development, additive manufacturing has evolved into a pivotal manufacturing
process. Additive manufacturing, commonly referred to as AM, produces products by
incrementally adding. materials layer by layer, directly guided by a 3D model. This process
involves the fabrication of objects through the meticulous addition of material layer by layer,
guided by 3D models. Additive manufacturing empowers the creation of complex components
and offers greater design flexibility compared to conventional manufacturing techniques. The
primary objective of this paper is to gain a comprehensive understanding of the current state of
advanced additive manufacturing technologies that incorporate machine learning in this field
furthermore, it includes forward-looking discussions and perspectives on this topic. Additive
manufacturing entails a layer-by-layer construction approach. Therefore, the most significant
AM technologies typically employ a concentrated heat source to melt feedstock materials, such
as powders or wires, which are subsequently consolidated through cooling to form a complete
component.

3. ADDITIVE MANUFACTURING TECHNOLOGIES AND PROCESSES

Additive Manufacturing (AM) technologies and processes have revolutionized the way we
create objects and products. As per the ASTM F2792-12a standard, AM encompasses seven
main categories of processes, which are illustrated in Figure 2: These processes can be divided
into three groups:

1.binder-based AM, including binder casting (BJ) and material extrusion (ME);

2.high-energy AM heat source, including direct energy deposition (DED),

3.powder bed fusion (PBF), and sheet lamination; and liquid-based AM, including material
casting and vat photopolymerization. Metal parts can be fabricated using technologies
based on binders and high-energy heat sources [4].

Figure 2. Main types of additive manufacturing (AM) processes according to ASTM F2792—
12a
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3.1 Exploring the Key 3D Printing Technologies Revolutionizing Additive Manufacturing

We are witnessing significant developments in the advancement of multifunctional materials
through additive manufacturing techniques, enhanced by the Industry 4.0 revolution. Among
the various existing techniques, the additive manufacturing (AM) process has gained much
popularity over the last two decades and is one of the most revolutionary production
techniques. The world of additive manufacturing, or 3D printing, has witnessed remarkable
advancements in recent years, revolutionizing traditional manufacturing processes. This
innovative technology has paved the way for the creation of complex and intricate objects,
offering unprecedented design freedom and manufacturing possibilities. In this section, we will
provide a brief introduction to some of the key 3D printing technologies that have played a
pivotal role in shaping the field [5].

3.2 ME is a fascinating additive manufacturing (AM)

This process that uses a unique approach to create three-dimensional parts. Unlike other
methods that rely on loose metal powder, ME machines use a flexible feedstock that resembles
the media used in metal injection molding (MIM). This feedstock consists of metal powders
bound together within a polymer matrix, creating a safer and more manageable material [6].

To visualize the process, let's look at a typical ME machine shown in Figure 3(a) his
machine includes two essential components: the bonded powder raw material and a special coil
containing the ceramic release material. Both are housed in a heated room to facilitate optimal
printing conditions.

Metal filament -

Build platform +4i 'E.j_}-_‘_ ! |

Figure 3. Schematic of a ME machine

During printing, the raw material is subjected to heat from the print head, which raises its
temperature above the melting point of the polymer binders. Consequently, the softened
material is extruded onto a hot build plate. As the build plate moves along the vertical z-axis,
the material is deposited in successive layers, each equidistant from the previous layer.
Simultaneously, the print head, attached to a gallery system, moves in the perpendicular (x, y)
plane, forming the part into the desired shape [7].



Literature Review on Additive Manufacturing 31

This complicated process may seem strange at first glance, but it allows the creation of
complex geometries and detailed structures. By carefully controlling the extraction and layering
of the raw material, I enable the production of high-quality parts with exceptional precision and
reliability.

3.3 BJ technology

Metal BJ can trace its origins to 1993 when the technology was developed by Sachs et al of
MIT. and later patented as 'three-dimensional printing' (3DP), a universally accepted term for
most AM technologies. The ExOne company obtained sole licensing of the MIT patent in 1996,
however, it was revised in 2004, allowing Z Corporation the exclusive right to use it. Since
then, and with the expiration of the patent, many companies have developed various BJ metal
technologies [8]. Unlike other MAM machines that consume relatively large amounts of
energy, BJ machines require much less resources, neither lasers nor electron beams are needed.

Although many variations of the original design have appeared since 1993, the ExOne and
DM machines have been reviewed and mechanical properties compared [9].

Figure 4. Schematic of a typical BJ machine

3.4. PBF technology

PBF involves fusing or fusing metal particles together using a thermal heat source. These
include a build chamber with an inert atmosphere to reduce oxidation of the molten metal, a
heat source for melting the metal powder particles, a mechanism to control melting, and a
method for depositing and softening each layer of metal powder. The distinguishing feature of
PBF systems is the energy source used, usually a laser or electron beam. Technologies that use
electron beams are described as EBM processes [10].
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Figure 5. Schematic setup of L-PBF additive manufacturing technique

4. ADDITIVE MANUFACTURING MATERIALS

In additive manufacturing (AM), the selection of materials is paramount for both
understanding the manufacturing processes and leveraging the full capacity of this
transformative technology. Initially, AM employed polymers, paper laminates, and waxes,
which were instrumental in the developmental stages of the technology. Subsequently, the
integration of plastics marked a significant progression, expanding the range of applicable
materials to include metals, composites, and ceramics. These materials have continued to play a
critical role in the advancement of AM. As the field evolves from rapid prototyping to rapid
manufacturing, a comprehensive understanding of these materials—classified by their utility in
AM—is essential. This analysis serves to illuminate the array of material options available to
the industry and emphasizes the necessity for a meticulous assessment of their applications in
various AM techniques.

This review elucidates the spectrum of materials accessible for industrial application within
additive manufacturing (AM) and underscores the imperative for judicious analysis of their
deployment across different AM methodologies. It emphasizes the breadth of material choices
— spanning polymers, metals, composites, and ceramics — and their consequential role in
AM's transition from prototyping to full-scale manufacturing. The pivotal role of materials is
central to the innovation in additive manufacturing technology. The evolution and choice of
materials — including metals, alloys, ceramics, polymers, composites, and biomaterials — are
fundamental in defining the performance, capability, and quality of items created with this
cutting-edge method [11]. The continuous progression of material science is a major
underpinning that drives the advancement of this transformative tech.
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Figure 6. lllustrates the broad categorization of materials used in additive manufacturing

(AM).

4.1 Multi-materials for additive manufacturing

Each category represents a distinct group of materials with unique properties and
characteristics. These materials contribute to the versatility and applicability of additive

manufacturing across various industries [12].

According to the analyzed literature, the two most widely investigated categories of materials
include polymers and metals, studied in 76 and 66 publications, respectively. Among polymers,
the most commonly investigated MM include PLA, and PET to improve strength, stability, and
functionality. For metals, the majority of research on MMs has been conducted on alloys of
titanium, copper, aluminum, and steels for improving the functionality of designed components
as well as enhancing characteristics such as hardness, conductivity, magnetic properties, wear
resistance, strength, and thermal performance [13].
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Figure 7. Materials combinations utilized in additive manufacturing of multi-materials

literature.
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The selection and advancement of materials are critical factors directly influencing the
performance, responsiveness to different conditions, and overall quality of objects produced
using 3D printing technology. Importance of Materials and Their Development in Additive
Manufacturing:

e Standardization ensures quality and reliability.

e Regulatory compliance for critical applications.

e Material properties affect component performance.

¢ Unique materials enable complex designs and innovations.

¢ Customization for individual needs and medical applications.

o Compatibility with 3D printing technologies ensures efficiency.

e Material advances provide a competitive advantage.

e Cross-industry applications drive technology transfer.

4.2 A Review of additive manufacturing processes

Additive manufacturing, also known as 3D printing, has transformed manufacturing by
offering unprecedented opportunities for innovation and efficiency. The success of additive
manufacturing heavily relies on understanding and optimizing various parameters throughout
the process. These parameters play a pivotal role in determining the quality, functionality, and
overall outcome of the printed parts. Here, we highlight the significance of these parameters in
the additive manufacturing workflow [14]. Optimizing these parameters unleashes the full
potential of additive manufacturing, enabling enhanced part quality, reduced production time,
cost-effectiveness, and greater customization across industries. As AM technology continues to
advance, a comprehensive understanding of these parameters will drive further innovation and
integration of 3D printing into mainstream manufacturing practices [15].

Design Conversion File Transfer Configuration Print
o—m—@—@)— Q)
3D CAD file STL file STL uploaded to Parameter Parts printed are
creation. conversion. slicing software. optimization, layer by layer,
Handover Inspection Heat Treatment Machining Removal
Parts are now Examined for Tailors Improves surfaces  Parts are removed
finalized. defects. properties. and tolerances. from the machine.

Figure 8. An example of a typical MAM process workflow

Design: Engineers and designers create a 3D model of the desired object using CAD
software, leveraging the design freedom of AM for complex geometries and optimized designs.
File Conversion and Transfer: The 3D model is converted to a suitable format (e.g., STL or
AMF) and transferred to the AM machine via local connections or cloud-based platforms.
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Setup and Slicing: AM machine parameters are set based on material and design requirements,
and slicing software divides the 3D model into layers for printing [16].

Additive Manufacturing (Printing): The printing phase can vary greatly depending on the
technology employed. Depending on the geometry and size,

Post-Machining: Some AM processes may require post-machining steps of support removal,
cleaning, curing, or heat treatment to improve part properties slicing software divides the 3D
model into layers for printing.

Setup and Slicing: AM machine parameters are set based on material and design
requirements /nspection.: Finished parts can also be subjected to external non-destructive tests
(NDT) such as fluorescent liquid penetrant (PT), visual (VT), surface roughness, and
dimensional accuracy. Internal radiography (RT), electromagnetic (ET), and ultrasonic (UT) to
check for defects

Delivery and Use: Approved parts are ready to be delivered to end-users or integrated into
the final product, reducing production time.

File Conversion and Transfer: The 3D model is converted to a suitable format (e.g., STL or
AMF) and transferred to the AM machine via local connections or cloud-based platforms.

4.3 Investigating 3D Printer Parameters for Optimal Printing Quality

The realm of 3D printing has revolutionized traditional manufacturing methods by offering a
dynamic approach to crafting objects with intricate designs and diverse materials. Achieving
the finest printing quality necessitates a profound understanding of the various parameters that
exert influence over the printing process. This study embarks on an exploration of these critical
parameters, aiming to uncover their interplay and significance in achieving optimal 3D printing
results.

3D printing machine

3D printing machine

parameter

Geometry based [ Process based | | Structural based

1. Nozzle size
2. Filament size

1. Melting 1. Layer
lemperature thickness

2. Bed heat 2, Infill

3. Printing speed geometry

3. Infill density

4, Number of
layers

5. Raster angle

6. Raster gap

7. Raster width

Figure 9. Printing Parameters

The diagram visually represents the three key parameters in 3D printing: Infill Density,
Layer Height, and Printing Speed. Each parameter is depicted as follows:
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* Infill Density (%): Shown in red, this parameter indicates the percentage of the object's
interior volume filled with material.

* Layer Height (mm): Illustrated in blue, it represents the thickness of each layer that
constitutes the object.

* Printing Speed (mm/s): Displayed in green, this parameter reflects the speed at which
the printing process occurs [17].
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Figurel(. Literature Review Summary: 3D Printing Trends

4.4 Integrating CAD Modeling and 3D Scanning: Bridging Design and Reality in Additive
Manufacturing

In recent years, there has been a significant improvement in additive manufacturing
technologies and researchers have explored its applications in various fields of engineering and
medicine. Additive manufacturing is a type of manufacturing technology in which materials
such as powder, plastic or metal are deposited layer by layer to fabricate the 3D model from the
Computer-Aided Design (CAD) model. This method is different from traditional
manufacturing technology because instead of removing material; adds materials layer by layer.
(18)

Computer-aided design (CAD) is a digital tool used in additive manufacturing to create
detailed and precise 2D and 3D models. CAD software allows designers and engineers to
design, modify, and visualize objects before they are physically manufactured. It provides the
flexibility to manipulate shapes, dimensions, and materials, enabling the creation of intricate
and customized designs. CAD plays a crucial role in translating creative concepts into printable
models for additive manufacturing. Scanning involves capturing real-world objects or
environments using specialized equipment such as 3D scanners. The scanned data is then
converted into digital 3D models that can be used for various purposes, including additive
manufacturing [19].
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5. 3D PRINTING AND INDUSTRY 4.0

Industry 4.0, the fourth industrial revolution, is characterized by the integration of advanced
technologies, including the synergy of additive manufacturing (AM) with the digital
interconnectivity of the Internet of Things (IoT), which facilitates unprecedented levels of
automation and machine-to-machine communication. Keeping in view the technical aspects of
3D printing and the goals of Industry 4.0, 3D printing is an important component in the concept
of Industry 4.0 [20]. Further, the recent advancements in the area of 4D Printing wherein the
development of smart materials has become possible have further increased the role of additive
manufacturing in Industry 4.0.

While the concept of Industry 4.0 also involves the digitalization of industries, 3D printing
can play a vital role in the Industry 4.0 scenario. Industry 4.0 also aims to develop an industrial
setup wherein, the systems are autonomous and there is sufficient interconnectivity amongst the
employees, machines, suppliers, and end users. In the aforementioned discussion, we have
included the different materials, processes, and technologies related to 3D Printing [21]. The
various benefits of 3D Printing such as digital data transfer, remote access, need for minimum
human intervention, ability to develop complex geometries and smart materials, less wastage,
and fewer post-processing requirements shall help to achieve the goals of Industry 4.0.

5.1. Challenges and potential future applications

In future systems, designers can generate complex multi-material objects simply by
specifying design performance. Efficient and high-fidelity simulation algorithms will be
required to analyze and synthesize complex forms, constraints, and specifications in physics,
movement, and other functions [22].

Generating patterns that can have increasingly complex shapes and material composition is
an open research question. Consequently, new methods for geometric calculation such as layers
depth normal images using distance fields and adaptive strategies are being developed for 3D
model renderings for AM. New geometric modeling and computational methods are necessary
for future product components whose shapes and material composition would be orders of
magnitude more complex than the current product designs [23]. Geometric representations are
also necessary for optimizing material support during production, designing for specific physics
properties, and AM-based repair/reproduction. The advantages that AM claims to differentiate
it from traditional manufacturing need further research for it to become the more practical
alternative. New research towards these developments is slow (especially at the interfaces of
research laboratories and commercial machine manufacturers) due to the traditional gaps
between academic and industrial settings. Industry-academic exchange faces further challenges
as the industry has now developed the ability to produce machines that are complex, expensive,
and not open architecture.

While AM continues to provide innovation in various industry sectors, there are also many
new opportunities in research and development for the application of the technology [24].
Figure: 8 highlights four areas of interest, including innovation services, bio-inspired design,
robotic fabrication, and machine learning, that are relevant to advancing AM using DfAM
frameworks.
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Figure 8. Future outlook in highlighted areas for DfAM, including emerging (A) innovation
services, (B) bio-inspired design, (C) robotic fabrication, and (D) machine learning
approaches.

CONCLUSION

This paper provides a thorough examination of Additive Manufacturing (AM) and its
transformative impact on modern manufacturing practices. It underscores the vital research in
manufacturing processes, materials, and product design necessary as product complexity
grows. Highlighting the ASTM F2792-12a standard, it delves into the categorization of AM
processes into binder-based, high-energy heat source, and liquid-based methods, elucidating the
diversity of technologies in the AM field. These categories underscore the capability of AM in
producing metal parts and complex designs with groundbreaking techniques.

The importance of material selection and its progress is emphasized, affecting the functionality
and excellence of 3D-printed objects. Considerations such as material properties,
customization, technological compatibility, durability, cost, cross-industry applications, and
regulatory adherence are discussed, demonstrating materials' crucial role in AM's success.

The workflow of additive manufacturing is elaborated, starting with CAD software, which
empowers the creation of complex models, followed by detailed descriptions of conversion,
transfer, setup, cutting, and printing stages. The significance of technology and software in the
AM process is accentuated, along with post-processing, inspection, and delivery stages that
guarantee the production of dependable, high-quality components suitable for final product
incorporation.

As AM technology advances, it signals a significant shift from traditional manufacturing
methods, providing innovative responses to current challenges. The paper's comprehensive
literature review advances our understanding of AM and actively forecasts upcoming
developments in the sector. Future advancements are expected to exploit AM's full potential for
creating intricate multi-material items, tailored to specific design requirements. The creation of
effective simulation algorithms is projected to be crucial for the evaluation and creation of
complex forms and meeting precise physical specifications, which will influence AM's future
direction in the manufacturing sector.
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Abstract: In this work, CoCrFeNiNby high entropy alloys with variable niobium content
(x=0.25, 0.45 and 0.65) were prepared using the induction melting method and then solidified
with low cooling rate in AlO3 crucibles. The structure of the alloys studied was investigated
with the use of light microscopy. The electrochemical measurements were performed using
2 and 5% NaCl solutions at a temperature 25°C to determine corrosion resistance of the
prepared alloys. Mechanical properties were examined by the Vickers microhardness test. The
increasing content of niobium caused an increase of corrosion resistance. Simultaneously,
increase in niobium content correlated with higher hardness value.
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1. INTRODUCTION

High entropy alloys (HEAs) are being new concept of alloys design, introduced independently
by the Yeh et al. [1] and Cantor et al. [2] in the year 2004. Differently
from conventional alloys, usually based on one dominant element and alloying elements,
these alloys are composed of five or more principal elements, in equimolar or near equimolar
ratios — according to most commonly used definition, ranging between 5 and 35 at.%.
These alloys can also contain alloying additions, with content less than 5 at.%. Novel
composition lead to another feature, which distinguishes them from conventional alloys
— which is the exceptionally high value of configurational entropy. This is due to the fact
that configurational entropy of alloy reaches maximum when elements constituting
these are in equimolar ratios, and increases with the number of alloy -constituents.
It was assumed, that as HEAs are classified alloys with value of configurational entropy
exceeding 1.5 R (where R represents the gas constant) [3-5].
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HEAs attracted great attention due to their unique properties, in many cases outperforming
those of conventional alloys. They exhibit enhanced mechanical properties, such as high
strength and higher fracture toughness. HEAs open up new capabilities in the field of advanced
structural materials showing enhanced resistance to corrosion and outstanding high-temperature
resistance [6,7]. An example of a beneficial properties combination is AICoCrFeNiSio.7s alloy
connecting high hardness — exceeding 850 HV, with excellent corrosion resistance — evidenced
by low value of corrosion current density recorded during potentiodynamic polarization
measurements in 3.5% NaCl solution [8]. It is considered, that HEAs can meet demand for
high-performance materials in areas such as energy generation and aviation, for example
replacing the nickel superalloys in gas turbines [6].

The concept of high-entropy alloys is intrinsically connected with four “core effects”, which
contributes to its exceptional properties. These effects include: high entropy effect, sluggish
diffusion, severe lattice distortion, and the so-called cocktail effect [3].

Initial expectations imply that alloys with this composition may have a complex microstructure
composed of numerous intermetallic phases, thus restricting possibilities for their practical use.
However, observations proved that HEAs often exhibit much simpler microstructures due to
formation of solid solution phases. High configurational entropy exhibited by these alloys
contributes to enhancing the mutual solubility of constituent elements, allowing for the
formation of solid solution phases, and simultaneously inhibiting the formation of intermetallic
phases. Furthermore, many of the reported HEAs exhibit single phase solid solution with face-
centered cubic (FCC), body-centered cubic (BCC) and hexagonal close-packed structures
(HCP) [3.,4].

Severe lattice distortion arises from the atomic size difference of atoms constituting the crystal
lattice of high entropy alloys. This effect contributes to increase in hardness due to solution
hardening effect. Lattice distortion, which causes electron scattering, also reduces electrical
conductivity, and similarly, thermal conductivity by disrupting phonon flux [3,4,7].

The slow diffusion effect is connected with the diversification of atoms present in the crystal
lattice of HEAs. Because of variancy in arrangement of atoms, the lattice potential energy
between the lattice sites significantly varies. Numerous sites with low potential energy present
in the lattice serve as "traps" contributing to the low diffusion rate. Sluggish diffusion affects
phase nucleation, growth, and distribution, thus influencing microstructure and properties. It
also increases recrystallization temperature and improves creep resistance [3,7,9].

The coctail effect is used to highlight the influence of synergistic interactions between the
constituent elements on the properties of the alloy obtained. It implies that the effect of mutual
interactions between the constituent elements and severe lattice distortion can result in the
acquisition of specific properties, which can significantly differ from predictions based on the
influence of individual elements [3,4].

HEAs can be classified into alloy families due to their constituent elements — among these, the
most widely explored are alloys based on 3d transition metals and refractory metals. A typical
example of the 3d transition metal HEA is the CoCrFeMnNi, also known as Cantor alloy —
being the first reported 5-component alloy with a single-phase solid solution structure [1].
Based on the Cantor alloy, CoCrFeNi-X alloying system has been developed that is currently
one of the most intensively studied [4,10].

The structure type is the most important factor determining the mechanical properties. High
entropy alloys with single-phase face-centered cubic structure, such as CoCrFeNi alloy, exhibit
high ductility and relatively low strength. On the contrary, those with body-centered cubic
structure have superior strength, however, with simultaneously limited plasticity. One of the
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methods to achieve a balance between strength and ductility is modification of alloys with FCC
structure by introducing elements causing the formation of intermetallic phases. In the case of
the CoCrFeNi alloy, this effect can be obtained through the addition of niobium. Due to the
larger atomic radius, niobium increases lattice distortion, in larger amounts causing
destabilization of the solid solution phase resulting in the formation of intermetallic phases.
Niobium addition affects also the corrosion behavior of these alloys, contributing to the
formation of a passive layer consisting of niobium oxides on their surface [5,11,12].
Accordingly, the aim of this paper is to investigate the corrosion behavior of hypoeutectic, near
eutectic and hypereutectic CoCrFeNiNby (where x = 0.25, 0.45 and 0.65) high entropy alloys
prepared from the liquid state using induction melting method. In order to determine influence
of niobium content on mechanical properties of the investigated alloys, the Vickers hardness
measurements were also conducted.

2. MATERIALS AND METHODS

The alloys were prepared by the induction melting method using elements with the 99,99 wt.%
purity. Process was conducted using a NG-40 induction generator under argon atmosphere.
Ingots were solidified with low cooling rate, crucibles made of AlO3 were used.
For microstructural investigations, a Zeiss Axio Observer light microscope was used.
The hardness of the alloys was measured using a Future Tech FM-7000 Vickers hardness tester
under a load of 1000 g for a 10 s dwell time. In order to evaluate the corrosion resistance, the
samples were subjected to potentiodynamic polarization measurements, conducted in the 2 and
5% NaCl solution. An Autolab 302N potentiostat equipped with a three-electrode measuring
system was used for the study. The saturated calomel electrode (SCE) was used as the reference
electrode, a platinum wire was the counter electrode, and the studied sample was the working
electrode. During the electrochemical measurements, changes in open-circuit potential (Eocp)
were recorded in stabilization time of 3600 s, followingly with measurements of polarization in
range of —400 mV to 400 mV, with a scan rate of 0.001 V/s. Based on the obtained results, the
corrosion potential (Ecorr) and corrosion current density (jeorr) Were determined with the use of
the Tafel extrapolation method.

3. RESULTS AND DISCUSSION

With the increasing content of niobium, evolution in the microstructure is clearly seen.
In case of CoCrFeNiNby.s alloy (Figure 1a) structure is mainly composed of bright dendrites,
homogenously distributed in a dark matrix. Eutectic lamellar structures can be seen
in interdendritic regions. For CoCrFeNiNboss alloy, refinement of microstructure can
be observed resulting from significantly higher content of eutectic structures (Figure 1b).
Microstructure is comprised of regions with fine eutectic lamellar structures located between
larger dendrites. Contrastingly to alloys with lower content of niobium, in case
of CoCrFeNiNboes dendrites are composed of darker phase, while matrix is brighter
(Figure 1¢). According to the publication of Chanda et al. [11] brighter phase can be identified
as face-centered cubic solid solution of CoCrFeNi with small amount of Nb, while darker phase
is intermetallic Laves phase with hexagonal close-packed structure. Consequently, dendritic
structures in case of CoCrFeNiNbo2s and CoCrFeNiNboss alloys correspond to the solid
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solution phase, while those of CoCrFeNiNbo.s are constituted of Laves phase indicating that
hypoeutectic structures was obtained for two first alloys compositions. Alloy with the highest
content of niobium can be in this case described as hypereutectic. Significant content of
eutectic lamellar structure in case of the CoCrFeNiNbo.45 alloy indicates that their composition
is close to eutectic.

In order to evaluate the dependence between the content of niobium and corrosion
behaviour of investigated alloys, electrochemical measurements in chloride solutions
of different concentrations were conducted. In result of open-circuit potential measurement
in the milder environment of 2% NaCl solution — significantly higher values of Eocp
are obtained for alloys with higher content of niobium, for both assuming near zero values
(Figure 2). The parameters obtained as result of potentiodynamic polarization measurements
(Figure 3), conducted in 2% NaCl solution, were summarized in Table 1. For CoCrFeNiNbo.45
and CoCrFeNiNboes alloys, significant decrease in corrosion current density values can
be noticed — exceeding two orders of magnitude, with simultaneously significantly higher
polarization resistance values. The corrosion potential are shifted in the positive direction,
comparing to the CoCrFeNiNbo.s alloy. The lowest value of corrosion current density and
the highest value of polarization resistance were obtained for CoCrFeNiNboes indicating
the highest corrosion resistance in this environment. The alloy with highest content of niobium
exhibits ability to passivation indicated by stabilization of the corrosion current value
in the anodic branch of the curve. However, the current density rapidly increases at the last
stage of measurement, which can be linked to the breakage of the passivaton layer. Breakage
potential can be estimated to 0.39 V.

Figure 1. Microstructures of tested alloys: a) CoCrFeNiNbo2s, b) CoCrFeNiNbo.4s
and c) CoCrFeNiNb.ss.
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In case of measurements conducted in 5% NaCl solution, positive shifts of open-circuit
potential with increasing content of niobium can be observed (Figure 4). Significant
fluctuations of the potential values during measurement can be noticed for the CoCrFeNiNby 65
alloy. Characteristic parameters obtained as a result of potentiodynamic polarization
measurements (Figure 5) are summarized in Table 2. A clear trend can be seen — increasing
content of niobium lead to decrease of corrosion current density and increasing polarization
resistance. Beneficial effect of the niobium addition is further evidenced by positive shift
in corrosion potential values. It is worth noting that there is a significant difference in corrosion
current density and polarization resistance for CoCrFeNiNbogs alloy compared
to CoCrFeNiNbo2s and CoCrFeNiNboss alloys. All of the samples evaluated in this
environment exhibit ability to passivation, indicated by sustaining of nearly constant levels
of current densities in the last stage of measurement. The most beneficial characteristics
are obtained for CoCrFeNiNboes, exhibiting the lowest corrosion current density and the
highest polarization resistance values.
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Figure 2. Open-circuit potential as a function of time for CoCrFeNiNb. (x = 0.25, 0.45
and 0.65) alloys measurured in 2% NaCl solution at 25°C.
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Figure 3. Potentiodynamic polarization curves for CoCrFeNiNb. (x = 0.25, 0.45 and 0.65)
alloys measured in 2% NaCl solution at 25°C.

Table 1. Results of the electrochemical measurements conducted in 2% NaCl solution at 25°C.

Alloy Ecorr [V] jeorr [MA/cm?] R, [kQcm?]
CoCrFeNiNby s —0.154 338 0.79
CoCrFeNiNby 4s —0.063 1.69 324
CoCrFeNiNby s —-0.079 0.065 1138
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Fig. 4. Open-circuit potential as a function of time for CoCrFeNiNbx (x = 0.25, 0.45 and 0.65)
alloys measured in 5% NaCl solution at 25°C.
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Figure 5. Potentiodynamic polarization curves for CoCrFeNiNby (x = 0.25, 0.45 and 0.65)
alloys measured in 5% NaCl solution at 25°C.

Table 2. Results of the electrochemical measurements conducted in 5% NaCl solution at 25°C.

Alloy Ecorr [V] jeorr [MA/cm?] R, [kQcm?]
CoCrFeNiNbo.25 -0.234 72.4 0.85
CoCrFeNiNbo.45 -0.212 5.33 23.54
CoCrFeNiNbo.6s —-0.038 1.46 196.32

Significant effect of niobium content on the hardness of the investigated alloys can
be also observed (Figure 6). An increase in niobium content, causing a rise in the volume
content of hard intermetallic phases in the microstructure, contributes to significantly higher
hardness values. In particular, substantial differences can be noticed comparing
CoCrFeNiNbo2s (301 HV) and CoCrFeNiNbo4s (452 HV) alloys. The highest hardness was
exhibited by the CoCrFeNiNbo s alloy (534 HV). In case of this alloy, it is worth noting that
there is also a significant variation in the hardness values, probably connected to the larger size
of Laves phases constituting the dendrites present in the microstructure and simultaneous
occurrence of a soft solid solution matrix.



48 TalentDetector2024 Summer

T T T
soo{ [ [x=025 e
[ Ix=045
x =065
soo. - |
E 400 - - -
)]
)] -
2 300 - i
'E — 1
1]
T
200 - i
100 - -
0 T I I
0.25 0.45 0.65
CoCrFeNiNb,

Figure 6. Vickers hardness of CoCrFeNiNbx (x = 0.25, 0.45 and 0.65) alloys with increasing
content of niobium.

4. CONCLUSIONS

The addition of niobium has a significant effect on the microstructure of studied high entropy
alloys. All of the investigated alloys exhibit dual-phase dendritic microstructures,
with the presence of eutectic lamellae structures. The volume of eutectic structures is correlated
to the niobium content — reaching a maximum in case of CoCrFeNiNbo4s ingot, among the
alloys considered.

Based on conducted measurements, it can be stated that increase in the content
of niobium contribute to improvement in the corrosion resistance of the investigated alloys.
For measurements carried out in a milder environment of 2% NaCl solution,
both CoCrFeNiNbg4s and CoCrFeNiNby.s alloys exhibited low values of the corrosion current
density and near-zero values of the corrosion potential, indicating excellent corrosion resistance
in this environment. In more aggressive environment of 5% NaCl solution,
the difference between studied alloys is more pronounced, emphasizing the effect of higher
content of niobium on corrosion resistance.

Based on the obtained results, it can be stated that variance in the content of niobium
substantially affects the mechanical properties of investigated alloys. Evolution of the
microstructure caused by increasing content of niobium results in a substantial increase in its
hardness.
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Abstract: This paper addresses issues related to polymer-based composite materials reinforced
with natural fibres. In addition, it describes the types of recycling used for polymers. A
scientific investigation connected to this study area was conducted on bioplastic's water
absorption and degradation with additions of eggshell and walnut shell at 10%, 20%, 30%,
50%, and 60% content. Microscopic observations of their structure were performed, and FTiR
spectra were also analyzed in this paper. In the case of both bioplastics, the initiation of the
biodegradation process was demonstrated after 96 hours, with a reduction in mass below the
original value occurring within just a few weeks
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1. INTRODUCTION

The present times are characterized by a focus on sustainable development and
environmental protection, which is one of the main priorities. Biodegradable bioplastics are
becoming an important alternative to traditional plastics. Bioplastics, being biodegradable
materials, may provide a potential solution to the problems associated with excessive
environmental pollution caused by traditional plastics. These materials, known as synthetic
bioplastics, are produced from renewable biomass sources such as corn starch, sugarcane, or
potatoes, making them more environmentally friendly. Additionally, despite the potential
benefits of using bioplastics, there is a need to deepen our knowledge of bioplastic degradation
processes, as this issue has significant implications for effective waste management. With the
increasing popularity of bioplastics, understanding how environmental conditions affect their
decomposition is crucial for developing effective recycling strategies and proper management
of biodegradable waste. Various types of bioplastics, such as polylactic acid (PLA),
polyhydroxyalkanoates (PHA), and others, have different properties and degradation rates. It is
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also important to emphasize that research on bioplastics should encompass various aspects,
such as the impact of their production on natural resource consumption and a life cycle
analysis, to accurately assess their ecological benefits compared to traditional plastics.
Furthermore, identifying potential applications of bioplastics in industries can contribute to
sustainable development and reduce negative environmental impacts.

In the context of the discussed topic, the importance of analyzing and evaluating the degree
of degradation of composite bioplastic materials is increasingly significant. To obtain a fuller
picture of the degradation process, various research methods are used, such as composting tests,
as well as thermal and chemical analyses. Understanding how quickly and effectively
bioplastics decompose is a key element in establishing standards and guidelines directly related
to proper management of biodegradable thermoplastic waste. Moreover, understanding plays a
crucial role in promoting the sustainable use of bioplastics, contributing to more efficient and
environmentally friendly management of these materials in environmental protection.

The main goal of the described engineering project was to conduct a detailed analysis and
assessment of the degradation degree of selected composite materials (bioplastics). Produced in
the Scientific and Didactic Laboratory of Nanotechnology and Material Technology as part of
the activities of the student scientific circle "Plastics and Composites Processing HEAD TO
HEAD". The obtained results were used to gather important information that will serve as the
basis for developing recommendations for optimizing the composting and recycling processes
of the aforementioned bioplastics. Additionally, the obtained research results can be used to
develop practical guidelines that will contribute to the promotion and efficient use of
bioplastics in various industries.

2. BIOPLASTICS

The increase in global environmental awareness due to natural disasters caused by synthetic
materials pollution and the pursuit of reducing dependence on fossil fuels has resulted in the
need for the development of eco-friendly materials. Both society and scientists show significant
interest and a need for the development of materials that could replace synthetic ones and
potentially dethrone them. As a result of these efforts, there has been an increased demand for
the use of composites containing natural fibers in various industrial sectors on a commercial
scale in recent years. However, there is diversity in defining bioplastics, depending on the
research context. Three dominant definitions are distinguished. The first defines bioplastics as
polymers derived from renewable sources or synthesized by microorganisms, typically
produced from biomass, referred to as biomass-based products. According to the second
definition, bioplastics include all biodegradable polymers, regardless of their origin, including
those derived from fossil fuels. The third definition is more restrictive and recognizes only
those polymers as bioplastics that are both biomass-based and biodegradable, excluding both
biomass-based polymers that are non-biodegradable and biodegradable polymers derived from
petroleum-based sources. Natural fibers are an environmentally sustainable response to
synthetic materials because they are readily available in nature, their mechanical properties are
comparable to synthetic counterparts, and they possess advantages such as low cost,
lightweight, renewability, and, importantly, biodegradability of polymers containing natural
fibers. Meeting market demands by being a sustainable material, composites with natural fibers
have been widely adopted in various manufacturing sectors. Since bioplastics originate from
non-fossil sources, such as plants that absorb CO2, they have the advantage of potential carbon
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neutrality, even if bioplastic waste is used for energy or undergoes incineration. However,
energy recovery is not a preferred method of handling bioplastics as it does not leverage the
biodegradability of various types of bioplastics.

3. THERMOPLASTIC STARCH

A solution for traditional recycling is the biodegradation process of bioplastics, which
involves the work of microorganisms that metabolically break down the material. Unlike, for
example, incineration, which can leave behind toxic waste if the process is not conducted under
appropriate conditions, the biodegradation process leaves behind carbon dioxide, methane, and
various salts. A known characteristic of plastics is their resistance to environmental conditions
and slow degradation, which means that they can remain in the natural environment for up to
1000 years. Assuming that one generation is 25 years, only after 40 generations would the
plastic waste generated by a distant relative begin to degrade. The reason for these
characteristics of plastics is the durability of the covalent bonds of polymers. All of this means
that each piece of waste will accumulate, and we may not become its problem, but 40
generations into the future and thus millions of tons of waste later, we are faced with a huge
environmental problem. That is why waste management and emphasis on research into
biodegradable plastics are so important. Unfortunately, even breakthroughs in research on
materials that perfectly replace current ones with their mechanical and biodegradable
parameters do not solve the problem of existing waste because, despite many studies, an
effective solution enabling the faster biodegradation of already produced plastics from fossil
fuels has not yet been developed.

When considering the issue of biodegradation, we must categorize plastics derived from
fossil fuels into three main groups because each of them undergoes a different type of
degradation. The first group includes polymers with a carbon structure, such as PE, PS, PP, and
PVC. The second group contains PET-type polymers characterized by an ester-linked backbone
and side chains. The last one comprises polymers with hetero/carbonate bonds (urethane), such
as polyurethane (PU).

4. MATERIALS

The material selected for research was developed at the Silesian University of Technology,
Faculty of Mechanical and Technological Engineering, Scientific and Didactic Laboratory of
Nanotechnology and Material Technology (Polsl RMT L2). The composite material was
developed as part of the activities of the student scientific circle (SSC) "Plastics and
Composites Processing HEAD TO HEAD". The BIPLAST GS 2189 was chosen for the
production of the composite. The chosen matrix was characterized by a relatively low melt
flow temperature of 58°C and a high melt flow rate (MFR). This translates into the ability to
homogenize and portion the material into standardized samples using injection molding.
Moving on to the selection of natural fillers for the chosen composite material, ground waste in
the form of walnut shells and eggshell powder was chosen. This choice was driven by their
biodegradability, suitability for contact with food, and availability.
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5. FTIR TEST

To illustrate the changes occurring in the analyzed samples and track the degradation
process, Fourier transform infrared spectroscopy (FTIR) was employed (Fig. 1). This method
allows us to examine the structure of individual molecules and their composition. The
technique is based on the phenomenon where some of the infrared radiation is absorbed as it
passes through the sample under investigation. The registered radiation that passes through the
sample allows for the generation of spectra characteristic of various molecules, enabling their
identification and differentiation. These spectra are unique, akin to human fingerprints or DNA.
FTIR spectroscopy is chosen as the method in infrared studies for several significant reasons.
Primarily, it does not cause destruction to the analyzed sample (Tab. 1-2).

Fig. 1. Spectroscopy system "Thermo Scientific" with the "Gladi ATR"

Additionally, it is characterized by significant speed compared to older methods. It is also
more sensitive and precise. These advantages result from the use of an interferometer, which
acts as the "source" of infrared radiation, allowing for faster operation, as well as the
application of Fourier transformation. Fourier transformation is a mathematical procedure that
decomposes waves and returns their frequency based on time. What we obtain from the
interferometer is not directly a spectroscopic spectrum but a graph known as an
"interferogram." Fourier transformation converts the interferogram into a recognizable and
useful graph of the infrared spectroscopy spectrum. The study was conducted using a
spectroscopy system from "Thermo Scientific" with the "Gladi ATR" extension from "Pike
Technologies".
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41%Ethyl chiorothiolformate
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73%Polyethylene high
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5.1. WATER ABSORPTION

To assess water absorption according to the PN-EN ISO 62 standard, the tested samples
were placed in distilled water at a temperature of 75°C. Subsequently, measurements of their
mass were to be taken at cyclical time intervals, but before this, the samples were removed
from the water and dried. Measurements were taken after 1, 2, and 3 hours, as well as before
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the start of the test. Subsequent measurements were planned at intervals of 1, 3, 7, 14, 21, 28,
35, 42, 49, 54, and 64 days. However, the intended testing period was not achieved due to
changes in the physical parameters of the samples and their high brittleness, which prevented
measurements from being taken after 7 days (Fig. 2-6).

The initial weight compared to the weight after 7 days
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Fig. 2. Bar chart of sample mass changes over 7 days
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6. SUMMARY

Polymeric composites with a biodegradable thermoplastic matrix reinforced with natural
fibers can serve as an alternative to conventional polymers and petrochemical-based
composites. One of the areas of application is the food industry, where there is an increasing
emphasis on the use of environmentally friendly packaging. However, natural fibers have
drawbacks such as high hydrophilicity, low thermal resistance, and lack of compatibility with
natural reinforcement, often requiring surface treatment of natural fibers or the addition of
auxiliary agents. In the case of single-use items, it is important for them to be fully degradable.

In the course of this study, samples of composite materials based on the thermoplastic
polymer BIOPLAST GS 2189 filled with walnut shell powder and eggshell powder at
volumetric ratios of 10%, 20%, 30%, 50%, and 60% were selected for degradation testing.
Microscopic images were taken and Fourier transform infrared spectroscopy (FTIR) was
conducted. Subsequently, the mass of selected samples in the form of beams, pellets, and
irregular shapes was measured. The weighed samples were placed in glass containers with a
capacity of 120 ml, filled with distilled water. These containers were then placed in a dryer set
to 75 degrees Celsius. Mass measurements of the samples were taken every hour for the next 3
hours. Mass measurements were also taken after 1 day, 3 days, and finally after a week. When
mass measurement became impossible due to the high brittleness of the samples, photographic
documentation was conducted weekly, with three photos taken of each sample. FTIR
measurements were repeated on the 28th and 70th days. During the study, it was determined
that the material underwent significant degradation, confirmed by the spectra obtained. This
process likely began within 24 hours of the samples being placed in an environment conducive
to degradation at 75 degrees Celsius. The study also showed that the addition of eggshell
powder was a better additive in terms of degradation, as it statistically exhibited a faster onset
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of degradation compared to the walnut shell powder additive. However, no significant
influence was observed between the volume content of the bio additive in the composite and
the degradation rate. During the experiment, three FTIR analyses were conducted, and the
spectra obtained were compared with a library. The results of the first analysis were
inconclusive, as each sample showed different convergences, indicating a significant influence
of background noise on the spectra obtained. This could be due to improper preparation of the
instrument and/or sample contamination. However, this changed in the second cycle of
analyses, where the results largely overlapped. The most accurate results were obtained in the
third cycle of analyses after 70 days, and the obtained spectra were consistent.

7. CONCLUSIONS

Analysis and interpretation of the research results on chemical, biological, moisture
absorption, FTIR, and microscopic properties of composites based on BIOPLAST GS 2189
with 10%, 20%, 30%, 50%, and 60% volumetric content of eggshell powder and walnut shell
powder particles allowed for the formulation of the following conclusions:

e BIOPLAST GS 2189 with 10%, 20%, 30%, 50%, and 60% volumetric content of

eggshell powder and walnut shell powder particles exhibit biodegradable properties.

e 23 out of 29 samples show tendencies to initiate the biodegradation process within 24
hours.

Samples initiate the biodegradation process at the latest after 96 hours.

Samples containing eggshell additives show a more regular mass decrease.

Samples containing walnut shell additives exhibit more irregular mass decreases.

No significant influence was observed between the volume content of the bio additive in

the composite and the degradation rate.

FTIR analysis becomes precise in degradation studies only after a period of 70 days.

e After 7 days, the samples became very brittle, allowing for their fragmentation without
the use of significant force; finer fractions would disintegrate even faster
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Abstract: The article describes the key structural elements of the thrust stand, including
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INTRODUCTION

Student Scientific Circle vFly conducted a project entitled "Thrust stand for measuring
static thrust of brushless electric motors". Students designed and then built a station to collect
data on thrust, torque, engine rpm, current, voltage and temperature obtained from brushless
electric motors. The project aims to familiarize with the principle of operation of aircraft
propulsion systems and to conduct detailed tests of various propulsion systems. Propeller drives
are commonly used in drones and other UAVs (Unmanned Aerial Vehicles). Choosing the right
propeller for a drive unit (that includes a brushless electric motor or a piston internal
combustion engine) is important in terms of the efficiency of the drive system. Optimal
selection of the propeller, i.e. propellers with the right diameter and pitch in relation to the
engine parameters. The stand can also be used to test newly designed propeller geometries.

CONSTRUCTION OF A THRUST STAND

The supporting structure of the measuring station is made of v-slot profiles, which
ensure the required rigidity of the structure and facilitate the assembly of the modules. Bolts
and nuts designed for v-slot profiles were used to ensure secure connections. Thrust and torque
measurement is carried out using 3 loadcells. The loadcell located perpendicular to the engine
axis is responsible for measuring the thrust. The remaining two loadcells parallel to the engine
axis have been connected by a hinge to an element made of steel sheet, to which the engine bed
is then attached. The use of a hinge prevents the accumulation of torsional torque on the
loadcells, which would prevent correct measurement. To calculate the torque generated by the
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motor, add the forces deposited on the beams and then multiply them by the force arm. The
method of determining the length of the arm is presented in the further part of the article.

Figure 1. CAD Model of a Measurement Station

Resistance strain gauges allow to measure the deformations that occur on the surface of the
material. Knowing the value of the deformation, it is possible to determine the value of the
force acting on the object, e.g. a loadcell. [2] Loadcells used in the measuring station are
capable of measuring forces up to SON. The beam leads were connected to HX711 transducers,
in which the calibration data of the loadcells are stored.

To measure the current consumed by the motor and the ESC (Electronic Speed Controller), the
ACS758 Hall Effect sensor was used. Its use allows for accurate measurement of current up to
50A, drawn from the power source. However, it was not easy to measure the current in the
BLDC motor circuit due to the fact that the current is not consumed linearly. The
measurements obtained were distorted by interference and too low frequency of data
downloads. In order to eliminate the phenomenon, an LC filter was used at the output of the
sensor, which cleans the output signal of interference.

The RPM measurement was carried out with a reflective optical sensor consisting of an infrared
light-emitting diode and a photo-transistor. On the bell of the engine, there is a white sticker
reflecting the light emitted by the diode. The reflected light excites the phototransistor. Arduino
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reads and counts the pulses generated by the sensor and records the time elapsed between
pulses, the rotational speed can be calculated from the acquired values.

To measure the voltage on the battery, a simple voltage divider based on two resistors of
known resistance was used. The use of the divider allowed to expand the measurement range of
the analog-to-digital converter located in the Arduino board microprocessor. The output voltage
of the divider is linearly proportional to the input voltage and is in the range of 0-5V, which is
ina safe range for the microprocessor.

Arduino has been programmed in a way to effectively collect data from sensors and send it to
a terminal on a computer. An automatic test has been created. When started, it increases the
PWM signal filling in 10% increments, and hence the engine speed. At the same time, the
readings from the sensors are transmitted to the computer every 200ms, after 60 readings the
speed is increased again. The automatic test is designed to achieve the highest possible
repeatability of the tests performed.

The prototype of the stand is shown (Figure 2). A special calibration instrument was prepared
to determine the length of the arm between the beams and the engine shaft axis. The device was
mounted in the place of the engine, and then a weight of known weight was hung on its 100
mm long arm. The torque value was experimentally determined according to the formula:

M=F -!1 (1)

F1 — the value of the force applied to the arm
Li — arm length

Knowing the values of the forces that act on the strain gauge beams, it is possible to calculate
the moment generated by the engine:

M= (F, + )l (2)
F» — force acting on the loadcell 1
F3 — force acting on loadcell 2

L, — force pair arm

Equating equation (1) to (2) we obtain the length of the arm between the motor shaft axis and
the loadcell.

_ Fih
lz B Fa+F3 (3)

Knowing the values of the forces acting on the beams and the size of the arm calculated from
equation (3), the engine torque can be calculated.
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Figure 2. Prototype of the thrust stand

PROPELLER PRINCIPLE OF OPERATION

The impulse theory involves a step change in flow parameters in the plane of propeller
rotation. In order to apply this theory, a hypothetical channel should be created, the axis of
which coincides with the axis of the propeller shaft, and the diameter of the propeller jet in the
plane of rotation of the propeller is equal to its diameter. The propeller jet is limited by
imaginable infinitely thin walls across which there is no airflow. An analogy can be drawn here
to rotating machines such as compressors or turbines. Energy is supplied in the plane of the
propeller's rotation, so the pressure increases abruptly. As for the parts that are located in front
of and behind the propeller plane, the flow is lossless. [1,3]

The theory of the blade element is to calculate the aerodynamic forces that act on the blade
profile (airfoil), add up the elementary forces along the blade, and multiply by the number of
blades. The theory assumes a stationary flow around the propeller. The influence of swirl
surfaces is ignored, as it is a small error. [1]

An important element of the propeller mechanics is its slippage.

_ (H—Hg)
=R @
p — slippage %

H — geometric jump

HO — Basic/aerodynamic jump

When the aircraft is stationary, V = 0, the aerodynamic pitch of the propeller HO = 0, and then
the slip of the propeller strives for infinity. In conditions of operation with maximum
efficiency, the propeller slip is about 10% for wooden and about 5% for metal/composite. This
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difference results from the propeller manufacturing technology, and more specifically, the
thickness of the profile. [1] Knowledge of this is important because in the case of static tests,
the air inflow velocity is zero, so the propeller slip is infinite. Static measurements are
sufficient to determine the efficiency of the motor and the ESC speed controller. However, it is
not possible to determine the efficiency of the propeller due to the zero speed of air inflow to
the propeller.

MEASUREMENT DATA PROCESSING

Using the sensors described above, the station is capable of recording the following
parameters:

e Thrust, T [N]

e Torque, M [Nm]

e RPM, IR

e Voltage, U [V]

e Current, [ [A]
Based on the data, characteristics describing the propeller-engine assembly will be determined:
Electrical power:

R=UI (5

Mechanical power:

B, = oM (6)
where:

o — angular velocity [rad/s]

Motor efficiency:

n=2 O

FIRST MOTOR TEST

A Kavan 2836-1050KV motor and an APC 11x7 propeller were mounted to the measuring
station, and an automatic test was run. The results of the measurements obtained during the
tests were developed and compared with the parameters included by the manufacturer in the
engine data sheet. The values obtained during the test coincide with the drive's datasheet. The
data are presented in the graphs below (Chart 1, 2, 3, 4):
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SUMMARY

The created thrust stand is a development-ready project that allows for the addition of new
functionalities. Other ideas include the implementation of a vibration sensor in the form of an
accelerometer to determine the frequency spectrum using FFT, the use of a Prandtl tube, and a
differential pressure transducer to measure speed behind the propeller. A station can then be
placed in the wind tunnel to determine the characteristics of the powertrain in conditions
similar to those that occur during the flight of a flying model. Such a test will allow to check
the efficiency of the propeller and measure the velocity field in the propeller stream. The tests
carried out and the comparison of the results obtained with the engine documentation allowed
to conclude that all sensors are working properly and the data processing method is correct.
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Abstract: The laser technology in the manufacturing of solar cells has become an
indispensable element of modern photovoltaics. In this work, the optical and electrical
properties of multicrystalline silicon solar cells with textures made traditionally by chemical
etching and using a laser beam were compared.
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1. INTRODUCTION

Solar cell is the device that converts the energy of light into electricity. Silicon is the most
common material used in the production of solar cells. This semiconductor is the second most
abundant element on the Earth [1]. The photovoltaic device consists of p-type and n-type
silicon. In the n-type layer, there is an abundance of electrons, and in the p-type layer, there is
an excess of positively charged holes [2]. By joining these two types of semiconductors, an
electric field is formed in the region of the p-n junction. Electrons move to the positive p-side
and holes change position to the negative n-side. A depletion zone is created at the p—n junction
where there are no more chances of any charge carrier transfer. These separated static positive
and negative charges initiate an electric field across the depletion region which provide the
force or voltage needed to push the current through an external circuit. When sun rays strike the
semiconductor surface, a part of photons is absorbed into the material, thus giving rise to
photogenerated electron-hole pairs. The electric field initiate movement of electrons to the n-
type semiconductor and holes to the p-type layer. The carriers generated in the silicon are
collected by metal electrodes formed on the front and back silicon surfaces. In addition solar

cells are design with an antireflection coating on the surface of device to increase absorption of
sunlight [3, 4, 5].
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Silicon solar cells can be based on amorphous or crystalline silicon. The crystallised form is
preferable and most commonly used due to the greater power conversion efficiency.
Monocrystalline silicon has an ordered crystal structure, with each atom ideally lying in a pre-
determined position but because of the careful and slow manufacturing processes required, it is
also the most expensive type of silicon. Techniques for the production of multicrystalline
silicon are simpler and cheaper but the material quality is lower than monocrystalline material
due to the presence of grain boundaries which reduce the solar cell performance [3].

The laser technology in the manufacturing of solar cells has become an indispensable
element of modern photovoltaic technology. It can be used for [6]:

e cdge isolation,

e laser grooved buried contacts,

e laser beam doping for selective emitter formation,
e cutting wafer,

e laser fired contacts,

e drilling,

e wafer marking.

The properties of laser radiation, which enable precise processing of various materials with
efficiency and accuracy significantly exceeding conventional methods, have a significant
impact on the use of laser treatment in various technological operations. Coherent and
monochromatic laser beam focused to small spot produces high power densities. The wide
range of applied power and power densities available from lasers and the possibility of accurate
laser beam control are features which contribute to its successful application in many different
aspects of surface treatment [7]. In this study, the laser beam was applied for surface texturing
of multicrystalline silicon. During the design process of solar cells, one of the main goals is to
reduce all types of losses. Optical losses mainly affects the power produced from a photovoltaic
device by reducing the short-circuit current. Optical losses include light which potentially could
have generated an electron-hole pair, but actually does not generate any, because the light is
reflected from the front surface [8]. Flat surface of silicon has 30% reflectivity, but this can be
lowered by texturing the surface and antireflection coating (ARC) deposition [9].

Table 1. Comparison of the effective reflection coefficients for the different method of the
crystalline silicon surface texturing [5, 10, 11]

Surface texturing method Effective reflectance R4
Etching in alkaline solutions without masking ~24
Etching in alkaline solutions with masking ~20
Etching in acid solutions without masking ~9
Etching in acid solutions with masking ~3
Reactive ion etching ~6
Mechanical techniques ~5

Texturization of the silicon is one of the major techniques in decreasing the reflection loses.
The conventional methods such as alkaline etching used for monocrystalline silicon
texturization are ineffective when applied to multicrystalline silicon texturing. This is related to
random distribution of grains of different crystalographic orientations on the surface of
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multicrystalline silicon [12]. In multicrystalline silicon solar cells, this is achieved by various
methods such as mechanical techniques, reactive ion etching, alkaline and acidic etching [13].
The comparison of different texturing silicon surfaces methods are shown Table 1. The paper
presents results of the optical and electrical properties of multicrystalline silicon solar cells with
textures made traditionally by chemical etching and using a laser beam.

2. MATERIALS AND METHODS

Material used as a substrate was p-type, boron-doped multicrystalline silicon with 1+3 Qcm
resistivity, area of 50 x 50 mm and thickness of 200+30 um. The tests were carried out on wafer after:
e alkaline texturing in KOH solution,
e laser texturing by means of Nd:YAG laser and removal of the damaged layer by
etching.

The topography of laser textured surfaces consisting of grid of grooves were investigated
using ZEISS SUPRA 25 scanning electron microscope (SEM). The reflectance of textures was
measured by Thermo Scientific UV-Vis spectrophotometer. Electrical parameters of solar cells
were characterized by measurements of [-V light characteristics under standard AM 1.5
radiation for irradiance 1000 W/m? and temperature 25°C.

3. RESULTS

Alkaline solutions are usually used to produce textures in the form of random pyramids in
(100) monocrystalline silicon to reduce the reflectivity from the front surface of silicon solar
cells (Fig. 1). For multicrystalline silicon, this etching are less effective for texturing due to the
different orientations of the crystallographic grains (Fig. 2).

10 pm EHT = 15.00 kV Signal A = SE2 10 pum EHT = 15.00 kV Signal A = SE2
WD = 13.0 mm Mag= 100KX WD = 13.0 mm Mag= 500KX

Figure 1. Topography of monocrystalline silicon surface after alkaline texturing

Figure 3 presents the surface of multicrystalline silicon wafer after laser texturization. Laser
processing allowed for obtaining a uniform texture regardless of the random crystallographic
orientation of various grains. Bottom and sidewalls of laser scribed grooves are covered with
molten, not evaporated and resolidified material. A detailed inspection revealed crevices and
microcracks on the laser textured surface of multicrystalline silicon.
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100 pm EHT = 15.00 kv Signal A = SE2 10 ym EHT = 15.00 kv Signal A = SE2
WD =138mm Mag= 500X — WD =138 mm Mag= 200K X

10 pm EHT = 15.00 kv Signal A = SE2

Ny e
EHT = 15.00 kv Signal A = SE2
WD =13.8mm Mag= 5.00KX WD = 138mm Mag= 5.00KX

100 prn EHT = 15.00 kv gnal A = SE2 1 pm EHT = 15.00 kv Signel A = SE2
WD =141 mm Mag= 200X H WD =141 mm Mag = 1000 KX

Figure 3. Topography of multicrystalline silicon surface after laser texturing

Post-laser processing etching was performed to remove laser damaged layer (Fig. 4). During
etching, a layer of distorted material is eliminated. Moreover, in the places where the grooves
intersect, hollows are created. They are repeatable on the entire textured surface.
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100 pm EHT = 15.00 KV Signal A= SE2 10 ym EHT = 15.00 KV Signal A= SE2
— WD = 13.3 mm Mag= 200X F——— wp=133mm Mag= 5.00KX

Figure 4. Topography of multicrystalline silicon surface after laser texturing and etching off
laser induced damage layer

The texturing method significantly influences the optical properties of multicrystalline
silicon wafers (Fig. 5). The reflectance of laser textured multicrystalline silicon is lower
compared to alkaline textured wafers. Applied etching procedure causes the laser texturing
surface to flatten out reducing its optical effectiveness. For a wavelength of 600 nm, the
reflectance of laser-textured silicon and laser textured wafer after removal of laser induced
damage layer is lower by about 9% and 4%, respectively, compared to alkaline-textured
multicrystalline silicon. Additionally, decrease in the difference in reflection as the wavelength
increases was noticed. Alkaline textured silicon exhibits the highest reflectance in whole range
of wavelength.

Based on the measured current-voltage characteristics (Fig. 6), the electrical properties of
solar cells manufactured from alkaline and laser textured wafers after removal of laser induced
damage layer were determined. Open circuit voltage (Voc), short circuit current (Is), efficiency
(Efr), and fill factor (FF) was presented in Table 2. It was observed that laser textured solar cell
exhibit better properties - short circuit current and open circuit voltage were higher by 9,1 mA
and 8,8 mV respectively. Additionally, laser textured multicrystaline silicon solar cell shows
higher efficiency by 0.4 percentage points.

Table 2. Electrical parameters of multicrystalline silicon solar cells manufactured from
alkaline and laser textured wafers

Electrical properties
Type of texturing
I [mA] Voo [mV] FF [-] Eff [%]
Alkaline 303.2 541.4 0.68 9.0

Laser 312.3 550.2 0.68 9.4
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4. CONCLUSIONS

Advances in photovoltaics manufacturing and technologies may drive further cost
reductions and facilitate market growth going forward. Laser technology plays a key role in the
economical production of high-quality solar cells. In this paper laser processing was applied for
texturisation of multicrystalline silicon surface. Laser surface treatment introduce defects into
the top layer of processed silicon but applied post-laser texturing etching step makes it possible
to remove distorted layer. The texturing of multicrystalline silicon surface using laser makes it
possible to increase absorption of the incident solar radiation. The efficiency of the laser
textured multicrystalline silicon solar cell is 0.4 percentage points higher compared to the
device based on alkaline textured silicon. Laser processing is very promising technique for
texturing multicrystaline silicon independent on grains crystallographic orientation compared to
alkaline texturing methods in technology of solar cells.
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Abstract: Dye-sensitized solar cells (DSSCs) have been recognized as promising candidates for
next-generation solar cells mainly due to comparatively low manufacturing cost, ease of
fabrication, and relatively good efficiency. In this paper, the topography of selected device
elements, electrical and optical properties of DSSCs were analysed.
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1. INTRODUCTION

Recently, the global climate has been changing significantly, which poses an increasing threat
to ecosystems, human health, and the economy. Moreover, the global electricity demand is
constantly increasing. Renewable energy sources (RES) are the future of energy, hope for
reducing environmental pollution, and becoming independent from traditional energy supplies.
Renewable energy sources use the Earth's natural resources, which are not harmful to the
environment, do not contribute to the increase in the average global temperature, and depletion
of the Earth's resources [1].

Solar radiation is the most abundant source of energy available in the world. The amount of
energy supplied in the form of solar radiation reaching the Earth significantly exceeds the energy
needs of humanity, so it can be considered practically inexhaustible. In addition to the fact that
it is safe for the natural environment, it can be described as infinite, completely free, and does
not require transport. One way to use solar energy is to convert it into electricity using solar cells,
without generating noise, pollution, and other factors that cause negative changes in the
environment [2,3].
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Dye-sensitized solar cells (DSSCs) are devices classified as third-generation solar cells, which
are devoid of the classic semiconductor p-n junction and imitate processes occurring in nature,
as they use chemical reactions similar to the phenomenon of photosynthesis [3]. Under the
influence of incident solar radiation, the photon is absorbed by the dye molecules, causing the
electron to be excited from the ground state. The electron is transferred to the conductive
transparent conductive oxide (TCO) electrode through a porous semiconductor layer (usually
TiO2) and flows through the external circuit to the counter electrode (cathode), where it is
reduced. A layer of platinum applied to a conductive, transparent substrate constitutes the cathode
of a dye-sensitized photovoltaic cell. It aims to catalyse the reduction reaction of I3 to I™. The
electrolyte, filling the space between the electrodes, regenerates the dye, allowing it to return
from the excited state to the ground state [4-7].

Dye-sensitized solar cells are an alternative to traditional silicon-based photovoltaic cells. The
advantages of DSSCs include their low weight, operation at a wide angle of light incidence and
low radiation intensity, and lower production cost compared to traditional silicon-based
photovoltaic cells. Transparency and the possibility of changing colour thanks to the use of
different coloured dyes significantly increase the scope of their use [8-10]. In this paper, the
topography of selected device elements, electrical and optical properties of DSSCs were
analysed.

2. MATERIALS AND METHODS

In the present study, the following materials were used to produce the dye-sensitized solar
cells:

e FTO (fluorine-doped tin oxide) coated glass with the resistivity of 7 /0, Sigma-Aldrich,

e 18NR-T titania paste, Greatcell Solar,

e platinum paste, Sigma-Aldrich,

e N719 (Di tetrabutylammonium cis-bis (isothiocyanato) bis (2,2'-bipyridyl-4,4'-
dicarboxylato) ruthenium (II)), Greatcell Solar,

e EL-HPE electrolyte, Sigma-Aldrich.

The produced DSSCs consist of a photoanode (FTO coated glass/mesoporous TiO2/N719
dye), an electrolyte, and a counter electrode (FTO coated glass/platinum). FTO coated glass with
a size of 25 x 25 x 2.2 mm was used as a substrate in dye-sensitized solar cells. The substrate
was cleaned by ultrasonication using isopropanol, detergent, and ethyl alcohol for 10 minutes for
each solvent, and then dried with compressed air. Photoanode was prepared by applying TiO»
paste onto FTO covered glasses substrates. The layer was heated to the temperature of 500°C
and after cooling, it was moved directly to N719 dye solution. The counter electrode was
prepared by deposition of platinum paste by screen printing, which was then heated at 500°C.
The working and counter electrodes were assembled into a sandwich type cell and the space
between them was filled with iodine-based redox electrolyte.

Scanning Electron Microscope (SEM, Zeiss Supra 35) was applied to characterize the
topography of selected DSSC elements. Scanning Electron Microscopic (SEM) images were
taken with an accelerating voltage 5-7 kV. Thermo Scientific Evolution 220 UV-Vis
spectrophotometer (Fig. 1) was used for recording the optical properties in the wavelength range
of 300 - 800 nm. The electrical performance of the DSSC devices was investigated by Solar Cell
I-V Tracer System (Fig. 2) and 2401 Keithley digital source meter under standard AM 1.5
illumination with light intensity of 1000 W/m?.
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Figure 1. Thermo Scientific Evolution 220 UV  Figure 2. System for measuring current-
Vis spectrophotometer voltage ~ characteristics  from PV Test
Solutions Tadeusz Zdanowicz

3. RESULTS

Figures 3 and 4 show images of the FTO coated glass. The FTO thin layer is transparent,
homogenous, compact, and pinhole free. The distribution of grains of various shapes was
observed. The surface of the TiO2 layer is uniform, and as a result of dyeing it changes color
from semi-transparent white to dark red (Fig. 5). As shown in Figure 6, the screen-printed TiO»
layer is porous without cracks. The pore distribution is homogeneous. The large internal surface
area of the TiO» layer ensures the adsorption of the sufficiently large number of dye molecules
for efficient harvesting of solar radiation.

The Pt in the counter electrode helps in the regeneration of dyes by catalysing the I~
regeneration from the /5 in the redox couple. Figures 7 and 8 present the surface topography of
screen printed Pt layer. Pt nanoparticles are well dispersed on the FTO surface and not
agglomerated.

T =
Figure 3. FTO coated glass on Figure 4. SEM topography of FTO coated glass
macroscopic scale
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Figure 5. Photoanode of DSSC on Figure 6. SEM topography of DSSC photoanode
macroscopic scale

1 pm EHT = 7.00 kV Signal A= SE2
WD=132mm Mag = 50.00 KX

Figure 7. Counter electrode of DSSC Figure 8. SEM topography of DSSC counter
on macroscopic scale electrode

The results of the absorbance measurement tests for the layers constituting the DSSC
photoanode are shown in Figure 9. The FTO coated glass has the lowest light absorption. It
absorbs radiation below 340nm. The deposition of the mesoporous layer onto the substrate causes
the absorption edge to shift towards longer wavelengths (by about 50 nm for absorbance 1.5
compared to FTO-coated glass). It was found that the photoanode dyeing significantly improves
the absorption of visible radiation, and the absorption peaks were observed for wavelengths of
approximately 400 and 535 nm.

Figure 10 presents the transmittance for DSSC counter electrode. The cathode has high
transmission in the visible range. It was found that the transmittance was above 80% for the substrate:

e without a catalytic layer for wavelengths above 362 nm,
e with screen-printed platinum for wavelengths in the range of 530+750 nm.



Characterization of dye-sensitized solar cells

FTO coated glass

== == FTO coated glass + TiO2

e e e 0o FTO coated glass + TiO2 + dye

Absorbance [a.u.]

e0e
’o..." ¢ ..-.
®e
o..
®e
oooo......‘--
500 550 600 650 700 750 800

Wavelength [nm]

Figure 9. Absorbance for layers of DSSC photoanode

90
—-_—_——————-§

S
(O]
(S
§ FTO coated glass
g
& = = FTO coated glass + Pt
=

300 350 400 450 500 550 600 650 700 750 800

Wavelength [nm]

Figure 10. Transmittance for layers of DSSC counter electrode



80 TalentDetector2024 Summer

Electrical parameters of three manufactured DSSCs were characterized by measurement of
current-voltage characteristics at a light intensity of 1000 W/m? and AM 1.5 radiation. The
determined values of: open circuit voltage V., short-circuit current /., fill factor FF, maximum
power P, and efficiency Ejy of DSSCs are listed in Table 1. It was found that the average
efficiency of the produced DSSCs is 4.86 %, and the technology used allows to obtain devices
with repeatable electrical properties.

Table 1. Electrical parameters of produced dye-sensitized solar cells

I [mA] Voo [mV] Py, [mW] FF[] Ey[%]
5.09 680 2.04 0.59 4.84
4.97 676 2.03 0.60 4.86
5.34 672 2.10 0.59 4.88

4. CONCLUSIONS

Dye-sensitized solar cells have lower efficiencies compared to commercially produced silicon
photovoltaic cells. However, taking into account their advantages, such as a good price-efficiency
ratio, transparency, operation at a wide angle of incidence of light, and low radiation intensity,
make them competitive with first generation solar cells. The efficiency of photovoltaic cells
depends on phenomena occurring at the interface between the semiconducting metal oxide, the
dye, the catalytic layer and the electrolyte.

The photoanode of DSSCs plays important functions, namely governing the collection and
transportation of photo-excited electrons from dye to external circuit as well as acting as a
scaffold layer for adsorbed dye molecules. In this study, the TiO; layer is uniformly deposited
on the FTO coated glass. This semiconductor has a porous structure, and large specific surface
area. Unfortunately, this material does not absorb visible light. Adsorbing the N719 dye on its
surface significantly increases its absorption properties. The screen-printed platinum layer has a
slight effect on reducing the transparency of the DSSC counter electrode. The technology used
in this work allowed the production of DSSCs with an average efficiency of 4.86%.
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Abstract: The use of plant extracts in the synthesis of metal and metal oxide nanoparticles has
been gaining a lot of attention in the scientific world for the past few years. In this article, an
attempt was made to obtain SnO> nanoparticles using an aqueous extract of Aglaonema
commutatum leaves. The synthesis process involved two stages - preparation of the hydroxide
intermediate product and then its thermal reduction. The obtained powder materials were
subjected to phase composition analysis via X-ray powder diffraction. In addition, physical
properties such as apparent density, specific surface area, and average particle size were
determined. Color measurements of the intermediate product and the final reaction product
were also performed, as well as the examination of the morphology of the obtained
nanoparticles. The possibility of obtaining SnO; nanoparticles using the Aglaonema
commutatum leaves extract was confirmed. The average size of particles was stated at 33 nm
and various acicular-flake shapes were observed.

Keywords: plant-based synthesis, plant extracts, nanomaterials, powder metallurgy

1. INTRODUCTION

The development of metal and metal oxide nanoparticles (NPs) production has been the
subject of numerous studies for at least the past 20 years and that is mainly because of their
extraordinary properties such as small size, diverse structure, or great application potential in
different scientific and industrial branches [1]. Recently, the search for eco-friendly strategies
for their preparation has been particularly mentioned in the literature. One of the directions
followed by the world of science is biological synthesis methods, in which often toxic and
environmentally harmful chemicals are replaced by plant extracts. Such methods are
characterized by safe nature, low production costs, and the opportunity to exploit a wide range
of natural origin, fully renewable materials [2]. Biological syntheses are included in the bottom-
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up routes of metallic NPs formation. The growing interest in this topic results primarily from
the unique features of natural raw materials, which play the role of reducing and capping agents
in the production of metals and metal oxides. Thanks to this, the final material can be obtained
via chemical reduction, sometimes combined with the thermal decomposition of the
intermediate product [3]. The first step, however, is the effective extraction of reducing
compounds, i.e. polysaccharides, flavones, anthocyanidins, or phenolic acids. These can be
easily obtained from various parts of plants, i.a. seeds, leaves, roots, fruits, or flowers [4]. Then,
the actual synthesis path can be proceeded, which traditionally includes three main stages.
Initially, as a result of the reaction with hydroxyl groups originating from plant extracts, metal
ions from its salts are reduced. In the second stage, a so-called Ostwald ripening occurs. Here,
the NPs are formed in a process of heterogeneous nucleation which leads to particle growth
followed by further reduction of metal ions. This phenomenon is observed due to the strong
bond energy between the atoms of the formed metal. In the last stage, thanks to the ability of
compounds contained in plant extracts to stabilize metallic NPs, particles undergo conversion
to the energetically favorable structure. In some cases, the formation of a desired product does
not always occur directly in the reduction process. Hence, an additional step involving thermal
reduction of the intermediate product formed during the reaction with the plant extract is often
used [5]. Metal and metal oxide NPs are among the most frequently mentioned materials
obtained from the use of plant extracts in the literature. This is due to their potential for
application as antibacterial and antifouling agents, biosensors, fertilizers for plant cultivation
purposes, and chemical tools in light-activated processes, pharmaceutical synthesis, or
hydrogen production [2].

In this work, the biological synthesis of SnO> NPs was carried out on the example of the
reaction of SnCls with an aqueous extract of Aglaonema commutatum leaves. The obtained
final product was characterized using the X-ray diffraction method (XRD). The physical
properties of the powders, such as actual density (AD), specific surface area (SSA), and
average particle size (AvPS) were determined. Additionally, color measurements were
performed in the CIELab color space, as well as the imaging of SnO> NPs morphology with the
use of scanning electron microscopy (SEM). The summary briefly discusses the potential of
performed research and includes a critical look at the limitations related to plant-based
synthesis methods.

2. EXPERIMENTAL
2.1. Preparation of extract

50 g of home-grown Aglaonema commutatum leaves were washed under running water and
air dried. Leaves prepared this way were ground, added to 250 ml of DI water, and stirred at
45°C for 5 h. The resulting mixture was allowed to cool and filtered through cellulose filters.
To reduce the probability of photodegradation, the extract was stored in the dark.
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2.2. Tin (IV) oxide synthesis

SnO; NPs synthesis was based on a two-step method. First, 100 ml of 0.1 M tin chloride
dihydrate (SnCls-2H>O, PolAura) aqueous solution was added to 200 ml of previously prepared
Aglaonema commutatum leaves extract and stirred at 60°C for 4 h. After this time, the mixture
was allowed to cool to the room temperature while stirring for the next 2 h. The obtained
precipitate was centrifuged at 3500 rpm for 10 minutes using a centrifuge (Eppendorf
Centrifuge 5804), then washed twice with DI water and EtOH (Stanlab) and dried at 70°C for 2
h. In the second stage, the powder was thermally decomposed in a tube furnace at a temperature
ot 400°C for 4 hours in an air atmosphere.

2.3. Powder characterization

e X-ray powder diffraction (XRD)

Qualitative phase analysis was carried out on powders and coatings using diffractograms
recorded with an XRD7 diffractometer made by Seifert-FPM. Characteristic X-ray radiation of
Cu Ka and nickel filter were used for the investigation. Analysis was carried out in the 20 range
10°+100°. Identification of the phases was done using Seifert and Match! software, basing the
results on the ICDD PDF-4+ catalog from 2023.

e Apparent density (AD)

AD was measured by the gas pycnometry method using the Micromeritics AccuPyc 1340 11
pycnometer. Measurements were performed at room temperature in a sample chamber with a
volume of 10 cm® and helium as an inert gas. Results for density were obtained for 15-cycle
repetitions.

e Specific surface area (SSA)

The determination of SSA was carried out on a Micromeritics Gemini 2360 apparatus. The
measuring range was 0.01 m?*/g for the specific surface and 0.1+300 m? for the total surface.
Samples were dried overnight at 105°C under a nitrogen atmosphere. The measurements were
performed in the P/Po range of 0.05+0.30 (value taken before the measurements).

e Average particle size (AvPS)
On the basis of the AD and SSA measurements, AvPS of obtained powders was determined.
Calculations were done with the use of the equation:
610
T
where p — apparent density [g/cm?], S — specific surface area [m*/g].

e Color measurements

The color of the powders was determined using an SP62 X-rite portable, handheld sphere
spectrophotometer with a measuring geometry of d/8 according to ISO 7724-2 Paints and
varnishes — Colorimetry — Part 2: Color measurement. The color coordinates in CIELab color
space were calculated (L* — brightness, a* — color from green to magenta, b* — color from blue
to yellow). The color difference AE was determined in accordance with ISO 7724-3 Paints and
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varnishes — Colorimetry — Part 3: Calculation of color differences. The calculations were made
based on the following formula:

J .2 .2 . 2
=.J(AL ) +(Aa ) +(Ab)

e Scanning electron microscopy (SEM)

SEM observation was performed using LEO Gemini 1525 high-resolution scanning electron
microscope with a resolution of 1.5 nm at a current voltage of 20 kV and equipped with an
InLens detector. Before measurement, the sample was dried overnight at 50°C and then
sputtered for 50 s with an Au conductive layer in an Ar protective atmosphere using SEI
supplies sputter coater.

3. RESULTS AND DISCUSSION

As mentioned in the introduction, plant-based NPs synthesis usually involves the chemical
reduction of metal salts using a plant extract. This research involved a reduction of SnCls salt
with the use of extract obtained from Aglonema commutatum leaves, thanks to which an
intermediate reaction product was obtained. In the next stage, a thermal reduction process was
carried out to obtain nanometric SnO> powder. A fundamental scheme of the discussed
synthesis is shown in Figure 1.
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Figure 1. Scheme of plant-based SnO> NPs synthesis
3.1. X-ray powder diffraction

XRD phase analysis was the fundamental method to confirm SnO, formation in the process
of SnCly reduction with the use of Aglaonema commutatum leaf extract. Figure 2 shows XRD
patterns of the intermediate (SnHydOx Agm) and final (SnOx_Agm) reaction products. As
can be seen, the starting material — SnCls-2H>O — has not been fully reduced to the desired
oxide, and XRD analysis shows that the intermediate product consists of transitional phase
Sn21Clis06(OH)14 With a structure of mineral abhurite. The presence of SnO> was proved after
the thermal reduction of Sn»1ClisOs(OH)14 and it was shown that the obtained powder sample is
single phase and consists of SnO; with a structure of mineral cassiterite.
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Figure 2. XRD patterns for SnHydOx_Agm and SnOx_Agm samples

3.2. Powders characterization — physical properties

The measured values of the AD and SSA of the powders were stated at 4.11 g/cm? and 7.06
m?/g for SnHydOx_Agm and 6.70 g/cm® and 27.54 m?/g for SnOx_Agm. The AvPS of the
obtained materials was stated at around 207 and 33 nm for SnHydOx Agm and SnOx_Agm,
respectively. The results are summarized in Table 1. The AD value of the SnOx Agm sample
confirms the formation of SnO> NPs and corresponds to the literature data dedicated to similar
research [6]. Moreover, it was observed that the resulting SnO, powder is nanometric and the
SSA value is relatively high.

Table 1. Powder samples physical properties

Sample AD SSA AvVPS
[g/em’] [m?/g] [nm]

SnHydOx Agm 4.1056 £ 0.0034 7.0580 +£0.0197 207.06
SnOx Agm 6.6982 + 0.0051 27.5384 + 0.0662 32.53

The AvVPS analysis was complemented by SEM imaging performed for the SnOx Agm
sample (Figure 3). It can be seen that the obtained powder formed micrometric flake-shaped
agglomerates of spherical nanoparticles. It was observed that the morphology of the obtained
material is diverse and is divided mainly into two forms - acicular (spicule-like) and flake
shapes. During the synthesis, particles with sizes ranging from 20 to 150 nm were obtained.
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Figure 3. SEM images of the SnOx_Agm sample

An additional feature for the confirmation of the correct reaction course is the color of both
the intermediate and the final product (Figure 4). Tin hydroxides are usually white, whereas the
SnO> color ranges from off-white/light gray to beige shades [7, 8]. In the case of the synthesis
performed in this article, it was observed that the SnHydOx Agm sample turned slightly ecru.
This was caused by the extract used in the synthesis process. The SnOx Agm sample was light
taupe. In addition to the visual assessment of the color of the powders, colorimetric
measurements were carried out to determine their actual shades (Table 2). Moreover, a
significant change was observed in the color of powders and AE was stated at 23.13.

Figure 4. Images of intermediate product SnHydOx Agm (left) and resulting nanopowder
SnOx_Agm (right)

Table 2. Color measurements of the intermediate product (SnHydOx_Agm) and the resulting
SnO2 NPs (SnOx_Agm)

Sample L* a* b* AE
SnHydOx Agm 87.11 0.01 23.42
23.13
SnOx_Agm 69.40 2.12 13.01
4. CONCLUSION

The results reviewed in this article are an introduction to broader research on the production
of ceramic oxide nanopowders. The possibility of the SnO, NPs formation using extract
obtained from Aglonema commutatum leaves was confirmed. The presence of a pure reaction
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product was proved via XRD phase analysis. The average size of the formed NPs was stated at
33 nm, and their morphology was varied, with a predominance of acicular and flaky shapes.

Thanks to the relatively facile route and low costs of performed synthesis, there is a great
potential for its further optimization. The first key aspect of improving the efficiency of the
discussed processes is the emphasis on increasing the effectiveness of extraction of the
necessary reducing compounds from plants. In addition to the possibility of using various
plants and their different parts, extraction tests with low environmental impact solvents (i.a.
ethyl or isopropyl alcohols, glycerin, or acetone), changes in the pH or temperature of the
environment, and the method of mixing the solution should be taken into account [9].
Moreover, some steps related to changing the conditions of the metal salt reduction reaction
itself will certainly also have a positive impact on the results. In this case, focus on the type of
metal precursor, its concentration, and the temperature conditions of the reactions should be
emphasized [2].

The methods for the replacement of harmful chemicals in the processes of NPs formation
are undoubtedly worthy of further exploration. The main advantage of such an approach is
reduction of waste that harms the environment and the application potential of green
synthesized nanopowders will surely lead to their exploitation on a larger scale.
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Streszczenie: Artykul przedstawia prace Studenckiego Kola Naukowego vFly nad
symulatorem samolotu, ktory ma zagwarantowa¢ immersj¢ operatora bazujac na odczuciach
haptycznych uzyskiwanych przy pomocy platformy ruchu oraz realistycznej grafice
wyswietlanej na goglach rzeczywisto$ci wirtualne;.

Abstract: The article presents the work of the vFly Student Scientific Association on a flight
simulator designed to ensure operator immersion through haptic feedback obtained using
a motion platform and realistic graphics displayed on virtual reality goggles.

Keywords: symulator lotu, unity, platforma ruchu

1. WSTEP

Symulatory lotnicze odgrywaja kluczowa rol¢ w szkoleniu i rozwoju umiejetnosci pilotow
oraz zaldg lotniczych. Stanowig one realistyczne i kontrolowane $rodowisko, ktore pozwala na
bezpieczne i efektywne przyswajanie wiedzy oraz doskonalenie procedur operacyjnych [1][2].
Dzigki zaawansowanym technologiom, symulatory moga wiernie odtwarza¢ warunki lotu,
w tym dynamike lotu, reakcje na warunki pogodowe 1 awarie systemow poktadowych.
Symulator samolotu to projekt taczacy zaawansowang cze$¢ hardwarowa, z mozliwo$ciami
softwarowymi, udostepnionymi przez srodowisko Unity 3D. Projekt jest realizowany przez
studentow wydzialu Automatyki, Elektroniki i Informatyki w ramach studenckiego kota
naukowego vFly.

2. WARSTWA SPRZETOWA

Stanowisko symulatora prezentowane w artykule sktada si¢ z trzech elementow, gogli
rzeczywisto$ci wirtualnej, platformy ruchu oraz fizycznych kontrolerow odwzorowujacych
urzadzania kontrolne zainstalowane w samolocie.
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e Gogle VR HP Reverb G2

Gogle s3 podstawowym elementem wplywajagcym na immersj¢ uzytkownika, dlatego
dobranie odpowiedniego modelu jest kluczowe dla sukcesu projektu. Zdecydowano si¢ na
wybor modelu HP ReverbG2 poniewaz, zapewnia on wysoka rozdzielczo$¢ ekranu
(4320x2160 pikseli dla obu oczu) oraz szerokie pole widzenia na poziomie 110 stopni.
Urzadzenie posiada dwa glos$niki zapewniajace wysoka jakos¢ dzwigku. Gogle zapewniajg
takze stabilne tacze przewodowe, bazujace na zlgczu DisplayPort, tym samym
minimalizujac obcigzenie stacji roboczej. Gogle sa wyposazone w precyzyjny akcelerometr
1 zyroskop, co pozytywnie wptywa na jakos$¢ sledzenia ruchow glowy uzytkownika i tym
samym na realizm symulacji.

e Symulator ruchu YawVR standard edition

Platforma Yaw VR to kompaktowy symulator ruchu dedykowany do wykorzystania
A4 aplikacjach bazujacych na rzeczywistosci wirtualne;j.
Dzigki mozliwos$ci ruchu w trzech obszarach okre§lanych jako yaw (obrot ciagly w zakresie
360 stopni w stosunku do osi pionowej), pitch oraz roll (oba w zakresie od +20 do —20
stopni wzgledem osi poziomej), symulator dostarcza realistyczne wrazenie lotu samolotem.
Dodatkowo parametry platformy w zakresie predkosci obrotowej (okreslane przez
producenta na 360 stopni na sekunde dla yaw oraz 45 stopni na sekundg¢ dla pitch oraz roll)
umozliwiajg na sprawne reagowanie na zmian¢ potozenia oraz obrotu wirtualnego pojazdu.
Samo urzadzenie pozwala na tacznos$¢ poprzez kabel RJ-45 z siecig lokalna, co umozliwia
fatwe nawigzanie polaczenia z YawVR poprzez stacj¢ robocza (obstugujaca aplikacje
symulacyjng) podtaczong do tej samej sieci. Platforma oferuje takze mozliwos$¢ polaczenia
bezprzewodowego z wykorzystaniem Wi-Fi, jednakze potaczenie przewodowe redukuje
mozliwo$¢ utraty pakietow oraz opdznien w dostarczaniu pakietow. Producent udostepnia
oprogramowanie Yaw SDK, w efekcie mozliwa jest integracja platformy ze srodowiskiem
Unity oraz Unreal Engine.

e Kontroler LOGITECH G Saitek PRO Flight Yoke System

G Saitek Pro Fligh Yoke System to kontroler typu wolant produkowany przez firme
LOGITECH. Wolant pozwala na uzyskania precyzyjnego sterowania akcjami samolotu.
Zestaw wyposazony jest w pedaty oraz przepustnice, ktére zwickszaja imersj¢ sterowania
statkiem powietrznym. Komunikacja z kontrolerem odbywa si¢ poprzez przewodowe
polaczenie USB, co wptywa korzystnie na predkos¢ przesytania informacji w porownaniu
do odpowiednikow faczacych si¢ bezprzewodowo.
Dodatkowo, wolant oraz pedaly pozwalaja na ruch w pigciu osiach oraz umozliwiaja
zaprogramowanie do 75 funkcji przy wykorzystaniu 25 przyciskow. Funkcjonalnos$¢ ta byta
niezmiernie istotna w realizowanym projekcie, poniewaz pozwolita na rezygnacje
z przepustnicy. Osoby testujgce zaimplementowany symulator zwracaty uwage na trudno$¢
znalezienia przepustnicy, w symulacji opartej o gogle VR, w takim przypadku operator nie
widzi prawdziwego otoczenia, dlatego tez znalezienie komponentow sterujgcych na ktorych
nie trzyma si¢ ragk jest niezmiernie trudne. Powyzsze elementy, zostaly precyzyjnie
skomponowane oraz skonfigurowane, aby jak najdokladniej odwzorowa¢ ruch



Symulator samolotu Cessna 172 bazujgcy na platformie ruchu 91

prawdziwego samolotu. (Rysunek 1) przedstawia skonfigurowany zestaw w trakcie testow
integracyjnych platformy symulacyjnej z zaimplementowanym oprogramowaniem
symulacyjnym.

Rysunek 1. Zdjecie z realizacji testow w trakcie wykonywania manewru skrgtu w lewo.
Figure 1. Photo from tests carried out during a left turn maneuver.

3. SOFTWARE

Wybdr Unity jako gldwnego narzgdzia projektowego byt strategiczny z kilku kluczowych
powodow, m.in.
e wszechstronnos$¢ i elastycznos¢ srodowiska
e intuicyjny interfejs uzytkownika oraz wsparcie dla poczatkujacych uzytkownikow
umozliwiajace szybkie prototypowanie, nawet bez do§wiadczenia programistycznego
e wykorzystanie jezyka C#, umozliwiajacego efektywne programowanie logiki symulacji.

Unity wspiera rozne platformy oraz urzadzenia VR i AR, co zapewnialo elastycznos$¢
1 mozliwos¢ dostosowania do réznych wymagan projektowych. Optymalizacja pod katem
wydajnosci gwarantowata ptynne dziatanie aplikacji nawet na mniej wydajnych urzadzeniach,
co byto kluczowe dla jakosci uzytkowe;.

Hierarchia projektu w Unity stanowi kluczowy element organizacyjny, umozliwiajacy
skuteczng strukturyzacje elementéw sceny oraz okreslenie ich wzajemnych powigzan. Ponizej
przedstawiono skrocony opis kazdego elementu hierarchii projektu (Rysunek 2.):
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Rysunek 2. Hierarchia projektu.
Figure 2. Project hierarchy.

1. Airplane-SingleProp

Gtowny obiekt symulatora, reprezentujgcy model samolotu jednosilnikowego (Rysunek 3).
Zawiera modele 3D samolotu, skrypty kontrolujace zachowanie, animacje, materiaty i tekstury:

Figure 3. Airplane-SingleProp Hierarchy

a. Dashboard: panel kontrolny w kokpicie samolotu z przyrzadami nawigacyjnymi
1 kontrolnymi.

b. MiniMap: panel w kokpicie przedstawiajgcy mini-mapg dla orientacji przestrzenne;.
c. Mesh: geometria 3D samolotu, obejmujaca model kadhuba, skrzydel, sterow i

sSmigla.

d. Colliders: komponenty fizyczne definiujace kolizje samolotu, np. collider kot,
kadtuba i skrzydet.

e. [Engine: komponent odpowiedzialny za dzwicki samolotu, zapewniajac realistyczne
efekty dzwigkowe.

f.  Center: punkt centralny samolotu, odpowiadajacy srodkowi jego masy.
g. ControlSurfaces: Powierzchnie sterujgce samolotu, np. ster wysokos$ci, ster
kierunku, lotki.
h. CameraManager: Zarzadza kamerami w symulatorze, umozliwiajac uzyskanie
r6znych widokow z kamery.
1.FuelTank: Zbiornik paliwa samolotu, monitorujacy poziom paliwa i jego zuzycie.
j.LightManager: Zarzadza o$wietleniem samolotu, kontrolujac rézne zrodta swiatla.
2. Directional Light: Zrodto $wiatta kierunkowego symulujace naturalne §wiatto stoneczne.
3.Minimap Camera: Dodatkowa kamera wyswietlajgca mini-mapg.
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4.Runway: Reprezentacja pasa startowego na lotnisku, stuzacego do startéw i ladowan.

5. Terrain: Obiekt terenu, przedstawiajacy krajobraz wokot lotniska.

6.YawUI: FElement interfejsu uzytkownika wyswietlajacy informacje o przechyleniu
samolotu. Pozwala réwniez podiaczy¢ platforme YawVr.

7.YawController: Komponent zarzadzajacy przechyleniem samolotu, kontrolujacy jego
ruch wzdhuz osi Yaw.

4. PREZENTACJA SYMULACJI

Na zdjeciach (Rysunek 4,5,6), zaprezentowano roézne etapy rozgrywki, kluczowe elementy
interfejsu uzytkownika i otoczenia symulacji.

Rysunek 4. Widok ze §rodka samolotu, na pasie startowym.
Figure 4. View from inside the plane, on the runway.

Rysunek 5. Widok ze §rodka samolotu, podczas skretu w prawo.
Figure 5. View from inside the plane while turning right.
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Rysunek 6. Widok zskrzyd1a samolotu.
Figure 6. View from the wing of the plane.
5. KONFIGURACJA
5.1 Input System
Kontrola ruchu symulatora zostata opracowana za pomocg pakietu Unity Input System[5],

(Rysunek 7). Przygotowane tam sg definicje akcji, pod ktére zostaly podpiete przyciski
funkcyjne wolantu oraz alternatywne dla pada oraz klawiatury.

Rysunek 7. Input System
Figure 7. Input System

Taki system sterowania dodany zostat do komponentu Player Input, uzytym w gtéwnym
modelu samolotu (Rysunek 8).
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~  Player Input

YokeCaontrols (Input Action Asset) @

Rysunek 8. Player Input
Figure 8. Player Input

W projekcie skorzystano z prefabrykatu samolotu z zasobu Simple Airplane Physics
Toolkit - Lift, Drag, Thrust [3] autorstwa Dylana Auty’ego, ktory zawiera model awionetki
oraz implementacje fizyki samolotow.

5.2 YawVR

Pakiet Yaw VR [4], pozwala nam zarzadza¢ i kontrolowa¢ symulator ruchu Yaw VR
z poziomu projektu Unity. Kontroler YawController (Rysunek 9) wysyta orientacje obiektu
YawTracker do podtagczonego urzadzenia. Aby kontrolowaé¢ symulator ruchu, wystarczy
animowa¢ orientacj¢ obiektu YawTracker, a ta zostanie przestana do fizycznego
urzadzenia.

A Airplane-SingleProp (Transform) &
PadTest
COMNECT_FIRST_FOUND_DEVICE ~

Rysunek 9. Yaw Controller
Figure 9. Yaw Controller

5.3 VR

W celu podtaczenia gogli VR skonfigurowano projekt z uzyciem wtyczek XR Plug-in
Managment i OpenXR (Rysunek 10). Nastepnie zainstalowano narzedzie Windows Mixed
Reality eature Tool, pozwalajace na instalacje wtyczki Mixed Reality OpenXR. Dodano
profil kontrolera HP Reverb G2 do ustawien OpenXR. Na koniec przekonwertowano
kamere na XR Rig, umozliwiajac sledzenie ruchu glowy.

v Tracked Pose Driver

Mone (Base Pose Provider)

Rysunek 10. Tracker Pose Driver
Figure 10. Tracker Pose Driver
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6. PODSUMOWNIE

W niniejszym artykule skupiono si¢ na analizie procesu tworzenia symulatora lotu
w $§rodowisku Unity, z uwzglednieniem jego zalet, mozliwosci oraz praktycznego
wykorzystania. Istotnym aspektem projektu jest cigglte doskonalenie grafiki oraz planowane
wprowadzenie nowych funkcji, takich jak edycja warunkéw symulacji, co pozwoli na jeszcze
wigksza rdznorodnos$¢ i realizm doswiadczen uzytkownika.

Perspektywa dalszego rozwoju projektu obejmuje planowang implementacje wielu lotnisk
rozmieszczonych na réznych biomach, co dodatkowo zwigkszy atrakcyjno$¢ i1 realizm
symulacji. Ponadto, wprowadzenie edycji warunkéw symulacji, takich jak pogoda czy pora
dnia, umozliwi uzytkownikowi jeszcze wigksza kontrole nad do$wiadczeniem symulacji oraz
zapewni dodatkowa roznorodnos¢.

Warto podkresli¢, ze projekt ten stanowi istotny wktad w rozwoj technologii symulacji lotu
oraz wzbogaca zasob dostepnych aplikacji wirtualnej rzeczywistosci. Dalsze badania i rozwoj
projektu moga przyczyni¢ si¢ do jeszcze wickszego poszerzenia jego mozliwosci oraz
zastosowan praktycznych.

Ostatecznie, tworzenie symulatora lotu w $rodowisku Unity stawia przed badaczami
cieckawe wyzwania, wymagajgce zard6wno zaangazowania technicznego, jak i kreatywnosci.
Ten dynamicznie rozwijajacy si¢ obszar oferuje wiele mozliwosci dla przyszlych badan
1 projektow, otwierajac nowe perspektywy w dziedzinie symulacji lotu.
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Abstract: The objective of this thesis was to create a computer simulation of the material
properties of hammers with metal and wooden obesity with included forces on them. Includes
application of FEM in carrying out computer analysis of stress, displacement which occurred
on the surface of hammers under three forces, and the appointment safety factor.

Keywords: hammer, Inventor, stress distribution, displacements, safety factor

1. INTRODUCTION

One of the oldest and most common types of hand tools are hammers. These tools are often
used to hit the material to process it (chisel) and drive the material into another element
(wedge, nail). A hammer as a hand tool works by accumulating kinetic energy in a heavy head
during a relatively long swing and then transferring it to the struck object in a short time. The
hammer consists of two essential elements: the head and the shaft. Figure 1 shows a locksmith's
hammer with a wooden shaft and a metal head. Due to their structure and the ability to transfer
kinetic energy, hammers are used in almost every construction work and other fields [1].

Figure 1. Locksmith’s hammer [2]
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The most frequently used material [3,4] for the hammer shaft is wood (birch).

In the case of blunt force, the most frequently used materials are [3,4] carbon steels:
* NG6;

* N7;

+ NT7E.

The head has a shape similar to an elongated cuboid with one end bevelled on one or both
sides. Generally, a wedge reinforces the connection between the shaft and the head, and the
shaft has a structure similar to a cylinder. The basic quantity characterizing hammers is the
head weight, approximately 150 g, and the total weight for the enormous two-handed hammers
is up to 20 kg [3].

In addition to the traditional hammer for mechanical work (locksmith's hammer), there are
also hammers for special applications. Hammers for special applications can be divided into
[3]:

e Sheet metal hammers;

e Carpenter's hammers;
Shoemaker's hammers;
Mason's hammers;
Kitchen hammers;
Geological hammers;
Judges' gavels;
Stonemason's hammers;
Carving hammers;

e Jewelry hammers.

2. ANALYSIS OF STRESS DISTRIBUTION FOR A HAMMER WITH A METAL AND
WOODEN HEAD

3D models of locksmith hammers were made, maintaining the actual dimensions, stresses,
displacements, and safety factors, which were analyzed using the Autodesk Inventor
Professional program.

The geometric model of a locksmith's hammer is shown in Figure 2. The properties of the
material from which the head of the locksmith's hammer was made are listed in Table 1. The
properties of the material from which the shaft of both hammers was made are shown in
Table 3. Figure 3 shows the point of application of force.

Figures 4-9 show the distribution of Von Mises stresses occurring in a locksmith's hammer
when forces of 1000N, S000N and 10000N are applied. These stresses increase with increasing
force and are most outstanding in the same places in both cases. A hammer with a wooden head
has much greater stress than a steelhead.
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Figure 2. Model of hammer Figure 3. Point of application force

Table 1. Material properties of hammers with metal and wooden obesity

Properties Carbon steel Wood (birch)
Mass density 7.85 g/em? 0.55 g/cm?
Yield strength 350 MPa 56.3 MPa
Tensile strength 420 MPa 6.3 MPa
Young's modulus 200 GPa 10.3 GPa
Poisson's ratio 0.29 ul 0.0001 ul
Modulus of elasticity 77.5194 GPa 5.14949 GPa

Figure 4. Von Mises Stress for wooden Figure 5. Von Mises Stress for steel hammer
hammer 1000N force under 1000N force
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Figure 6. Von Mises Stress for wooden Figure 7. Von Mises Stress for steel hammer
hammer 5000N force under 5000N force

Figure 8. Von Mises Stress for wooden Figure 9. Von Mises Stress for steel hammer
hammer 10000N force under 10000N force

3. ANALYSIS OF DISTRIBUTION DISTRIBUTION FOR A HAMMER WITH A
METAL AND WOODEN HEAD

Figures 10-15 show the displacement of both hammers when forces of 1000N, 5000N, and
10000N are applied, respectively. The deformation value increases with increasing force, and
both hammers deform in the same way. The displacement on a hammer with a wooden head is
0.34 mm, significantly exceeding that on a hammer with a metal head, while for the latter, it is
only 0.08 mm.
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Figure 10. Displacements for wooden Figure 11. Displacements for steel hammer
hammer under 1000N force under 1000N force

Figure 12. Displacements for wooden Figure 13. Displacements for steel hammer
hammer 5000N force under 5000N force

Figure 14. Displacements for wooden Figure 15. Displacements for steel hammer
hammer 10000N force under 10000N force
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4. SAFETY FACTOR ANALYSIS FOR A HAMMER WITH A METAL AND
WOODEN HEAD

Figures 16-21 show the safety factor for both hammers when forces of 1000N, S000N and
10000N are applied, respectively. The value of the coefficient decreases as the force increases.
The lowest values are achieved in places with the highest stresses.

Figure 16. Safety factor for wooden hammer Figure 17. Safety factor for steel hammer
under 1000N force under 1000N force

Figure 18. Safety factor for wooden hammer Figure 19. Safety factor for steel hammer
under 5000N force under 5000N force

Figure 20. Safety factor for wooden hammer Figure 21. Safety factor for steel hammer
under 10000N force under 10000N force
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4. RESULTS AND DISCUSSION

In this work, a computer simulation of the material properties of a hammer with a steel head
and a wooden head subjected to various loads was performed. Two models of hammers were
created while maintaining their actual dimensions. Hammers were made of multiple materials.
Then, using the Autodesk Inventor Professional program, the Finite Element Method was used
to analyze stresses, displacements and the safety factor on the surface of two hammers loaded
with three forces of 1000N, S000N, and 10000N.

Based on the numerical analyses, the following conclusions can be drawn:

* When loaded with a force of 10000N, the hammer is likely to be damaged with a wooden
head.

* A hammer with a metal head can withstand a force of 10000N.

* A hammer with a metal head has better resistance to deformation than one with a wooden
head.

* Von Misses stresses increased with increasing force and turned out to be more than twice as
high in the hammer with a metal head - as much as 101.7 MPa, while the one with a wooden
head amounted to 46.7 MPa.

* The displacement increased with the increase in force and turned out to be more than four
times greater for the hammer with a wooden head - it amounted to 0.34 mm and 0.08 mm
for the one with a metal head.

* A hammer with a wooden head at the highest load showed a safety factor of 1.2, which is a
condition in which it may be enough to deform the tool permanently.

* In both cases, the tool deformed in the same direction and the highest stresses occurred in
the same places because they did not differ in shape but only in the material from which the
hammerhead was made.
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Abstract: The article presents a comparison of the action of the laser beam on the material
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1. INTRODUCTION

Laser radiation and the associated acronym LASER are one of the most important inventions
of modern times, having the greatest impact on the technical and civilizational development of
humanity. Already in 1917, Albert Einstein published his work on quantum mechanics, the
photoelectric effect, the quantum structure of light and the possibility of stimulating the
emission of coherent, monochromatic electromagnetic radiation, creating the basis for modern
welding technologies: laser welding, surfacing, fusion, heat treatment, ablation and cutting.
One of the first industrial applications of laser technology in welding took place in the early
1970s, and it was CO2 gas laser cutting of steel sheets, ensuring higher quality and efficiency
of cutting sheets up to 15 mm thick than in cutting processes. oxygen and plasma arc cutting.
the latest solutions in the design of laser beam generators, especially solid-state, rod, fibre and
disk lasers, ensure increasingly higher laser beam powers at lower device costs. modern laser
welding devices enable precise adjustment of all parameters of the laser beam, i.e.: the type of
continuous, pulsed or impact radiation, the shape and dimensions of the focus, power density,
focal length, as well as tracking and control of the laser beam travel path. Laser welding of butt
joints, T-joints, lap joints, corner joints, rebate joints, flange joints, i.e. basically all typical
joints of welded structures made of weldable engineering materials, consists in fusing the
joining area with the heat generated by introducing a concentrated laser beam of very high
intensity to this area. power density of the order of 102 +~ 1011 W/mm?2. Laser welding can be
carried out using a welding technique without additional material, with a weld eye or with a
weld pool, on one or both sides. In the case of joints of greater thickness, especially joints of
structures made of difficult-to-weld steel with a high yield point, eyelet welding with additional
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material or hybrid welding - LHW - laser welding + GMA welding - is increasingly carried out.
Laser technologies for creating surface layers of machine and device parts have been developed
for many years, bringing very tangible economic effects because of a significant increase in
tribological properties, corrosion resistance, heat resistance, etc. Surface layers can be surfacing
with basically all known metal and cermet materials, with a thickness ranging from tenths of a
millimetre to even more than 10 mm using the multi-layer surfacing technique, while ensuring
very accurate control of the share of the substrate material in the applied layer, from 2 to 90%.
Such a low share of substrate material means that the required chemical composition of the
surface layer can be obtained already in the first layer. If it is required to create a surface layer
with a small thickness, even a few um, but with higher functional properties than the base
material, laser alloying, remelting or increasingly widely used heat treatment techniques are
irreplaceable on the working surfaces of machine and device parts [1-3].

The industrial application of laser technologies takes place in several specific processes,
they are based on the process of melting the processed material and, in some cases, also the
batch material. They are based on the process of heating the processed material and, in some
cases, also the input material to temperatures below the melting point or with remelting [2].

Laser welding

In the construction of modern machines and devices, it is increasingly necessary to use
sheets of dimensions that cannot be produced using rolling technology for a given thickness.
Then it is necessary to connect the sheets butt-together to obtain the dimensions required by
machine and device designers. Laser welding technology (Fig. 1) enables the creation of a very
high-quality butt joint between sheets without additional material and the need for mechanical
processing after welding. Moreover, the small amount of heat introduced during welding
minimizes welding stresses and deformations [2,3].

Laser head /Shielding gas
/ Powder
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/7
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/‘
HAZ Unchanged structure
Figure. 1 Laser welding diagram [4]

Laser cladding

Laser cladding (Fig. 2) technology enables the creation of a usable surface layer on new
elements and the precise regeneration of parts of machines and devices. The precision and
flexibility of the process enable the regeneration of parts whose repair has not been
technologically possible or economically justified so far, and the replacement of conventional
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regeneration technologies to increase the quality of the repair and shorten its time. This
translates directly into reduced costs not only of regeneration itself, but also of machine
downtime costs. Savings also result from the reduction of mechanical processing time after
laser cladding compared to conventional cladding technologies, which results from the
possibility of applying very even layers and reducing the machining allowance [2,5].
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Figure. 2 Laser cladding diagram [6]

Laser heat treatment

Laser hardening (Fig. 3) technology is much less energy-consuming than traditional furnace
and induction hardening methods. The energy of the laser beam is absorbed only by the
processed surface layer of the element intended for hardening, so its energy is used only for
heating the surface layer at high speed, and the core of the element remains in the raw state.
This ensures many times lower energy consumption compared to traditional hardening
processes, especially furnace hardening, where the entire element is heated in the furnace to the
hardening temperature. During laser hardening, much less heat is introduced into the element
than in conventional hardening processes. This translates into a significant reduction in internal
stresses, which significantly reduces the deformation of items heat treated with a laser beam.
This results in the elimination of additional technological operations after the hardening process
itself, such as finishing, straightening and stress relief. When designing and manufacturing a
product, it is unnecessary to consider processing allowances, and therefore laser heat treatment
can be easily integrated into the production process. Eliminating finishing machining of the
already hardened hard surface of the element significantly reduces the time and energy
consumption of the production process. Self-cooling of elements in laser hardening means that
the use of water and oil in the process is eliminated [2,5].
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Figure. 3 Laser hardening diagram [7]

In most cases, the results of laser processing can only be obtained by destroying the weld
deposit or the obtained surface layer. To determine the properties of the obtained products, the
finite element method, a computer simulation technique, has become widely used. FEM allows
you to carry out all the mentioned laser processing processes in a digital environment without
the need to have the actual materials and machines needed to carry out the process, thus saving
time and funds. In addition to these obvious advantages, the use of computer simulation allows
for any modification of the model and parameters intended to reflect the machining process.
This allows you to perform several completely different simulations on one and the same
model, giving an approximate picture of the actual effect of these processes, allowing you to
optimize even before starting the production process [8].

2. MATERIAL AND RESEARCH

As part of the work, models were created to reflect three types of laser processing. These
were welding, cladding and laser hardening models. The simulation assumed that the processed
material was S235JR steel from which the plates were made, in which the distribution of
stresses, strains and displacements arising during the simulated processes were examined. To
reproduce the laser processing conditions, boundary conditions were imposed on the models to
reflect the energy applied through the heat released from the weld, the heat released from the
padding formed on the surface of the plate and the direct heating of the plate during the
hardening process. In order to carry out the simulation, the following three models were made:

* Model 1 with dimensions 20x20 cm and 0.5 cm thick

* Model 2 (Fig. 4) with dimensions of 20x20 cm and a thickness of 0.5 cm with a coating of
0.5 mm thick

* Model 3 (Fig. 5) two 10x10 cm plates connected by welding.

All 3 models were subjected to temperature and then static simulation aimed at determining the
values of forces introduced into the material as a result of laser processing.
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Figure 4. Model 2 with boundary conditions  Figure 5. Model 3 with a finite element mesh

3. RESULTS AND CONCLUSION

The first simulations were carried out on model 1, in which the distribution of stresses was
compared in the case of heating the entire surface of the material at the same time and in the
case of spot heating using a laser beam. The temperature to which the processed material was
heated was 900 C. The results of this simulation are presented in Figures 6 - 9 and summarized
in Table 1.

> @

Figure 6. Stress results for the model with Figure 7. Stress results for the spot-heated
heating of the entire surface model

@

Figure 8. Displacements results for the spot-  Figure 9. Deformations results for the spot-
heated model heated model




Comparison of the impact of the laser beam in various industrial processes... 109

Table 1. Summary of results for model 1

Stress surface-heated
model [MPa]

Stress spot-heated
model [MPa]

Displacements spot-
heated model [mm]

Deformations spot-
heated model

>235

115,485

0,001

0

In the second simulation, the coating was applied to the plate using the cladding method. For
this reason, two thermal simulations were performed, similarly to the first model, i.e. with
heating of the entire coating (simultaneous heating of the entire coating) and a short linear one
(laser cladding process). The results of this simulation are presented in Figures 10 to 13 and

summarized in Table 2.

> @

Figure 10. Stress results for the model with

heating of the entire surface

Figure 12. Displacements results for the spot-

heated model

Table 2. Summary of results for model 2

Figure 11. Stress results for the spot-heated
model

@ @

Figure 13. Deformations results for the spot-
heated model

Stress surface-heated
model [MPa]

Stress spot-heated
model [MPa]

Displacements spot-
heated model [mm]

Deformations spot-
heated model

246,225

184,892

0,001

0,001

The last simulations were performed on a model consisting of two butt-welded plates and a
weld. In this simulation, the highest temperature value was used, resulting from the need to
melt the welded material and the filler metal. In the case of this simulation, no point application
of temperature was used, but it was distributed evenly over the entire weld. The welding
simulation results are shown in Figures 14 to 17 and summarized in Table 3.
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Figure 14. Model of temperature distribution Figure 15. Stress simulation results

in the initial phase of welding

Figure 16. Displacements simulation results Figure 17. Deformations simulation results

Table 3. Summary of results for model 3

Stress [MPa] Displacements [mm] Deformations

299,807 0,009 0,001

The results of the computer simulation allowed to conclude that:

e The use of point heating, which can be obtained thanks to a laser beam, creates much
smaller stresses in the material, thus allowing for a reduction in the costs and time of the
hardening process due to the possibility of resigning from the tempering necessary to
reduce the stresses in the material resulting from heating the entire surface at the same
time.

e In the case of laser cladding, despite the use of much higher laser power (higher set
temperature), the stresses created in the coating were lower than in the case of
hardening, despite the entire surface of the material being subjected to the process at
once.

e In the case of welding, stresses, deformations, and displacements are concentrated in
areas of increased temperature (applied force), i.e. around the weld, unlike models 1 and
2. In the case of model 1, the displacements were concentrated on the boundaries of the
model, similarly to the deformations in model 2.
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Abstract: The article presents a computer simulation of the combustion engine gearbox
mounting present in BMW cars, model E36. The analysis was performed on 3 values of the
applied force.
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1. INTRODUCTION

Computer simulation has its origins in the 1970s when it began to be used in the automotive
and aero-space industries. Nowadays, we are seeing rapidly changing technology which also
has an impact on computer simulation, which is now used in every field of industry from those
that people encounter daily such as the industry that manufactures telephones, cars and
everyday things around us, as well as in the very advanced aerospace and military industries.
Computer simulations make it possible to answer many questions just before the final
production of a component. It is possible to select the right material, the geometry of the
component, add possible reinforcements. Advanced computer simulations also make it possible
to answer many questions such as whether a given structure will withstand a given load,
determine the thermal properties of the model, determine the system's own vibrations,
generated noise or determine the life of the model. Thanks to such solutions, companies are
able to save on production time, which is reduced by producing the required structures for, for
example, strength tests, and already at the design stage determine many factors of the
manufactured component. Thus, there is also a noticeable improvement in the economy of the
company, which saves production materials as well as machinery exploitation [1,2].

Programs that allow you to perform these calculations belong to the group of CAE programs
- Computer Aided Engineering. These programs use numerical methods in the main Finite
Element Method, this method consists in discretizing the model into a finite number of
elements connecting at nodes. The model is divided into very small elements, the quality of
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which, i.e. the size of the elements as well as the shape, depends on the computational
capability of the computer. The quality of the finite elements mainly determines the results that
are obtained from the simulation, also the correct execution of the discretization of the model
allows to obtain the most accurate results, approximating reality. CAx programs are a group of
computer-aided engineering programs and can be divided into smaller modules such as [1,3]:

CAE - Computer Aided Engineering,
CAD - Computer Aided Design,

CAM - Computer Aided Manufacturing,
FEA - Finite Element Analysis,

CFD - Computional Fluid Dynamics,
MBD - Multibody Dynamics.

The work in FEA systems can be divided due to three stages, which can be classified into
the software component from which they are built [4]:

Preprocessor - is a program that allows you to specify the physical properties of the
model such as shape, geometry, assign material. At this stage, the mesh of the model is
also prepared, and boundary conditions are assigned to perform the desired simulation,
Processor - this system uses the computing power of the workstation to carry out the
calculations defined in the preprocessor, the time to solve the calculations depends on
the computing power as well as how complex the element is, i.e. the number of finite
elements.

Postprocessor - at this stage, the user has at his disposal tools related to reading the
results as well as the way they are presented. It is also possible to import the results into
other programs.

CAE-type programs can include SolidWorks, Ansys, HyperWorks, Siemens NX. The
transmission cushion, also known as the transmission mount, is a key mounting component in a
car's drivetrain. Its main function is to connect the transmission to the vehicle's frame, while
damping vibrations and oscillations that may be transmitted from the engine and transmission
to the vehicle's body [4].

Key features of the transmission cushion (Fig. 1) [5]:

Material: Transmission cushions are typically made of a rubber or elastomer compound
(e.g., rubber, silicone) that provide flexibility and vibration-damping capability. They
are often reinforced with steel elements for extra strength.

Vibration damping function: Thanks to its flexibility, the cushion absorbs and dampens
vibrations and oscillations generated by the operation of the engine and transmission,
which increases driving comfort and reduces interior noise.

Durability: Transmission cushions must be strong enough to withstand the dynamic and
static loads that occur during driving, acceleration, braking and shifting.

Safety: In the event of a crash, the transmission cushion helps protect the transmission
and other drivetrain components, minimizing damage and protecting passengers.
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Figure 1. StrongFlex gearbox mount [6]
2. RESEARCH

To perform the static analysis of the stress distribution, the gearbox cushion was first modeled
in SolidWorks Figure 2. It was decided to design the steel geometry of the gearbox cushion.
Then, according to the sequence of work in CAx systems, boundary conditions were prepared:
the finite element mesh was applied, the static force ( purple arrows - Fig. 3. ) and model
fixings ( green arrows - Fig. 3. ) were set. To study the effect of masses of 5, 10 and 15 [Kg],
three forces of 50, 100 and 150 [N], respectively, were applied. Then three simulations were
run, which gave solutions to the given boundary conditions.

Figure 2. Geometric model of the gearbox Figure 3. Geometric model of the gearbox
cushion cushion with boundary conditions applied
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3. RESULTS

Figures 4 5 and 6 show the results of three different simulations with applied forces of 50, 100
and 150 [N], respectively. In turn, subfigures (a) (b) and (c) show the stresses, strains and
displacements, respectively. From the results, we can see the accumulation of stresses in the
vicinity of the force application point in subfigure a). From the results of the deformations, we
can see that the largest ones are on the mandrel where the thread for attaching the actual
gearbox cushion should originally be located. The displacement results show that the entire part
at the point of force application has been driven into the center of the gearbox cushion.

Figure 4. Results of computer simulation of a)
stresses, b) deformations, and c)
displacements for 50N
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b)

Figure 5. Results of computer simulation of a)
stresses, b) deformations, and c)
displacements for 100N

b)

Figure 6. Results of computer simulation of a)
stresses, b) deformations, and c)
displacements for 150N
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Table 1. Summary of simulation results

50N 100N 150N

Stresses [MPa] 1,148 2,296 3,444

The simulation results showed that the mass of the BMW E36 gearbox will not damage or
even destroy the cushion. This means that the material used, and the geometry of the element
fulfill their purpose. For further work, it is possible to optimize the material and shape of the
gearbox cushion mounting. Such optimization could allow for better results in the distribution
of forces in the tested element, and the use of a different material could reduce material costs
or, in the case of lighter materials, reduce weight.
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Abstract: The article discusses the various methods and applications of 3D printing in
medicine. Presenting the latest developments and technologies that enable the printing of
precise anatomical structures and organs. It also describes how 3D printing can be used to
produce anatomical models for surgical planning, to create customised medical implants for
patients and to print organs and tissues for transplantation. The article highlights the importance
of 3D printing in the development of modern medical solutions and the potential to improve the
quality of healthcare for patients.
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1. INTRODUCTION

3D printing technology is rapidly expanding its applications within the healthcare sector,
continuously broadening its scope of activity. This innovative method finds extensive use in
medicine, offering numerous possibilities across various fields. The application of 3D printing
techniques encompasses orthopedic, plastic, transplant, and vascular surgery, as well as
otolaryngology, ophthalmology, urology, and oncology. 3D printing significantly impacts
improving patients' quality of life, reducing treatment time and costs, and enhancing the
rehabilitation process. The utilization of this technology translates into more effective and
personalized therapy methods, crucial in modern medicine. Various materials are employed in
this method, including titanium, plastic, natural and synthetic polymers such as PLA
(polylactide), ABS (acrylonitrile butadiene styrene), photopolymers, and bioink. The proper 3D
printing process varies depending on the initial material used in printing.

Among the various manufacturing processes currently utilized by the industry, 3D printing
is an additive technique. It is a process through which a three-dimensional solid object,
practically of any shape, is generated based on a digital model. Medical 3D printing was once
an ambitious dream. However, time and investments have turned it into reality. Currently, 3D
printing technology presents a significant opportunity to assist pharmaceutical and medical
companies in creating more specific drugs, enabling the rapid production of medical implants,
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and changing the way doctors and surgeons plan procedures. This technology has numerous
applications, with the fastest-growing innovation in the field of medicine being 3D printing
itself.

1.1  History of 3D printing

The history of 3D printing spans over fifty years, significantly impacting various industries.
The technology's origins trace back to the 1970s, but a key development occurred in 1981 when
Dr. Hideo Kodama described a layer-by-layer manufacturing method, a precursor to
stereolithography (SLA), although he failed to patent it. In 1984, French engineers explored
SLA but abandoned it due to lack of business prospects. The breakthrough came in 1986 when
Charles "Chuck" Hull patented SLA and founded 3D Systems Corporation, which introduced
the first commercial 3D printer in 1988.

The late 1980s saw the introduction of new methods: Carl Deckard patented selective laser
sintering (SLS) in 1988, and Scott Crump patented Fused Deposition Modeling (FDM), laying
the groundwork for modern 3D printing.

The 1990s saw rapid advancements in 3D printing and CAD tools. New manufacturers like
EOS GmbH emerged, creating the first industrial prototyping system. Stratasys patented FDM
in 1992, and ZCorp introduced binder jetting technology.

In the early 2000s, 3D printing gained media attention. The first kidney was printed in 2000,
and in 2004, the RepRap project aimed to create a self-replicating 3D printer, popularizing
FDM. ZCorp introduced a high-resolution color 3D printer in 2005, and the first 3D-printed
limb prosthesis was created in 2008.

The expiration of the FDM patent made 3D printing more accessible, boosting its use in
industries and households. In 2013, President Barack Obama highlighted 3D printing as a
future key technology, increasing its popularity.

In the last decade, 3D printing has grown dynamically, with an annual market growth of about
45%. New materials, including biodegradable and food-grade filaments, and printers capable of
creating large objects like buildings have emerged. This technology continues to evolve,
impacting industries, medicine, and daily life, becoming integral to modern manufacturing and

prototyping.

1.2 Basic components of 3D printing
The basic components of 3D printing can be divided into three groups:
e Hardware (the 3D printer itself),
e Software (used for communication with the hardware and for converting CAD images
into SLA images recognized by the printers),
e Materials used for printing objects.

Materials

Components of 3D printing

Figure 1 Components of 3D printing [1].
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The choice of printer depends on compatibility with materials intended for specific
applications, which is why various materials for additive manufacturing of implants,
prosthetics, and medical instruments are currently being researched. Currently, non-metallic
biodegradable materials, especially titanium and its alloys, are preferred for printing medical
implants due to their excellent corrosion resistance, high strength, and biocompatibility.
Although metallic materials are considered almost inert and do not cause adverse reactions at
the implantation site, their applications are limited.[1]

To obtain 3D-printed structures with the required shapes and dimensions, it is necessary to
combine 3D printers with appropriate prototyping software, which provides 3D design files for
reading and execution by the printer. High-resolution images or scans of the patient's body
parts are needed for printing patient models, devices, implants, or organs. Techniques such as
computer tomography (CT), cone-beam computer tomography (CBCT), and magnetic
resonance imaging (MRI) are used to obtain specific anatomical information. CT and CBCT
are mainly used for viewing bone structures, while MRI provides high-resolution images of soft
tissues. CT uses X-rays to scan the body layer by layer from various angles, and detectors
record two-dimensional images of each layer. During post-processing, these images are aligned
together to create a detailed three-dimensional image of pathology. MRI uses magnetic and
radio waves to scan and create cross-sectional images of soft tissues, differentiating between
tissue types and detecting boundaries between them. However, both methods provide limited
information about cell types and their distribution in tissue. Reconstructed histological sections
are therefore used to obtain detailed information about tissue composition. Alternatively, a
computer model of an organ or tissue can be created. Software available on the market can
create precise anatomical models of organs. A combination of different imaging techniques,
mathematical modeling, and computer simulation can provide comprehensive 3D models of
complex organs.

The next step is the reconstruction of 3D tissue models using obtained 2D scans from CT or
MRI. CAD software analyzes and processes each 2D scan individually, and then the contours
are arranged together in three dimensions. The reconstructed CAD 3D model contains complete
information about the geometry and structure of the patient's organ, and then it is converted to
an STL format for printing.

1.3  Benefits of 3D printing in medicine

The benefits of 3D printing in medicine bring about many advantages that revolutionize
traditional treatment methods and patient care. [3] The main benefits of its application include:

e High degree of treatment personalization:
3D printing enables the creation of personalized medical devices, such as implants and
prosthetics, precisely tailored to the unique anatomical features of each patient. This not only
makes treatment methods more comfortable for the patient but also increases therapy
effectiveness, which is particularly important in cases of complex medical interventions.

¢ Application before, during, and after surgeries:
3D printing is used at various stages of the medical process. Before surgery, it allows for the
production of anatomical models for better visualization and surgical planning. During surgery,
surgeons can use tools and implants tailored to the individual needs of the patient. After
surgery, this technology can be used to create devices to support rehabilitation.

¢ Shortening treatment stages:
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3D printing accelerates many stages of treatment, from diagnosis to recovery. Faster adaptation
of medical tools and devices reduces waiting times for surgeries and shortens hospitalization
periods, directly leading to faster patient recovery.
e Minimizing the risk of complications and the need for repeat procedures:

The accuracy and personalization of devices produced by 3D printing minimize the risk of
medical errors, leading to a reduction in complications and the need for repeat surgeries.
Improved precision in surgery, for example, through the use of models for surgical planning,
increases overall patient safety.

Figure 2 Prototype of a jawbone implant [4].
2. APPLICATIONS

The technology of 3D printing in medicine has broad and diverse applications,
revolutionizing many aspects of healthcare.[5] The main benefits of its application include:

¢ Printing surgical templates and diagnostic tools:

One of the key applications of 3D printing in medicine is the creation of surgical templates
and diagnostic tools. Surgical templates enable surgeons to precisely plan and perform
procedures, which is crucial in operations requiring high accuracy, such as transplantations or
bone tumor resections. Traditional methods of creating templates using computed tomography
(CT) data have certain limitations — the models are rigid and difficult to fit to soft tissues. The
use of 3D printing allows for the creation of more flexible and accurate models that can
accurately replicate the structure of bones, nerves,

and blood vessels. This reduces the risk of improper implant placement, leading to faster
patient recovery and fewer complications.

¢ Organ printing:
Organ printing is one of the most innovative and promising applications of 3D printing in
medicine. This process, also known as bioprinting, involves creating living tissues and organs
from patient cells. Special biocompatible materials and advanced engineering techniques are
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used for this purpose. Bioprinting allows for precise placement of cells, which can develop and
function like natural tissues. This is particularly important in transplantology, where there is a
high demand for organs for transplantation. Organ printing has the potential to revolutionize
this field in the future, eliminating the problem of a lack of available organs and the risk of
transplant rejection.[6]

¢ Disease modeling:

3D printing is also used to create models of diseases, which are extremely useful in research
into new therapies. An example is the creation of models of cancerous tissues using bioprinting.
For example, models of ovarian tissues that mimic the tumor microenvironment can be used to
study tumor development and test new drugs. These models allow for accurate replication of
interactions between cancer cells and healthy tissues, enabling better understanding of disease
mechanisms and development of more effective therapies. This allows researchers to test
different combinations of drugs and treatment strategies in controlled laboratory conditions
before they are applied in clinical trials.

e Personalized pharmaceuticals:

Another area where 3D printing plays a crucial role is the production of personalized
pharmaceuticals. Traditional methods of drug production are often limited in terms of dosage
precision and the ability to create individual combinations of active substances. 3D printing
allows for the creation of tablets with precisely specified doses that can be tailored to the
specific needs of patients. This is particularly important in the treatment of chronic and rare
diseases, where standard drug doses may not be sufficiently effective or may cause adverse side
effects. 3D printing also enables the creation of drugs with complex structures that release
active substances at specific times or in specific locations in the body, increasing their
effectiveness and safety.

Surgery

D Dlsease Modelling E Pharmaceutical Products
q_ ' I
H*ﬁ !D w

Organ Printing Patient specific in situ implants

Figure 3. The use of 3D printers in medicine.

3. BIOPRINTING 3D

Bioprinting, also known as bio-printing, is an advanced biomedical engineering technique that
enables the creation of three-dimensional biological structures, such as tissues and organs,
using cells or other biological building materials. By precisely depositing these materials layer
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by layer, bioprinting allows for the fabrication of functional biological structures, which have
applications in regenerative medicine, scientific research, and drug testing. [7]

Figure 5 3D bioprinted ear model [7].

BIO X and BIO X6 are modern 3D bioprinters that stand out in the market due to their
versatility and ease of adaptation to the dynamically evolving needs in the field of biological
printing. A key feature highlighting their innovation is the intuitive mounting system for
printing heads. With this solution, users can quickly and easily expand their equipment with
new heads, which are regularly developed and introduced to the market in response to the
latest discoveries and research needs.

e The pneumatic printing head is designed for extruding a wide range of materials with
varying viscosities.

¢ The thermoplastic head can reach a temperature of 250°C, allowing for work with
synthetic polymers such as PCL, PLA, and PLGA.

e The temperature-regulated printing head is used for printing temperature-sensitive
materials that require cooling and heating. Designed for materials like GelMA or
Collagen, it features a temperature range from 4°C to 65°C, enabling dynamic
adaptation to almost any task.

e The EMD printing head is an electromagnetic droplet head for rapid on-demand
printing, similar to inkjet printers.

e The syringe pump printing head for 3D bioprinting allows users to increase resolution
even in small volumes. Using inkjet technology, this head can efficiently and quickly
create spheroids or micro-patterns on constructs.

e The UV printing head was developed in response to customer needs. This technology
allows users to deposit light in specific segments of the construct, creating effective
biomechanical gradients.

e The HD camera head enables quality control of the print by capturing each stage of the
printing process.
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Figure 6 Bioprinting process on the BIO X6 [7]

This flexibility in device configuration allows for significantly expanding its functionality
without the need to invest in entirely new printing systems. Users can tailor the bioprinter to
specific applications, such as printing various biological materials, including soft tissues, bone
structures, or even complex cell models from different types of biomaterials.

BIO X and BIO X6 are also equipped with advanced printing technologies that enable precise
placement of cells and biomaterials, which is crucial for achieving optimal results in
bioengineering and regenerative medicine. With their versatility, researchers and technicians
can experiment with new protocols and optimize existing processes, contributing to faster
progress in developing medical fields.

Additionally, the ease of exchanging and updating heads makes BIO X and BIO X6 ideal
solutions for research institutions that need to quickly adapt to changing requirements of
research and clinical projects. This, in turn, allows for shortening the time from conception to
experiment execution, speeding up research processes and innovations in the field of
bioengineering.

As a result, BIO X and BIO X6 not only increase efficiency in laboratory work but also open
up new possibilities for scientists aiming for breakthroughs in personalized medicine and
advanced therapeutic approaches. With their adaptability and upgradeability, they serve as
valuable tools that can grow alongside the needs and ambitions of users.

4. SUMMARY

The article reviews the advancements and applications of 3D printing in medicine, highlighting
its role in improving patient care, reducing costs, and enhancing rehabilitation. It traces the
technology's development from the 1970s to its widespread use today.

Key components of 3D printing—hardware, software, and materials—are discussed,
emphasizing the need for compatibility. Benefits in medicine include treatment personalization,
shortened treatment stages, reduced complication risks, and increased precision.

Applications such as surgical templates, diagnostic tools, organ printing, disease modeling, and
personalized pharmaceuticals are explored, showcasing the technology's potential to
revolutionize these areas.

Bioprinting, which creates three-dimensional biological structures using cells, isalso
introduced. Modern bioprinters like BIO X and BIO X6 are noted for their versatility. The
article underscores the significance of these advancements in driving innovation in
personalized medicine and advanced therapies, benefiting both patients and researchers.
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Abstract: For the successful implementation of workpiece machining, it is important to
consider all stages of the manufacturing process, starting from the design phase and ending
with workpiece machining. Depending on the type of product to be produced, different
technologies are used, with lower production costs and many other advantages. "Group
Technology" is often used, which means that parts with similar characteristics such as the
geometry of the workpieces, material, destination, etc., which will be subjected to the same
technological process. The parts of the group technology realized in practice will be subjected
to surface roughness measurements. The results will be analysed with the Taguchi method or
Minitab software.

Keywords: Group technology, machining, surface roughness, Taguchi Method.

1. INTRODUCTION

In this paper Opitz method are used to classify parts into "groups", which will be explained
later in this paper. A clamping tool has been chosen for practical implementation, after
choosing the part and the technology in which it will be processed, the part will be designed
first in the Autodesk Inventor software, then the workshop drawings will be prepared, and the
part will be worked practically. With the designed parts, some examples will be demonstrated
to show how to classify parts according to the Opitz system, and then the part code will be
formed according to this classification. Practically realized parts of the clamping tool will be
subjected to measurements, these measurements will be mainly on surface roughness [1].

GROUP TECHNOLOGY (GT) is a management philosophy that attempts to group products
with similar design and/or manufacturing characteristics. Group Technology (GT) has been
recognized as a method for streamlining the production of small and medium-sized groups for
some time. One of the first considerations to be made regarding this topic was put forward by
Mitrofanov [2].
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The identification of these parts [3], will be based on the following characteristics that result
in processing in a type of machine:
* Shape characteristics
* Dimensional parameters
* Material group
* Work area
* Special equipment, etc.

An example of GT - Center can be seen below, where similar parts from a technical and

economic point of view are processed by the same machine (left side milling machine, right
side lathe machine).

VY == &

Figure 1. Processing of parts with similar characteristics in the respective machines.

2. OPITZ CLASSIFICATION SYSTEM
2.1. The basic form of the Opitz code classification

As mentioned above, the Opitz classification system is one of the parts classification
systems that has found greater use compared to other classification and coding systems [4-7].
The Opitz classification system can be divided into three components which consist of digits or

numbers in a certain order.

Table 1 shows the Opitz Code structure.

Geometric shape code Additional code Secondary code

12345 6789 ABCD

Clarification step by step:
1. The first five numbers indicate the code on the shape of the workpieces.
2. The following four numbers form a supplementary code that describes in more detail the
features of the product, which are related to manufacturing.
3. Finally, there is a secondary code that fills it in, if necessary, with information about the
work piece that is needed for the production cycle.

To demonstrate a case of how a designed part can be read and know the design
specifications only by coding, we will take an example of a plate which is designed and
practically realized in this paper, as a component part of whole (the clamping tool).
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Figure 2. Flat plate with specifications

To form the code, the first digit is first determined, which determines the type of part, whether
it is a rectangle, a cubic part, or another shape showed in table 2.

Table 2 General dimension of plate and their code

Dimension Dimension Dimension Dimension Dimension
Afmm] B [mm] C[mm] A/B[mm] A/C[mm]
150 100 20 <3 > 4

So, from the equations of the calculations A/B=1.5 mm and A/C=7.5 mm, it is understood
that the number 6 is chosen, which results in the part being in the group of non-rotating flat
parts. Thus, for the realization of the coding of this part through the Opitz code, the table 1,
from figure 1, is used, which corresponds to the main form of the part.

Digit 1: From the calculations above, the first digit will be 6 which is presented in the main
Opitz classification table. Number 2: The number which has to do with the main shape and this
shape corresponds to number 5. Where the part is in the shape of a rectangle and flat with small
deviations. Number 3: Also, this number is 5, since here there are more than two parallel main
holes. Number 4: In the surface treatment, the number must be chosen which in this case suits
the shape of the surface treatment, which is the channel which is almost in the middle of the
plate and also the channel around the plate which serves to position the plate in table. Number
5: 0 as it does not have any of the other features.

And the code for this plate according to the Opitz classification system is: 6 5550

3. ROUGHNESS MEASUREMENT WITH THE MITUTOYO DEVICE

The measurement of the roughness was done by means of the Mitutoyo device which is found
in the laboratories of the Faculty of Mechanical Engineering, the roughness of the surface will
be realized for the 3 plates cut on the milling cutter, i.e. for the base plate, the clamping plate,
and the plate with a hole in the center for tightening [8].
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Figure 3. Measurement of surface roughness using the Mitutoyo device.

The diagram of probability plot for surface roughness Ra in percentage, is showed in figure 4.

Probability Plot of Surface Roughness Ra
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Figure 4. Probability plot of surface roughness Ra
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Surface Plot of Cutting speed vs Surface Roughness Ra, Depth of cut
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Figure 5. Regression Analysis: Cutting speed versus Surface Roughness Ra

The regression equation is showed as follow:
Cutting speed = 323.9 + 15.99 Surface Roughness Ra

Model Summary is showed in table 3.
S R-sq R-sq(adj)
49.3627 0.54% 0.00%

Analysis of Variance is showed in table 4.

Source DF SS MS F P
Regression 1 93.3 93.29 0.04 0.850
Error 7 17056.7 2436.67

Total 8 17150.0

In figure 6, fitted line plot in function of cutting speed and Surface roughness Ra. 4.

CONCLUSION

As a conclusion, the use of group technology based on the planned production process has been
elaborated in this paper, from the beginning of the paper, i.e. the first chapter, the methods used
in various manufacturing industries have been shown, where with a basis of planning and
technological analysis, production can be realized with high productivity.

The surface roughness was analysed with using the Taguchi method, where you can see the
diagrams, where the combinations of the feed rate, cutting speed, depth of cutting for the
surface roughness Ra were obtained.
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Fitted Line Plot
Cutting speed = 323.9 + 15.99 Surface Roughness Ra
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Figure 6. Diagram of fitted line plot in depend on cutting speed and surface roughness.
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Abstract: The article discusses the growing role of 3D scanners in 3D printing. It presents
various types of scanners, their functions, and how three-dimensional scanning technology
contributes to improving the efficiency and precision of printing. The article also addresses the
challenges and opportunities associated with this innovative technology.
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1. INTRODUCTION

In the last two decades, structured-light scanning research has gained considerable attention

worldwide. Different types of scanners (e.g. hand-held scanner, stationary scanners) based on
the structured-light scanning systems can be put under the classification of 3D scanning
systems, where objects are bombarded with structured-light and the acquired patterns are
analyzed to compute the 3D coordinates in the object coordinate space. Structured-light based
scanning approach provides flexibility in data quality and acquisition time. It is mainly
implemented to capture accurate dense data with simple hardware setup. Objects of certain
sizes can affect the performance (due to lack of calibration, small fields of view, non-
cosited&cosited/1°3° arrangements in projector-camera setups) and accuracy due to visibility or
illumination issues (mostly in outdoor). [1] [2]
Three-dimensional (3D) scanning and 3D printing are becoming increasingly important for
numerous applications. Over the last few years, 3D printing has opened new opportunities for
various industries including pharmaceuticals, electronic engineering, automotive, industrial
design, fashion design, and prototyping [3]. The elevated status of 3D printing can be attributed
to its rapid production rates, reduced setup time, high flexibility, maintaining small production
volume, 80% to 90% material waste reduction, economic production cost at large scale,
development of complex geometry, and the ability to produce customized unique items with
consistent quality [4]. On the other hand, 3D scanning is one of the most active research
subjects in the research community and industry, and have been implemented in multiple
application fields such as the cultural heritage, reverse engineering, digitalization of the
physical objects, and medical applications [5].
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1.1 Background of 3D Printing and 3D Scanning

Three-dimensional (3D) printing, or Additive Manufacturing (AM), allows the creation of
three-dimensional models from computer-designed templates or medical imaging data using
specialised 3 3D printers. The evolution of 3D printing techniques, from SLA to SLS and
FDM, has expanded its applications beyond industries like automotive and aerospace to include
medical fields like hand surgery, enabling the production of intricate anatomical forms and
customised medical devices [6]. However, 3D printing continues to be under-utilised across a
wide array of surgical subspecialties [7]. Three-dimensional (3D) scanning is the process of
digitising physical objects to create mathematical representations in 3D space. Like 3D
printing, 3D scanning was developed in the mid-1980s and has experienced considerable
improvements in price and performance in the past decade. Combination of 3D printing with
3D scanning has the potential to enhance preoperative planning and drive the development of
customised prosthesis in orthopaedics [8]. In this article, we discuss the potential applications
of 3D scanning within orthopaedics, limitations, and potential solutions.

2. TYPES OF 3D SCANNERS

3D scanners provide a powerful way to capture geometric models into the digital world. In
contrast to cameras, 3D scanners are designed to capture detailed shape information of the real-
world entities instead of their aesthetics. For instance, 3D scanners can digitize complex world
heritage, such as the stone carving clusters in Chartres cathedral, natural wonders, such as the
delicate finely-formed sea shells, or simply human faces or sculptures. The power of 3D
scanners has perfectly lifted such entities, and the solid digital representation can be accurate to
the sub-millimeter level. A concrete scanner can be beneficial throughout the process of 3D
modeling, as external shape information can be directly input into 3D modeling applications.
[9][10

There are various classifications of 3D scanners based on hardware technologies, working
methodologies, and applications. Hardware technologies include laser scanners, structured-light
scanners, parallel stereoscopic cameras, time-of-flight scanners, and ultrasound scanners. Each
type of scanner digitizes 3D shapes using different principles, and they each have their unique
advantages and adaptability. In terms of working methodologies, 3D scanners can be divided
into coordinate-measuring scanners and depth image grabbers. Coordinate-measuring scanners
are devices with built-in range detection capabilities, while depth image grabbers are able to
produce depth information but are not specifically designed for 3D range detection. [9][11][12

3. APPLICATIONS OF 3D SCANNING IN 3D PRINTING

3D scanning has been widely utilized for capturing existing artifacts in order to create printed
replicas. Many artifacts that are not readily available in 3D modeling libraries can be scanned
and then turned into 3D models. Subsequently, these 3D models can be used for 3D printing.
Additionally, 3D scanning and 3D printing can work in conjunction for certain artifacts. For
instance, three common preparatory steps involve scanning, repairing, and orienting artifacts
before printing. Initially, 3D models of the artifacts are captured using real 3D scanning
systems. Following this, the captured artifacts often require cleaning up and refining to be
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suitable for printing. Finally, these repaired artifacts are positioned correctly for printing. As
our focus is on 3D scanning to support 3D printing, readers are encouraged to explore
additional resources for discussions on reducing costs, enhancing quality, and optimizing
performance of 3D printers. Some advanced 3D printers not only have scanning capabilities but
are also designed to be user-friendly, powerful, durable, cost-effective, and beneficial for small
and medium enterprises transitioning into digital technologies. [13][14

3.2. Prototyping and Rapid Manufacturing

With the maturity of 3D printing technology, an increasing number of products and spare parts
can be made by 3D printers. However, we still need to compare fabricated objects with the
physical world to check the correctness of objects, but violators may disappear in the coming
age of digital manufacturing. As a result, we need to classify as many relics as possible for later
generations before losing them. This need for digitization is so we can analyze, preserve, and
exhibit them without exposure to the real artifacts. Highly efficient terrestrial laser scanners
enable us to easily record forward-looking 3D models at the highest level of detail for large
buildings, historical sites, and outdoor objects. 3D printing the scanned models can enable us to
exhibit them in the form of plastic. There is an even more significant application in the fields of
culture and education; people can get close to historical heritage by touching them rather than
just looking at photos.

Accurate reproductions can be used for business purposes such as making costume parts for
cosplay, props of movies, and non-standard spare parts for equipment. Appropriate sizes can be
made when the original objects are too large or too small. Large-scale exhibits cannot be
disassembled and transported but small-scale exhibits can. It is tough to be especially careful
about the preservation of priceless artifacts such as relics and fossils during transport, so it is
safer to place lightweight 3D replicas at the exhibition. Three-dimensional scanners and 3D
printers are used in fields such as archaeology, mineralogy, and paleontology. Using a 3D
scanner to capture instances in situ to create a 3D print of the object is widely appealing in
Italy, where public access to Italian cultural heritage objects can increase the overall
understanding of scarce or, in some cases, overexposed cultural heritage. Therefore, supporting
3D printing with 3D scanners is highly significant.

4. CHALLENGES AND LIMITATIONS

The initial hypothesis for the presented research is that a 3D scanner would support the use of a
3D printer. Around less than 5% of 3D printer owners have experience with 3D design. As
already stated, with a 3D scanner, a user with non-advanced traditional CAD skills would be
able to create or fix objects for 3D printing. This tool would facilitate usage of a 3D printer and
its adoption, especially for non-technology expert individuals. Nevertheless, 3D scanning
equipment seems either very expensive, not suitable for the required material or users have
doubts on their potential based on professional and public reviews - these are inconsistencies
between reviews that some sites reveal. [15]

In qualifying environments for the everyday use of digital fabrication tools, it is important to
consider the practical limitations and measures of precision and accuracy in terms of geometric
model acquisition. 3D scanning is a fast-growing area of research and technology, and is an
enabling technology for a variety of applications in science, medicine, gaming, animation,
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consumer entertainment and fashion. However, the various 3D scanning methods have different
constraints imposed by numerous practical challenges such as: geometric limitations,
computational cost, large amounts of data, limited accuracy and precision. These challenges are
emphasized in the 3D scanning task specifically targeted by the presented work, which
emphasizes their relevance to the need of the end-users.

5. FUTURE DEVELOPMENTS

A number of research teams have been exploring the use of mobile phones to construct 3D
models of the world. This offers an opportunity for 3D printer operators to trivially capture 3D
models of objects for printing. In this paper, we explore the various limitations of these
techniques and analyze where they can best be exploited for a 3D printing workflow.

During our exploration of capturing objects for 3D printing, we discovered that there is a severe
lack of good comparisons of 3D scanner hardware or software. This paper contributes a
thorough evaluation of six low-cost 3D scanners in comparison to thirty-eight 3D models and
their ability to support parametric improvements to that model. This data can inform future
research that traditionally aims to avoid these limitations.

Most 3D printers rely on designers to define the form and behavior of a 3D model by
interacting with a modeling application. This is an obstacle for non-expert designers as it places
a burden on them to be able to manipulate the modeling program. 3D scanners have been
improving over time and are now capable of capturing objects of most organic forms. With 3D
scanners, we are quickly approaching a point where point and click 3D scanning software can
create models that are printable in seconds and with minimal effort. However, these models are
often of low quality: they contain a great deal of noise and closed shapes.

5.1. Advancements in 3D Scanning Technologies

The latest technological advancements in 3D scanning have introduced applications in complex
fields, such as architecture, the analysis of historical artifacts, and applications in the medical
and entertainment fields - video gaming. Researchers aim at improving their scanning system's
capacity with capturing increasingly complex and larger scenarios with better accuracy. Wong
and Chau achieved good results in scanning large objects by integrating a laser stripe with a
motion control system. Laser stripe-based 3D scanning is a popular method for capturing
information about the 3D surfaces of an object. This method, by projecting laser lines to the
surface of the object and capturing the object from a different perspective through a camera,
creates a triangulation after the image is acquired. This method embodies advantages and is
becoming increasingly popular due to its portability, good capture ability, and high accuracy.
Among many 3D scanners are the Artec Spider, a handheld 3D scanner with 3D reconstruction
through an infrared line laser, and DOF Reality's 3D body scanner, which utilizes blue light
technology to possess a patterning effect for high-efficiency scanning.

Moreover, the latest developments in smartphone technology, in the form of a personalized or
integrated ToF camera, ensure portability and efficiency. The integrated ToF camera has a
relatively poor capture distance and accuracy due to its relatively low resolution, compared to
those equipped with the special-purpose PDA. However, cost-effective and more user-friendly
approaches have seen an acceleration in 3D scanning applications. Yang et al. contributed to
improvements and the algorithm of ToF cameras. Tengrouse et al. investigated a more user-
friendly application of 3D scanning. They used a photographing platform equipped with
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modified Fuhrmann FS30 3D scanners to accomplish a limited number of scans of sites of real
complex surfaces, from which accurate 3D models of bastion fragments, large wall paintings,
and 3D stone databases to be showcased in a virtual museum were successfully created. The
results not only reduced the waiting time and task complexity but also significantly reduced the
cost of specialized operators. Their work guides related professionals to think of applications in
the context of cultural heritage scanning and contributes to future 3D scanners, creating better
application platforms for traditional cultural applications or digital learning.
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Abstract: This article presents the glass production process, describes the characteristics of
glass and its processing methods. In the practical part, the samples were tempered, considering
the parameters of the DOE experiment, such as heating time and tempering pressure. Two tests
were then conducted: four-point bending and crack pattern analysis on 18 samples of reinforced
float glass. The results of both tests were compared, and conclusions were drawn based on
them.
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optimization

1. INTRODUCTION

This project concerns the optimization of the glass tempering process. In the current
times, numerous technological solutions based on automation and robotics have been observed.
Optimization plays a key role in the competitive market and the efficiency of enterprises. In the
past few years, there has been a significant increase in the use of flat glass in construction. This
material has been known for over 2000 years, and for the past centuries, it has been mainly
used to fill window and door frames, primarily creating inconspicuous building elements.
Nowadays, thanks to technological progress and increase of the knowledge, the glass is
increasingly used to construct more responsible elements in buildings [1,2]. In Poland,
industrial development and increased economic activity of industrial enterprises have been
observed for last several years. However, the outbreak of the COVID-19 pandemic in 2020 led
to a slight slowdown in industrial development.

The introduction of certain restrictions on economic activities resulted in a decrease in
the activity of industrial enterprises in Poland, which was reflected in the decline of basic
indicators characterizing the socio-economic situation of the industry: sold production,
turnover, including non-domestic turnover and turnover within the eurozone, average
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employment, investment outlays, initiated investments, and financial results. Poland fared
relatively well despite the deteriorating situation of the Polish industry compared to other EU
countries. Many sectors of the Polish industry, after a deep slump in the first quarter of 2020,
recorded better results in the following months than EU countries [3]. In 2020, the production
of float glass amounted to 104,000 m?. The dynamics of industrial product production
indicators varied across different industries. In August 2021, compared to the same month in
2020, the production of float glass and polished surface glass increased by 42.5%, and multi-
chambered insulating glass units by 20% (according to GUS data) [3].

2.MATERIALS AND METHODS

The aim of the study was to optimize the technological parameters of the glass
tempering process, improve product quality, production efficiency, and ensure the glass met
appropriate norms and quality standards. The research problem was the glass did not meet the
required standards, including four-point bending and crack patterns, which were used to
standardize testing procedures and determine evaluation criteria. This allows ensuring the
production processes meet strength and quality requirements.

The glass melting process is a crucial stage in its production. During this process, raw
materials are transformed into a molten, formable glass mass. The schematic of the glass
melting process is shown in Figure 1. The melting process takes place in glass furnaces, where
mixed raw materials are continuously poured from one side [A], and molten glass is discharged
from the other side [E]. In the melting zone of the furnace [B], the glass batch loses moisture
adsorbed on the raw material grains, the components heat up, and melting occurs. In the
clarifying zone [C], degassing of the glass mass from excess gases and gas bubbles formed due
to chemical reactions between raw material components, gases adsorbed on raw material
grains, furnace atmosphere, and refractory materials of the glass tank occurs. The next step is
the homogenization of the glass mass [D]; this is a process of uniformity - releasing the melt
from visible streaks, leading to obtaining uniform properties of the mass throughout its volume.
The final stage is the pouring of the glass mass onto a layer of molten tin and forming glass
sheets [3].

A .
—_ B C E

\ D

i

Fig. 1. Schematic diagram of the glass melting process in a glass tank (developed based on [3])

2.1 Glass Processing Methods

The processing method allows applying specific properties to a product, such as shape
or dimension. It's employed for various reasons, with the type depending on the intended use of
the glass product or customer preferences. There are two main types: mechanical and heat-
based. Below are several primary glass processing methods:
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Mechanical:

e Cutting

e Shaping

e Drilling

e Beveling

e Grinding

e Polishing

e Screen printing
Heat-based:

e Melting

2.2 Float Glass
Float glass is a flat, soda-calcium-silica glass, transparent, colorless, or tinted, with
parallel and fire-polished surfaces, produced by the continuous pouring onto the surface of
molten metal. In the contemporary architectural applications, float glass sheets (as it's called)
form the basis for producing various types of facade glazing in modern buildings.
The raw materials for producing float glass consist of the following components:
Composition of glass mass:
e 60% quartz sand (Si02)
e 20% sodium carbonate (NaCO3)
e 20% calcium carbonate (CaCO3), in accordance with the requirements of standard PN-
EN 572-2,
e defined the requirements for soda-calcium-silica architectural glass.

2.3 Physicochemical Properties of Float Glass
Table No. 1 presents the properties of a float glass according to PN-EN 572-2, titled "Glass in

construction - Basic products of soda-calcium-silica glass - Part 2: Float glass".

Table 1. Physicochemical Properties of Flat Glass (compiled based on [3])

Property Symbol Numerical Value and
Unit
Density (at 18°C) R 2500 kg/m?
Hardness 6 units (according to Mohs
scale)
Young's Modulus (longitudinal E 7x10"10 Pa
elasticity modulus)
Poisson's Ratio \Y 0.72x10"-3 (J/kg'K)
Specific Heat C 9x10"-6 K*-1
Average Linear Coefficient of o 1 W/(m-K)
Thermal Expansion between 20°C and
300°C
Thermal Conductivity A 1.5
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Average Refractive Index in the N 9.0x10"-6K
visible spectrum (from 380 to 780 nm)
Linear Expansion Coefficient o
12-30 N/mm?

Flexural Strength

Compressive Strength 400 N/mm?

The subject of the study is a tempered float glass. Figure 2 shows the tested sample of a float
glass, while its specifications are provided in Table 2.

Table 2. Dimensions of the Sample (compiled by the author)

Name Length (mm) Width (mm) Thickness (mm)

Tempered Float Glass 1100 360 4

Fig. 2. Float Glass Sample (author's compilation)

2.4. Research Methodology

The project utilized the Design of Experiments (DOE) method, following the steps outlined
below:

1. Selection of two key factors: heating time and tempering pressure.

2.Experimental design, conducting experiments based on several combinations as presented
in Table 3.

Each experiment consists of two samples: one sample undergoes four-point bending, while the
other undergoes a crack grid test.
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Table 3. Experimental Plan (author's compilation)

Experiment Number Heating Time (s) Tempering Pressure (Pa)
1 135 4750
2 135 5250
3 135 5750
4 155 6250
5 155 6750
6 155 7250
7 175 7750
8 175 8250
9 175 8750
3. RESULTS OF THE STUDY

Based on the results obtained from the experiments conducted on 18 samples using the
Design of Experiments (DOE) method, optimal tempering process parameters were defined.
Subsequently, the influence of selected parameters on the product's strength was compared.
The study consisted of 2 stages. In the first stage, the four-point bending method was used to
examine the glass strength. In the second stage, crack grid tests of the product were performed.

3.1 Four-Point Bending

Nine experiments of four-point bending were conducted on samples with a thickness of 4 mm.
Table 4 presents a comparison of the parameters describing four-point bending.

Table 4. Comparison of Parameters Describing Four-Point Bending

Sample Number Maximum Force, Fmax (N) | Bending Strength (MPa) or (N/mm?)
1 245 55

2 303 68

3 351 79

4 412 93

5 430 97

6 503 114

7 563 127

8 651 147

9 712 161

Based on the data provided in table no. 9, it can be concluded the samples 7, 8, and 9 comply
with the standard because the bending strength value is higher than 120 N/mm?.
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3.2 Crack Grid Test
Nine experiments of the crack grid test were conducted on samples with a thickness of 4 mm.
Table 5 presents the results of parameters characterizing the crack grid. The value is expressed

as either >40 (if the number of fragments is greater than 40) or <40 (if the number is less than
40).

Table 5. Comparison of Results of Fragments

Sample Number Number of Fragments (>40 or <40)
1 <40
2 <40
3 <40
4 <40
5 <40
6 <40
7 >40
8 >40
9 >40

Based on Table 5, it can be concluded the samples 7, 8, and 9 comply with the standard
because the number of fragments is higher than 40.

3.3 Comparison of Results of Furnace Parameters, Four-Point Bending Test, and Crack
Grid Test

Based on the data from the DOE experiment presented in Table 3, the tempering process, four-
point bending test, and the crack grid test were conducted to compare two samples: one
compliant with the standard (sample 9) and one non-compliant with the standard (sample 1).

Sample compliant with the standard - sample 9
Sample non-compliant with the standard - sample 1
* Furnace Parameters

Comparison of the two samples based on the report generated from the tempering furnace
showed significant differences in the values of heating time and tempering pressure. The
sample compliant with the standard is characterized by significantly higher tempering pressure
values compared to the sample non-compliant with the standard. Figures 3-4 depict the reports
from the tempering furnace.

Receptury - wstgpne ustawienia Receptury - stowa kluczowe Identyfikator recepty

Hartowanie, 4mm, Wyczy$é OGOLNA #1290 (Zmodyfikowany)

Ustawienia zatadunku Czas nagrzewania Poziom temperatury sekcji gomej

Opaznienie ladowania 20s Ustaw 175s Ustaw 678 °C

Etap tadowania 1000 mm Rzeczywista 175s Srednia 681°C

Predkosé ladowania 550 mm/s

Poziom temperatury sekgji dolnej Ustawienia predkosci przenoszenia Schiadzacz

Ustaw 678°C  Predkosé przenoszenia 550mm/s  Odleglosé dysz

Srednia 678°C  Predkosc poczatkowa 80mmis  Ustaw 18 mm
Predkosé srodkowa 140 mmis Srednia 17 mm
Predkosé koficowa 210 mmis
Rozklad predkosci 60 %

Schiadzacz Schtadzacz Cisnienie hartowania

Réwnowaga powietrza do hartowania Réwnowaga powietrza do chiodzenia Ustaw 8750 Pa

Ustaw -15 % Ustaw -15 % Srednia 8528 Pa

Srednia -15%  Srednia -15%

Cisnienie schtadzania

Ustaw 4500 Pa

Srednia 4412 Pa

Fig. 3. Report from the tempering furnace for sample 9
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Receplury — wstepne ustawienia
Hartowanie, 4mm, Wyczys¢

Receptury — slowa kluczowe
OGOLNA

Identyfikator recepty
#1460 (Zmodyfikowany)

Ustawienia zaladunku Czas nagrzewania

Poziom temperatury sekcji gémej
Ustaw

Opdznienie tadowania 30s Ustaw 135s 675°C

Etap tadowania 1800 mm  Rzeczywista 135s  Srednia 676°C

Predkosé ladowania 550 mm/s

Poziom temperatury sekgji dolnej Ustawienia predkosci przenoszenia Schladzacz

Ustaw 675°C  Predkosé przenoszenia 550mmis  Odleglosé dysz

Srednia 675°C Predkosé poczatkowa 40 mm/s Ustaw 17 mm
Predkosé srodkowa 60 mm/s Srednia 18 mm
Predkos¢ koficowa 140 mmis
Rozktad predkosci 75 %

Schiadzacz Schtadzacz Ciénienie hartowania

Réwnowaga powietrza do hartowania Réwnowaga powietrza do chlodzenia Ustaw 5000 Pa

Ustaw -22% Ustaw 22 % Srednia 5028 Pa

Srednia 22%  Srednia 2%

Cisnienie schtadzania

Ustaw 4500 Pa

Srednia 4548 Pa

Fig. 4. Report from the tempering furnace for sample 1

* Based on the Results of the Four-Point Bending Test

Comparison of the results of the two samples showed significant differences in the values of
maximum force and bending strength. Figures 5 and 7 present the values of maximum forces.
The highest value of destructive force for sample 9 was 0.712 kN, equivalent to 712 N. For
sample 1, the maximum destructive force value was 0.430 kN, corresponding to 430 N.

08

Wartod¢ sity [kN]

Fig. 5. Graph of maximum force values for sample 9
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Fig. 6. Four-point bending form generated in Excel program
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Fig. 7. Graph of maximum force values for sample
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Parametry obliczeniowe i jednostki Dane geometryczne Formuly/ wyniki
szerokos¢ probki (pomiar), B [doktadnosé do 0,001m] 0,36

grubos¢ probki (pomiar), h [ s¢ 0,00001m] 0,00384

sita maksymailna (pomiar), Fmax [dokladnosé 1N] 430]
iloczyn obliczeniowy 2Bh? 1,06168E-05
réznica Ls-Lb, [m] 0,8
iloraz obliczeniowy 3(Ls-Lb)/2Bh? 226056,1343
Wytrzymalo$¢ na zginanie O bB [MPa] lub [N/mm?] 97
Rodzaj szkla Float

Rodzaj obrébki krawedzi Stepianie

Temeratura 20

Wilgotnosce 40%

Wynik spr. stanowiska wg PN-EN 1288-3 Zg/Ng* Zg

Wynik badania** Negatywny

Fig. 8. Four-point bending form generated in Excel program (author's compilation)

* Based on the Crack Grid Test

Comparison of the two samples based on the report obtained from the crack grid test showed
significant differences in the counts of detected fragments. The maximum number of fragments
in sample number 9 exceeds 40 because more were counted. Figure 9 depicts the entire glass
sample after breakage, while Figure 10 shows the tested area (50x50 mm) displayed at
significant magnification.

Fig. 9. Sample 9 after breakage

Fig. 10. Tested area (50x50 mm) displayed at siniﬁcant magnification, sample 9

The number of fragments in sample number 1 reaches a maximum value of 25. Figure 11
shows the entire glass sample after breakage, while Figure 12 shows the tested area (50x50
mm) displayed at significant magnification.

Fig. 11. Sample 1 after breakage
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Obszar badawczy

Fig. 12. Tested area (50x50 mm) displayed at significant magnification, sample 1

4. CONCLUSIONS
Based on the conducted research and analysis, the following conclusions were formulated:

1. The results of experiments 7, 8, and 9 showed optimal parameter values, resulting in
positive outcomes both in the four-point bending test and crack grid evaluation.

2. The DOE method proved to be an effective tool in identifying optimal process
parameters.

3. Continuous monitoring of the process and possible further research are recommended to
maintain and improve the quality of the produced material.
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Abstract: The development of the automotive industry requires effective management that
considers the specific requirements of the industry. The introduction of integrated management
systems, in line with industry standards, is becoming a key element in improving business
operations. This article examines the importance and application of selected industry standards
in the automotive industry.
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2231, management systems

1.INTRODUCTION

The automotive industry, as one of the most dynamic and innovative sectors of industry,
constantly challenges companies with regard to quality, safety and sustainability.

In an increasingly competitive market environment, companies in this sector must not only
meet the high expectations of customers, but also comply with strict regulations and industry
standards. The implementation of appropriate industry standards thus becomes a key element of
effective management in the automotive industry. By complying with these standards,
companies can not only ensure the high quality of their products and services, but also increase
the safety of vehicle occupants and minimise the negative impact on the environment. The
requirements of national and international standards describe a modern approach to process
management and promote continuous improvement of organisations, the correct application of
which can help to reduce the challenges posed by a radically changing internal and external
environment [1].

This article aims to explain the relevance and application of selected industry standards in the
automotive industry. Analysing these standards will help you better understand the demands
placed on companies in the automotive industry and the benefits they can derive from their
implementation, and why adherence to these standards is key to success in this dynamic
industry.
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2. ANALYSIS OF SELECTED MANAGEMENT SYSTEMS
2.1.1SO 9001:2015

Quality management systems based on PN-EN ISO 9001:2015 are based on an analysis of risks
and opportunities, ensuring continuous improvement, elimination of non-conformities and
guaranteeing the highest quality of products. Meeting expectations and verifying the
organisation’s objectives and strategy result from identifying stakeholders and analysing both
the internal and external context of the organisation. Ensuring the highest quality in accordance
with the requirements of the international standard ISO 9001:2015 has become a common
standard that is applied by every organization, regardless of its type or size. Compliance with
this standard must be confirmed by external certification [2].
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Figure I shows the number of ISO 9001 certifications per year[6]
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On the basis of the submitted graph concerning the number of ISO 9001 certifications in
Poland in the years 1993-2019 can be drawn the following conclusions:

After 2009, the number of certifications shows some stabilization with slight fluctuations. For
example, after reaching 12,707 in 2009, the number of certifications fell to 10,527 in 2013, but
then rose again, reaching 12,152 in 2015.

The increase in the number of certifications may be related to the growing importance of
quality standards in global trade and increased awareness of the benefits of ISO 9001
certification among Polish companies.
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2.2.1S0O 14001:2015

Environmental management system according to PN-EN ISO 14001:2015 aims to protect the
environment. It focuses mainly on the reduction of waste, the possibilities and methods of its
utilization, the prevention of pollution and the reduction of the use of natural resources. In the
context of the transport sector, the scheme aims to reduce emissions. Its idea is to continuously
improve environmental protection activities by identifying hazards, assessing risks and
encouraging companies to comply with environmental legislation [3].
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Figure 2 shows the number of ISO14001 certifications per year[6]
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Based on the submitted graph of the number of ISO 14001:2015 certifications
in Poland in the years 1999-2019, the following conclusions can be drawn:

The number of ISO 14001 certificates in Poland has steadily increased in the years 1999-2019.

Significant increases in recent years from 2015 to 2019 the number of certificates grew rapidly,
which may indicate a growing awareness and commitment to environmental management in
Poland.

2.3.1S026262

ISO 26262 is a document defining the functional safety of electrical and electronic systems
installed in vehicles. According to the concept of functional safety, the design, development,
production, operation, servicing and decommissioning processes should be planned and
implemented in such a way as to eliminate risks. The main objective is to achieve a state in
which the failure of any of the system components would not pose a threat to the safety of
persons and the vehicle would remain under control. Risks must be identified and appropriate
remedial measures taken, taking into account the Automotive Safety Integrity Level (ASIL)
classification. Components classified as ASIL-A have the least impact on the safety of persons

[4].
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2.4.TATF 16949

IATF 16949 is based on ISO 9001 and national automotive quality standards and can be easily
integrated with other management system standards. While ISO 9001 focuses on customer
satisfaction, TATF 16949 focuses on customer-specific requirements for continuous
improvement, defect prevention, and reduction of supply chain volatility and waste. Enables a
continuous process to help identify, report and improve management system areas and relevant
business processes. This standard applies to any organisation producing components,
assemblies, and parts for the automotive industry, covering the entire global supply chain [5].

2.5.1S0 22301

ISO 22301 is an international standard for business continuity management that is used in a
variety of industries, including the automotive industry. Its aim is to ensure that organisations
are prepared for possible business disruptions and can quickly return to normal operations. In
the context of the automotive industry, ISO 22301 may be of relevance due to the complexity
of the supply chain, quality requirements and product safety[7].

LICZBA CERTYFIKACIJI

-
1=
2
=
=1
w
~
™~
e 0
It
=
o

2014 2015 2016 2017 2018 2019

Figure 3 shows the number of ISO 22301 certifications per year

Based on the submitted graph of the number of ISO 22301 certifications
in Poland in the years 2014-2019 the following conclusions can be drawn:

The increase in the number of ISO 22301 certifications indicates a growing awareness and need
for companies to implement business continuity management systems.

The steady growth following a 2017 downturn may suggest that companies have understood
the importance of certification and implementing business continuity procedures, which is
crucial in the face of a variety of threats, both internal and external.

2.6 ISO/IEC 27001

ISO/IEC 27001 is an international information security management standard that is widely
used in a variety of industries, including automotive. This standard specifies requirements for
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the establishment, implementation, maintenance and continuous improvement of an
Information Security Management System (ISMS). The implementation of ISO/IEC 27001 in
the automotive industry helps companies effectively manage information security, which is
critical in the face of increasing cyber threats and increasing regulatory requirements[8].
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Figure 4 shows the number of ISO/IEC 27001 certifications per year

Based on submitted ISO/IEC 27001 certification number chart in Poland in the years 2006-
2019 the following conclusion can be drawn:

The increase in the number of certifications may result from a growing number of cyber threats
and legal and regulatory requirements that force organizations to implement information
security management systems [8].

3. SUMMARY

The automotive industry faces quality, safety and sustainability challenges, requiring the
implementation of standards such as ISO 9001:2015, ISO 14001:2015, ISO 26262, IATF
16949, ISO 22301 and ISO/IEC 27001. These standards ensure high quality products and
services, increase the safety of vehicle occupants and minimise negative environmental
impacts. Compliance with these standards helps companies meet market demands and industry
regulations, promoting continuous organizational improvement and risk management in a
rapidly changing environment.

4. CONCLUSIONS

The implementation of international standards in the automotive industry is key to ensuring
high quality products and services, increasing user safety and minimising negative
environmental impacts. Standards such as ISO 9001:2015, ISO 14001:2015, ISO 26262, IATF
16949, ISO 22301 and ISO/IEC 27001 promote a modern approach to process management,
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enabling companies to effectively manage risk and continuously improve their operations.
Adhering to these standards helps businesses meet the demands of the market and industry
regulations that are essential to succeed in a rapidly changing environment. The long-term
benefits of implementing these standards include increased competitiveness, better reputation
and greater customer loyalty, which contributes to the sustainable development and innovation
of the automotive sector.
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Abstract: The work was carried out with high school students from Andrzej Strug V High
School in Gliwice. The purpose of the work was to familiarize the participating students with
the methodology of studying the microstructure of engineering materials using various
microscopic methods. This article is devoted to analysing the structure of a gradient tool
material using two commonly used microscopic techniques: light microscopy and scanning
electron microscopy (SEM). The study investigated four-layer specimens, where each
successive transition layer, starting from the surface layer, contained a progressively lower
volume fraction of the WC carbide reinforcing phase until reaching the final layer of the high-
speed steel. On the basis of the analysis of the test results, the gradient structure of the materials
was confirmed.

Keywords: gradient materials; FGM; light microscopy; scanning electron microscopy (SEM)

1. INTRODUCTION

Structural studies by light and electron microscopy in materials engineering are of crucial
importance. Their main purpose is the detailed analysis of the microstructure of materials, the
identification of phases, the detection and analysis of defects, and the study of interfaces and
grain boundaries. These studies allow quality control of materials, optimization of
manufacturing processes and design of new materials with desired properties. In addition, they
make it possible to understand the mechanisms of corrosion and degradation of materials and
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verify theories and models with actual observations. With these techniques, technological
innovations are possible, leading to the development of advanced materials and the continued
advancement of technology in various industries.

In today's fast-paced industrial environment, continuous improvement of tool materials is
essential to improve tool performance and durability in a variety of applications. In this context,
the study and understanding of the microscopic structure of tool materials, especially those with
a gradient structure, is becoming a key component of the materials engineering process.
Functionally graded materials (FGM) are characterized by a gradual change in properties in a
specific direction, resulting from a controlled technological process. This variability in
properties can relate to many aspects, such as density, strength, flexibility, or thermal
conductivity [1]. Gradient materials can be classified according to various criteria. The most
common classification of gradient materials is based on structural criteria, manufacturing
methods and application [3-6].

In nature, many examples of materials with graded structures can be found. One of the most
well-known examples is bamboo, which has a hard outer wall providing strength, while its
inner core is soft and delicate, giving it flexibility. This gradual change in fibre density makes
bamboo both lightweight, strong, and flexible.(Fig.1.). Other examples of gradient structures in
nature include shells, which consist of layers of different hardness and flexibility, providing
them with resistance to fractures. Teeth have hard enamel on the outside and more flexible
dentin inside, allowing them to withstand significant mechanical loads. Plant tissues also
exhibit varying density and flexibility, helping plants adapt to changing environmental
conditions.

Fig.1. Diagram of the cross-section of the bamboo internode [2]

2. DESCRIPTION OF THE TEST MATERIAL

This work focusses on examining the structure of gradient tool materials created using a
conventional powder metallurgy process, which involves uniaxial pressing in a closed die
followed by sintering. Materials were produced from a mixture of high-speed steel powder and
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WC carbide. The study investigated four-layer specimens, where each successive transition
layer, starting from the surface layer, contained a progressively lower volume fraction of the
WC carbide reinforcing phase until reaching the final layer. A substrate containing only high-
speed steel (Fig. 2.).

1 75% HS6.5.2+ 25%WC
S 85% HS6-52+ 15%WC
2 95% HS6-5-2 + 5%WC

1 sy 100% HS6-5-2

Fig. 2. Schematic of a gradient sample, in which successive transition layers were formed from
a surface layer with an increasingly smaller volume proportion of tungsten carbide up to a
high-speed steel layer substrate containing only high-speed steel

3. RESEARCH PROCESS

Structural studies were performed using a light microscope and a scanning electron
microscope.

The first part of the research was conducted on a Supra 25 scanning electron microscope. The
secondary electron detector was used with an acceleration voltage of 15 to 20 kV. A range
2000-5000 times magnification was used for the photographs.

The chemical composition of the undigested sample studied was also analysed. The chemical
composition of samples can be analyzed using techniques such as energy dispersive X-ray
spectroscopy (EDS), often integrated with SEM. This allows the identification and quantitative
analysis of the chemical elements present in the sample, which is crucial for understanding
material properties and potential applications.

The second part of the research was conducted on an Axio Observer metallographic light
microscope (Zeiss). A 200-fold magnification was used. The light microscope, also known as
an optical microscope, uses visible light to illuminate the sample and optical lenses to magnify
the image. It is commonly used in metallographic studies to analyse the microstructure of
metals and alloys. Light microscopes, such as the Axio Observer, enable high-quality imaging
at moderate magnifications, which is useful for structural analysis and assessing the surface
quality of the sample.

4. DISCUSSION OF RESEARCH RESULTS

Photos of the structure of the etched and un-etched sample taken with a scanning electron
micrograph are shown in Fig. 3. Photos of the structure of the etched and un-etched sample
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taken with the light microscope are shown in Fig. 4. The X-ray energy-dispersive spectrum of
the area is shown in Fig. 5.

Layer Not etched layer Etched layer
number
4
WD = 13.8 mm B- 200K X F_‘-‘-‘-‘—l WD = 13.9 mm B- 500K X
3
m-l”m B- 200K X I—‘—l WD = 13.9 mm B- 200K X
> :
WD = 13.9 mm B- 200K X WD = 14.0 mm B- 200K X
1

10pm EHT = 15.00 kv ‘Signal A = SE2
WD = 13.9mm Mag= 200KX WD = 14.0 mm Mag= 200KX

Fig. 3. Images of individual layers from scanning electron microscopy
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Layer Not etched layer Etched layer
number

4

Fig. 4. Images of individual layers from light microscopy
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On the basis of the obtained photographs, visible differences between the metallographic light
microscope and the scanning electron microscope can be observed. The light microscope is the
simplest, producing 2D images with a maximum magnification of 1000 times. It is widely used
in metallography to analyze the microstructure of metals and alloys. The images produced by
light microscopes, such as the Axio Observer, are high-quality but limited to moderate
magnifications, making them useful for structural analysis and surface quality assessment of
samples.

However, the electron microscope is sophisticated and advanced equipment that captures

realistic 3D images, allowing for a more precise examination of the sample's structure. The
maximum magnification of this microscope reaches up to 10 million times, providing an
unprecedented level of detail. The scanning electron microscope (SEM), such as the Supra 25
used in this study, uses a beam of electrons to scan the surface of the sample. The secondary
electron detector collects signals that create high-resolution images, revealing structural details
at the micrometre and submicrometer levels.

On the basis of the analysis of the test results, the gradient structure of the materials was
confirmed. It was shown that the developed sintered gradient carbides are characterized by a
multiphase structure (Fig. 5.).

Fig. 5. X-ray energy-dispersive spectrum of the area shown in Fig 1 a) EDS plot of the area
X1, b) EDS plot of the area X2
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5. SUMMARY

Electron microscopes are often preferred to examine samples with high resolution. Unlike light
microscopes, electron microscopes use electrons instead of light to create images, allowing for
much higher magnification and resolution. This capability is crucial for analysing fine
structures and surface features of samples that cannot be resolved with light microscopes.
Additionally, electron microscopes have the capability to analyse the surface composition of
materials through techniques such as energy-dispersive X-ray spectroscopy (EDS). This
technique is often integrated with SEMs and allows the identification and quantitative analysis
of chemical elements present in the sample. This provides valuable information about the
elemental composition of the sample, which is essential to understand the material's properties
and potential applications.

These features make electron microscopes indispensable tools in various fields of scientific
research. In materials science, they are used to study the microstructure and composition of
metals, ceramics, and polymers. In biology, electron microscopes allow for the detailed
examination of cellular structures, viruses, and tissues. In nanotechnology, they are essential for
visualising and characterizing nanomaterials and nanostructures.

The combination of high magnification, resolution, and the ability to perform chemical analysis
makes electron microscopes highly versatile and powerful instruments. They provide insights
that are not possible with traditional light microscopy, thus playing a critical role in advancing
scientific knowledge and technological innovation.
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Streszczenie: W pracy przedstawiono wyniki badan oraz dokonano analizy wpltywu
napetniacza glinokrzemianowego — nanorurek haloizytowych na wlasnosci 1 strukture
kompozytéw opartych na osnowie zywicy epoksydowej lub biodegradowalnego polimeru —
polikaprolaktonu.

Abstract: In this study, the effect of aluminosilicate filler - halloysite nanotubes on the
properties and structure of composites based on epoxy resin matrix or biodegradable polymer -
polycaprolactone was investigated and analysed.

Stowa kluczowe: kompozyty, PCL, haloizyt, SEM

1. WSTEP

Dyanmiczny rozwoj techniki sprawia, ze ciggle wzrasta zapotrzebowanie przemystu na
nowe materialy konstrukcyjne, ktére powinny charakteryzowaé si¢ coraz to lepszymi
wlasno$ciami uzytkowymi oraz trwatoscia, przy zachowaniu mozliwie jak najmniejszej masy.
Materiaty kompozytowe o osnowie polimerowej wzmacniane czgstkami ceramicznymi moga
sta¢ si¢ odpowiedzig na to zapotrzebowanie. Dzigki zastosowaniu polimeréw, jako materialu
osnowy kompozytdw, mozna uzyskaé takie pozadane wtasnosci gotowych produktow, jak
niskg mase, zdolno$¢ tlumienia drgan, odporno$¢ na korozjg, tatwos¢ ksztattowania oraz
izolacyjno$¢ cieplng i elektryczng [1, 2]. Do surowcow mineralnych, ktére ze wzgledu na
szerokie rozpowszechnienie w naturze sg powszechnie wykorzystywane jako wypeknienie
kompozytéw zaliczy¢ mozna glinokrzemiany, takie jak haloizyt. Haloizyt to minerat o wzorze
ADLS1,05(OH)4, charakteryzujacy si¢ budowag warstwowo-rurkowa, zbudowany jest z
dwuwarstwowych pakietow o typie budowy 1:1 (z tetraedrycznej warstwy tlenku krzemu oraz
oktaedrycznej warstwy uwodnionego tlenku glinu). Charakteryzuje si¢ on rowniez duzg
powierzchnig wlasciwa, jonowymiennoscig oraz porowatoscia [3-5].
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Celem badan bylo opracowanie i wytworzenie kompozytéw polimerowych opartych na
osnowie zywicy epoksydowej 1 biodegradowalnego polimeru — polikaprolaktonu oraz
napetniacza mineralnego - nanorurek haloizytowych.

2. MATERIAL I METODYKA BADAN
Material do badan

Do wytworzenia kompozytow polimerowo-ceramicznych wykorzystano jako osnowe
epoksydowa zywice typu L + utwardzacz EPH 161, charakteryzujaca si¢ niskim napigciem
powierzchniowym, dobra adhezja i minimalnym skurczem i granulat polikaprolaktonu (PCL), a
jako napelniacz zastosowano modyfikowany haloizyt o granulacji ponizej 45 um pochodzacy z
kopalni ,,Dunino”. Materiaty do badan przedstawiono na rysunku 1.

a) b

Rys. 1. Materiaty: a, b) granulat PCL; ¢) suro haloizyt; d) probki do badan
Figure 1. Materials: a, b) PCL pellets, c) raw halloysite; d) samples for testing

W pierwszym etapie prac wysuszono polimer oraz proszek haloizytu w suszarce w
temperaturze 50°C w celu usunigcia wilgoci, a zywice polaczono z utwardzaczem w proporcji
wagowej 100:25 — zywica do utwardzacza. Nastepnie odwazono sktadniki za pomoca wagi
laboratoryjnej firmy Radwag i wykonano mieszaniny proszku haloizytu z zywica lub PCL.
(tablica 1).

Tablica 1. Oznaczenie probek
Table 1. Sample designations

Oznaczenie Osnowa Zawarto$¢ haloizytu [%]
PCLO 0
PCL5 PCL 5
PCL10 10
Epox0 0
Epox5 Zywica epoksydowa 5
Epox10 10

W ramach pracy wykonano nastepujace badania:

- dobrano optymalny polimer jako osnoweg, ze wzgledu na zastosowanie — Zzywica
chemoutwardzalna oraz biodegradowalny polikaprolakton PCL,

- dobrano udzial masowy napelniacza glinokrzemianowego — haloizytu - w zywicy
chemoutwardzalnej i PCL i przygotowano mieszaniny,
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- wytworzono kompozyty polimerowe modyfikowane haloizytem metoda zalewania,

- zbadano strukture z wykorzystaniem wysokorozdzielczego skaningowego mikroskopu
elektronowego 1 mikroskopu S$wietlnego, wykonano analizy spektralne z wykorzystaniem
detektora energii rozproszonego promieniowania rentgenowskiego,

- zbadano podstawowe wilasnosci fizyczne 1 mechaniczne — gestos¢, porowatos¢,
wytrzymalo$¢ na rozcigganie, udarnosc.

Badania udarnosci (pracy tamania) wykonano za pomoca mtota wahadlowego typu Charpy
o energii poczatkowej wynoszacej 5J. Badania wytrzymatosci na rozcigganie kompozytow
wykonano zgodnie z normg PN EN ISO 527-1 na maszynie wytrzymatosciowej Zwick/Roell
7020. Wykonano po trzy pomiary udarnosci oraz wytrzymatosci na rozcigganie dla kazdej z
probek bez napetniacza oraz z napetlniaczem haloizytowym.

Obserwacje struktury probek wykonano wykorzystujgc mikroskop stereoskopowy ZEISS,
model SteREO Discovery.V12, przy powigkszeniu 10x-45x oraz w wysokorozdzielczym
skaningowym mikroskopie elektronowym ZEISS SUPRA 35 wyposazonym w detektor EDS.
Przed przystapieniem do badan w SEM na powierzchni¢ nieprzewodzacych probek napylano
cienka przewodzaca powtoke ze ztota w napylarce prozniowej Bal-Tec SCD 050.

3. WYNIKI BADAN

Na rysunku 2 przedstawiono wyniki badan udarnosci, a na rysunku 3 1 w tablicy 2 wyniki
wytrzymato$ci na rozcigganie.

Wyniki badania udarnosci 100 T

PeL10v Hal I
——

PCL 5% Hal.

Naprezenie / MPa
IS
o

PoLov ol
20 g T
EPOXY 10% Hal. [N [
0 T T + T T
EPOXY 5% Hal. [l 0 200 400 600 800 1000
Wydtuzenie / %
Epox 0% Hl.
o o2 o4 06 08 1 12 14 16 18 2
Rys. 2. Wyniki badan udarnosci Rys. 3. Wyniki badan wytrzymalosci na rozcigganie
Figure 2. Results of the impact tests Figure 3. Results of tensile strength tests

Tablica 2. Srednie wyniki badan wlasno$ci na rozcigganie badanych probek
Table 2. Average results of tensile strength of tested specimens

Probka Wytrzymato$¢ na rozciaganie
[MPa]
PCLO 16
PCLS5 19
PCL10 17
Epox0 33
Epox5 39
Epox10 37
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Badania struktury przetomow po probie udarnosci i wytrzymalo$ci na rozcigganie
wykonano na mikroskopie stereoskopowym i w SEM. Mikrostruktury badanych kompozytéw
przedstawiono na rysunkach 4 i 5, a analizy sktadu chemicznego EDS na rys. 6, 7.

PCLO PCL5 PCL10

500 ym

Epox5

Rys. 4. Powierzchnia przetomu badanych probek, mikroskop stereoskopowy
Figure 4. Fracture surface of tested specimens, stereoscopic microscope

PCL5 ~_PCLIO

EHT =20,00kv ‘Signal A = QBSD
WD =199 mm Mag= 500X

Epox5

EHT = 10,00k ‘Signal A= SE2 ‘Signal A = QBSD
WD =200 mm Mag= 200X | — Mag= 500X

Rys. 5. Powierzchnia przetomu badanych probek, SEM
Figure 5. Fracture surface of tested specimens, SEM
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Rys. 6. Wyniki analizy EDS z zaznaczonego obszaru dla probki PCL5
Figure 6. Results of the EDS analysis from the marked area of specimen PCL5

Masowo %

C (4] Al Si Ti Fe
Obszar 1 25.7 24.2 18.7 28.7 0.2 2.6
Atomowo %

C (4] Al Si Ti Fe
Obszar 1 39.5 27.9 12.8 18.9 0.1 0.9

Rys. 7. Wyniki analizy EDS z zaznaczonego obszaru dla probki Epox10
Figure 7. Results of the EDS analysis from the marked area of specimen Epox10)

4. PODSUMOWANIE I WNIOSKI

W ramach badan dokonano ceny wptywu haloizytu, o udziale masowym 5% i 10% na
strukturg 1 witasnosci wytrzymatosciowe kompozytu o osnowie z zywicy epoksydowej lub
polikaprolaktonu. Na podstawie badan gesto$ci stwierdzono, ze polikaprolakton - PCL
charakteryzuje sie gestoscia wynoszaca 1,16 g/cm’, natomiast glinokrzemian w postaci
nanorurek haloizytowych wykazuje gestos¢ rowng 2,73 g/cm®. Kompozyty modyfikowane
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nanorurkami haloizytowymi, zaréwno gdy osnowa jest polikaprolakton, jak i1 zywica
epoksydowa, wykazuja wyzsza wytrzymato$¢ na rozcigganie, a w przypadku probek PCL+H
rowniez wzrost udarno$ci w pordwnaniu do kompozytow bez czastek ceramicznych. W
badania mikroskopowych LM i SEM materiatlow kompozytowych potwierdzono rownomierng
w catej objetosci obecno$¢ haloizytu i dobra homogenizacje tego napetniacza z PCL i zywica
jako osnowa.

Na podstawie otrzymanych wynikéw badan mozna stwierdzi¢, ze kompozyty polimerowe
wzmacniane czastkami ceramicznymi — nanorurkami haloizytowymi mogg mie¢ szerokie
zastosowanie dzigki takim wilasnosciom, jak: niska masa, ggsto$¢, tatwos¢ ksztattowania i
przede wszystkim mozliwo$¢ recyklingu.

PODZIEKOWANE

Badania wykonano w ramach II edycji projektéw badawczych zorientowanych projektowo —
PBL (Project Base Learning), realizowanych na Politechnice Slaskiej z uczniami szkot
ponadpodstawowych w programie Inicjatywa Doskonalosci — Uczelnia Badawcza.
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Abstract: The article presents the results of impact tests and observations of the structure of a
polyethylene-polypropylene blend reinforced with glass fiber 0.1 to 1 mm long. The impact
strength test was performed on samples without notches at a load of 5J at room temperature and
after immersion in liquid nitrogen. It was found that the tested composite was not damaged
during the impact test at room temperature, but the samples broke during the test performed at a
lower temperature. At room temperature, the tested composite is characterized by high
flexibility. As a result of observing the structure of fractures after impact testing in liquid
nitrogen, an uneven distribution of glass fibers in the polyethylene-polypropylene matrix was
noticed.
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1. INTRODUCTION

The dynamic development of materials engineering, as well as the continuous development
of the industry and the increase in interest in polymer materials towards new applications,
necessitates research on improving the properties of materials through their modification.
Composites based on polymeric materials with the addition of fillers in the form of powders,
fibers and nanoadditives are becoming increasingly important among construction materials.
The most commonly used powder fillers are: powdered mica, quartz sand, chalk, quartz flour,
kaolin, graphite, dolomite flour, mica. Commonly used nanoadditives in polymer composites
are silver nanoparticles and soot nanoparticles, as well as allotropic varieties of carbon - carbon
nanotubes, graphene. The most commonly used fibers include carbon, glass and ceramic fibers.
In recent years, carbon fillers have also been successfully used. Active fillers in the polymer
matrix improve mechanical, tribological, rheological, thermal, dielectric, chemical and
processing properties.

In recent years, in addition to the widely used carbon, aramid and ceramic fibers, glass fibers
have become particularly important. These are one of the earliest fibers created, appearing on
the market in 1931. Initially, they were used as reinforcement for mortar and concrete, and then
as reinforcement for larger structures. Compared to the most famous carbon fibers, they are
characterized by a greater ability to absorb energy and a lower price. Due to these properties,
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they are mainly used in the automotive and construction industries. The continuous expansion
of the applications of glass fiber on the industrial market is reflected in the upward trend in its
production. In the years 2012-2019, the total global production of glass fiber increased from 5.3
million tons to 8 million tons, and the increasingly new possibilities of the processing industry
and new market.

Scientific research presented in the literature has shown that the addition of glass fiber to the
polypropylene matrix significantly improves its strength properties. The tensile strength of pure
PP was 26.7 MPa, while the strength of the polypropylene composite with 30% glass fiber
increased to 35.6 MPa. This is due to the high tensile strength of glass fibers, which therefore
act as a reinforcer of the polypropylene composite (1700-2500 MPa). This material is used to
produce prefabricated elements such as bars, sleeves and plates [1-4].

1. MATERIALS AND METHODOLOGY

The tests were carried out on samples in the form of type 1A paddles (in accordance with the
ISO 527-2:2012 standards [5]) made of a polymer composite consisting of 85% by weight of
polyethylene and 15% by weight of polypropylene granules with the addition of PP/GF glass
fiber. (PE-PP/GF 85-15), in a proportion of 60/40%. Glass fiber with a length of 0.1 to 1 mm
was used.

The impact strength of the polymer composites was tested at a load of 5J on samples without
notches at room temperature and, for comparison, after immersion in liquid nitrogen. The test
was performed on a 25P device from Zwick/Roell using the Charpy method in accordance with
the PN-EN ISO 179-1:2010 standard [6].

The structure of fractures formed after the impact test were observed on a Zeiss SteREO
Discovery.V12 stereoscopic microscope. and on a Leica DVM®6 light microscope.

2. RESULTS

The samples made of the PE-PP/GF 85-15 composite were not damaged during the impact
test at room temperature, and the test was then performed on samples immersed in liquid
nitrogen. An impact strength of 2.99 J/cm? was obtained for the tested PE-PP/GF 85-15
composite. According to literature data, samples made of pure polyethylene did not break
during the impact test at room temperature, while polypropylene samples tested under the same
conditions did break [7]. The impact strength of polypropylene (3 J/cm?) is similar to the
impact strength of the tested PE-PP/GF 85-15 composite (2.99 J/cm?) at reduced temperature. It
can be concluded based on research and literature data that the addition of PP to PE and the
presence of glass fibers did not strengthen the composite sufficiently [7].

Observations of the structure of fractures after impact tests in liquid nitrogen showed uneven
distribution of glass fibers (Fig. la-d) in the polyethylene-polypropylene matrix. Larger fiber
clusters were noticed (Fig. 1b,c) closer to the center of the sample than at the periphery.
Dispersed glass fibers in the matrix of different lengths were also found and were partially
broken (Fig. 2 a,b).

In the tested composites, the occurrence of regular holes was also observed (Fig. 1 c¢), which
are remnants of fibers torn out from the matrix when samples were broken at a reduced
temperature (Fig.1d). This phenomenon proves poor adhesion between the polymer matrix and
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the fiber. Degradation of the structure of the tested polymer composite may be caused by the
following changes in the structure: debonding, cracks in glass fibers and polymer matrix, or
delamination [8].

a) b)

1| mm
| e |

750 pm
—

Figure 1. The structures of fractures of a mixture of 85% PE and 15% PP granules with 40%
glass fiber content, made on a light microscope at magnifications: a) 16x, b) 27x, c) 34, d) 72x.

a) b)

|ﬂ5mm|

Figure 2. The structures of fractures of a mixture of 85% PE and 15% PP granules with 40%
glass fiber content made on a stereoscopic microscope at magnification: a) 20x, e) 30x.

3. SUMMARY

The impact strength of the polyethylene-polypropylene composite with the addition of glass
fiber is 2.99 J/cm? after immersion in liquid nitrogen. Lowering the temperature causes the
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polymer to lose its plastic properties and it is destroyed during the impact test, but it does not
break at room temperature. Microscopic observations showed uneven distribution of glass
fibers in the polymer matrix, characterized by different lengths at the fractures formed after
impact testing in liquid nitrogen. There were also numerous holes resulting from torn fibers
during the impact test, which is the result of poor adhesion between the fiber and the polymer.
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coatings was studied using scanning electron microscopy (SEM) and atomic force microscopy
(AFM) as well as chemical composition analysis using an X-ray energy dispersive spectrometer
(EDS).
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1. INTRODUCTION

For many years, 316L austenitic steel has been widely used in various industries and
biomedical applications due to its excellent mechanical properties and corrosion resistance,
which result from the presence of elements such as chromium and nickel. Because of its low
manufacturing costs, 316L steel is widely used in biomedicine, for example, in bone screws
and plates, or joint prostheses. However, the nickel contained in it can be released into the
patient's body as a result of corrosion in the tissue environment, causing allergic reactions. To
prevent this drawback, appropriate surface treatment is applied. The application of
biocompatible coatings improves corrosion resistance and ensures osteointegrative or
antibacterial properties, without deteriorating the mechanical properties of the coated material.
Coatings with such properties can be produced, among others, by physical vapour deposition
(PVD) or the latest method of chemical vapour deposition — atomic layer deposition (ALD), or
in a hybrid process combining both techniques. Coatings obtained by the PVD method in
engineering materials increase surface microhardness, reduce the coefficient of friction,
improve aesthetic values, and enhance electrochemical properties. Unfortunately, these
coatings are characterized by structural defects in the form of grain boundaries and
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discontinuities in the form of craters, which are a side effect of the technological deposition
process. In this case, the anticorrosive properties are not always satisfactory, and in some
instances, they may even worsen the corrosion resistance of the materials they cover. To solve
this problem, an additional ALD coating is applied to the PVD coatings, which aims to fill
structural defects to effectively reduce the risk of damage to the used component and
consequently extend its lifespan. Numerous research studies have proven that sealing a PVD
coating with an ALD coating in a hybrid system on stainless austenitic steel significantly
improves operational properties, particularly increasing corrosion resistance [1-10].

The purpose of this work is to present the results of structural studies of hybrid PVD+ALD
coatings: CrN+Cr,03/Ti02 and TiN/ZnO deposited on 316L austenitic steel substrates.

2. MATERIALS AND METHODOLOGY

The material used for the study was AISI 316L austenitic steel, which was coated with
hybrid PVD+ALD coatings. Appropriately prepared steel substrates were coated using the
PVD method (layers of CrN+Cr20; and TiN) as well as the ALD method (layers of TiO; and
Zn0), resulting in the following combination of hybrid coatings:

1. CrN+Cr203/Ti02
2. TiN/ZnO

Scanning electron microscopy (SEM) was used to study the fracture structures and surface
topography of the examined materials. Studies were carried out using an HRSEM SUPRA 35
microscope, with an SE mode voltage ranging from 10 to 20 kV and magnifications between
5000 and 70000 times. For the InLens mode, the voltage was 7 kV, and the magnifications
were 100000 and 200000 times. Furthermore, chemical composition analysis (EDS) was
performed in selected microareas.

Moreover, surface topography studies were conducted using an atomic force microscope in
non-contact mode. The results obtained with the PARK SYSTEMS XE100 microscope are
presented graphically. Additionally, the arithmetic average roughness parameters (Ra) were
calculated using software.

3. RESULTS

Based on studies using a scanning electron microscope (SEM), it was found that the hybrid
coatings CrN+Cr203/Ti02 and TiN/ZnO are continuous and homogeneous, and the individual
layers adhere closely to each other and to the substrate material. As reported in the literature [1]
and confirmed by observations, the CrN+Cr,O3 coating consists of alternating layers of CrN
and Cr, with a Cr2O3 layer on the surface. The research confirmed that the PVD layers, CrN +
Cr203 and TiN, exhibit a structure with columnar grains similar to the structure of the T zone
according to Thornton's model [1,3]. Fractographic studies indicate that the ALD layers, TiO»
and ZnO - adhere closely to the PVD coatings. The ALD layers of titanium oxide and zinc
oxide uniformly cover the PVD coating, sealing it against structural discontinuities. This
sealing of the PVD coating with an ALD layer is in line with the concept of hybrid PVD/ALD
coatings, resulting in a significant improvement in the performance properties of the examined
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materials, as shown in studies [1-3]. The thickness of the CrN+Cr,03/TiO; coating is
approximately 2.9 um, while the thickness of the TiN/ZnO coating reaches 1.3 um (Fig. 1).

1 pm EHT = 10.00 kv Signal A = SE2 200 nm EHT = 10.00 kv Signal A = SE2
WD =12.0 mm Mag = 30.00 K X WD = 11.6 mm Mag = 70.00 K X

Fig. 1. Fracture of the: a) CrN+Cr203/TiO: coating, b) TiN/ZnO coating

Micro-scale surface analysis of the examined hybrid coatings confirms the presence of a
topographical structure typical of coatings obtained by the PVD method. On the surface of the
tested materials, fine scratches are visible, remnants of the substrate preparation process for
coating. This confirms that these coatings precisely replicate the substrate's topography. The
analyzed coatings are homogeneous, and their surface shows no discontinuities except for
micropores or cracks. SEM studies revealed the presence of microcraters from coagulated
droplets of the deposited metal (chromium or titanium). The size of these craters ranges from
approximately 0.5 pm to 10 pm for the CrN+Cr203/Ti0z coating, and from approximately 0.5 pm
to several micrometres for the TiN/ZnO coating. This study indicates that the droplets fell after
the coating deposition process was completed. As noted in the literature [1-3,9], this may indicate
stresses developing in the coatings during the deposition process. Additionally, agglomerates of
several coagulated droplets with sizes of a few micrometers were observed. The ALD layers, in
turn, precisely replicate the morphology of the PVD layers, as confirmed by high magnification
SEM and atomic force microscopy (AFM) studies. On the nanometric scale, the CrN+Cr203/Ti02
coating exhibited a granular morphology across the entire examined surface, while the TiN/ZnO
coating displayed a granular morphological structure with random orientation elongated grains,
characteristic of the ZnO layer, as confirmed by previous research [3] (Fig. 2).
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Fig. 2. Topography of the CrN+Cr203/TiO; coating, a) SEM b) AFM

EHT =10.00 kV Signal A = SE2 EHT =10.00 kV Signal A = InLens
WD = 13.6 mm Mag = 15.00 K X H WD = 13.6 mm Mag = 100.00 K X

Fig. 2.

¢)

nm

Topography of the TiN/ZNO coating, a,b) SEM c) AFM
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The chemical composition analysis of the surface using the EDS method confirms the
presence of chemical elements corresponding to the examined coatings, specifically zinc,
chromium, titanium, oxygen, and nitrogen (Fig. 3).

a)

3K —

2K —

L;'*: A =

Fig. 3. EDS analysis from the: a) area CrN+Cr203/TiO: coating, b) area TiN/ZnO coating

4. CONCLUSIONS

Based on the conducted research, it has been determined that:

e The hybrid PVD/ALD coatings of CrN+Cr203/TiO2 and TiN/ZnO were evenly applied
without discontinuities and delaminations, adhering closely to the substrate material as well
as to each other.

e In both coating systems, the PVD coatings of CrN+Cr;03; and TiN exhibit a structure of
equiaxed columnar grains resembling the T-zone according to Thornton's model.
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The surface topography of the tested coatings is characteristic of coatings obtained by the
PVD technique. The surface mainly shows microcraters from dropping droplets of the
deposited metal and the presence of agglomerates of several solidified droplets.

The ALD layers of TiO2 and ZnO with granular morphology precisely replicate the surface
topography of the PVD coatings, effectively sealing the PVD coatings.
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Abstract: This article describes the corrosion behavior of magnesium and magnesium alloys in
electrochemical corrosion conditions - in the presence of electrolyte and electrical quantities.
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1. UVOD

V technologickej praxi je mozné sledovat’ trend ekologickych poziadaviek a to nielen na
recyklaciu napr. polymérnych materialov, ale prave aj na kovové materialy a ich zliatiny. Preto
prichddzaji do uvahy materidly, ktoré svojimi vlastnostami zodpovedajii sucasnym
poziadavkam ako ekologickym tak aj konstrukénym, ¢i technologickym.

Prave kvoli poziadavkdm na zniZzovanie ekologickej stopy je nutné znizovat hmotnosti
vozidiel, ktoré¢ spaluju palivd na baze uhlovodikov - ¢im nizSia hmotnost’ vozidla, tym je
potrebné mensie mnozstvo pohonnych latok. Pre zniZzenie hmotnosti existuje niekolko
alternativ a to pouzitie hlinika a jeho zliatin, titdnu a jeho zliatin a v neposlednom rade aj
horcika a jeho zliatin, po pripade pouzitie kompozitnych materidlov, nakolko tieto materidly
maju nizku merntt hmotnost’ a suCasne maju pomer pevnosti v tahu k mernej hmotnosti vel'mi
priaznivy.

Horcik a jeho zliatiny nachadzaji uplatnenie nielen v automobilovom a leteckom priemysle,
ale aj biomedicinskom prostredi. Zliatiny hor¢ika sa v stc¢asnosti pouzivaju pre rdzne
biomedicinske aplikacie, napr. ako doCasné¢ implantaty v l'udskom tele. Kedze sa horcik
nachadza v 'udskom tele ako mineral, je vol'ba hor¢ikovych zliatin zna¢ne opodstatnena.

V prirode sa bezne vyskytuje v podobe réznych zlucenin, kde nadobtida formu dvojmocného
ionu (Mg?"). Tato skutocnost’ nie je priazniva z pohl'adu na jeho koréznu odolnost. Nie je
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termodynamicky uslachtily, ¢o znamend, Ze ma vysoku reaktivitu s prostredim. Z tohto dévodu
sa mnohé vyskumné timy po celom svete venuju prave koré6znemu spravaniu sa horcika a jeho
zliatin a po pripade hl'adaniu sposobov ako predist’ korodovaniu tychto materialov.

2. HORCIK A JEHO ZLIATINY

Horcik (Mg) je kov krystalizujaci v hexagonalnej tesne usporiadanej mriezke (Obr. 2). Je
vel'mi silne zastupenym prvkom v zemskej kore ako aj v morskej vode, ¢o ho ¢ini vel'mi
dostupnym a hlavne recyklovateI'nym [1].
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Obr. 1 Hexagonalna tesne usporiadana Obr. 2 Cast bindrneho diagramu Mg-Al [4]
mriezka Figure 1. Part of Mg -Al binary diagram [4]

Figure 1. Hexagonal close-packed lattice

Horc¢ik, tak ako vécSina kovov pouzivanych v technickej praxi, sa ako Cisty kov nepouziva.
Hlavnymi dévodmi su jeho nepriaznivé mechanické vlastnosti, ako aj korézna odolnost’, ktora
je velmi nizka. Jeho mernd hmotnost je 1740 kg.m™ a teplota tavenia 650°C. Velmi zle sa
tvarni, ¢o zhorSuje zvySenie jeho pevnosti plastickym pretvorenim [1,2]. Hor¢ik je dobre
elektricky aj tepelne vodivy a ma dobru zlievatel'nost [1 - 3].

Horcik ako samostatny kov nevyhovuje pozadovanym aplikaciam. Z tohto dovodu sa zlieva
s inymi kovmi [1]. Hor¢ikové zliatiny su prednostne pouzivané na odliatky, avSak existuju aj
zliatiny pre tvarnenie [2]. Medzi bezne dostupné zliatiny horcika patria zliatiny na baze horcik
- hlinik [1]. Pre bezné zliatiny sa pouziva priblizne od 2 hm. % do 10 hm. % Al (Obr. 2) [4].

V sucasnosti sa do tejto bazy pridava aj zinok (Zn). Takéto zliatiny st podl'a ASM normy
oznaCované ako AZXX (XX predstavuju orientaéné hodnoty hm. % jednotlivych prvkov, kde
prva Cislica oznacuje hm. % prvého prvku, druhd druhého). Hlinik a zinok v tychto zliatinach
zvysuju pevnost’, tvrdost’ ako aj koréznu odolnost’. Zinok je pridavany v mnozstvach okolo 1
hm. %. So zvySovanim hm. % Zn dochddza k poklesu zvaritelnosti a kordznej odolnosti [5].

Medzi d’alie prvky s ktorymi sa horc¢ik zlieva su kovy vzacnych zemin (ozn. RE). Tieto
zliatiny nachadzaju uplatnenie predovsetkym v automobilovom priemysle, nakolko st
ziarupevnejSie ako ostatné zliatiny. Pouzivaju sa hlavne po tepelnom spracovani, po ktorom
nadobudaju pozadované vlastnosti. Nepriaznivou skutocnost'ou je vsak ich cena [5,6].
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V stcasnosti sa zliatiny horcika zlievaji s roznymi inymi kovmi ako napr. Mg-Zn, Mg-Al-
Zr, Mg-Zr-Y, Mg-Zn-Zr, Mg-Li, Mg-Ca-Zn, atd. V mnohych pripadoch sa jednd o vyvojové
zliatiny - teda o zliatiny, ktoré st z hl'adiska ich buducej aplikacie vel'mi perspektivne [2,3,6,7].
Vplyv vybranych prvkov na vyslednu zliatinu je uvedeny v Tab. 1.

Tab. 1 Vplyv vybranych prvkov v zliatinach horcika [7]
Table 1. Influence of selected elements on magnesium alloy [7]

Vplyv/prvok Al Ca RE Si Zn
Tvrdost’ Zvysuje - - - -
Pevnost’ Zvysuje - - Zvysuje -
Taznost Znizuje - - - -
Oxidacia - Znizuje - - -

Kor6zna odolnost’ Zvysuje - Zvysuje Zvysuje Zvysuje
Odolnost’ proti teCeniu - - Zvysuje - -

2. KOROZIA HORCIKOVYCH ZLIATIN

Jednym z najrozhodujucejsich faktorov, preco sa horcik v technickej praxi nevyuziva je jeho
nizka termodynamicka stabilita v beznych prostrediach. Jednym zo zékladnych ukazovatel'ov
termodynamickej stability akéhokol'vek materidlu je $tandardny elektrodovy potencial E°. Cim
je jeho hodnota kladnejsia, tym je material stabilnejsi. E® hor¢ika je oproti inym materidlom
vel'mi zaporny (Tab. 2) [1,3,6].

Tab. 2 Standardné elektrédové potencidly vybranych prvkov [8]
Table 2. Standard electrode potentials of selected elements [8]

Tvorba kationov Standardny elektrédovy potencial E°[V]
Cu — Cu?" + 2e- +0,35
2H — 2H + 2e- 0
Fe — Fe?" + 2e- -0,44
Zn — Zn*" + 2e- -0,76
Mn — Mn?" + 2e- -1,1
Zr — Zr* + 4e- - 1,53
Al — A" + 3e- -1,69
Mg — Mg?" + 2e- -237

Z termodynamického hl'adiska sa teda jednd o materidl, ktory mé vysoku reaktivitu a
nachylnost’ k odovzdavaniu elektrénov, teda k vytvoreniu kladne nabitého i6nu - Mg** (1).
Takto kladne nabitd Castica na seba nabal'uje zaporne nabité atomy zo vzduchu, alebo vody -
prevazne kyslik, alebo skupiny (napr. hydroxidova skupina) (3). Nasledne vznikne kordzny
produkt (4) [9].

Mg — Mg*" + 2¢” (1)

2H,0 + 2e” — H, + 2(OHY )
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Mg + 2H,0 — Mg?" + H, + 2(OHY (3)
Mg + 2H,0 — Mg(OH)" + H, “4)

Doélezita informaciu o koréznom spravani sa materialu podavaju aj tzv. Pourbaixove
diagramy. Vykresl'uju zéavislost medzi pH a potencidlom, ktory vznikd medzi materidlom
a prostredim s danym pH. Horcik koroduje takmer vo vsetkych prostrediach, jedine pri nizkych
potencidlovych napétiach sa sprava imunne (teda nekoroduje) a pri vysokych pH sa sprava
pasivne (vytvori sa vrstva ochrannych oxidov) (Obr. 3).
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Obr. 3 Pourbaixov diagram pre cisty horcik [4]
Figure 3. Pourbaix diagram for pure magnesium [4]

Z rovnic az Pourbaixovho diagramu (Obr. 3) je zrejmé, ze horcik sa vie nachadzat
v roznych stavoch. Kazdy tento stav ma urcity chemicky potencial, ktory vo vSeobecnosti
podava informaciu o tom, ako vel'mi je dany prvok, i6n, ¢i zli€enina, stabilny. NajstabilnejSou
zluceninou je hydroxid horecnaty (Tab. 3). AvSak tato zlicenina nedokaze byt v beznych
podmienkach stabilnou natol’ko, aby povrch chranila.

Povrch takéhoto skorodovaného materidlu je porézny, o umoznuje vznik rdznych
kapilarnych efektov, v ktorych kor6zia moéze prebiehat’ intenzivnejsie, ako pri nenapadnutom
povrchu [1,3,11].

Tab. 3 Chemicky potencial roznych stavov horcika [1]
Table 3. Chemical potential of different states of magnesium [1]

Zlozka Chemicky potencidl [kcal/kmol]
Mg 0
Mg?* -109
MgO -139
Mg(OH), -199
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Avsak nakolko v praxi su vyuzivané zliatiny horéika je zrejmé, ze vyznamny vplyv na
kor6znu odolnost’ maju aj prisadové prvky v zliatindch. Vacsina prvkov je uslachtilejsich, ako
hor¢ik. V matrici zliatiny teda vznikaji mikrogalvanické ucinky, ktoré maju za nasledok rozpad
materidlu. HorCik ako menej uslachtily kov sa prirodzene stane anddou voci zlozke, ktora je s
nim zliata [1,3,6,11].

Jednotlivy vplyv na koréznu odolnost’ horcikovych zliatin je uz pomerne znamy a vo
vSeobecnosti kazdy legujuci prvok z casti aj koréznu odolnost’ zlepsuje. Nie je vSak mozné
zabezpecit' dostatocnu koroziivzdornost’ a to prave kvoli mikrogalvanickému uc¢inku, ktory
sposobuje vznik galvanickych trhlin a nésledne kordézny (niekedy kordzne-unavovy) lom.
Riesenim st prvky ako chrém, alebo titan - tieto prvky su schopné vytvarat’ oxidy na povrchu,
ktoré st homogénne a zamedzuju tak d’alSiemu korodovaniu. Z dovodu ich vysokej mernej
hmotnosti sa ale straca zmysel zlievat’ hor¢ik s tymito prvkami, ked’Zze hmotnost takychto
odliatkov by sa pohybovala vyrazne vyssie, ako si napr. hmotnost’ zliatin Al, ktorych korézna
odolnost’ je postacujuca [1,3,5,6].

Jednym z d’al$ich faktorov, ktoré st perspektivne, st povrchové upravy hor¢ikovych zliatin.
Jedna sa bud’ o rozne typy povlakovania, vrstvenia, alebo mechanického opracovania. Z
r6znych vyskumov je zrejmé, Ze niektoré upravy povrchu ako napr. konvencné brusenie, alebo
lestenie moze zvysit' kordznu odolnost’ oproti bezne frézovanému, alebo odliatemu povrchu
[13,14]. Bezne dostupné metddy sice zlepsuju koréznu odolnost’ horéikovych zliatin, avSak nie
natol’ko, aby to postaCovalo pre konkrétne aplikacie. Jednou z d’alSich moznosti su laserové,
popripade shot peeingové moznosti opracovania povrchu.

Vysledky experimentov v sucasnosti vSak nie st priaznivé - kordzna odolnost’ po
ovplyvneni povrchov tymito metédami vyrazne klesa [3,8]. DalSou moznostou sii moznosti
vytvarania vrstiev. Existuje uz niekol’ko spdsobov ako na povrchu vytvorit’ vrstvu, ktora je
nevodivd, takze sa zniZzi moznost’ pridenia elektronov a tym sa zamedzi elektrochemickej
korézii.

Jeden z takychto typov vrstiev si vrstvy vytvorené plazmovou elektrolytickou oxidaciou
(PEO). Tieto vrstvy dokazu zvysit’ odpor povrchu voci elektrickym veli¢indm aj o dvojnasobok
[8,11].

3.ZAVER

Predkladany clanok sa zaobera zakladnymi poznatkami v oblasti kordzie horcika a jeho
zliatin. Na zdklade tychto poznatkov je mozné vyslovit’ nasledovné zavery:

e Horcik je ako Cisty kov v praxi nevyuzitelny - je nutné ho zlievat’ s inymi prvkami, pri om
v sucasnosti maju najavsie vyuzitie zliatiny hor¢ika na baze Mg-Al-Zn

e Kordzna odolnost’ Cistého horcika je vel'mi slaba. Najstabilnejsi korézny produkt, ktory by
mohol materidl chrénit’ je hydroxid horecnaty (Mg(OH).), ktory vSak v beznych
prostrediach nie je staly natol’ko, aby zliatinu chranil.

e Zliatiny horc¢ika je mozné kordzne chranit’ aj vplyvom legujucich prvkov, ktoré by mali nie
len vytvarat’ oxidy, ale taktiez dvihat' celkovy Standardny elektrédovy potencidl zliatiny. Vo
vSeobecnosti je ale tento efekt ¢asto potlaCeny mikrogalvanickymi u¢inkami, kedy horc¢ik
koroduje na ukor legujiiceho prvku.

e Moznost'ou zlepsenia kor6znej odolnosti horéikovych zliatin su taktiez povrchové tpravy.
Okrem konvencnych metod ako brisenie a leStenie existuju nové progresivne metody uprav
povrchu, ktoré su v sucasnosti predmetmi skimania. Mnohé z nich ako napr. PEO maju na



182 TalentDetector2023 Summer

kor6znu odolnost’ vyznamny vplyv - odpor vrstiev vytvorenych touto metdodou vzrastd az o
dvoj alebo trojnasobok.
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Abstract: In recent years, we’ve had huge speculations about the so called self driving cars or
as we like to scientifically term them as the autonomous vehicle. While we have observed their
models from Tesla or even recently the Mercedes and realized that there still is alot of
technical and legal issues that are needed to be solved, but the days of complete adoption of
these models are really inevitable. This revolutional shift from dependence vehicle to
autonomous vehicles sure do have their own outcomes, be it the positive and negative or direct
and indirect or the length of their societal benefits and harm. It still doesnt seem to be clear on
these aspects. Here in this article we shall identify several of these outcomes and we will also
explore the conditions in the broader transportation system.

Keywords: autonomous vehicle, long-term Effect, self-driving car.

1. INTRODUCTION

Autonomous vehicles (AVs, often refered to as “self-driving cars” or “fully automated
vehicles”) have always been a point of discussion in the car industry since decades. They’ve
played a huge role of creative imaginations in the film and animation industry, mainly in the
Sci-Fi Genre. I remember as a child fantasizing my dad’s car bein driven without someone in
the driving seat but i never expected i’d experience that in reality.

It sure is a fact that the expected benefits of this technology are numerous like it is predicted
that the autonomous system can result in far safer operation and improved efficiency in the
flow of traffic.

Further more it also believed that the subscribers to these vehicles are more prone to
productive and pleasant use of their commuting time.

Our research and article aims to focus on some of the effects of vehicle automation at the
major system level.
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2. METHOD

Okay now the best way for us to understand the very potential effects of vehicle
automation at the system level, we decided to build our work on a very informative base model
in terms of transportation, here we tend to decribe the known relations and connections
between a constructive set of variables.

With that being said, we took a good note different productive interviews and workshops
to investigate how our base model shall change and take different forms during the different
scenarios of AV introduction. This particular section shall give a brief on the modelling and
data collection of our base model.

As a creative way to investigate effects of vehicle automation on a systems level, we have
decided to use system dynamics, which is an efficient way of approach approach used to
analyze complex, dynamic systems (Forrester, 1958). At its core is a mapping process, which
helps us to identify key variables and the relation among them.

Because of this our work is limited to the use of causal loop diagrams (CLDs). CLDs here
really make our jobs easier to create a perceived system structures—and thus expand them for
analysis, discussion, and opinion making.

Given the amount of various uncertainty in the potential effects of autonomous vehicles,
we tend to apply scenario-analysis methods. Where rather than trying to determine the most
likely outcomes, this approach aims to develop useful insights by exploring a range of different
futures. It helps us to identify the main forces that will affect outcomes in question, and in the
end followed by speculation about the development of these forces.
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As the public discussion at the moment rarely questions if autonomous vehicles will
become a reality which technically sure has become - we assumed in our scenarios that
autonomous vehicles are successfully developed and fully adopted. Technological challenges,
legal obstacles, or factors that may affect or hinder adoption, and the adoption process itself
were not subjects of our study.

Okay the most awaited part is finally here, our baseline model or as we mentioned earlier ,
the base model. We made the most of our established CLD of traffic and congestion to indeed
analyze and investigate the effects of vehicle automation. At the very deep core of this model
like the question of how to reduce the road congestion.

With days and years and subsequently decades passing by the more number of people
choose to head towards driving their own vehicles, this further more contributes to more
number of roads/highway capacity to expand allowing the consumer to be able to travel farther
in less time resulting in the Size of the Region that can be reached within a Desired Travel
Time to increase, this eventually reduces the so called Adequacy of Public Transit followed by
the increase in Attractiveness of Driving which means fewer people ride transit; fewer people
riding transit means less revenue and poorer service. As a result, the number of people riding
transit decreases even further, which in turn leads to more people driving.

We’re glad to picturize this in the form of our Baseline Model below (Figure 1).

3. INTRODUCING AUTONOMOUS DRIVING IN TERMS OF A SCENARIO

In this scenario let’s assumes no change in behavior or in ownership. AVs are going to be
used in the same way as we use cars are today and vehicles are privately owned. Expected
improvements (e.g., our interview subjects presumed that “driving will be so much safer,” or
“my commute will be so much more pleasant”) do not lead to any kind of behavioural changes.

Alright so our main assumption here basically is going to be that general behaviour
regarding choices of travel will remain the same and not change due to the introduction of Avs.
But however we will sure allow the increase in trips per day and also vehicles per person,
because ofcourse due to the increase in Mobility for those Unable to Drive.

We definitely do consider autonomous vehicles to be a way to increase road efficiency.
Which is why the Pressure to Increase Efficiency of Traffic Flow replaces Pressure to Reduce
Congestion and Efficiency of Vehicle Operation replaces Road Construction.

In the case that autonomous vehicles do not cause a change in people’s behaviour, a lot of
benefits on a system level can be expected compared to our current mobility system. Travelling
by car will be cheaper, safer, more environmentally friendly, less energy consuming, and a lot
of time spent in the car can be used in a better way. Also, the situation of millions of people
who currently have limited access to mobility would improve. Although these new traffic
participants will increase traffic volumes, it can be assumed that this effect could be offset by
the increased efficiency of vehicle operation and traffic flow.

4.CONCLUSION

Finally into the conclusion I'll ofcourse love to say that our scenario illustrated here
express a variety of potential outcomes with the very soon normalisation of autonomous
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vehicles. I mean ofcourse they are sure not describing a crisp image of the future for sure but
rather it portrays a range of possible futures.

Autonomous vehicles shall sure enable driving to become a safer means of travel, the time
spent in the vehicle can be utilized in a whole different perpective and ofcourse last but not the
lease, the situation of general population with limited access to mobility would surely improve.
And not forgetting that the per-mile cost and also the energy consumption would decrease
significantly.
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Abstrakt: Clanok sa zaobera konstrukénym navrhom 16zkovej konstrukcie do kufra osobného
automobilu. Rozkladacia konS$trukcia je vyuzitelna najmd pre kemping a navrhnutd s
minimalnym zdsahom do vozidla, jednoduchou obsluhou a s efektivnym vyuzitim
batozinového priestoru.

Abstract: This article deals with the construction design of a bed structure for the trunk of a
passenger car. The folding structure is particularly useful for camping and designed with
minimum interference to the car, easy operation and efficient use of the boot space.
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1. UVOD

Autokempy boli v minulosti ve'mi obl'ibenou moznostou, ako stravit’ dovolenku prakticky
kdekol'vek v zahrani¢i bez toho, aby ste sa financne zruinovali. Kempovanie nestraca na
atraktivite ani dnes a vel'a 'udi na pobyt v kempe nedé dopustit’. Pre nadSencov autokempingu
je, v dnesnej dobe, moznost’ najst’ na trhu vel'ké mnozstvo automobiliek, ktoré vyrabaja vozidla
prisposobené pre kemping, pripadne firmy, ktoré na trh dodavajua rézne doplnky vyvinuté pre
kempovanie. Hlavnym cielom tejto prace je vytvorit konStrukény navrh kempingovej
platformy, na spanie pre dve osoby, do kufra automobilu VW Caddy. Dovodom je, aby sa
znizili ndklady za ubytovanie pri cestovatel'skych vyletoch a ndklady za kapu novej
konstrukcie spacieho systému, navrhnutej firmami.

Ciastkové ciele potrebné na naplnenie hlavného ciel’a:

* Vytvorenie zoznamu poziadaviek a spracovanie konstrukéného navrhu s vyuzitim CAD

systémov

* Vyhotovenie technickej dokumentacie a pevnostna analyza v softvéri ANSYS.
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2. KONSTRUKCNY NAVRH

Pri tvorbe kons$trukéného navrhu sme vychadzali z poziadavkového listu, zostaveného na
zédklade poziadaviek zdkaznika (tabulka 1). Dbalo sa najmd na vyber materidlov s nizkou
hmotnost'ou a vysokou pevnostou, dobrou dostupnostou a adaptivitou a na minimalizovanie
zasahu do vozidla.

Tab. 1. Poziadavkovy list
Tabele 1. Wish list

1 Minimalna nosnost konstrukcie 160 kg Priorita
2 Ulozny priestor Priorita

Maximalne rozmery 1800 x 1160 x 600 Pri
riorita

mm

2 Dostatoéna tuhost a pevnost Priorita
3 Minimalny zasah do vozidla Priorita
4 Nizka hmotnost Prianie

Jednoducha montaZ a demontaz Priorita

2 Prevadzka bez demontovania zadnych Priani
sedadiel nanie
3 Jednoducha GdrZba Prianie

1 Cena niZéia ako podobne vyrobky na
trhi

U Priorita

PouZitie normalizovanych dielov Prianie

1 Prvky konstrukcie zaistené proti pohybu

pri jazde vozidla Priorita

Platforma na spanie je zlozend z troch zakladnych cCasti (obr.1) - nosny ram konstrukcie -
zlozeny z pevnej (1) a posuvnej (2) &asti, pevny roit (3) a matrac. Dalej je moznost’ pridania
vysuvnych tloznych boxov (4), podla preferencii a potrieb zakaznika. Rozmery st
dokumentované na obr. 2 a obr. 3.

Obr.1 Zékladné cCasti konStrukcie
Figure 1. Basic parts of the construction
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Obr.2 Zékladné rozmery konstrukcie Obr.3 Zékladné rozmery konstrukcie

v zlozenom stave v rozlozenom stave

Figure 2. The main dimensions of the Figure 3. The main dimensions of the construction
construction in the folded state in unfolded state

Ram konstrukcie je navrhnuty z hlinikovych profilov rady 5 s rozmermi 20 x 20 mm [2].
Sklada sa zo zadnej nosnej Casti, ktord je ulozena v kuftri vozidla (obr. 4). Ta je navrhnutd z
troch priecok pod rostom, pre dostato¢ni pevnost. Nohy zadnej Casti su ulozené na prie¢nom
profile, ktory tiez slizi na rozlozenie tlaku do podlahy.

Obr.4 Rozmery nosnej Casti ramu hlinikovej ~ Obr.5 Detail prednej Casti ramu so sklopenou

konStrukcie nohou
Figure 4. Dimensions of the load-bearing part Figure 5. Detail of the front part of the frame
of the frame of the aluminium construction with folded support

Predna cast’ ramu je uzSia v porovnani so zadnou cast'ou a vysuva sa v smere osi jazdy,
ponad sklopené zadné sedadld. Pre uplné rozloZenie ramu, je potrebné posunut’ predné sedadla
o par centimetrov dopredu. Na prednej &asti rimu sa nachadzaju sklopené nohy (1) s dizkou
500 mm uchytené pomocou kibov (2) a hlinikové listy (3), ktoré zabezpe&uju pretocenie kibov
o viac ako 90 stupiiov (obr. 5). Na spodnej Casti ndh st pripevnené stavacie nozky s kruhovou
podstavou. Tie umoziuju nastavenie spravnej vysky ndéh pomocou zavitu a vyrovnanie sklonu
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vd’aka gulovému capu. Pocas zlozeného stavu su sklopené nohy ku rdmu prichytené pasmi
suchého zipsu alebo magnetovymi blokmi vlozenymi v drazkach profilu.

Hlinikové profily zadnej aj prednej cCasti konStrukcie su navzijom spojené pomocou
uholnikovej sady, ktora sa sklada z pozinkovaného odliatku uholniku 5 20 x 20 mm [2], z
upinacich prvkov, podloziek a plastovej krytky. Uholniky zabezpecuju posilnenie spojov a
spoje bez potrebného opracovania profilov.

V pripade navrhu je dolezité mysliet’ aj na dostato¢nu ventildciu pod matracom, vzhladom
na zamedzenie akumulacie nadbytocného tepla a rast mikroorganizmov. Z tohto dévodu sa ako
platforma pod matrac pouziju drevené lamely namiesto plosnych dosiek. Toto rieSenie tiez
prinasa vyhodu nizsej hmotnosti.

Pre konstrukciu sa zvolila kapa latového rostu s rozmermi 1200 x 2000 mm z borovicového
masivu. Nosnost’ na jedno 16zko (pre kazd polovicu postele), v pripade podopretia rostu aj v
strednej Casti, je uvadzana 150 kg. Rost sa sklada zo 14 ks latiek s rozmermi 50 x 20 mm [3].

Rost je ku konstrukcii upevneny len na okrajoch prvej a poslednej latky pomocou skrutiek s
valcovou hlavou a drazkovymi maticami. Toto upevnenie umoziluje posuvny pohyb strednych
latiek a rolovaci systém pri zlozeni a rozlozeni konstrukcie.

Pre zamedzenie pohybu latiek do stran, su k pevnej ¢asti rdimu pripevnené hlinikové listy L -
profilu s rozmermi 20 x 45 x 2 mm s dizkou 1000 mm (obr. 6). Hlinikové listy si na konci
upravené s malym vyhnutim, ktoré sluzi ako nasypka pre spravne zastvanie latiek.

Podl'a aktualnych potrieb vyjazdu je mozné do zadnej cCasti konStrukcie primontovat
vysuvny box s uloznym priestorom. Jeho plny vysuv, s dizkou 1000 mm, v smere von z
vozidla, zabezpecuju loziskové plnovysuvy bez tlmenia. Tie s o rdm konStrukcie uchytené
pomocou hlinikovych 1ist s navftanymi dierami podla loziskového vysuvu. LiSty s o
konstrukciu prichytené pomocou skrutiek s valcovou hlavou a drazkovych matic bez potrebne;j
upravy hlinikovych profilov.

Vyhodou uloznych boxov (obr. 7) je zamedzenie vol'ného pohybu materialu po vozidle
pocas jazdy, a tiez vyuzitie horizontalnej plochy, ako pracovného stola, napriklad na pripravu
jedla a ulozenie varica.

Obr.6 Detail ulozenia listy L - profilu Obr.7 Varianty navrhov uloznych boxov
s vyhnutim Figure 7. Variants of storage box designs
Figure 6. Detail of the installation of the L -

profile rail with avoidance

Finadlny vykres kempingovej zostavy je dokumentovany na obr. 8 asupis jednotlivych
poloziek potrebnych na jej vyhotovenie s predpisom materialu je uvedeny v tab. 2.
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Obr.8 Vykres zostavy kempingovej platformy [1]
Figure 8. Assembly drawing for camping platform [1]

Tab. 2. Supis poloziek zostavy [1]
Tabele 2. List of assembly items [1]

Sapis poloZiek &lslo: BP-KP-11-01 Vyhotovil: llichmanova E. 17.05.2023
Pozicia Nézov polzky Mnozstvo [ks] Material Polotovar

1 Profil 5 20x20x340 7 AlMg Si05F 25

2 |Profil 5 20x20x1000 3 AlMg Si05F 25

3 Profil 5 20x20x1110 3 AlMg Si05F 25

4 |Profil 5 20x20x320 1 AlMg Si05F 25

5 Profil 5 20x20x980 3 AIMg Si05F 25

6  |Profil 5 20x20x1150 1 AlMg Si05F 25

7 |Unolnik & 20x20 sada 38 Zinkovy odliatok, PA, Ocel

8 Bocnica prava 1 Al Mg Si 0,5 L profil 45x20x2, 1000mm EN 573-3 AW 6061 T6
9 Bocnica lava 1 AlMg Si 0.5 L profil 456x20x2, 1000mm EN 573-3 AW 6061 T6
10  |Podpera 4 Al Mg 1 Si Cu PLO 40x2x1000 AW 6061 T6

1 |Lista 4 Al Mg 1 Si Cu PLO 100x2x1000 AW 6061 T

12 |Zaraka 2 Al Mg 1 Si Cu PLO 40x2x50 AW 6081 T6

13 [Standartny spoj 5 1SO 3780 MSx12 6 Ocel

14 |Latovy rost 1 Borovicovy masiv

15  |Textiina paska 2 Textil

16  |LoZiskovy vysuv 1000mm 4 Ocel

17 |UloZny box 485x50x1000 1 Preglejka

18 |UloZny box2 540%300x1000 1 Preglejka

18  |Profil 5 20x20x500 2 AlMg Si05F 25
20 |Profil 5 20x20x820 3 AIMg Si0O5F 25
21 |Klb 5 20x20 sada 2 Zinkovy odliatok, Ocel
22 |Stavacia ndzka D20, M5x45 2
23  |Drazkova matica 5 St M5 25 Ocel
24  |Zavitova skrutka DIN 6912-M5x8 25 Ocel

3. KONTROLNY VYPOCET NAMAHANIA KONSTRUKCIE

Pre kontrolny vypocet namahania konstrukcie ramu sa pouzila pevnostna analyza pomocou
metddy konecnych prvkov. Do softvéru Ansys Workbench bola importovana zostava vytvorena
v CAD programe Autodesk Inventor so zjednoduSenou geometriou prierezov 20 x 20 mm.
Dalej boli zadefinované vlastnosti materialu pre zliatinu hlinika s ozna¢enim EN AW-6063 T66
[AIMgSi0,5 F25] [2].
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Mechanické a fyzikalne vlastnosti materialu EN AW-6063 T66:
Medza pevnosti v tahu R, min. 245 MPa

Medza klzu R,0,2 min.195 MPa
Hustota 2,7 kg/dm?
Taznost As min. 10%
Taznost' A1o min. 8%

Koef. tepelnej roztaznosti ~ 23,6x10° 1/K
Modul pruznosti v tahu E  cca 70 000 MPa
Modul pruznosti v Smyku  cca 25 000 MPa
Tvrdost’ cca 75 HB 2,5/187,5

Nasledne sa vytvorila siet’ elementov a boli zadefinované okrajové podmienky. Konstrukcia
je zat'azena na vSetkych profiloch, ktoré st v kontakte s drevenym rostom, so sustredenim do
stredu taziska rdmu. Zatazenie je zadané hmotnostou 160 kg (1 600 N), pricom sa ratalo s
priemernou hmotnost’ ¢loveka 80 kg a zat'azenim pre dve osoby.

Z &xis - Directional Deformation - 1. s

Type: Directional Deformation(Z Axis)

Unit: mm

Glokal Caordinate Systerm

Time: 15

17.5, 2003 13:33
0.18296 Max
013601
0,12006
010212
007517
0048223

o7
-0,0056693

Obr.9 Ekvivalentné napétia v zostave Obr. 10 Posunutia v smere osi Z
Figure 9. Equivalent voltages in the assembly  Figure 10. Displacement in the Z-axis
direction

Obr. 9 popisuje ekvivalentné napidtia v zostave, priCom najvicsSie napdtia, o hodnote 127
MPa, vznikajii v oblastiach spojov a v strede dizok profilov. Maximalne napitie je relativne
vzdialené od medze klzu materialu.

Ako reakcia na tieto napétia vznikli v jednotlivych profiloch prichyby. Na obr. 10 v smere
osi Z je mozné odc¢itat’ najvacsi priehyb 0,18 mm, v smere osi X je najvacsi priehyb 0,5 mm a a
v smere osi Y 4,3 mm.

Konstrukcia pri danych podmienkach zat'azenia z hl'adiska pevnosti vyhovuje. Z vysledkov
vSak vyplyva, ze pri vy§Som zat'azeni by bolo potrebné posilnit’ najkritickej$iu oblast’ vysuvne;j
Casti pomocou podpery, alebo pouzitim silnejSich profilov.

4. ZAVER

Utelom préace, bolo navrhnit konstrukciu na spanie do kufru osobného automobilu,
vyuzitelni pre kemping. Medzi hlavné poziadavky patrila dostatond povnost,
rozoberatel'nost’, vytvorenie tlozného priestoru a vyuziteI'nost’ pre dve osoby.

V praci je zahrnuty popis konstrukéného navrhu zakladnej Casti zostavy, jej jednotlivych
Casti, ako je uloZenie podzostav, riesenie spojov, potrebné doplnenie hlinikovych list, ¢i vyber
dreveného rostu. Clanok zahfia tiez navrh pre vyuZitie Glozného priestoru a rozne varianty
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uloznych boxov, podla preferencii zdkaznika. Poslednd kapitola sa zaobera pevnostnou
analyzou namahania konS$trukcie s vyuzitim metdody konec¢nych prvkov. Pomocou pevnostnej
analyzy, v sofvéri Ansys Workbech, bolo zistené, ze pri zadanych podmienkach, z hl'adiska
pevnosti, je ram konStrukcie vyhovujaci. Platforma bola navrhnutd pre dvoch ludi, s
priemernou hmotnost'ou dospelej osoby 80 kg, ¢o je pre zdkaznika vyhovujuce. Navrhnuta
konstrukcia spifia vietky poziadavky uvedené v poziadavkovom liste. V pripade buducej
zmeny poziadaviek na vysSiu hmotnost’ zatazenia, je moznost’ ku rdmu doplnit’ podperné
kompatibilné hlinikové profily, pripadne zvazit' tento fakt pred vyrobou a pouzit hlinikové
profily rady 6 s prierezom 30 x 30 mm.
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Abstract: This paper presents issues covering additive technologies, Computer-Aided Design
(CAD) and knee orthoses. A personalized knee brace was designed. Single component parts
were designed, assembled, and then additively manufactured using FDM/FFF 3D printing
technology. The developed prototype uses a pneumatic actuator that protects against sudden
changes in the bending angle. The completed orthosis design allowed for the formulation of
conclusions necessary to undertake further research on the optimization of the proposed
solution.

Keywords: Additive technologies, 3D printing, Computer-Aided Design (CAD), orthosis,
manufacturing.

1. INTRODUCTION

The development of additive manufacturing technology is slowly becoming everydayness.
Its impact on medicine is easily visible in sectors such as orthopedics, dentistry and cardiology.
The use of 3D printing takes place in pre-operative diagnosis and planning of procedures as
well as teaching aids for students.

In the history of manufacturing, an important factor limiting personalized production was
the high costs of production preparation, sometimes too high to make one product. The new era
based on additive technologies primarily shortens production time, reduces prototyping and
implementation costs, minimizes material costs, and limits the amount of waste.

Computer-aided design CAD is used, among others, in mechanical, electrical and
construction engineering. An important part of CAD design is digital geometric modeling
aimed at developing a digital record of the product's structure by determining its geometric,
dynamic and technological features. Computer support is a key element used and described in
this work.
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The aim of the work is to design and produce an innovative prototype of a personalized knee
brace using a selected incremental method, using computer-aided CAD and an automation
element - a pneumatic actuator.

The work consists of two parts. The literature review describes issues related to additive
methods, selected technologies and their properties, basic information about orthoses with
a broader presentation of knee joint orthoses, as well as information about computer-aided
design and manufacturing systems, CAD systems in particular. The second part is of its own
work describing the actions taken in the design and production processes. The developed
prototype was manufactured using FDM additive technology - the components were made on
the Prusa i3 MK3 model using the CarbonLook Carbon Black PLA filament.

The summary of the results described in the work allowed for the formulation of
conclusions, as well as the physical assembly of a demonstration model enabling analysis of the
correctness of the design assumptions and visualization of the need for possible design changes
in further design proceedings.

2. FDM

FDM technology (Fused Deposition Modeling), also known as FFF (Fused Filament
Fabrication), is the most common additive method. The genesis of its creation, similarly to
other technologies, was the need to reduce the costs and time of creating prototypes. Over the
years, finished products and their components began to be manufactured. In the case of FDM,
the manufacturing process involves the use of a thermoplastic polymer, forming its geometry
under the influence of high temperature. The models are printed by depositing successive layers
of a semi-liquid material that is extruded from a heated nozzle at a specific pressure and
temperature. The material used is has a constant diameter (1.75 mm or 2.85 mm). It is extruded
continuously through the printer's nozzle. This is a simple mechanism consisting of a bearing
pressed by a spring to a gear wheel, moved by a stepper motor, which is responsible for
introducing the material to the print head. It looks like two rollers moving in opposite directions
(Fig. 1) [3, 4].

Fig. 1. Picture of FDM technology [4]

The most popular types of materials used in this additive method are [4]:
ABS — thermoplastic used in industry,

PLA — thermoplastic based on organic compounds,

PA — highly durable, used e.g. for the production of ropes,

PETG — used, among others, for the production of plastic bottles,
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e TPU — flexible, rubber-like.

The materials are available in various colors. The material is most often hung on the printer's
arm, but it can be placed in another place intended for this purpose. It is recommended to pay
attention to feeding it to the extruder and print head so that it is uninterrupted. We can improve
this process by feeding the material through a tube. The head is heated to the temperature that
a given filament needs to be melted. These temperatures can reach up to 260°C. The exact
value depends on the printer model. The filament is transformed into a semi-liquid state, which
is sufficient to draw a shape on the worktable of the 3D printer. The material that is placed on
the work table dries almost immediately. However, if we use a model with a heated table, it still
remains plastic [3,4].

Printing takes place after importing the CAD model from the selected environment (such as
Inventor, NX, Solid Edge), via a file with the STL extension to the printer software (for
example Slicer), which is an input signal for the 3D printer, causing the printing nozzle to move
in the desired arrangements. and paths based on G-code obtained from the software. The print
head moves above the worktable in the XY axises and, like a plotter, places plastic on the
surface of the worktable according to the previously created shape. If the printer is equipped
with one print head, the color of the model is the same as the color of the filament. Manual
replacement is possible by pausing the printout, but the differences will only be visible in the

Z axis (Fig. 2) [3, 4].
NN\

1 2 3 4 5
Fig. 2. Creating the first layer of a 3D printed element [4]

Then the worktable or head moves in the Z axis and the next layer is applied. In this way,
a spatial model is created layer by layer. Simply remove the finished model from the work table
and remove the "supports" - print support structures that can be generated by us. FDM is the
only existing additive technology capable of printing models from pure ABS and other
injection thermoplastics. It can be used both in the production of functional prototypes, final
products and semi-finished products [4].

3. KNEE JOINT ORTHOSIS

The knee is the largest and most complex joint in the human body. It is characterized by
a hinge structure and connects the femur with the lower leg. Due to its functions, location and
structure, the knee joint may be subject to dislocations, sprains, contusions and fractures.
Therefore, we want it to be both flexible and resistant to overload. Orthoses for this part of the
body are popular among athletes due to their simple structure and low total weight. We can
divide them into: clock, semi-rigid and flexible. The main criterion that we should follow when
choosing the right orthosis is the type of injury. It is also important whether it will be
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a preventive, corrective or therapeutic solution. In each of these situations, the attending
physician should have a key influence on the decision. There are three types of knee orthoses
[5, 6]:

¢ Clock (Fig. 3A) recommended for damage to the anterior and lateral cruciate ligaments,
surgical treatment of ligaments, patella or meniscus. A physiotherapist or orthopedist is
responsible for changing the bending angle and general adjustment; trying to adjust it
yourself may aggravate the injury.

e Semi-rigid (Fig. 3B) which is a type of joint strengthening or to prevent the regeneration
of an injury. It has the form of a sleeve with splints sewn in parallel to the joint to
stabilize the knee during activity.

¢ Flexible (Fig. 3C) used mainly by athletes who are exposed to minor knee injuries. Also
recommended in case of overload, moderate joint sprain and degeneration of its surface.
The advantage of this type of orthosis is its versatility. It is also helpful in the treatment
of rheumatoid arthritis, chronic knee pain and swelling. Unfortunately, it is not
reinforced in any way.

Fig. 3. Knee joint braces: clock (A), semi-rigid (B), flexible (C) [7-9]

An important factor when choosing a knee brace is its size. Too large, it may slip and,
consequently, it will not provide proper stabilization. Too little may cause pressure, leading to
wounds. The material for the orthosis is also crucial. Stiffeners are made primarily of carbon
and glass fibers due to their lightness. However, elastic elements are made of neoprene or
knitted fabrics - breathable materials. They ensure the drainage of fluids, do not cause abrasions
and improve movement [5, 6].

4. CAD

The first computer-aided CAD systems were called Computer Aided Drafting. They were
used only to create and modify drawings that were part of the construction documentation.
Their development took place towards geometric and functional integration with CAP, CAM
and PPC systems through network communication (CIM structure), and then into open
multifunctional systems with a distributed data structure with full integration with the EDM
(Engineering Data Management) system, engineering and the PDM (Product Data
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Management) system for. CAD programs differ in their scope of support and degree of
universality, and can be divided into three groups [10]:
1) used for drawing,
2) mid-level modelers,
3) top-level modelers.

Computer Aided Design (CAD) is the use of computer hardware and software to support
technical design or digital geometric modeling. The latter is an intermediate stage between
concept and production. The product information environment is shown in Figure 4 [10].

Obliczenia
wytrzymatosciowe
CAE

Inne analizy
(np. kosztu
wykonania)

Koncepcia

Multimedialna
prezentacja
produktu

Modelowanie

'malizacja
Opty ! cyfrowe CAD

Wirtualna
obrobka

Wytwarzanie

Fig. 4. Information environment of CAx digital modeling [10]

The basic components of CAD include the following [10]:

e computer representation of structures: digital modeling, preparation of drawing
documentation from digital models, drawing using a computer for drawing - CADD
(Computer Aided Design and Drafting);

e databases, e.g. of standardized elements or material properties;

¢ simulation, visualization and animation — CAID (Computer Aided Industrial Design), for
the purpose of digitally presenting products.

In addition, other areas of engineering activities are connected with CAD, such as [10]:

e optimization of structures and processes,

e strength engineering calculations, e.g. using the FEM method,

ereverse engineering - obtaining digital models of objects by scanning their shapes and
internal structure,

eneural networks (artificial intelligence algorithms, including expert systems, advisory
systems),

e word processors and spreadsheets in technical design.

Digital geometric models created and saved using CAD systems are most often used in
product design and manufacturing processes. We distinguish the following types of digital
geometric models [10]:

e cdge,

e surface,

e solid CSG (Constructive Solid Geometry),



Project of the personalized knee joint orthosis intended for manufacturing... 199

¢ solid B-Rep (Boundary Representation),

e hybrid,

e fractal (using the self-similarity of objects),
e composed of voxels (voxel models).

In modern enterprises, an important factor is the archiving and central availability of
information about descriptive product data. Full PDM documentation (Product Data
Management) consists of the following items [10]:

e construction documentation - CAD geometric models, construction drawings, parts list,
order sheets,

e technological documentation — digital CAM models, description of manufacturing

technology, requirements for the finished product,

e normative documentation - reports confirming tests performed, use risk analyses, CE

declarations of conformity, certificates and approvals,

e manuals and commercial documents - user manuals, warranty cards, price lists, lists of

spare parts, labels, advertising brochures.

The above-mentioned data are most often stored in electronic form in databases, enabling
their regular updating and also facilitating the keeping of a history of introduced changes [10].

5. MODELING, ASSEMBLE and 3D PRINTING

The individual elements of the orthosis were designed in Autodesk Inventor 2024. The
press-fit connection was chosen as the connection method. The geometry of the components
was developed based on the anatomical dimensions of the author's leg. The measurements were
carried out using a standard tailor's meter and a drawing ruler. A modular design was chosen
due to its simplicity. 7 different parts were modeled, 4 of them (Upper Rim, Lower Rim, Left
Hingelnner, Right Hingelnner) were printed individually. The remaining ones (Hinge,
Connector 1, Connector 2) were produced in quantities of 2 pieces. The CAD models are
shown in Figures 5.

Assemble: figure 6 shows the assembly of previously designed orthosis elements in the
Siemens NX program. In this way, it was checked whether the dimensional accuracy was
maintained enabling its assembly in real conditions (after production), and computer
visualization was carried out.

3D printing: after assembly, the original CAD models allowed for test prints to be made for
actual visualization, allowing for subsequent dimension corrections.

Each element was saved in the STL format and placed in the Prusa Slicer 2.7.1 environment,
and then "cut" after setting the printing parameters, along with supports on the table - figures
no. 7. The finished G-code was saved on a memory card, which, when placed in a 3D printer,
enabled the element to be printed.

The initial elements were printed with only 15% infill to reduce material consumption and
save time and energy, while maintaining the minimum strength needed for a real test assembly.
Selected of them are shown in Figures 7. The test assembly is shown in Figure 8.
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Fig. 5. Parts models desiged in Autodesk Inventor 2024
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In the case of test prints, the material used was a PLA (polylactide) filament, in various colors,
characterized by good durability, low material shrinkage and visual attractiveness. It is widely
used, among others, for making functional prototypes, figurines and large models [12]. All
parts were manufactured on a Prusa 13 MK3 3D printer shown in Figure 7.

Fig. 7. Prusa i3 MK3 3D printer [11]; Element 3 "Connectorl" in the base state; Element 3
being cut, along with generated supports
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Fig. 8. Test prints and Test assemble.

The final prints were made with the CarbonBlack Carbon Look PLA filament (Fig. 9),
containing the addition of carbon fibers, which enabled the printing of models with a satin
surface and hardly visible layers [13]. The infill percentage was increased (70%) to balance the
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strength properties, stiffness and weight of the structure. The internal filling method was also
changed to a gyroidal pattern. It is one of the few structures that provide support in every
direction, prints relatively quickly, and allows you to save material without crossing paths. An
additional feature is the original appearance [14].

Technical specifications of the material:
e Diameter: 1.75 [mm]
e Net weight: 1 [kg]
e Printing temperature: 195 — 225 [°C]
e Table temperature: 40 — 60 [°C]
e Cooling: 50 — 100 [%]

Fig. 9. Filament PLA CarbonBlack [13]

A pneumatic actuator, specifically a gas spring, was used in the work. Its role is to prevent
a sudden change in the assumed bending angle, which could cause the patient to develop a new
injury or increase the current one. A gas spring with a force of SON and a stroke of 100 mm
was used. Angular ball joints on screws with M8 metric thread were used as mountings.
The nominal dimensions of the spring and mountings are shown in Figures 10.
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20mm + 245mm + 20mm = 285mm

Fig. 10. Spring dimensions with joints.

Actual assemble: the personalized knee brace shown in Figures 11 was finally assembled
from the printed elements together with the actuator.

Fig. 11. Views of the final assembly of the orthosis
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6. SUMMARY

3D printing is the technology that increase its popularity rapidly in recent years. Products
manufactured by using a 3D printer are useful both in everyday life and in industrial sectors
dealing with commercial production. Using CAD design in the Autodesk Inventor 2024 and
Siemens NX environments, the efficient development of the orthosis assembly model and the
introduction of necessary corrections at the test printing stage were possible. Additive
manufacturing using FDM technology with the appropriate selection of material is a relatively
simple process. It requires only basic theoretical knowledge in the field of operating the control
panel, basic printer maintenance and knowledge of computer software dedicated to a given
device model. Treatment of knee joint problems requires the use of special stiffeners, which
helps the joint to be kept in its proper position and not to exposed it to overload. By using
appropriate orthoses, we are able to full recovery faster and more confidently. They are useful
primarily in rehabilitation after fractures, surgeries, Achilles tendon damage and other similar
problems. While developing the project, it was primal task to balance the comfort of use and
functionality of the orthosis based solely on the anatomical dimensions of the lower limb of the
author of the work. The greatest difficulty encountered was the external shape of the knee,
which had to be taken into account in order to maintain the above-mentioned. features. The
ideal solution would be to use a 3D scanner and combine the spatial visualization of the object
for which the solution is being implemented with an assembly design in a virtual environment.
This would reduce the consumption of time, energy and material for work related to verifying
the design assumptions of the developed orthosis. Additionally, after determining the final
geometry of the orthosis and the material from which it will be made, a strength analysis should
be performed using, for example, the finite element method (FEM). The use of an actuator is
a futuristic idea, aimed at, among others: considering the inclusion of automation elements in
the designs of orthopedic appliances as various types of stabilizers, counters, or supporting
parts. The next stage of design research should be to perform operational tests, including
functional tests, and perform optimization or structural improvement of the described solution
in order to obtain a more optimal one.

7. CONCLUSIONS

The analysis of the prints produced in the course of the work and the complete actual
assembly of the developed orthosis allowed to formulate following conclusions:

e The developed prototype of a personalized knee orthosis fulfills the intended functions, it
stabilizes and relieves the joint, and also keeps it in a given position, preventing from sudden
movements.

e The use of a pneumatic actuator has executed the expected effect - it does not allow for a
sudden change in the bending angle. Considering that this is only a prototype, it offers
considerable scope for developing the idea of an orthopedic device using an automation
element.

e The use of computer support in creating CAD models significantly speeds up the design
process. The possibility of relatively simple dimensions change and other possible
corrections is crucial in today's times which require for us to increase our use of computer
support in our projects.
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The process of manufacturing elements using additive technologies is a process that requires
much less time, energy and material use compared to other manufacturing methods, which
makes it certainly one of the most developing technologies.
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Streszczenie: Celem pracy byto okreslenie wptywu odksztalcenia plastycznego na wybrane
wiasnosci mechaniczne i mikrostrukture stopu miedzi CuCr. Materiatl poddano odksztalceniu
plastycznemu, a nastepnie wyzarzono w réznych temperaturach. Wykonano badanie
Scieralnosci metoda ball-on-plate o ruchu posuwisto-zwrotnym, ktore zostalo zrealizowane
przy uzyciu trybometru firmy CSM Instruments do badan trybologicznych w trybie
obrotowym, oscylacyjnym 1 posuwisto-zwrotnym, mozliwo§¢ badan trybologicznych w
cieczach 1 w temperaturze do 150 °C, wyposazony w profilometr Tylor-Hubson Sutronic 25
oraz zbadano wytarcie za pomocg mikroskopu elektronowego.

Abstract: The aim of the work was to determine the influence of plastic deformation on
selected mechanical properties and microstructure of the CuCr copper alloy. The material was
subjected to plastic deformation and then annealed at various temperatures. An abrasion test
was carried out using the ball-on-plate method with reciprocating movement, which was
carried out using a CSM Instruments tribometer for tribological tests in rotational, oscillating
and reciprocating mode, possibility of tribological tests in liquids and at temperatures up to 150
°C, equipped with with a Tylor-Hubson Sutronic 25 profilometer and abrasion was examined
using an electron microscope.

Stowa kluczowe: Cu-Cr, odksztalcenie plastyczne, mikrostruktura, $cieralno$¢

1. WSTEP

Miedz jest waznym pierwiastkiem znanym juz od starozytno$ci. Nalezy do grupy metali
niezelaznych. Charakteryzuje si¢ metalicznym potyskiem i czerwong barwg. Zaletami czystej
miedzi jest duza plastycznos¢, dobra przewodnos¢ cieplna i elektryczna oraz odporno$¢ na
korozj¢. Miedz nie rdzewieje a takze nie trzeba jej specjalnie konserwowac co sprawia, ze jest
materialem dobrze znoszacym uplyw czasu. Glownymi zastosowaniami mie¢dzy innymi s3:
przewody elektryczne, pokrycia dachow, rury 1 wymienniki ciepta [1, 2].

Stopy miedzi z cynkiem sg nazywane mosigdzami, z niklem miedzioniklami, natomiast z
cyng albo pozostalymi pierwiastkami - brgzami. Wlasnosci mechaniczne miedzi mozna
zwigkszy¢ stosujac niewielki dodatek pierwiastkow stopowych. Taki material nazywa si¢
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miedzig stopowa. Dodatek pierwiastkéw ma wpltyw na zmiang¢ wlasnosci mechanicznych oraz
mikrostruktury [3-5].

Chrom jest jednym z pierwiastkéw stopowych dodawanych do miedzi w celu zwickszenia jej
wytrzymatosci oraz zmiany konduktywnosci. W przypadku stopu CuCr, dodatek chromu moze
powodowaé¢ zmiany struktury krystalicznej, co wptywa na zwigkszenie ilosci defektéw w
mikrostrukturze oraz zmian¢ przewodnictwa stopu. Przewodno$¢ materialu zalezna od wielu
czynnikow, w tym od struktury krystalicznej, rozktadu fazowego oraz obecnosci dodatkow
stopowych. Dodatek chromu do stopu CuCr moze jednocze$nie zwickszy¢, jak 1 zmniejszy¢
przewodnos¢ w zalezno$ci od warunkdéw procesu wytworczego oraz zawartosci chromu.
Dodatek chromu do stopu CuCr ma wpltyw na jego konduktywnos$¢ poprzez strukture
krystaliczng, rozktad fazowy oraz wystapienia defektéw punktowych i granic ziaren, co
powoduje zmiany wtasciwosci fizycznych materiatu [6].

Wiele przewodéw ma zyly wykonane w technologii wielodrutowej tzn. kilka lub kilkanascie
cienszych drutow splecionych ze sobg. W przypadku gdy taki przewod pracuje, wystepuje
tarcie pomigdzy poszczegdlnymi drutami co w ostatecznosci prowadzi do zuzycia si¢
przewodu.

2. MATERIALY I METODYKA BADAN

Badanym stopem jest znormalizowany stop CuCr gdzie okoto 0,85% to Cr, a 0,15% Zr. Do
badan przygotowano stop w postaci cylindrycznej o $rednicy ¢12mm i wysokosci 12mm. Przed
rozpoczeciem badania materiat wyzarzano w temperaturze 500°C przez godzing w ochronnej
atmosferze argonu.

Badany stop poddano odksztatceniu plastycznemu na zimno i gorgco. Miedz stopowa byta
poddana odksztalceniu plastycznemu z wartos$cig stopnia gniotu wynoszacym 60% . Na
rysunku 1 przedstawiono krzywe naprezenia w funkcji odksztatcenia stopu CuCr
odksztalconego plastycznie z wykorzystaniem symulatora obrobki cieplno-plastycznej Gleeble
3800 bedacego na wyposazeniu Laboratorium Naukowo-Dydaktycznego Nanotechnologii i
Technologii Materiatowych Politechniki Slaskiej. Na podstawie wykonanych testow
stwierdzono, iz wraz ze wzrostem temperatur odksztatcenia plastycznego z 300 do 600°C
stwierdzono obnizenie warto$ci maksymalnych napregzen uplastyczniajacych o okoto 130 MPa,
a doktadniej odpowiednio z 455MPa na 325MPa.
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Rysunek 1. Krzywe naprezenia w funkcji odksztatcenia stopu CuCr odksztatconego plastycznie
w temperaturze 600 oraz 300 °C
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Figure 1. Stress versus strain curves of a CuCr alloy plastically deformed at 600 and 300 °C

Wyzarzanie rekrystalizujace zostalo zrealizowane dla materialu, ktory wczesniej byt
odksztatcony plastycznie na zimno. Stop wyzarzono w temperaturach: 450°C, 500°C i 550°C,
ktore byty dobrane na podstawie analizy literatury [6-8]. Proces wykonano w piecu firmy
Nabertherm w atmosferze ochronnej Ar. Czas trwania wyzarzania materialtu wynosit 1h.
Nastepnie material chtodzono swobodnie do temperatury pokojowe;.

Tabela 1. Oznaczenia w zaleznos$ci od zastosowanej obrobki cieplno-plastyczne;.
Table 1. Markings depending on used type of thermoplastic treatment.

. Temperatura odksztalcenia Temperatura
Oznaczenie stopu o . - o
plastycznego, [°C] wyzarzania,[°C]

CuCr/300(OP) 300 -
CuCr/600(OP) 600 -
CuCi1/300(OP)/450(W) 300 450
CuCr/300(OP)/500(W) 300 500
CuCrt/300(OP)/550(W) 300 550

OP — obrobka plastyczna, W - wyZarzanie

3. WYNIKI BADAN
3.1. 3.1. Badanie mikrostruktury

Badania mikrostruktury (Rysunek 2a-2d) zostaty zrealizowane za pomoca mikroskopu
swietlnego Axio Observer firmy Zeiss wraz z dedykowanym oprogramowaniem do analizy
obrazu struktur metalograficznych. Do badan mikrostruktury zostaty przygotowane zgtady
metalograficzne przy uzyciu: potautomatycznej szlifierko-polerki STRUERS LaboPol-5 z
glowicg LaboForce-3, szlifierko-polerki STRUERS Tegramin-30 z gtowica automatyczng oraz
dozownikiem wielokanalowe] oraz urzadzenia do elektro-polerowania i elektrotrawienia -
automatycznej elektropolerki do zgtadow inkludowanych wraz z baza odczynnikow STRUERS
LectroPol-5.

a)
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d) CuCr/300(OP)/450(W)

Figure 2.
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¢)CuCr/300(0P)/550(W); d) CuCr/300(OP)/450(W)

1.2. Badanie twardos$ci

a)  CuCr/600(OP);

100 ym
Rysunck 2. Mikrostruktura stopu 2)CuCr/600(OP); b)CuCr/300(OP); ¢)CuCr/300(0P)/550(W);

b)CuCr/300(0P);

Badania twardos$ci zrealizowano przy uzyciu twardo$ciomierza Vickersa (HVS) z

automatycznym torem pomiarowym z wykorzystaniem analizy obrazu FUTURE-TECH FM-
ARS 9000 (czas pom. 10 s).

Tabela 1. Wyniki pomiaru twardosci stopow CuCr
Table 2. Hardness measurement results stopow CuCr

Twardos¢ HV
Materiat CuCr/300 CuCr/600 CuCr/300 CuCr/300 CuCr/300
kontrolny (OP) (OP) (OP)/450(W) (OP)/500(W) (OP)/550(W)
159 172 15 175 168 155
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Rysunek 3. Wynikéw badania twardosci stopéw CuCr
Figure 3. The hardness test results CuCr alloys
1.3. Badanie $cieralnosci
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Pomiar odpornosci na $cieranie metoda ball-on-plate o ruchu posuwisto-zwrotnym zostato
zrealizowane przy uzyciu trybometru firmy CSM Instruments do badan trybologicznych w
trybie obrotowym, oscylacyjnym i posuwisto-zwrotnym, mozliwo$¢ badan trybologicznych w
cieczach 1 w temperaturze do 150 °C, wyposazony w profilometr Tylor-Hubson Sutronic 25.

Materiatem $cierajacym byla kulka wykonana z Al,O3 o $rednicy 6mm. Badanie wykonano
w temperaturze pokojowej. Sita docisku kulki do $cieranego materialu wynosita SN. Wytarcie
bylo w formie linii, gdzie kulka poruszala si¢ z maksymalng predkoscig 5 cm/s wykonujac
tacznie 5000 cykli. Zarejestrowany wynik wspotczynnika tarcia dla badanych materiatow
zamieszczono w tabeli 3. Szeroko$¢ wytarcia wyznaczono przy uzyciu mikroskopu
elektronowego Supra-35 (Rysunek 4, Tabela 4).

Tabela 3. Wspotczynnik tarcia stopow CuCr odksztatconych plastycznie i wyzarzonych
Table 3. Friction coefficient of plastically deformed and annealed alloys ( CuCr/300(OP) ;
CuCr/300(0P)/550(W) ; CuCr/600(OP))

Badany materiat CuCr/300(OP) CuCr/300(OP)/550(W) CuCr/600(OP)

Warto$¢ 0,52 0,53 0,54
wspotczynnika tarcia

100 pm EHT = 15.00 kv Signal A= SE2

EHT =15.00 kV/
WD =11.7 mm Mag = 200 X '_| WD =11.6 mm Mag = 200 X

Rysunek 4. Sciezka wytarcia po probie
$cierania ,,ball-on-plate” : a) CuCr/300(OP);
b) CuCr/300(OP)/550(W); c) CuCr/600(OP)
Figure 4. Abrasion path after ball on plate
abrasion test: a) CuCr/300(0OP); b)
CuCr/300(OP)/550(W); c) CuCr/600(OP)

100 pm EHT = 15.00 KV Signal A= SE2
WD =121 mm Mag= 200X
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Tabela 4. Wyniki pomiaru szeroko$ci $ciezki wytarcia
Table 4. Results of measurement of abrasion width

Szeroko$¢ wytarcia [um] Wartqs ¢

Srednia

CuCr/300 (OP) 290,5 284,2 277,6 300,2 293.9 289,28
CuCr/300 (OP) /550(W) 340,5 340,6 319,6 326 338,9 333,12
CuCr/600 (OP) 385,7 3583 269,6 334,1 366.,4 342,82

2. PODSUMOWANIE

Zmiana wtasnosci zalezy glownie od stopnia gniotu, temperatury, ale takze od szybkosci
odksztalcenia. Z rysunku 1 wynika, ze stop miedzi w temperaturze 600°C wymagal
najmniejszej sily odksztatcenia. Oznacza to, ze w materiale nie doszto do umocnienia. Dla
temperatury 300°C potrzebna sita byta znacznie wigksza, oznacza to, ze doszto do umocnienia
a zgniot zostal wykonany na zimno.

Podczas wyzarzania po zgniocie dochodzi do przemian w materiale. Dostarczona energia
pozwala na powr6t atoméw do potozen o najmniejszej energii. W wyniku czego zachodzi
stopniowy zanik defektow sieci. [4]

Oba materiaty przedstawione na rysunku 2 c) i d) byly poddane obrébce plastycznej i
nastepnie wyzarzone. Jedyna roznica tkwi w temperaturze wyzarzania 550 i 450 °C. W
przypadku obrobki plastycznej z wyzsza temperatura mozna zauwazy¢ po granicy ziaren, iZ s
one zauwazalnie wigksze niz przypadku wyzarzania w temperaturze 450 °C. Swiadczy to o
wystapienie zjawiska rekrystalizacji wtdérnej. Charakteryzuje si¢ ona rozrostem ziaren i
pochlanianiem tych mniejszych. Zjawisko to moze wystapi¢ w gornych zakresach
rekrystalizacji materiatu. Dla badanego materiatu zakres ten wynosi od okoto 400 do 600 °C.
Analizujac mikrostruktury przedstawione na rysunku 2 a) i b) mozemy zaobserwowac
tworzenie si¢ zarodkéw nowych ziaren. W materiale wyzarzanym w nizszej temperaturze
(450°C) zarodki nie rozrosty si¢ do takiej wielkosci jak w przypadku wyzarzania w
temperaturze 500 °C. Widoczne zarodkowanie w obu przypadkach §wiadczy o wystgpieniu
rekrystalizacji pierwotnej.

Odksztalcenie plastyczne to proces, w ktorym material ulega trwatej deformacji pod
wplywem zewngtrznej sity. W przypadku stopéw miedzi, odksztatcenie plastyczne ma istotny
wptyw na ich konduktywnos$¢ elektryczng. Stopy miedzi sg jednym z najwazniejszych
materialdow stosowanych w przemysle elektrycznym i elektronicznym ze wzgledu na swoja
wysokg konduktywnos¢.

Podczas odksztatcenia plastycznego stopu ponizej temperatury rekrystalizacji, do sieci
krystalicznej wprowadzane sg dyslokacje. Dyslokacje te utrudniajg ruch innych dyslokacji,
prowadzac do wzrostu wytrzymatos$ci i twardo$ci materiatu. Stopien zgniotu ma istotny wptyw
na umocnienie materiatu.

Wyzarzanie odksztalconego plastycznie stopu prowadzi do rekrystalizacji i wzrostu ziaren,
co moze zmniejszy¢ gestos¢ dyslokacji, a w konsekwencji zmniejszy¢ twardo$¢ materiatu.
Widaé to podczas zestawienia wynikow pomiaru twardosci (tabela 2) z wspotczynnikiem
tarcia (tabela 3), szerokos$cig $ciezki wytarcia (tabela 4). Zachodzi tu mocna korelacja
pomigdzy duza twardos$cig materiatu, a matg szerokoscig Sciezki wytarcia.
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Abstract: In this paper corrosion tests have been conducted on 304 steel, chemically passivated
in 10% nitric acid, 10% and 20% citric acid. Corrosion behaviour have been investigated in
3.5% NaCl solution. The aim of this work was to compare corrosion resistance of examined
material after passivation in different solutions. EIS measurements were performed in a
conventional three-electrode cell at ambient temperature (25°C), after stabilization for
approximately 1 h at open-circuit potential (OCP). The data obtained as a result of the study
allowed for determination of the Bode and Nyquist plots.
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1. INTRODUCTION

Modern technology places a number of different requirements on construction materials in
terms of durability and reliability of the structure, low cost and availability of the materials
used, good strength properties, corrosion resistance and low specific weight. There is a constant
search for new materials and technologies that can meet the requirements. Issues related to
corrosion currently deserve more and more attention due to the increased corrosive
aggressiveness of the natural environment due to increasing air and water pollution [1].

The chemical resistance of a group of corrosion-resistant steels is based entirely on the
phenomenon of passivation. The corrosion resistance results from the thin oxide film formed on
the surface of the steel (Figure 1.) [2]. The most commonly used chemical method to passivate
a stainless steel surface is to apply nitric acid [3]. Nitric is a strong mineral acid and will
quickly dissolve all iron compounds and other trace metals on the surface. It is also a strong
oxidizer and will simultaneously activate the chromium oxide layer. Even though nitric acid is
a strong chemical, high temperatures and extended times are used to ensure the reaction is
effective and complete [4-6].

Citric acid is sometimes used for passivating stainless steel. As well as being effective at
removing iron and its compounds from surfaces, it is safer to use than nitric acid, is
biodegradable, produces fewer effluent concerns and is also used as a food ingredient. But, it is
not an oxidizer and will not achieve the second step of classic passivation and relies on natural
air oxidation [7].
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Cr,0, Protective Oxide Layer

Fe + C + Cr (min. 10.5%)

Stainless Steel Part The chromium content in the stainless steel The chromium oxide layer is re-formed
Free of Contaminant reacts with oxygen in ambient air. and protects against corrosion.

Figure 1. Stainless steel passivation process [2]

2. MATERIALS AND METHODS

304 austenitic stainless steel was used in this study with chemical composition in wt. 100%
as follows: C <0.07; Si < 1.0; Mn < 2.0; P< 0.045; S<0.015, Cr=17.5-19.5; Ni = 8.0-10.5; N
< 0.11. The metallographic examinations were performed using Zeiss Axio Observer Zlm
optical microscope with 400 and 1000x magnification.

Before corrosion investigations the base steel was cut into 10mm x 10mm plates and surface
of the material was grinded with SiC paper and polished with Al,O3 solution in order to obtain
the surface without roughness and scratches. All specimens were ultrasonically cleaned in
ethanol for 10 minutes.

Chemical passivation was performed in 10% nitric acid, 10% and 20% citric acid solution. A
citric acid solution is an environmentally friendly alternative to nitric acid, offering effective
passivation while minimizing environmental impact.

Corrosion behaviour have been investigated using apparatus showed in Figure 2. The set
consists of a steel wire as a counter-electrode (CE), the reference electrode Ag/AgCl (RE) and
working electrode (WE) includes an examined material. To evaluate sample corrosion
performance electrochemical impedance spectroscopy (EIS) was used. The electrolyte was
3.5% NaCl solution, naturally aerated at room temperature with an exposed sample area of 34.2

mm2 .

CE

Potentiostat

RE

WE

I

Figure 2. Experimental set-up of the corrosion investigations

Computer
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3. EXPERIMENT RESULTS

Based on metallographic observations of austenitic steel OHI8N9 (1.4301) 304 in the initial
state, it was found that the structure of the tested steel consisted of austenite grains with
numerous slip lines and bands after plastic deformation (Figure 3).

Figure 3. Optical micrographs of AISI 304 steel in initial state a) 400x, b) 1000x respectively

Table 1 shows the impedance results for the tested samples, Figure 4 shows Nyquist plots
and Figure 5 show Bode plots in the coordinate system: log(Z), log(f), phase shift angle.

Nyquist plots of the samples represent fragments large incomplete semicircles, which are a
typical impedance response for thin films oxides. Analyzing Nyquist plots, it was observed that
the highest value of ImZx (opposite imaginary impedance) and the largest semicircle radius
was achieved in case sample passivated in 10% nitric acid (ImZx = -310 kQ*cm? at impedance
real equal to ReZx= 720 kQ*cm? ), however, the effects are not significantly better than these
obtained for steel in its initial state. The lowest value was shown for the sample passivated in
20% citric acid (ImZx = -320 kQ*cm? ReZx= 970 kQ*cm? ).

The sample in its original state, without a chemically produced passive layer, showed higher
ImZx value (ImZx = -340 kQ*cm? ReZx= 890 kQ*cm? ) than the 10% passivated sample citric
acid (ImZx = 330 kQ*cm? at ReZx= 900 kQ*cm? ). The Nyquist plot shows that passivation in
citric acid decrease corrosion. Obtained values of the phase shift angle are very similar for all
tested samples, and the curves are represents similar shape.

The highest value of R1, i.e. the resistance of metal ions to solution, was found for the
sample passivated in nitric acid and this value is much higher than those obtained for remaining
samples. The next highest result was obtained for the reference sample (4623.76 Q*cm?),
however, this value is almost 5 times lower than for nitric acid (19021.93 Q*cm?). The worst
results were obtained for samples passivated in citric acid, of which the sample was the least
resistant to corrosion processes passivated in a 20% solution. CPE is a parameter related to
diffusion and imperfection surface. The highest values of electrical capacitance CPE1 were
recorded for the sample passivated in nitric acid (41.165 S/cm? ), and the lowest for the one
passivated in citric acid 10% (35.345 S/cm?). Reducing electrical capacity is also associated
with increasing the thickness of the passive layer.
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Table 1. EIS results of examined samples

Sample Rs [Q*cm?] N1 CPE1 [S/cm?] RI1[Q*cm?]
Citric acid 10% 2.734 0.884 35.345 3809.89
Nitric acid 10% 2.830 0.890 41.165 19021.93

Initial state 3.057 0.902 36.264 4623.76
Citric acid 20% 2.107 0.883 37.057 3541.89

The sample passivated in 20% citric acid showed a slightly higher value capacity of CPE1 than
the sample in the initial state. Parameter "n" in most cases approaches 1, which indicates that
the tested surface is smooth and there are quite passive layers compact and porosity-free.
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0 20000

Figure 4. Nyquist plot of experimental data
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The lowest value of the N1 parameter was obtained for the reference sample (0.902), on which
no passive layer was chemically produced, however, all values are very close to each other.
Based on the results obtained, the equivalent system shown in the following was adapted
(Figure 6). It consists of two resistors, Rs and R1, respectively, and also contains a capacitor
designated CPE1. The beginning of the system is marked with the letter "a" and its end is

marked as "a'".

a)

80 o

60

40

Angle [°] -

20

log ()

Angle [°]

log(f)

Figure 5. Bode plots a) sample passivated in 10% citric acid, b) sample passivated in 10%

nitric acid
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CPE1
Rs a'

Figure 6. Equivalent Circuits

4. CONCLUSIONS

Based on the analysis of the investigation results, the following conclusions were formulated:

1.

Application of the nitric acid solution to the chemical passivation process results in better
steel corrosion resistance than in the case of passivation with a citric acid solution of the
same concentration.

. Passivation in both acids, as well as a self-generated passive layer provide effective

protection of austenitic steel against pitting corrosion in atmospheric conditions chloride
ions.

. Increasing the concentration of citric acid from 10 to 20% used for chemical passivation

does not improve the corrosion resistance of austenitic steel.
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Abstract: The continuous development of additive technologies is beginning to play an
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1. INTRODUCTION

Products can be manufactured in three different ways: subtractive, shaping, or additive
technology. In recent years, additive technology has developed significantly. Initially used for
rapid prototyping, additive manufacturing has become increasingly popular for creating
finished objects and is now accessible to everyone. 3D printing is often used for producing toys
and prosthetics, architectural model prototypes, car parts, and even complete components for
aircraft engines or objects later sent into space. The market offers a wide selection of printers
and materials. The process involves feeding material in the form of a filament or other into a
special printing head, which melts and layers it, creating our product layer by layer. The
printing head's operation is based on digital code, which is set after the modeling of the element
in a program, followed by subtractive processing and the actual printing of the product.
Common materials used in 3D printing are polymeric materials such as PLA (Polylactic Acid),
ABS (Acrylonitrile Butadiene Styrene), PET-G, PVA (polyvinyl alcohol), PA 66 (Polyamide
66, more commonly called “nylon”), Laywood (a composite of polymeric materials and wood),
and Laybrick (a composite of polymeric materials and gypsum). The dynamic development of
this technology makes it an increasingly serious alternative to subtractive and shaping
techniques. Furthermore, additive technologies can be increasingly seen in constructions,
catering and even the clothing industry. [1]
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2.1 ADDITIVE TECHNOLOGIES IN CONSTRUCTION

Additive technology is beginning to play a significant role in the construction industry. It offers
an innovative approach to building design. Utilizing this technology allows for shorter
construction times, reduced environmental pollution, streamlined house design, and, most
importantly, lowered construction costs. [2-4]

This technology in construction utilizes robotic arms. Depending on the building's needs, they
enable the arm to be placed at its center, allowing the head to move in a wheel-based motion,
applying layers of cement (Picture 1). Alternatively, special scaffolding and rails can be set up
over the construction site to enable the head to apply layers of material (Picture 2). [7,8]

Picture 1 Central robotic arm Picture 2 Different construction of robotic arm

The process itself resembles classic additive technologies, layering the material according to
the design. Special concrete mixtures are used for construction, characterized by a faster setting
time.

This reduces the concrete setting time sufficiently for the entire building to be constructed in a
single continuous process. The material must also meet other requirements such as high
plasticity, allowing easy extrusion of material by the printer nozzle, resistance to weather
conditions and mechanical loads to ensure the longevity of the building. Sometimes,
reinforcing fibers and setting accelerators are added to the mix to enhance the material's
mechanical properties. Furthermore, research also focuses on developing ecological concrete
mixtures that could be produced from recyclable waste materials [6-9].

Automating the construction process and reducing waste materials significantly lower
construction costs. Buildings constructed using additive technology can be cheaper than their
conventional counterparts by 30-60%, depending on their design and location. The time needed
to build such a house also decreases significantly, with continuous printer operation and a
reduced number of required workers, construction can take from a few days to a few
weeks [2-4].

Homes built using additive technology can already be seen in many countries around the world,
for example, a 5-story building in China (Picture 3), military barracks of 350 m? in Texas,
USA, and an entire neighbourhood in Mexico built solely using additive technology (Picture
4).[8,9]
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Picture 3 5-story building in China Picture 4 Estate in Mexico

Additive technologies in construction have the potential to revolutionize our approach to
building design and construction. They not only offer cost and time savings but also provide
solutions to various issues such as rapid and easily accessible social housing for the less
fortunate, reconstruction of buildings affected by natural disasters, and even the construction of
structures on other planets. [5]

2.2 ADDITIVE TECHNOLOGIES IN GASTRONOMY

Over the last few years, additive technologies have become the mainstream of technological
development to such an extent that a method of food printing has begun to be developed. The
original idea was to enable astronauts in space to print food.

In 2007, researchers at Columbia University's Creative Machines Lab developed a personal
fabrication system called Fab@Home that allows you to create edible objects for example using
cake frosting, chocolate, processed cheese, and peanut butter. They devoted their further
research to finding a way to cook food while printing it. Adding lasers to the 3D printer turned
out to be the solution that allowed these activities to be performed on the same machine. To
check the correctness of the printer, a test was carried out comparing the taste of 3D printed and
laser-cooked chicken with traditionally cooked chicken. (Picture 5) The poultry from the
machine was twice as juicy, did not shrink that much and, most importantly, tasted like regular
chicken. The research team is constantly working on expanding the system's capabilities to
include printing from materials in forms other than liquids, such as powders, solids, gels. [10]

Picture 5 3Drind chicken
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Meat isn't the only thing that additive technology can revolutionize. Israeli company Redefine
Meat uses 3D printing to create plant-based meat with the same structure, texture and taste as
beef steaks. Among other things, the company analyzes the properties of meat using a standard
compression test to see how it changes during chewing and recreates the way muscle fibers
adhere to each other to carefully locate plant fibers. The idea is to imitate as closely as possible
the various components of a steak bite, such as muscle fibers, fat inclusions and connective
tissue, and to simulate the experience of eating it, including its aroma, flavor and juices.
(Picture 6) Final plant-based steaks have more fiber and less fat than traditional steaks.
Moreover, they have the same amount of protein but no cholesterol. [11]

Picture 6 Vegetable meat similar to beef steak

Printing our meals can help fight food waste, which is what the Netherlands-based company
Uprising Foods does, which wants to turn discarded food into edible printing material. The
increasing availability of consumer printers will likely make 3D printed food more common,
and therefore food printing will significantly reduce the amount of carbon dioxide released into
the atmosphere and contribute to reducing the amount of animal farming. In a special
application it would be possible to select a menu that coincides with food materials with the
appropriate viscosity. Advanced technology would help manipulate the amount of nutrients
delivered according to demand, but some nutrients, such as vitamin C, are inherently unstable
and may degrade under the heat of the printer. [10,11]

2.3 ADDITIVE TECHNOLOGIES IN CLOTHING AND FASHION

FDM technology (Fused Deposition Modeling) is currently the most used additive method. It
has found its application even in fashion industry. FDM makes three-dimensional element by
squeezing thread like liquid thermoplastic material throughout the jet. As every other additive
technology, FDM applies subsequent layers to create the expected product. After appropriately
matching the filaments and the geometry of printed object, it can be used to produce flexible
products that will resemble textile materials. The most common materials used in 3D printing is
thermoplastic polyurethane (TPU) and sometimes polyamide 66 colloquially known as nylon.
Many fashion brands and fashion designers have used clothing printing in various ways. As all
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of that methods used FDM technology the differences between them lie in the material
geometry design techniques.

The most interesting and complicated method is using self-assembling material. The designer
calls it a bistable auxetic structure, it can be called a material that has mechanism. Auxetic
materials are the one with negative Pisson’s ratio, by definition “these materials expand in all
directions when a tensile force is applied in one direction.” [12] They also contract laterally
when compressed. Designing such a material involves applying special cuts to it, by which that
material will be able to spread in different ways and sizes depending on adopted length t and
angle 0 value (Picture 8). During stretching, the smaller elements move and rotate in two
dimensions while still being connected (Picture 7 and 9). It is also possible to print auxetic
material that will expand in three dimensions. Thanks to these properties and using TPU as a
filament, printed material will be flexible and stretchy (Picture 10). Clothes made by this
method are comfortable to wear and can adapt o every build. [13]

Picture 7 Auxetic material before expanding Picture 8 Length t and angle 6

W

Picture 9 Expanded auxetic material Picture 10 Dress made of auxetic
material

The next method for printed clothes is to use old chainmail geometry (Picture 11). It is possible

to print material that will resemble textile materials in its movement. The important thing is to

select the appropriate size of printed elements, too small and thinner ones will be more

susceptible to breakage. Larger elements, however, will affect the smoothness of material

movement.

From the outside, printed garment looks like it is made of scales, but from the inside, the joints

of each of the, are visible. The material is printed seam-side up and can bend freely (Picture

12). The direction of bending depends on the shape of the shell and connections.
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Picture 11 Chainmail-like material Picture 12 Printed material

DIY dress: Hex made of hexagons, which are printed separately and then assembled into the
final product. (Picture 13)

Picture 13 Hex Dress

Some also took inspirations from chains. In this case, the entire material is printed in one go.
(Picture 14 and 15)

Picture 14 Pinted chain-like material Picture 15 Chain-like material
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This is how "Harmonograph Dress" was created, printed with the Object500 Connex3 3D
Printer, by the New York fashion house ThreeASFOUR (Picture 16). The dresses of their
design are created based on previously made silhouettes (pl. silhouettes) made of textile
material, by scanning a model wearing a given design. Thanks to this, it is possible to continue
working on the dress in the program. It is important for designers to maintain the ergonomics of
creations, which is why geometry is developed. Parts of the dress that are to be more
susceptible to bending (e.g. armholes) are made of smaller and thinner elements, while those
that are to be more rigid are made of larger ones. The use of such a connection allows
maintaining the ergonomics of the human body and free movement. [14]

Picture 16 Harmonograph Dress Picture 17 Harmonograph Dress by closer look

The next example by ThreeASFOUR is “Oscillation Dress” done in a slightly different way.
Unlike previous methods, the parts of the creation are connected through fabric linings that
have been sewn together. Each part of the dress was printed separately and later lined with a
thin layer of fabric. (Picture 18 and 19) [14]

Picture 18 Oscillation Dress Picture 19 Fabric on Oscillation Dress

Currently, there are many brands working on garment printing using 3D printing methods.
Some of them came up with the idea of returning clothes no longer wanted by the consumer to
be able to melt them and reuse them, thanks to which the production of clothes from a printer
can be ecological.
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3. CONCLUSIONS

The use of additive technologies is still niche compared to subtractive technologies, but it
provides many modern solutions and countless possibilities. The development of this industry
branch can have a crucial impact on the future in many sectors, not only in construction,
culinary, and clothing.

BIBLIOGRAPHY

[1],,Programowanie i obstugiwanie procesu druku 3D” M. Cader, K. Burzynski, E. Burzynska
[2] https://www.youtube.com/watch?v=D19rhG5BPrM

[3] https://www.youtube.com/watch?v=DradkrIHFUI

[4] https://www.youtube.com/watch?v=kmSfAwGmoul

[5] https://all3dp.com/2/first-3d-printed-house/

[6] https://apis-cor.com

[7] https://www.iconbuild.com/technology

[8] https://www.iconbuild.com

[9] https://www.winsun3d.com/En/

[10] https://www.youtube.com/watch?v=2kCjSq_1-0s

[11] https://www.acs.org/education/resources/highschool/chemmatters/articles/3d-printed-
foods.html

[12] “Handbook of Mechanics of Materials” Hsueh Chun-Hway — Reference work 2019

[13] https://www.youtube.com/watch?v=4AISkNqSW-
8&list=PLg40Okiua3lc5jePwN{395SsZRoWU qaXi&index=7&t=60s
[14]https://www.youtube.com/watch?v=4j61ZDKpwTQ&list=PLg4Okiua3lc5jePwN{395SsZR
oWU _gaXi&index=3&t=249s



17th-19th June 2024
Gliwice, Poland

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

-

TalentDetector INTERNATIONAL STUDENTS SCIENTIFIC CONFERENCE

Selected properties of perlite concrete also with waste lightweight aggregate

Nicole Kocierz, Barbara Stomka-Stupik®

# Silesian University of Technology, Faculty of Civil Engineering, Department of Building
Structures
email: barbara.slomka-slupik@polsl.pl

Abstract: The article describes properties of ecological concrete with lightweight aggregate.
Many lightweight concrete mixtures were designed, prepared and tested, the main aggregate of
which was perlite. Waste lightweight aggregate was also added to the mixtures to check its
effect on the properties of the perlite concrete. The compressive strength, density and water
absorption of the designed mixtures of hardened concrete was tested. The greater the strength
of the samples, the lower the water absorption and the higher the density of the concrete
samples, similarly to conventional concrete.

Keywords: lightweight concrete, lightweight aggregate, perlite, circular economy, recycling

1. INTRODUCTION

Concrete in the simplest sense is a combination of aggregate, binder, water and possibly
admixtures and additives. Traditional concrete is made of sand (fine aggregate), gravel (coarse
aggregate), cement and water, and its strength increases with hardening time [1]. The division
of concrete includes heavy concrete with an apparent density > 2600 kg/m*® and ordinary
concrete 2000-2600 kg/m* and lightweight concrete < 2000 kg/m>. There are also special
concretes and cementless concretes. Concrete can also be divided according to its purpose
in construction - into structural, structural and insulating, insulating and architectural concrete
[1]. Another example is ultra-light concrete, it is concrete with a density below 800 kg/m?,
composed mainly of light and ultra-light aggregates, air-entraining and shrinkage-reducing
admixtures, dispersed reinforcement and composite meshes, cement or geopolymer binders
and special additives [ 2]. They are characterized by low compressive strength, in the range
of 1.5 - 15 MPa, low thermal conductivity and low bulk density, so they can be used
for facades [2]. Currently, when creating concrete mixtures, ecological solutions are being
sought, not only due to the lack of natural aggregates in the world or due to the large carbon
footprint during the production of the binder (cement), but also due to the properties
of the material itself. One of these properties, as already mentioned, is thermal conductivity [3].
To keep the heat transfer coefficient low, the material should be porous. Concrete porosity
can be obtained, for example, by using porous aggregate, also known as lightweight aggregate.
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Lightweight aggregates can be divided into natural and artificial, i.e. foamed and sintered
or granulated.

Perlite is classified as sintered artificial aggregates because it is created in the process
of swelling of metamorphosed volcanic rock at temperatures above 850-870°C [4]. Expanded
perlite is a natural aggregate, and its production process does not produce waste, which is why
it is also an ecological aggregate [S5]. World literature extensively describes research on foam
concrete and polystyrene concrete, but we know little about perlite concrete, expanded clay
concrete, sawdust concrete and the like. Moreover, special attention is paid to them as thermal
insulation materials, and less as construction materials [6].

The research work described here was carried out as part of the engineering project
of the author (N. Kocierz) and as part of the work in the "Build Green" Student Scientific Club.
The aim of the work was to show the influence of recycled lightweight aggregate
on the properties of perlite concrete. The compressive strength, water absorption and bulk
density of reference samples without and with recycled aggregate were tested. Therefore,
the work contains elements of circular economy.

2. MATERIALS AND METHODS

Tap water and "CEM I 52.5R turbo" cement from the Holcim cement plant, formerly
Lafarge, were used to prepare the concrete mixtures. The cement used declared a compressive
strength after 28 days of no less than 52.5 MPa, and "R" means that it had a high dynamics
of early strength development. The main aggregate used, marked "K-I", is horticultural perlite
from NOVA MINERALS, a natural quartz mineral. However, the additional aggregate, marked
"K-II", was individually prepared from construction waste and is currently covered by a patent
application. Figure 1 shows perlite as the main aggregate (K-I) and additional lightweight
aggregate (K-II).

Figure 1. Aggregate K-I (a) and K-II (b)

Concrete mixtures were prepared mainly based on the rheological properties observed
during mixing. Therefore, the mixtures were designed by observation, based on the consistency
and properties of the fresh concrete mixture. This is also how subsequent modifications
of the aggregate composition or cement content were determined. The goal was to obtain
a workable mixture - it could not be too pourable, nor too thick or dry. First, a base mixture
(PB1) was prepared, with cement as the binder and perlite as the aggregate. The PB2 mixture
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contained half as much cement and the same amount of perlite as PB1, but its water demand
increased. The following mixtures: B3, M1, M2 and M3 contained additional aggregate, which
was also highly porous, just like perlite, but their porosity was open, unlike perlite grains.
The compositions of the mixtures are given in Table 1, grain distribution - in Figure 2, and their
consistency in Figure 3. Cross-sections of 10x10x10 cm cubes of hardened concrete are shown
in Figure 4. The research methods were modified standard methods for preparing and testing
concrete.

Table 1. Percentage content of concrete mixtures components

Name of mixture PBI PB2 B3 M1l M2 M3
Water 33.63 36.23 35.03 34.29 38.34 36.51
Cement CEM [ 52.5R 53.81 43.48 19.77 20.00 18.77 21.16
Aggregate K-I 12.56 20.29 7.91 9.71 9.12 8.99
fractions, mm Aggregate K-1I
0,063-0,125 - - 2.94 - - -
0.125-0.25 - - 5.88 6.86 5.36 5.29
0.25-0.5 - - 5.88 6.86 5.36 5.29
0.5-1 - - 5.88 5.71 4.83 4.76
1-2 - - 5.88 5.71 4.83 4.76
2-4 - - 2.94 2.29 2.68 2.65
4-8 - - 7.91 2.86 4.29 4.23
8-16 - - - 5.71 6.43 6.35

According to the graph included in the standard [7], the area below curve A (Fig. 2) includes
coarse-grained mixtures, between curves A and B - coarse-grained to medium-grained
mixtures, while between B and C there are medium-grained to fine-grained mixtures. However,
the grain size range proposed in the research classifies approximately all mixtures
as fine-grained, because their aggregate grain curves are located in the area above the C curve.
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Figure 2. Grain size distribution of aggregate K-I1
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PB1

Figure 3. Fresh concrete mixtures
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PBI - PB2

M2 " M3

Figure 4. Cross-sections of hardened concrete mixtures with dimensions 10%10cm
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3. RESULTS WITH ANALYSIS

Table 2 lists the values of bulk density of reference samples without recycled aggregate
and with recycled aggregate. It can be seen that samples B3, M1 and M3 had very similar
densities, despite their different compositions. Sample M2 had a much lower density
than sample M1, although it contained more water. Such results may be indicated
by the different degree of water absorption of each of the aggregate fractions
and the subsequent method of releasing water in the cement hydration reaction.

Table 2. The density of concrete cubes

Name of mixture PBI PB?2 B3 MI M2 M3

Density, kg/m’ 987,7 695.,9 896,1 901,0 814,7 904,0

Table 3 lists the compressive strength values calculated as the average of the tests of three
samples with dimensions of 10 X 10 x 10 cm. The samples were subjected to a load
of 0.5 MPa/s and did not show any failure shapes typical of concrete. After completing the test,
the samples had no visible scratches or cracks, which may suggest good elasticity of the perlite
and recycled ecological aggregates used. The compressive strength was between 6 MPa
and 13 MPa in the case of samples with only K-I and between 6.5 MPa and 9.5 MPa in samples
with a mixture of K-I and K-II aggregates. Figure 5 shows the relationship between
the compressive strength and the density of the tested samples. The formation of the graphs
is similar, but a clear relationship between density and strength cannot be assumed
for the samples made.

Table 3. Average value of compressive strength of concrete cubes

Name of mixture PBI PB?2 B3 Ml M2 M3

Average value. MPa 13,05 6,04 8,73 9,25 6,46 9,11

14 1200.0

12 1000.0

10

800.0

600.0

400.,0

200.0

0.0

M1 M2 M3

mmm Compressive strength [MPa] s Density [kg/m3]

Figure 5. Relationship between compressive strength and density of concrete
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Table 4 lists the water absorption values of appropriate concrete samples. It can be noticed
that the high cement content in the PB1 sample halved its water absorption (26%) compared
to other samples in which the water absorption is at a constant level of 44-52%. Figure 6 shows
the relationship between water absorption and density. It can be noticed that in the case
of samples with the addition of K-II aggregate and the same cement content (B3, M1, M2),
there was a relationship that the higher the density, the lower the water absorption..

Table 4. The water absorption of concrete cubes

Name of mixture PBI PB2 B3 Ml M2 M3
Water absorption, % 26,4 479 50,4 443 51,1 46,0
60.0 1200.0

50.0 987.7 1000.0

40.0 800.0

30.0 600.0

20.0 400.0

10.0 ' 200,0
PB2 B3 M1 M2 M3

0.0 0.0

mmm Water absorption [%e] Density [kg/m3]

Figure 6. Relationship between water absorption and density of concrete

4. SUMMARY AND CONCLUSIONS

The test results showed that reducing the mass content of K-II aggregate <2 mm by 10%
(in samples M1 and M2) reduced the compressive strength by 30%, which may be caused
by a simultaneous increase in the w/c ratio (water-cement) and lower strength fine-grained
aggregates from coarse-grained ones.

Increasing the amount of cement by 14% (in samples M2, M3) resulted in an increase
in compressive strength by 40%. However, reducing the cement content by 50% in the initial
samples (PB1, PB2) resulted in a 46% reduction in strength.

It can be concluded that the course of the relationship between compressive strength
and density was compatible. Samples with the highest density had the highest strength,
and samples with the lowest density had the lowest strength. Moreover, in the case of concretes
with the same cement content and the addition of K-II aggregate, a relationship was obtained
that the higher the density, the lower the water absorption.
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Sample P2 had higher absorption than P1 because P2 contained more aggregate and less
cement. The water absorption was higher in the case of cured samples with more free water,
as seen in Figure 3. In the case of samples PB1, M1 and M3, no excess water was observed.
It is logical that the more unbound water, the greater the porosity of the binder matrix.
This results in a reduction in the strength value. As can be seen, it was the largest in the case
of PB1, M1 and M3. Fresh PB2 and M2 mixtures had the most excess water and therefore had
the lowest strength values after hardening.
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Abstract: Ecological coating solutions for substrate protection against the destructive effects of
fire are constantly sought in the wood and furniture industry. Hardly flammable, water-free, UV-
curable coating compositions dedicated to wood and wood-based substrates have been
developed. Based on the mixture of aliphatic urethane acrylate with modified polyester resin or
phosphorus-containing difunctional acrylated oligomer, recipes containing pentaerythritol and
ammonium polyphosphate — an environmentally friendly, halogen-free system of flame
retardants were prepared. The characteristics of selected physicochemical properties of
compositions with variable proportions of flame retardants (15, 30, and 45 wt%) were prepared.
Thermal analysis was performed using thermogravimetry and cone calorimetry. The hardness by
the method of pendulum damping and the water contact angle were determined. It has been
shown that the addition of flame retardants increases the thermal stability of varnishes, increasing
the decomposition temperature by up to 40°C, and improving their overall thermal characteristics
during combustion. An increase in the hardness of the coatings by approximately 20-30 s,
depending on the variant, and a hydrophobic effect of flame retardants were also observed, as
the wetting angle of the composition increased by up to 37°.

Keywords: UV-curable varnishes, flame retardants, wood protection, coatings

1. INTRODUCTION

Despite the growing awareness of fire protection, over 135000 fires in residential and
industrial buildings were registered in Poland only in 2022 [1]. This increases the need to develop
new coating solutions, especially with a more environmentally friendly profile. These efforts
include, among others, resignation from the use of halogen-based flame retardants, which, when
heated, can decompose into the toxic dioxins that can accumulate in the human body, and
formulation of varnishes without the use of organic solvents or water [2,3].
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Light-curing varnishes are an interesting alternative to the traditional coating solutions. Free
of volatile organic compounds, quick-drying, constituted in compact devices, perfectly fit into
the concept of the so-called "Green Chemistry". The high solids content of the UV formulas
allows the application of thin coatings, which, depending on their intended purpose, can be
applied to a wide variety of surfaces. Their attractiveness is also reflected in the maximum
efficiency of the application process, resulting directly from the waste-free nature of this
technology [4,5].

In industrial practice, mainly coating compositions based on halogen or phosphorus flame
retardants of organic origin are widespread. Most of all, compounds rich in chlorine and bromine
remain in use [6]. Inorganic materials such as metal oxides and hydroxides are also employed
[7]. On the other hand, the flame retardants found on a laboratory scale are carbon materials, both
in micro and nanometric form (including carbon foams, carbon nanotubes, graphene and its
oxide), often subjected to additional functionalization [8].

Despite the high application potential, the literature does not provide many examples of
research devoted to the constitution of light-curing polymer coatings with increased fire
resistance. The classically used intumescent coatings are based on melamine and pentaerythritol
and ammonium polyphosphate, for which fire protection has been confirmed [9]. This article
presents an approach involving the application of the above compounds as flame retardants for
UV-curable polymer matrix based on the mixture of aliphatic urethane acrylate with modified
polyester resin or phosphorus-containing difunctional acrylated oligomer. Based on
commercially available materials, recipes for flame-retardant coating compositions hardened by
UV radiation have been developed, dedicated to wooden and wood-based substrates, containing
15, 30, and 45 wt% of flame retardants on a liquid formula. Formulations with satisfactory
compatibility of the raw materials used and stable during storage were obtained. It has been
shown that applying such coatings to wooden and wood-based substrates not only contributes to
the improvement of their thermal characteristics, i.e. an increase in the decomposition
temperature or reduction of harmfulness during the combustion process, but also to an increase
in the hardness of the coatings and the degree of their hydrophobicity.

2. EXPERIMENTAL
2.1. Materials

On the basis of commercially available materials, stable formulations of the coating
compositions with satisfactory compatibility of the raw materials used have been developed.
Varnishes based on two polymer matrices — then described as G and R respectively — were
prepared. The first type of matrix was the mixture of aliphatic urethane acrylate (GENOMER*
4269/M22, Rahn) with modified polyester resin (GENOMER* 6050/TM, Rahn). The second was
phosphorus-containing difunctional acrylated oligomer (RAYLOK® 1722, Allnex). Selected
properties of oligomers are presented in Table 1. For the cross-linking of developed varnish
formulas, Norrish type I photoinitiators belonging to the group of aromatic ketones have been
used. The prepared systems also contain acrylic monomers, including nanosilica dispersion, and
auxiliary agents such as polymerization inhibitor and adhesion promoter. Ammonium
polyphosphate (Exolit® AP 422, Clariant) and pentaerythritol (Charmor™ PMI15, Perstorp)
together in the amount of 15, 30, and 45 wt% on total formulation were used as flame retardants.
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Table 1. Chosen properties of used oligomers

Commercial name GENOMER* 4269/M22 RAYLOK 1722

Manufacturer RAHN Allnex

Chemical description ?é(i%hizgﬁ;f;?iiﬁ;glate in ggﬁiﬂ?&ﬁ Contalmgfrylated
oligomer

Functionality 2 2

Color Index <2 Gardner 2,5 Gardner

Viscosity 40000+60000 mPa-s (25°C) | 7100 mPa-s (60°C)

Density, 20°C 1.1 g/cm? 1.1 g/cm?

2.2. Preparation of varnishes

The first stage of preparing the varnishes was to prepare a paste consisting of flame retardants
distributed in a mixture of acrylic monomers and a dispersion of nanosilica in the acrylic
monomer. In the second step, all other varnish components were added, including oligomers,
photoinitiators, and auxiliaries. To obtain the mentioned coating compositions, typical equipment
used in the paint and varnish industry is used, i.e. an attritor-type mill and a high-speed agitator
equipped with a tub. Ready mixtures are applied to a dry and loosely bound wood or wood-based
substrate by airless spray or brush. The coating compositions need to be cured with UV radiation,
which, when using 100 W/cm UV lamps, corresponds to an exposure time of preferably 30 s.
The scheme of the preparation of varnishes is shown in Figure 1.

Step | Step Il Step lll
Paste Varnish Varnish
preparation formulation application

v Flame retardants v Oligomers v" Filtration

v Acrylic monomers v" Photoinitiators v Samples preparation

Grinding
Grinding

v" Nano-SiO, v Auxiliaries v" Photopolymerization

Figure 1. Stages of the varnishes preparation
2.3. Thermogravimetric analysis

The thermal parameters of the cross-linked varnishes were determined using the Mettler
Toledo TGA/SDTA 851e analyzer in accordance with the standard ISO 11358-1 Plastics —
Thermogravimetry (TG) of polymers - Part 1: General principles. Samples weighing 9+15 mg
were placed into 70 pl AlOs crucibles and heated from room temperature to 800°C at a rate of
10°C/min in a stream of nitrogen set at a rate of 60 mL/min. Mettler Toledo StarSystem SW
15.00 software was used to analyze the obtained data. The following parameters were calculated:
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5% decomposition temperature (Tse), maximum decomposition temperature (Tmax) and the
presence of residual material as a wt%.

2.4. Cone calorimetry

The fire characteristics of tested varnishes were done using a Fire Testing Technology cone
calorimeter (CC) according to the standard ISO 5660-1: Reaction-to-fire tests — Heat release,
smoke production, and mass loss rate — Part 1: Heat release rate (cone calorimeter method) and
smoke production rate (dynamic measurement). Horizontally positioned samples with
dimensions of 100x100x4 mm were tested at a heat exposure of 50 kW/m? with a spark igniter
as a source of the fire. The thermokinetic properties of the tested samples, such as time to ignition
(TTI), flameout, total heat release (THR), total smoke release (TSR), total smoke production
(TSP), fire growth rate index (FIGRA), heat release rate (HRR), and heat of combustion (HOC)
were determined.

2.5. Hardness

The hardness of the polymerized varnishes was determined using a universal hardness tester
TQC Sheen SP0500 equipped with Persoz pendulum in accordance with the standard ISO 1522.
Then, according to standard PN-79/C-81530, the relative hardness being a percent of glass
constant (430 s) was calculated. Coatings applied to the surface of the glass plate with a thickness
of approx. 30 um were tested. The pendulum damping time was measured in 5 different places
on the sample.

2.6. Contact angle measurement

The ability of the UV-cured coatings to be physically repelled or attracted by water molecules
was determined by measuring the wettability with a Kriiss DSA 100 goniometer calorimeter in
accordance with the standard ISO 19403. Drops of deionized water with a surface tension of 72.8
mJ/m? and of a volume of approx. 2 ul were deposited on the surface of a glass plate covered
with a layer of varnish with a thickness of approx. 30 um. The contact angles (CA) at the phase
boundary were recorded in 5 replications per sample.

3. RESULTS AND DISCUSSION
3.1. Thermal analysis

The abovementioned flame retardant system has the ability to create a sacrificial carbon layer
that swells as a result of the thermal decomposition of polyphosphoric acid and ammonia salts to
phosphoric acid and its further reaction with crystalline polyhydroxyl alcohol, which is a carbon
source [10]. The addition of the abovementioned system of combustion inhibitors into the
polymer matrix contributes to the increase in the thermal stability of cross-linked coatings and
the shift of their decomposition temperature to higher values. The results of the TG and CC
analysis are presented in Tables 2 and 3 and Figures 2-4.
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Table 2. Results of TG analysis for the varnishes

Sample Ts% [°C] Tmax 1 [°C] Tmax 2 [°C] Residue [wt%]
G 202.00 296.40 428.78 13.38
Gl15 217.81 294.66 359.01 25.30
G30 225.76 295.11 343.60 31.18
G45 227.20 294.65 340.77 35.92
R 203.78 263.69 405.51 13.16
R15 217.41 27791 330.49 26.44
R30 230.93 284.37 334.58 35.98
R45 244.23 287.97 342.27 40.06
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Figure 2. TG charts for the varnishes — series of R (A) and G (B) samples

It has been shown that the addition of flame retardants into the polymer matrix contributes to
the increase in the thermal stability of varnishes. Thus, with an antipyrene content of 45%, a
reduction in mass loss of almost 23 and 27% is observed compared to the unmodified G and R
bases, respectively. In correlation with the increasing contents of flame retardants, the
decomposition temperature T5% also increases the most intensively, i.e. by 25 and 40°C, for the
G45 and R45 samples.

Table 3. Results of CC analysis for the varnishes

Sample | TT1 | THR | TSR | TSP | FIGRA | HRRuy [HRRmx | HOCu;
[s] | MIm?]| [m¥m? | [m? |[kW/m3s]|[kW/m?]| [s] |[MJ/kg]

G 22 749 | 2273.0 | 20.1 6.60 | 211.75 98 19.85
Gl15 23 52.8 | 20539 | 182 442 | 140.00 90 16.06
G30 23 64.0 | 17189 | 152 528 | 94.96 38 17.48
G45 25 46.7 | 11059 | 9.8 396 | 74.07 40 15.28
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R 21 55.0 3037.6 26.9 5.04 170.56 87 14.78
R15 20 50.5 2277.6 20.1 7.79 164.24 57 15.66
R30 21 66.0 2513.7 22.2 6.69 136.15 45 16.13
R45 30 68.2 2291.9 20.3 5.12 129.02 57 16.36
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Figure 3. HRR charts for the varnishes — series of R (4) and G (B) samples

Figure 4. Carbonized samples after CC testing

The CC test allowed for the assessment of the behavior of the developed compositions under
ignition and combustion conditions. A general improvement in the thermal degradation
parameters of varnishes was observed. First of all, the time required for ignition (TTI) has been
extended and the amount of smoke emitted (TSR, TSP) and heat release rate (HRR) have been
reduced. Similar results were observed when various types of flame retardants were added into a
whole range of polymeric materials, including paints and varnishes [11]. However, the recorded
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changes for all prepared variants are not always correlated with the amount of flame retardants
used.

The shape of the samples subjected to CC analysis, visible in Figure 4, indicates that they have
been completely charred. Visible bulges on their surface create a carbon barrier layer that protects
or delays the thermal degradation of the substrate. The resulting chars are in a foamed form,
which is especially visible in the case of R series samples and is identical to the mechanism of
creating a protective layer by the flame retardants used when exposed to high temperatures.

Table 4. Results of hardness and CA measurements for the varnishes

Sample Hardness [s] Relative hardness CA ]

G 109.70 [+0.82] 0.255 66.39 [£1.01]
G15 138.10 [£1.67] 0.321 76.80 [£0.53]
G30 142.00 [+0.86] 0.330 74.34 [£1.72]
G45 70.87 [£1.51] 0.165 75.67 [£1.26]

R 57.83 [+£0.78] 0.134 59.82 [+0.39]
R15 83.80 [£1.41] 0.195 57.03 [£0.84]
R30 95.73 [£1.59] 0.223 60.21 [£1.67]
R45 93.27 [£0.45] 0.217 60.06 [+0.83]

It was shown that at 15 and 30 wt% the addition of flame retardants increases the damping
time of the pendulum by 28 and 32 s, and 25 and 37 s for compositions G and R, respectively.
The introduction of antipyrene with a share of 45 wt% into the system results in a sharp decrease
in the hardness of the G45 composition by 38 s. For the R45 sample, the hardness was higher by
35 s relative to the warp, however, lower by 2 s than for sample R30. Similarly, all the
abovementioned dependencies were observed for results expressed as % of the glass constant
value. Interestingly, the wettability test showed the hydrophobic effect of flame retardants on the
polymer matrices used. For the G series samples, an increase in CA was observed, amounting to
approximately 10, 7, and 9° for samples G15, G30, and G45, respectively. In the case of the R
series samples, the recorded increase in CA was much more pronounced, i.e. 25, 37, and 35°,
similarly for samples R15, R30, and R45.

4. CONCLUSION

Selected properties of UV-curable varnishes dedicated to wood and wood-based substrates
were developed and characterized. It was confirmed that the pentaerythritol-ammonium
polyphosphate flame retardant system, also in light-curing systems, allows a significant reduction
of the flammability of varnish coatings. It is foreseen that the use of the abovementioned varnish
may contribute to both increasing the safety of use and extending the lifetime of the covered
wooden and wood-based elements. The application of flame-retardant coating compositions that
are the subject of this work includes coating substrates in the form of hewn, planed or planed
p