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Abstract

The expansion of additive manufacturing technologies enables the rapid and efficient production of parts
with complex geometries, making them increasingly important in the production of functional prototypes
and finished products. To ensure the reliable performance of these parts, it is essential to optimize the print-
ing parameters and analyze the material properties of the printed parts. In this study, the thermomechanical
properties of 3D printed test specimens produced by PolyJet technology were analysed, with a particular
focus on the glass transition temperature and the loss factor. The investigation concentrated on the influence
of printing orientation and layer thickness, as these key parameters affect the mechanical behaviour of the

finished parts.

Keywords: additive manufacturing, Polyjet technology, thermomechanical properties, layer thickness.

1. Introduction

The mechanical properties of test specimens
produced using PolyJet technology, such as tensile
strength, elongation at break, and elastic modu-
lus, significantly depend on the printing orien-
tation and layer thickness. Tensile tests indicate
that variations in printing direction and layer
thickness fundamentally influence the mechani-
cal behavior of the test specimens. Additionally,
printing orientation affects hardness and glass
transition temperature. Dynamic mechanical
thermal analysis (DMTA) tests show that the val-
ues of complex elastic modulus and loss factor
are orientation-dependent. [1] Furthermore, me-
chanical differences between various materials
can also be observed, which change depending on
printing parameters, facilitating the fine-tuning
of properties required for specific applications.

1.1. Effect of printing orientation on me-
chanical properties

During the investigation of the mechanical
properties of test specimens manufactured using

the PolyJet process, the authors determined that
the material exhibits anisotropic behavior. Their
study found that within the same plane, chang-
es in orientation did not result in significant dif-
ferences in the elastic modulus. However, when
comparing different build planes, tensile strength
and elongation at break showed substantial var-
iations. It was observed that specimens printed
in a vertical orientation exhibited increased ten-
sile strength but decreased elongation at break,
whereas specimens printed in a horizontal orien-
tation displayed the opposite trend. Changing the
layer thickness did not affect the results for hori-
zontally printed specimens but had an impact on
the mechanical properties of vertically printed
ones. In configurations parallel to the build di-
rection, tensile strength significantly decreased
compared to other orientations, reinforcing the
anisotropic nature of the material [2].

A separate study using bending tests reached
similar conclusions when comparing test speci-
mens produced with different printing orienta-
tions. The results showed that specimens manu-


https://doi.org/10.33923/amt-2025-01-01
https://doi.org/10.33924/amt-2025-01-01

2 Bogndr A., Kun K., Zsidai L. — Acta Materialia Transylvanica 8/1. (2025)

factured in the Y direction exhibited the highest
flexural strength. For rigid materials, the lowest
values were observed in the Z direction, where-
as for more flexible materials, the lowest flexural
strength was recorded in the X direction. Exami-
nation of the flexural modulus indicated that the
Y orientation yielded more favorable results com-
pared to the X direction, while in the Z direction,
the modulus decreased with increasing material
flexibility [3].

1.2. The effect of printing orientation and
layer thickness on the glass transition
temperature

The aim of the research was to investigate the
viscoelastic and thermomechanical properties of
test specimens printed using PolyJet technology
under different printing parameters. In the first
experiment, the researchers examined the effect
of layer thickness and printing orientation on the
glass transition temperature. According to the
results, the highest glass transition temperature
was observed in the X orientation, while the low-
est was in the Y orientation, with a difference of
approximately 20°C. Printing with a greater lay-
er thickness resulted in a higher glass transition
temperature [4].

1.3. Effect of material quality and printing
orientation on the complex elastic mod-
ulus and loss factor

In this study, the variation of the complex elastic
modulus of PolyJet-manufactured specimens was
investigated as a function of in-plane orientation
and testing configuration. The results showed no
significant difference between horizontal and
vertical printing; however, tensile testing yielded
higher dynamic modulus values, while bending
tests exhibited a higher loss factor. Additionally,
the complex modulus and loss factor of different
materials were examined. For stiffer materials,
the elastic modulus varied by three orders of
magnitude with increasing frequency, whereas
for more flexible materials, this change was more
than fourfold [5, 6].

Based on the reviewed literature sources, it is
possible to identify the parameters that influence
the mechanical properties of the manufactured
parts. The studies clearly indicate that different
printing orientations and layer thickness settings
affect the mechanical characteristics of the test
specimens. Additionally, the quality of the mate-
rial used plays a key role in the obtained results.

2. Materials and methods

The aim of the present study is to investigate
the glass transition temperature of the specimens
printed using the PolyJet process, taking into ac-
count different layer thicknesses and printing ori-
entations. In the experiment, the material quality
remains constant, and its effect is not examined
in the article.

2.1. Test specimens

The test specimens were printed in three differ-
ent orientations: XYZ (A), XZY (B), ZXY (C) (Fig. 1).

The research results showed that printing orien-
tation influenced the mechanical properties; how-
ever, the effect of further in-plane arrangements
was negligible. The classification and naming of
the test specimens are shown in Table 1. The lay-
er thickness can be adjusted in parallel with the
printing speed, so the chosen settings were (High
Speed: HS) and (High Quality: HQ.

For the DMTA tests, rectangular specimens are
required, and their dimensions were selected
based on the measurement fixture used. The de-
termined dimensions are 35x10x3mm. The mod-
eling of the specimens and their export to STL for-
mat were performed using Autodesk Fusion 360
software.

Table 1. Grouping and naming of test specimens

Orientation Hig?;sl;eed Higl}lgg)a 1157
XYZ (A) HSA HQA
XZY (B) HSB HQB
ZXY (C) HSC HQC

Fig. 1. Test specimen arrangement in the Objet Studio
slicing software
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Fig. 2. Objet Eden 250 Polyjet 3D printer

Fig. 3. Materials in the Poly]et printer:
a) support material and b) model material

Table 2. Mechanical properties of IORA Model White
RGD835 material [1]

Properties Value Standard
Tensile modulus 2000-3000 MPa | ASTM D638
Tensile strength 50-65 MPa ASTM D638
Elongation at break 13-24% ASTM D638
Impact strength (IZOD, 2
notched, A 23°C) 20-30 J/mm ASTM D256
Flexural strength 75-110 MPa ASTM D790
Flexural modulus 2200-3200 MPa | ASTM D790
Deflection temperatu- o
re (HDT) @ 0,45 MPa 46-51 °C ASTM D648
Deflection temperatu- o
re (HDT) @ 1,82 MPa 46-51°C ASTM D648
Glass transition tem- 59-54 °C ASTM D4065
perature (Tg)

2.2. PolyJet 3D printing machine

The test specimens were manufactured using a
Stratasys Eden 250 PolyJet 3D printer (Fig. 2). The
3D printer used in this study can process two dif-
ferent types of materials: one for the model and
one for the support. The printer’s build platform
measures 250x250 mm, with a maximum usable
printing volume of 200 mm in the Z direction.
Its resolution is 600 dpi along the X-axis, 300dpi
along the Y-axis, and 1600 dpi along the Z-axis [7].

2.3. Materials

The printing materials are IORA Support 705
for the support structure and IORA Model White
RGD835 for the model material (Fig. 3) [8, 9].

The applied IORA Support 705 material provides
excellent stability to ensure that the models main-
tain their shape and integrity throughout the en-
tire printing process. With the support material,
it is easy to create complex and intricate geom-
etries. After printing is completed, the support
material can be easily removed using a water jet,
ensuring a clean and flawless final result [8].

IORA Model RGD835 materials are versatile and
reliable 3D printing materials that belong to the
PolyJet photopolymer family and are widely used
across various industries. They offer high opacity
and tensile strength, making them ideal for pro-
ducing models that require fine details, such as
various casings, fasteners, and prototypes. The
high resolution of the PolyJet process ensures
that printed parts are extremely precise and have
excellent surface quality, which is particularly
important for end-use products and precision
components. These materials are an ideal choice
not only for functional prototypes but also for
the production of final products with impeccable
aesthetic quality. The key properties of the model
material are summarized in Table 2 [9].

2.4. Manufacturing specimens

In high-quality (HS) mode, the layer thickness of
the printed test specimens was 16 pm. The speci-
mens were surrounded by support material from
all directions. The total printing time was 4 hours
and 40 minutes. In high-quality (HQ) mode, the
layer thickness was 29 um, so the software divid-
ed the entire print into 1215 layers, with a total
manufacturing time of 2 hours and 40 minutes
(Fig. 4). The finished test specimens can be easily
removed from the build platform using a special-
ized tool, and the surrounding support material
can be washed away with a water jet. The manu-
factured test specimens are shown in Fig. 5.
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Fig. 4. Objet Eden 250 during the printing process.

Fig. 5. The finished specimens after cleaning.

Fig. 6. DMTA measurement modes: 1) shear; 2) three-
point bending; 3) dual cantilever; 4) single can-
tilever; 5) tension/compression. [10]

Fig. 7. Measuring equipment: a) TA DMTA Q800 and
b) fixed test specimen

After printing, in the case of the PolyJet process,
there is no need for post-curing of the test spec-
imens, unlike traditional photopolymerization
methods.

3. Testing method

Polymers are often subjected to dynamic loads.
Therefore, it is important to understand their
behavior under periodic, repetitive loading as
well. In DMTA tests, the stress applied to the test
specimen and its frequency are Kkept constant.
The temperature is changed in a defined manner
(usually at a constant rate over time), and the re-
sulting deformation is measured. Based on these,
the mechanical properties of the polymer can be
determined. The material testing was conducted
on a TA DMTA Q800 device, with a single-sided
grip (Fig. 6/4) [1, 10].

The test specimen, with dimensions of
35x10x3 mm, was secured in two screw grips with
atorque of approximately 1 Nm (7. abra). The dis-
tance between the two grips was 17.2 mm.

During the DMTA measurement, one end of the
test specimen is fixed, while the other is oscillated
with a constant amplitude at different frequen-
cies, while the temperature is gradually increased.
Before the actual test, preliminary measurements
were used to determine the most suitable exper-
imental setup parameters (amplitude, frequency
range, temperature range). In our case, the ideal
oscillation amplitude was 10 ym. The tempera-
ture range was set from 40 to 90°C, with heating
occurring in 2°C steps and a 1-minute tempera-
ture hold. The test specimen was oscillated at 11
frequencies between 1 and 21 Hz in linear 2 Hz at
each temperature.

4. Results

The six different test specimens (orientation A,
B, C, as well as HS and HQ settings) were meas-
ured individually according to the procedure
described above. This study focuses on the glass
transition temperature and the loss factor, so
these data were primarily presented.

4.1. Frequency dependence of the glass
transition temperature

Based on the measurement data, for each fre-
quency, the maximum Tan(8) value and the cor-
responding temperature must be determined.
These temperature values were recorded in a
table for each test specimen and frequency, and
then averaged for the three different orientations
of the test specimens. The analysis had to be per-
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Fig. 8. Frequency dependence of the glass transition
temperature.

Fig. 9. Loss factor curves as a function of temperatu-
re in the high-speed setting.

Fig. 10. Loss factor curves as a function of tempera-
ture in the high-quality setting.

formed for both printing settings (HS and HQ).
The results are shown in Fig. 8.

The diagram shows that the glass transition tem-
perature (Tg) changes as a function of the excita-
tion frequency. With an increase in frequency,
the glass transition temperature of the material
increased, which was observed for both printing
settings, whether in high speed or high-quality
mode. Furthermore, the glass transition tempera-
ture of the test specimens produced in high speed
mode was approximately 2°C higher than that of
the high-quality test specimens.

4.2. Effect of printing orientation on the
glass transition temperature

The measurement data can be used to plot the
Tan(8) curves for each test specimen at a frequen-
cy of 1 Hz. As shown in Fig. 9, 10. for both set-
tings, there is a slight but noticeable difference
in the tan(8) peaks for the test specimens with
different orientations, which causes a shift in the
glass transition temperatures. The lowest values
in the high-speed printing setting are observed in
the ,A” orientation, while the highest values are
found in the ,,C” orientation test specimens.

4.3. Effect of printing settings on the glass
transition temperature

Examining the effect of printing settings on the
glass transition temperature, it can be observed
that in the ,,A” orientation, the printing settings
have no impact at any frequency (Fig. 11).

However, in the ,,B” orientation, a difference be-
tween the two settings can be observed. The glass
transition temperature (T,) of the high-quality
specimen is 2°C lower (Fig. 12).

A similar but slightly larger difference can be
observed in the ,,C” orientation, where the glass
transition temperature (Tg) of the specimen
printed with the high-quality setting is 4°C higher
(Fig.13).

Fig. 11. Loss factor distribution at 1 Hz Frequency:
»A” orientation.

Fig. 12. Loss factor distribution at 1 Hz Frequency:
»B” orientation.
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This trend in the values can be observed at both
low and higher frequencies.

4.4. Effect of printing settings and orienta-
tion on the loss factor

From the temperature-loss factor diagrams,
it can be observed that the tan(8) curves differ
not only along the temperature axis but also in
their peak values. The loss factor is the ratio of
the lost energy to the elastically stored energy.
The following diagrams indicate that there are
differences in the tan(8) peak values depending
on both the printing orientations and printing set-  Fig. 13. Loss factor distribution at 1 Hz Frequency:
tings (Fig.14 and 15). »C” orientation.

The test specimens printed in the ,C” arrange-
ment exhibit the highest tan(§) peak values (least
elastic), while those printed in the ,A” arrange-
ment have the lowest values (most elastic). The
frequency has a slight influence on the tan(§)
peak values. Comparing the printing settings, it
can be observed that the high-quality specimens
have lower variability in their values. Based on
the measurements, it can be concluded that the
printing orientation and layer thickness affect
the thermomechanical properties of the test spec-
imens. The testing frequency shifts the glass tran-
sition temperature towards higher temperatures.
The influence of printing orientation has a slight
effect on the glass transition temperature, but
no clear trend is observed in the results. When
comparing the printing settings, it is evident that,
except for the ,,A” arrangement, the high-quali-
ty specimens generally exhibit lower glass tran-  pig. 14. Maximum values of the loss factor for
sition temperatures. Examining the loss factor high-speed specimens.
peak values, the lowest values are found in the
»A” arrangements, while the highest values are
observed in the ,C” test specimens. Based on the
obtained results, it can be concluded that the
printed products exhibit anisotropic properties.

5. Conclusions

The research examined the mechanical proper-
ties of test specimens manufactured by the Poly-
Jet 3D printing process, with particular attention
given to the effects of printing orientation and
layer thickness. The studies found that orienta-
tion and layer thickness have a significant impact
on the glass transition temperature and the loss
factor, which influence the material’s mechanical
behavior. Higher glass transition temperatures
were observed in test specimens printed at higher
speeds. This research could contribute to fine-tun-
ing manufacturing parameters, enabling a wider  Fig. 15. Maximum values of the loss factor for
industrial application of PolyJet technology. high-quality specimens.
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Abstract

This study investigates the feasibility of producing surfactants (surface-active agents) from alternative, envi-
ronmentally friendly raw materials for application in enhanced oil recovery (EOR) processes. The primary
objective is to identify and evaluate sustainable feedstocks capable of replacing conventional, widely used
surfactant materials that often pose environmental concerns. The paper provides a detailed overview of the
analytical and physicochemical methods employed in the characterization of the synthesized surfactants,
focusing on key parameters such as surface tension reduction, stability, and emulsification performance. The
physicochemical properties of the newly developed surfactants are compared with those of commercially
available agents currently used in EOR applications. The ultimate goal of this research is to support the devel-
opment of sustainable and eco-conscious alternatives that maintain or improve oil recovery efficiency while

minimizing environmental impact.

Keywords: enhanced oil recovery, sustainability, environmentally friendly, surfactant.

1. Introduction

In the context of global energy demands, a key
ambition is to extract oil from oil fields and res-
ervoirs with maximum efficiency. When the re-
sidual oil trapped in the reservoir rock cannot
be recovered by conventional recovery methods,
an Enhanced Oil Recovery (EOR) process is em-
ployed. [1]. This process involves the use of an
additive that changes the chemical and physi-
co-chemical properties of the oil in the porous
rock (reservoirs), making it more mobile and eas-
ier to bring to the surface [2]. The fundamental
principle underpinning the method is that the
auxiliary substances employed act on the forces
that hold the oil in the pores of the reservoir rock,
thereby preventing it from flowing out [3]. EOR
technologies can utilise several types of auxiliary
substances, which can be thermal, gas injection,
chemical or other auxiliary substances. The type
of extraction process employed is contingent on
the geological properties of the reservoir, the
physical and chemical characteristics of the oil

and the composition of the reservoir water [4, 5, 6].
The methods employed are delineated in Fig.1 [7]:

The remainder of this study focuses on the
analysis of surfactants employed in chemical
enhanced oil recovery (cEOR) processes. As il-
lustrated in Fig. 1., the auxiliaries of the chem-
ical process encompass polymers, surfactants,
alkalis, and foaming agents [8]. The concurrent
utilisation of these auxiliaries can elicit syner-
gistic effects. The present study investigates the
surfactants utilised in petroleum extraction pro-
cesses, with a view to replacing the conventional
surfactant feedstocks with eco-friendly vegeta-
ble oil alternatives. The syntheses undertaken in
this study focus on the preparation and testing of
geminitype surfactants, which represent a dis-
tinct group of surfactants. Gemini surfactants are
compounds that possess dimeric structures. In
contradistinction to simple surfactants, gemini
surfactants possess two long hydrophobic hydro-
carbon chains and two hydrophilic headgroups,
which are connected by a spacer. Their schematic
structure is shown in Fig. 2.
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Fig. 1. Additives used in enhanced oil recovery processes (LPG-liquefied petroleum gas) [7]

Fig. 2. Schematic structure of gemini surfactants.

2. Raw materials

The following paper presents the results of an
experimental study into the physical and chem-
ical properties of the plant-based surfactant KO-
MAD-710, developed, produced and marketed
by MOL Plc., the coconut oil-based surfactant
Empilan 2502, the oleic acid-based surfactant
SPANB0 marketed by SigmaAldrich, and two pro-
prietary sunflower-based experimental gemini
surfactants (experimental surfactants ZMG-1 and
ZMG-3).

The experimental work, which analyzes the
physical and chemical properties and impact as-
sessment of commercially available surfactants,

is shown in Table 1 were analysed. All the sur-
factants investigated belong to the non-ionic
group.

Our own experimental surfactants are gemi-
ni-type non-ionic surfactants based on vegetable
oil. The synthesis of the experimental surfactants
presented in the following chapters is broadly
similar, the only difference being the number of
carbon atoms in the spacers used, but in both cas-
es the compound used was dibromoalkane.

The first step in preparing the experimental sur-
factants was to make a glycerol ester intermedi-
ate by transesterification from vegetable oil and
glycerol. Then, the glycerol ester intermediate
was reacted with dibromoalkane in an alkaline
cyclic medium using a phase transfer catalyst.
The reactions were carried out at 100-250 °C and
ambient pressure. The product was dried with
anhydrous sodium sulphate [9].

3. Methodology

The physical and chemical properties of the sur-
factants and the impact studies were evaluated
and carried out using the following methods.

3.1. Density and dynamic viscosity

Density and dynamic viscosity were measured
at 40 °C using an SVM 3000 Stabinger Viscometer.
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Table 1. Commercially available surfactants and their environmentally friendly base materials

Brand of surfactant KOMAD- 710 Empilan 2502 SPAN8O

Raw material Rapeseed oil Coconut oil Sorbitol

Distributor MOL Nyrt. Huntsman Sigma-Aldrich
3.2. The pH value 3.7. Emulsifying (solubilising) effect test

The pH was measured in a 5 g/l distilled aqueous
solution of the surfactants using a SevenCompact
Duo from Mettler Toledo.

3.3. Solubility

The solubility of the surfactants in water was
also tested in a 5 g/l distilled aqueous solution
by visual inspection and transmittance meas-
urement. Transmittance was measured using an
Avantes AvaSpec-DUAL spectrophotometer.

3.4. Pour point

The pour point was measured with a Koehler
automatic pour point and freezing point meter.

3.5. Water number

The test is used to determine the hydrophilic-li-
pophilic nature of surfactant compounds, thus
providing information on the emulsifying effect
of surfactants and their salt tolerance. The wa-
ter number was determined by titration. The
measurement was carried out by dissolving 1 g
of surfactant in 30 cm3 of a 4:96 mixture of cy-
clohexane-acetone and titrating the mixture with
distilled water until turbidity was reached.

3.6. Oil displacement test

The oil displacement test is performed by thin
film chromatography. To prepare for the test, we
dipped a clean, dry glass plate into a chloroform
suspension of the powdered rock material from
Algy6. This caused a thin layer of powdered rock
to form on the glass plate after it dried. We ap-
plied a droplet of Algyd 892 petroleum about 2
cm from the bottom of the glass plate. We made a
solution of the surfactants in Algyd filtered brine
water that had 5 g/l of it. Then we measured out
15 cm3 of the prepared solution and put it into
test tubes. We put the prepared glass plates inside
the test tubes and sealed the test tubes. We then
placed the samples in a drying oven at 60 °C for 3
hours. At the end of the test, the distance between
the oil spot and the edge of the plate was meas-
ured. The result is given in millimetres.

The emulsifying effect was tested using an
ADEM automatic emulsifier. During the test, 40
cm? of a 5 g/l concentration of a surfactant solu-
tion prepared with filtered brine water from Al-
gy6 was measured into the measuring cylinders
of the device, and 40-40 cm?® of Algy6 892 oil was
added to each sample. The samples were stirred
at 1500 rpm (revolutions per minute) for 2 min-
utes. After half an hour, the resulting emulsion
(mixture) was analysed.

3.8. Interfacial tension (IFT) test

The interfacial tension (the force that keeps
water and oil apart) was measured using a spe-
cial tool called a Kriiss SDT Spinning Drop Ten-
siometer. This tool has a thin glass tube (called a
capillary) that is spun around a central axis. The
radius of the oil droplet in the capillary is meas-
ured from the axis of rotation. This allows us to
calculate the interfacial tension between the sur-
factant solution in the capillary and the oil drop-
let. In this study, we also used Algy6 892 oil and a
solution of the surfactants in 5 g/l Algy6 filtered
brine water.

4. Results

The values obtained from analysing the sur-
factants physically and chemically are shown
below Table 2 shows the physical and chemical
properties of the surfactants that were tested. Ta-
ble 3 shows the results of the impact tests.

5. Conclusions

The aim of this experimental work was to pro-
duce surfactants from renewable raw materials
that are less harmful to the environment and can
be used in petroleum extraction, to replace sur-
factants that are already commercially available.

The results of the measurements show that the
experimental surfactant ZMG-1 has the highest
oil displacement efficiency measured by thin-lay-
er chromatography, the highest emulsification ef-
ficiency compared to all commercially available
surfactants, and the interfacial tension test is in
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Table 2. Physical and chemical properties of the tested surfactants

11

Properties/Sign of surfactant KOMAD- 710 Er;lé)(;lzan SPANS0 ZMG-1 7MG-3
Density (g/cm?®) 40 °C 0.9701 0.9800 0.9860 1.2201 1.2223
Dynamic viscosity (mPa-s) 40 °C 148.8 450 1285 1.6570 1.5947
pH-value Not measurab-

11.21 9.74 le 12.83 11.83
Pour point (°C) -25 9 1 -15 -16
Solubility Soluble Partially | nop soluble | Soluble |  Soluble

soluble
Transmittancy (%) 34 51 69 23 28
Water number (cm3) 10.3 13.5 4.30 13.0 11.65
Table 3. Results of the impact assessments of the tested surfactants

Properties/Sign of surfactant KOMAD- 710 Ergg(l)lzan SPANSO ZMG-1 7MG-3
0Oil displacement test, (mm) 21 12 10 26 20
Emulsifying (solubilising) effect
test, (V/V%) 30 22 23 41 63
IFT (mN/m) 6.18 8.67 10.2 7.14 5.3

the order of magnitude of the other surfactants.

The oil displacement test of the experimental
surfactant ZMG-3 showed that the oil droplet
»,ran” almost twice as far as Empilan 2502 and
SPAN80, and performed similarly to KOMAD-710.
In the emulsifying effect test, the experimental
surfactant ZMG-3 showed the highest result. The
value of interfacial tension is also more favoura-
ble compared to the interfacial tension measured
for the other tested surfactants.

Overall, the preliminary efficacy assessment of
the surfactants suggests that the experimental
surfactants have similar or even superior efficacy
to the existing surfactants on the market.
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Abstract

The excessive use of polymer materials in the packaging industry and improper waste management greatly
contribute to environmental pollution. The recycling of this plastic waste is key to improving sustainability.
In this paper the production of non-woven fibre mats from PET bottles was studied, which can be used in
air filtration. The fibres were generated using centrifugal spinning. The potential to substitute the common
solvents of PET with less harmful ones was also investigated.

Keywords: PET, centrifugal spinning, microfibre, recycling.

1. Intorduction

Polyethylene terephthalate (PET) is the sixth
most produced polymer with ~56 million tons
being synthesized and manufactured into goods
each year. Roughly 40% of this amount is used in
the packaging industry (foils, bottles, boxes), and
another 45% in the textile industry. Considering
the nature of its uses, the amount of PET waste
produced yearly is also high [1].

There are various ways to recycle PET, one of
them is the production of nano- and microfibres.
The most common technique to produce non-wo-
ven nanofibre mats is electrospinning. Other pos-
sible methods are melt blowing and centrifugal
spinning. One of the primary aims during fibre
production is to minimize the fibre size [2]. Melt
spinning does not require the use of solvents at
all, however the equipment is more complex, and
the in the case of PET the average fibre diameter
of the produced fibres is around an order of mag-
nitude larger [3].

During centrifugal spinning a chamber that con-
tains the polymer solution is rotated at 4000-15
000 1/min. Due to the centrifugal force, the pol-
ymer solution ejects from the chamber through
radial capillaries, creating liquid jets. As the jets
travel through the air the solvent evaporates, and
the dry fibres deposit on the collector. Despite a
simple setup, centrifugal spinning has a high pro-

duction rate even under laboratory conditions. In
addition, the electrical conductivity of the solu-
tion does not influence the process, and there is
no need for a high voltage source, as in the case of
electrospinning [2].

Vo et al. . successfully produced PET fibres
with centrifugal spinning from PET solutions in
a mixture of trifuloroacetic acid (TFA) and di-
chloromethane (DCM) in a 70/30 mass ratio. The
experimental setup involved various capillary
diameters (160-340 um), rotational speeds (6000-
15 000 1/min), and solution concentrations (5-13%
PET). The average diameter of the fibres that did
not contain beads were between 0.66+0.27 and
4.26+2.32 ym, depending on the process param-
eter [4].

Since PET is a semi-crystalline polymer, it
doesn’t readily dissolve in most organic solvents.
In general PET solutions are prepared with acidic
solvents, most often with TFA. In some published
studies the mixture of TFA and DCM is featured
in 70/30 and 50/50 mass ratios [4, 5]. The problem
with fluorinated acids is that they are toxic and
persist for a long time in the environment. The
half-life of TFA in aquatic ecosystems is on the
scale of around a hundred years [6]. CTherefore,
it is crucial to look for alternatives.

The solubility of polymers can be studied with
the help of the Hansen solubility parameters
(HSP). According to the model, the solubility of
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every chemical compound is determined by 3 in-
teraction parameters, that represent the potency
of dispersion (8D), polar (§P) and hydrogen bond-
ing (8H) intermolecular forces. The closer the
HSPs of the polymer are to that of the solvent, the
better the solubility [7].

2. Experimental

2.1. Materials

Polyethylene terephthalate (PET) was acquired
from a mineral water bottle. Trifuoroacetic acid
(TFA, Sigma Aldrich, 99%), phenol (Thermo Scien-
tific, 99%), dichloromethane (DCM, VWR Chem-
icals, 99.8%), dimethyl formamide (DMF, VWR
Chemicals, 98%), and toluene (VWR Chemicals,
99.9%) were used as received.

2.2. Polymer solution preparation

15% PET solution was prepared with 15/85 mass
ratio TFA/DCM solvent mixture, and 10, 12.7, 15,
and 20% solutions with 30/70 TFA/DCM mixture
in 20 ml vials. The contents of the vials were
stirred with a magnetic stirrer for 24 hours at
room temperature. For solubility studies 10% PET
was added to 50/50 mixture of phenol and DCM,
as well as 55/45 mixture of toluene and DMF.

2.3. Centrifugal spinning

Centrifugal spinning was performed with a cus-
tom-built setup [8]. A chamber (spinneret) with
two radial capillaries (25G needles) was rotated
by an electric motor at 4000-8000 1/min. The pol-
ymer solution was fed into the spinneret through
a teflon tube at 60 mL/h with the help of a syringe
pump. Fibres were collected on 8 radially posi-
tioned steel rods with a needle-collector distance
of 100 mm. All experiments were performed at
22°C and 40% relative humidity.

2.4. Scanning Electron Microscopy (SEM)

SEM was performed using a JEOL JSM-5200
scanning electron microscope at 15 kV accelerat-
ing voltage on uncoated samples. The PET fibre
diameters were measured with the open-source
Image]J software, and 50 measurements were tak-
en on each image.

2.5. Solubility calculations

The Hansen solubility parameters (HSP) of PET
and the solvents can be found in the literature
[71.

The HSP distance (R,) can be interpreted as the
radius of a sphere, that is calculated from the dif-
ference of the position vectors of the polymer and

the solvent in the HSP space, as follows:

Ry = /4 - (6D, — 6D1)% + (6P, — 6P,)? + (6H, — §H,)?
6y

where a §D, 6P and §H denote the dispersion, po-
lar, and hydrogen bond interactions, while the
lower indices 1 and 2 refer to the polymer and
the solvent, respectively. The dispersion term is
multiplied by 4, based on empirical data [7].

3. Results and Discussion

The 15% PET in 15/85 TFA/DCM did not dissolve
even after 24 hours of constant stirring. For this
reason, fibres were not produced at this concen-
tration. In order to increase the solubility of PET
the amount of TFA was increased, resulting in a
30/70 TFA/DCM solvent ratio. 10, 12.7, and 15%
PET were fully dissolved in the solvent mixture,
however at 20% only partial dissolution was
achieved.

Centrifugal spinning was performed with the
10, 12.7, and 15% solutions, each time at 3 differ-
ent rotational speeds. Out of the nine attempts
only the spinning of the 10% solution at 6000 and
8000 1/min and the 12.7% solution at 4000 and
6000 1/min resulted in fibre generation. The 10%
solution at 4000 1/min produced mostly droplets,
while the 12.7% solution at 8000 1/min, and the
15% solution at all rotational speeds produced
only short fibre segments that could not be cap-
tured by the collector rods.

The SEM images are shown in Fig. 1. The images
show that the generated fibres contained beads at
all conditions. According to the literature beading
can be reduced with the increase of the polymer
concentration, which is due to the increased solu-
tion viscosity, and thus the higher viscoelastic ten-
sile forces that oppose the surface tension [9]. In
our case increasing the PET concentration from
10 to 12.7% did not result in a lower bead densi-
ty, and at 15% the formation of continuous fibres
ceased.

The fibre diameters were measured from the
SEM images, and the results can be seen in Ta-
ble1. The results show that there was a slight
increase in average fibre diameter and standard
deviation as the rotational speed increased. The
most noticeable increase in fibre diameter, ap-
proximately 28%, was observed in the case of the
12.7% solution. Based on the SEM data the most
favorable conditions in regards of fibre size were
the 10% solution concentration and 6000 1/min
rotational speed, resulting in both the lowest av-
erage size and lowest deviation. The fiber mats



Kdntor |., Gergely A. L. — Acta Materialia Transylvanica 8/1. (2025) 15

showed a slight orientation perpendicular to the
axis of the spinneret.

The PET solution preparation experiments
showed that the TFA and DCM solvent ratio great-
ly affected the solubility of PET. In the majority
of the published literature PET solutions are pre-
pared either with a 70/30 or 50/50 mass ratio of
TFA and DCM. In this study complete dissolution
and fibre formation was achieved with a 30/70
TFA/DCM solvent mixture, which is a significant
reduction in acid usage. On the other hand, the
average diameter of fibres produced under simi-
lar conditions, but from a 70/30 TFA/DCM mixture
was smaller (0.66+0.27 pm) [4].

In order to study the dissolution phenomenon
of PET in more detail, the Hansen solubility pa-
rameters can be used. Fig. 2 shows the solubility
parameters of PET and some other chemicals that
may be given consideration as a potential solvent.
For reference, water was also added to the plot.
It can be seen, that DCM is located close to PET
(R,=2.06), which would indicate that it is a good
solvent, however our experiments showed that
pure DCM does not in fact dissolve PET. In con-
trast, TFA is further away on the chart (R,=6.71),

Table 1. Average fibre diameters and standard devia-

tions
Concentration Rotatlona.l speed | Fibre diameter
(1/min) (um)
6000 1.72+0.63
10%
8000 1.94+0.98
4000 1.89+0.84
12.7%
6000 2.42+1.37

and yet it dissolves PET. Our hypothesis is that
this is due to the semi-crystalline nature of PET,
and the key to the dissolution is the acidity of the
TFA, which is not accounted for in the Hansen sol-
ubility model.

Experiments with other solvent mixtures result-
ed in the PET dissolving in 50/50 mixture of DCM
and phenol (R,=2.88), which is a weak acid. It
should be noted that phenol-based solutions are
unfit for fibre production, as phenol is a crystal-
line solid at room temperature, and it does not
evaporate during fibre generation. PET did not
dissolve in 55/45 DMF/toluene (not acidic), albeit
the HSP distance was particularly low in this case
(R,=1.57). As a continuation of the project, solu-

Fig. 1. SEM micrographs of the PET fibre mats at 100x magnification. a) 10% , 6000 1/min, b) 10%, 8000 1/min,

c) 12.7%, 4000 1/min, d) 12.7%, 6000 1/min.
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bility experiments with amorphous PET can be at-
tempted, in which case the acidity of the solvents
might not play a significant role.

4. Conclusions

PET-based non-woven fibre mats were success-
fully created with centrifugal spinning from recy-
cled water bottles. 10% PET concentration, 30/70
TFA/DCM solvent ratio, and 6000 1/min rotational
speed proved to be the optimal conditions, result-
ing in fibres with 1.72+0.63 ym in diameter. Un-
der all conditions beads were present in the fiber
mat, so further optimization of the production pa-
rameters is necessary. In addition, we studied the
solubility of PET with the Hansen solubility mod-
el. According to the model, multiple substances
should act as a solvent, however the results in-
dicate that an acidic medium is required for the
dissolution of semi-crystalline PET.
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Abstract

The aim of this study was to determine the extent to which surface coating can improve the service life and
mechanical properties of tools made from UNIMAX steel. Two specimens with identical composition and heat
treatment were used, one of which was coated with a CrAlN-based BALINIT FORMERA layer. Microhardness
measurements, wear tests, and microscopic analyses were carried out during the investigation. The results
clearly demonstrated that the coating significantly increases the tool’s lifetime and enhances its mechanical

properties.

Keywords: tool steel, tool service life, surface coating, material testing.

1. Introduction

In our previous research, we focused on extend-
ing the service life of a pressure die-casting tool.
During these studies, we were able to determine
an optimal material grade and its corresponding
heat treatment. As further opportunities to in-
crease tool life, we identified the investigation of
coating technologies [1].

The UNIMAX tool steel, produced by Uddeholm,
can be applied in a wide range of tooling, for ex-
ample:

— plastic forming tools

— hot forming tools

— pressure die-casting tools.

The combination of short cycle times and long
service life contributes to cost-effective produc-
tion. Tools manufactured from this material ex-
hibit high hardness and wear resistance while
maintaining toughness [2]. The excellent proper-
ties of UNIMAX steel are due to its electroslag re-
melting process, which results in minimized sul-
fur content, segregation, and nonmetallic inclu-
sions [3]. The steel is highly pure, with enhanced
homogeneity and good hot toughness.

Due to controlled solidification, a fine-grained
structure and smaller carbide particles are ob-
tained. This steel is alloyed with chromium, mo-

lybdenum, and vanadium, providing excellent
hot toughness, temper resistance, and surface
treatability (Table 1).

Table 1. Chemical composition of UNIMAX tool steel
C Si Mn Cr Mo \'
0.50 0.20 0.50 5.00 2.30 0.50

After heat treatment, it exhibits good dimen-
sional stability and polishability. These favorable
properties can be further enhanced through the
appropriate heat-treatment technologies, includ-
ing:

— optimal hardening temperature

— cryogenic treatment

— carefully selected tempering temperatures

— multiple tempering cycles.

It has been proven that cryogenic treatment
can significantly increase the lifetime of UNIMAX
steel die-casting tools by minimizing the amount
of retained austenite [4].

In our study, we investigated how tool life could
be further increased and how even more favorable
properties could be achieved through the applica-
tion of suitable surface coating technologies [5].

Surface treatments improve wear resistance,
surface hardness, and corrosion resistance. The
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purpose of coating is to create a thin, high-hard-
ness surface layer with low friction, minimal ad-
hesion, high wear resistance, and corrosion re-
sistance [6].

One of the most widely used methods is PVD
coating. In this process, the coating material is
evaporated in a vacuum and deposited onto the
finished tool surface. The coating forms an ap-
proximately 1-micron-thick layer that adheres
firmly to the tool. The process is generally carried
out below 600 °C, which does not affect the base
hardness of the tool.

The coating we used is BALINIT, produced by
Oerlikon Balzers, a leading player in the coating
industry. BALINIT coatings are multifunctional,
have unique properties, and enhance the long-
term cost-effectiveness and productivity of man-
ufacturing processes. They provide high surface
hardness, protecting the tool against wear and
erosion. The coating consists of a ceramic mate-
rial with a low friction coefficient, preventing ad-
hesive and abrasive wear, molten metal sticking,
and improving demolding [7]. It also ensures ex-
cellent thermal and chemical stability, resulting
in no oxidation and reduced contamination of the
tool by the melt. Furthermore, it provides protec-
tion against heat checking [8].

Thanks to these properties, BALINIT coatings re-
duce tooling costs, increase service life, and lower
production costs, downtime, losses, and mainte-
nance expenses [9].

The specific coating we selected is BALINIT
FORMERA ADVANCED. This coating focuses on
solving heat checking, preventing adhesion, and
providing corrosion protection. As a result, the
tool does not require cleaning or maintenance af-
ter casting, thereby reducing downtime.

2. Materials, Equipment, and Technologies

2.1. Material Selection

The test specimens examined in our study were
made from the base material of a hot-forming die,
designed for the production of automotive alumi-
num components. For hot-forming tools, essential
properties include wear resistance, resistance to
thermal fatigue, high hardness, as well as good
hot toughness [10]. The Uddeholm UNIMAX tool
steel we selected is a premium-quality material
that perfectly meets these requirements.

Its high carbon content increases hardness,
while chromium alloying is responsible for the
formation of complex carbides. Molybdenum, in
addition to contributing to carbide formation,

also enhances hot toughness and temper resist-
ance. Vanadium is responsible for grain refine-
ment and ensuring good wear resistance [11].

2.2. Equipment and Devices

2.2.1. Heat Treatment Furnace

The heat treatments were carried out at Titdn
94 Ltd. in L&rinci, using a Schmetz-type electric
vacuum furnace. In this furnace, tool heating is
performed under vacuum, cooling is achieved by
nitrogen as protective gas, while cryogenic treat-
ment is carried out by spraying liquid nitrogen
into the chamber, reaching -150 °C.

In Fig. 1 the furnace interior shows the graphite
heating rods on both sides, the flexible thermo-
couple in the middle, as well as the fan and in-
jection nozzles located at the back of the furnace
through which nitrogen is introduced. The 8 test
specimens and the installed Ni-NiCr thermocou-
ples serve for process control and monitoring.

Fig. 2 illustrates the furnace setup. The liquid
nitrogen tank is visible, nitrogen inlet valves are
highlighted in green, while the blue color rep-
resents the water cooling of the double-walled
furnace. On the left side, the two vacuum pumps
belonging to the furnace can be seen.

2.2.2. Coating Furnace

The coating furnace is an INNOVA-type device
(Fig. 3), with an inner chamber size of 700 x 1200
mim, into which tools can be mounted on a car-
ousel element. Prior to coating, the tools under-
go both chemical and mechanical cleaning. After
loading the workpiece into the chamber, it is evac-
uated to 1076 mbar [12]. The surface treatment
process continues with evaporation of the coating
source, which generates a plasma cloud inside the
furnace chamber. Nitrogen gas is introduced into
this plasma. The atoms and ions evaporated from
the source disks condense onto the workpiece
surface through adhesion. This process continues
until the desired coating thickness is achieved.

2.2.3. Preparation for Measurements

For the examinations, test specimens had to
be cut out first, which was carried out using the
Servocut 302 abrasive cutting machine, shown in
Fig. 4.

After cutting, sample preparation followed, con-
sisting of hot mounting, grinding, polishing, and
etching. Grinding and polishing were performed
with a Forcipol 102 grinding-polishing machine
(Fig. 5) while etching was carried out with 4% Nital.
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Fig. 1. Interior of the furnace.

Fig. 3. INNOVA coating equipment.

Fig. 2. Furnace control monitor.

Fig. 5. Grinding-polishing machine.

Fig. 4. Servocut cutting machine.

2.2.4. Coating Thickness Measurement

The aim of the measurement was to determine
the thickness of the deposited coating. Ultrasonic
pulses were directed to the surface, which were
reflected from the interface between the coating
and the tool steel. Using the propagation speed of
the reflected wave and the elapsed time, the coat-
ing thickness was calculated with the following
equationl:

D=Wx1t)]/2, 1
ahol

D: coating thickness.

v: propagation speed.

t: time.

2.2.5. Microhardness Testing

Microhardness measurements were performed
using a KB 30S video hardness tester, illustrated
in Fig. 6.
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Fig. 6. Microhardness tester.

2.3. Heat Treatment

2.3.1. Stress-Relief Annealing

The first essential step in heat treatment was
stress-relief annealing. The tool was slowly heated
up to 650 °C in a nitrogen protective atmosphere,
held at this temperature for two hours, and then
slowly cooled to room temperature.This step is
necessary because internal stresses accumulate
during tool manufacturing, which promote crack
initiation or potential fractures [13]. Annealing
reduces this risk, thereby increasing the service
life of the tool [14].

2.3.2. Hardening

The next heat treatment was hardening, which
can be divided into two stages. The first stage was
austenitization: the material was heated stepwise
up to the hardening temperature and held until
homogeneous austenite was formed. The second
stage involved cooling in nitrogen gas at a rate
faster than the critical cooling speed, down to
room temperature, with the goal of producing a
martensitic microstructure.

Stepwise heating was applied to equalize tem-
perature differences between the surface and
the core of the material and to prevent stresses
caused by phase transformations. The hardening
of UNIMAX was carried out at 1050 °C.

2.3.3. Cryogenic Treatment

For further improvement of tool life, cryogenic
treatment was applied to the tool after cooling to
room temperature [14]. Following hardening, the

test specimens were cooled further to -150 °C us-
ing sprayed liquid nitrogen. Cryogenic treatment
improves microstructural homogeneity, increas-
es hardness and toughness, and significantly re-
duces the retained austenite content [15].

2.3.4. Tempering

To achieve the proper toughness-to-hardness ra-
tio, tempering is indispensable. For hot-forming
tool steels, high-temperature multiple tempering
cycles are necessary to form a fine-grained homo-
geneous spheroidite structure [16], and to reduce
stresses caused by heat treatment.

The final hardness was achieved by adjusting
the second tempering temperature. In our case,
triple high-temperature tempering was applied.

Table 2. Heat treatment parameters [1]

Process Temp. (°C) Time (min)
Stress relief 650 260
Hardening 1050 200
Cryogenic treatment -150 145
Tempering 1 605 240
Tempering 2 615 240
Tempering 3 595 240
Total time: 1325 min.

2.4. Surface Treatment

BALINIT FORMERA differs from conventional
PVD coating. In our experiment, the process be-
gan with plasma nitriding, followed by PVD coat-
ing. As a result, an adhesive layer of 7 yum and a
diffusion layer of 80 um thickness were created.
Nitriding is carried out at 480 °C, and the coating
temperature does not exceed the tempering tem-
perature of the tool [17]. BALINIT FORMERA pro-
duces a multilayer structure, which significantly
reduces crack propagation. Its main advantages
include heat resistance up to 1000 °C, reduced ad-
hesion of castings, and high resistance to wash-
out, thereby increasing tool lifetime.

3. Measurement Results

3.1. Microhardness Testing

During the microhardness measurements, care
was taken to use only minimal load to avoid ex-
ceeding the coating thickness with the indenter.
With a load of 0.5 kg, a hardness of 2200 HV was
achieved. The uncoated tool had a hardness of
52 HRC, corresponding to approximately 550 HV.
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This means that due to surface treatment, surface
hardness increased fourfold compared to the un-
coated condition.

3.2. Coating Thickness Measurement

The coating thickness was determined using a
FISCHERSCOPE® X-RAY XDAL® device, which
operates on the principle of X-ray fluorescence
(XRF). This method enables non-destructive
measurement of coating thickness by evaluating
the characteristic fluorescent radiation of the ele-
ments in the coating and the substrate.

Measurements were carried out on all three
coated samples (Fig. 7) providing precise data
on the thickness of each layer. The coating thick-
ness measurement was repeated on the three test
specimens, and the results were averaged. The
average coating thickness was 6.94 pm.

4. Conclusion

In our investigations, we compared two test
specimens subjected to identical heat treatments,
with one of them additionally coated with BALIN-
IT FORMERA ADVANCED. Microhardness tests
and microscopic microstructural examinations
were carried out. After completing the laborato-
ry tests, the coating process was implemented in
practice on the tool itself.

With the appropriate heat-treatment technol-
ogy, the tool was capable of producing 280,000
parts. Thanks to the coating, the new tool could
produce an additional 80,000 parts, resulting in a
total service life of 360,000 parts.

Table 3. Service life comparison

Service life without
coating

280,000 pcs

Service life with coating

360,000 pcs

Fig. 7. Image of one test specimen.
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Abstract

In recent years, the demand for aluminium and aluminium alloys has increased due to their favourable
properties. The properties of aluminium alloys are almost the same as structural steel, but their weight is
approximately one third. Technological developments have made it possible to weld metals that are difficult
to weld with traditional fusion welding, such as aluminium alloys, using Friction Stir Welding (FSW). This
article briefly introduces the FSW procedure and its application. During this research, 5053 aluminium alloys
were welded with the mentioned technology, for which customized FSW tools were used. These tools were
made with 3D printing technology, which ensured the manufacturing of complex geometries. After welding,
the pieces were subjected to the following material tests: visual inspection, tensile tests, hardness tests and

metallographic analysis.

Keywords: friction stir welding, FSW tool, aluminium, material testing.

1. Introduction

Friction stir welding (FSW) is a solid-state weld-
ing process in which the joint is formed without
melting the base materials [1]. ]. Its basic princi-
ple is that a rotating tool is used that penetrates
the fixed workpieces to be welded. The shoulder
of the tool generates frictional heat, which causes
alocal decrease in the strength of the workpieces,
thereby softening the material. During this stage,
the rotating tool moves along the joint line, stir-
ring the plastically deformed material, and upon
cooling, a solid-state bond is formed between the
workpieces [2, 3, 4].

The main parts of the tool are shown in Fig. 1.
Since the illustration from source [5] showed the
basic design of the FSW tool with a conceptual
error, it has been corrected and republished ac-
cordingly.

Variables during the process include the materi-
als to be welded, their quality, thickness, and the
number of dissimilar materials to be joined. Tech-
nological parameters include the tool inclination
angle, transverse speed, rotational speed, axial
force applied to hold the tool in the material, and
in some cases the presence or absence of cooling.

Key factors in tool design include the tool materi-
al, shoulder diameter, and pin geometry, diame-
ter, and length [6, 7, 8, 9].

Additive manufacturing, one of the most dy-
namically developing manufacturing technolo-
gies, also plays an important role in this research.
While FSW tools are typically produced by ma-
chining (subtractive manufacturing), additive
manufacturing becomes an attractive option
when the tool requires complex pin and shoulder

Shoulder diameter (D)

= Pin angle
s (B)
4
E Shoulder angle (a)
o
el ] 7 . A |
4 I
[E Shoulder
E i J Pin diameter (d)

Fig. 1. Simplified schematic of the FSW tool. [5]
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geometries that are difficult or impossible to ma-
chine. Additive manufacturing enables the pro-
duction of such complex shapes and also brings
economic benefits.

2. Design of the FSW tool

Additive manufacturing of metal parts allows
for faster and more cost-effective production of
complex geometries compared to traditional ma-
chining, including friction stir welding. Additive
manufacturing has so far mainly appeared in
friction stir welding by welding additively manu-
factured workpieces together [10]. Therefore, this
research can be considered pioneering, as it is the
first study in Hungary on the use of additively
manufactured friction stir welding tools.

The design was primarily based on the work-
pieces to be welded - in this case, two 4 mm thick
aluminium plates. The plate thickness determines
the length of the pin, which cannot be equal to
or greater than the material thickness. The pin
should be slightly shorter to avoid full penetra-
tion. Consequently, the pin length was set to 3,7
mm.

The shoulder diameter significantly influences
the formation of the weld. For aluminium alloys,
the shoulder diameter is typically 2,5 to 3 times
the pin diameter. The shoulder diameter affects
both the weld width and the amount of frictional
heat generated.

In this study, all tools were designed with a
shoulder diameter of D = 20 mm. However, future
work should include testing different shoulder
diameters under the same process parameters.
The overall tool length was h =15 mm in all cases,
which provides a suitable clamping length and
cost-effectiveness in production.

The pin diameter and geometry, as well as the
shoulder face and profile, were varied between
tools to improve material flow during welding
(Fig. 2).

3. Description of Welding Experiments

The base material was aluminum alloy 5053,
with specimen dimensions of 50 x 90 x 4 mm.
The goal of the research was to identify, un-
der fixed welding parameters, the most suit-
able tool geometry based on destructive and
non-destructive testing of the weld quality.

A total of 15 welds were performed at a constant
rotational speed of 1000 min™?, using three differ-
ent traverse speeds. The tool tilt angle was 0°, and
no cooling was applied (Table 1.).

Fig. 2. Designed FSW tools from 1 to 5 with di-
mensions.

Table 1. Technological parameters of the welding

process
Number of Feed v

Measurements LGl LI (mm/min)

1. 80

2. 1. 125

3. 170

4. 80

5. 2. 125

6. 170

7. 80

8. 3. 125

9. 170

10. 80

11. 4 125

12. 170

13. 80

14. 5 125

15. 170

During welding, the plates were positioned in
the same plane, and the joint was formed along
their contacting edges. Due to the spiral tool de-
sign, the spindle rotated counterclockwise (M4
direction) during welding to ensure proper ma-
terial flow consistent with the tool geometry. The
experimental setup is shown in Fig. 3.

4. Material testing

This chapter summarizes the procedure and
results of the evaluation of welded samples. The
welds were examined visually, as well as by ten-
sile testing, hardness testing, and metallographic
analysis.

4.1. Welding quality by visual inspection

The welds made with tools 1 and 3 are particu-
larly noteworthy.
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With tool 1, at a transverse speed of 80 mm/min,
the tool “plowed” the material, resulting in insuf-
ficient material mixing and poor weld formation.
At a speed of 125 mm/min, the quality of the joint
improved significantly, but at higher speeds, tun-
nel-type porosity defects appeared (Fig. 4).

[Fig. 3. Experimental setup.

For tool 3, welds were successfully created in all
three experiments, although the surface rough-
ness varied. A transverse speed of 80 mm/min
produced a rougher surface, while increasing the
speed produced smoother welds. However, de-
fects observed at the beginning of the weld are
indicative of internal tunnel porosity (Fig. 5).

4.2. Welding quality by tensile test

For transverse tensile tests, three specimens
(10mm wide) were cut from each welded sample.
The nominal specimen width was 8 mm and the
total length was 98 mm, resulting in a total of 36
specimens, 33 of which were tested at different
transverse speeds. The tests were performed us-
ing an Instron 4482 tensile testing machine.

The highest tensile strengths were measured for
specimens 1/125 and 3/125. The summarized re-
sults are shown in Table 2.

Fig. 4. Top view of welds produced with Tool 1:
a) 80 mm/min; b) 125 mm/min; ¢) 150 mm/min

Fig. 5. Top view of welds produced with Tool 3:
a) 80 mm/min; b) 125 mm/min; ¢) 150 mm/min
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2. tablazat. A szakitdévizsgdlat eredményei (részlet)

Max. I\f:g;(lytlgﬁs Szakito-
Prébatest terhelés h l'. . szilardsag
™) elésnél (MPa)
(mm)
1/125a 6869 10,76 215
1/125b 6946 11,63 212
1/125¢ 6870 10,76 224
3/125a 6111 7,51 186
3/125b 7060 11,99 215
3/125¢ 7109 13,18 214

4.3. Welding quality by metallographic
examination

The cold-embedded samples were sanded in
three stages with 320, 600 and 1200 grit sandpa-
per and then examined under a microscope for
internal defects.

Different sizes of defects were found in each
weld. The lowest defect incidence was observed
in the 1/125 and 3/125 welds (Fig. 6 and 7).

4.4. Welding quality by hardness testing

Vickers hardness measurements were per-
formed on the mounted samples using a Struers
Duramin-100 tester. The measurements were car-
ried out on the 1/125 and 3/125 specimens, which
had shown the best performance in earlier tests.
The applied load was 9.81 N.

Since the welded plates were made of identical
material, the hardness values were expected to be
nearly uniform across the measured points, with
slightly higher hardness within the weld zone.
Measurements were taken along the crown side
from the retreating to the advancing side (Fig. 8
and 9) [2].

5. Conclusion

Of the results, welds made with tools 1 and 3 at a
travel speed of 125 mm/min were the most prom-
ising. These tools should be further tested with
different welding parameters, such as different
tool inclination angles (1-3°).

The spiral grooves on the tool improved materi-
al flow during mixing.

Further research should also investigate con-
cave shoulder designs to empirically determine
the optimal shoulder angle that promotes favora-
ble weld formation.

For tool 2, vertical grooves on the pin should
be avoided under the test conditions, as this con-
figuration did not give satisfactory results at any
travel speed. However, further experiments are
recommended, adjusting the groove geometry to
ensure material flow along them during welding.
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Abstract

Laser surface treatments are increasingly used for the formation of hardened layers. In this experimental
series, we examined surfaces machined to three different depths (0.25 mm, 0.5 mm, and 0.75 mm) to deter-
mine how these machining depths affect the thickness of the hardened layer. The base material was 1.2379
tool steel in all cases. The focal distance remained constant, while the laser power and scanning speed were
varied according to the predefined experimental design. Our results indicate that higher specific power led
to a deeper hardened layer. The 45° machining angle—and consequently, the 45° laser beam incidence an-
gle—enhanced absorption and increased the hardening depth. The deepest grooves resulted in the thickest
hardened layer. However, during our experiments, certain parameter settings raised the base material’s

temperature above the liquidus point, causing localized melting.

Keywords: tool steel, laser beam hardening, diode laser, surface texture.

1. Introduction

Diode laser heat treatment plays an increasing-
ly important role in surface hardening within in-
dustry, particularly in the automotive, aerospace,
and tool manufacturing sectors. The principle of
the process is that the laser beam provides lo-
calised heat input, which induces a martensitic
transformation on the workpiece surface, there-
by enhancing wear resistance and service life.

However, the energy absorption and reflection
of material surfaces with different topographies
have a significant impact on the quality and depth
of the hardened layer. Part of the laser radiation
is absorbed by the surface of the workpiece, while
the remaining portion is reflected, resulting in en-
ergy loss. The degree of reflection depends on the
wavelength of the applied radiation and on the
surface roughness of the workpiece [1]. Due to
high reflection, part of the laser radiation cannot
be utilised, which may lead to uneven heat input
and an inhomogeneous hardened layer. To ad-
dress this issue, various industrial surface treat-

ment techniques are applied:

- Surface oxidation: A thin oxide layer (e.g.
produced by heat treatment or chemical pro-
cesses) reduces reflection, particularly on pol-
ished surfaces.

— Blasting or etching: Producing a rougher sur-
face increases absorbed energy and decreases
reflection.

- Application of graphite or paint coatings:
These materials improve absorptivity and
are frequently used in industry prior to laser
welding and surface treatments [2].

The different types of lasers operate at different
wavelengths, and these operating ranges alter
the amount of heat introduced into the material,
thereby influencing the thickness of the hardened
layer. Table 1 shows the percentage absorption
capacity of different surfaces, i.e. their energy ab-
sorptivity, for two types of lasers.

The CO, laser operates in the infrared range (at
a wavelength of 10.6 pm), while the YAG laser
typically operates in the near-infrared range (at a
wavelength of 1.06 ym). This difference in wave-
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Table 1. Absorption coefficient at different surface
qualities and laser technologies [3]

Table 2. Variation of the hardened layer thickness
with laser beam incidence angle [2]

length plays a decisive role in how various ma-
terials and surface structures absorb laser radia-
tion. In the case of smooth, polished surfaces, ab-
sorption is generally lower, whereas roughened
or oxidised surfaces tend to absorb more energy.
Regarding absorption parameters, CO, and YAG
lasers behave differently on differently treated
surfaces. For polished surfaces, absorption is low
for both types of lasers, but YAG laser radiation
is absorbed somewhat more effectively by met-
als, while CO2 laser radiation is more prone to
reflection. Ground and turned surfaces already
show higher absorption, particularly with the
YAG laser, as the fine roughness facilitates ener-
gy absorption. Sandblasted and oxidised surfaces
exhibit significantly better absorptivity for both
lasers, but again the YAG laser proves more effi-
cient. Graphite-coated surfaces demonstrate out-
standing absorption in the case of both types of
lasers [3].

Based on the absorption values, the YAG laser
is more suitable for surface hardening, as its ra-
diation is absorbed more effectively on various
metallic surfaces, particularly on oxidised, sand-
blasted, and graphite-coated layers. The CO, laser,
on the other hand, is more ideal for non-metallic
materials and for the heat treatment of larger sur-
faces. The proper selection of the laser type there-
fore plays a critical role in achieving optimal heat
input and uniform hardening depth.

Diode lasers are widely used laser types, applied
in industrial machining, medical devices, and
communication systems. These lasers operate
within the 700-1070 nm wavelength range, which
allows their radiation to be absorbed efficiently
by various metallic surfaces, particularly when
the surface is oxidised or roughened. In this ex-
perimental series, a diode laser was employed,
the main advantages of which are its high mo-
bility, ease of operation, and tunability. Table 2

Absorption, % Incidence angle| Hardened layer thickness (mm)
Surface Diode laser, 700-1070 nm 90° 1.2 mm
Polished 30-40 60° 0.8 mm
Ground 45-55 45° 0.5 mm
Turned 55-65
Sandblasted 75-85 presents the absorption characteristics of diode
Oxidised 85-95 lasers on different surfaces, expressed as percent-
Graphite-coated 90-98 ages.

The 1.2379 steel (AISI D2) is a cold-work tool
steel, for which hardening is essential to increase
service life and wear resistance. During diode la-
ser surface hardening, the thickness of the hard-
ened layer typically varies between 0.3 and 1.5
mm, depending on the laser power and the ma-
chining speed [4]. The thickness of the hardened
layer also depends on additional factors, such as
the angle of incidence of the beam. This deter-
mines energy absorption and heat distribution. A
90° incidence angle ensures optimal absorption,
whereas at smaller angles (e.g. 45°) part of the ra-
diation is deflected from the surface, reducing the
efficiency of hardening [5].

In an experiment, diode laser surface hardening
of AISI 410 stainless steel was examined at differ-
ent incidence angles, where the hardened layer
thicknesses obtained are shown in Table 2, in ac-
cordance with the angle of incidence of the beam.

2. Materials, equipment and technolo-
gies

The base material was a ®80 mm hot-rolled,
pre-hardened 1.2379 (X153CrMoV12 or D2) tool
steel bar (1.53% C, 0.35% Si, 0.4% Mn, 12% Cr and
0.85% V), with a hardness of HB 230-250. For the
experiments, slices of 30 mm thickness were cut,
and the plane surfaces thus obtained were used
for the tests. In order to determine how machin-
ing surfaces influence laser hardening, V-shaped
grooves of different depths were produced.

Surface preparation of the specimens was car-
ried out on a universal milling machine, where
grooves of 0.25, 0.5 and 0.75 mm depth were
milled (see Fig. 1). The tool applied was a sol-
id carbide end mill (MC326-12.0W4L050C-WK-
40TF) with a main cutting edge angle of 90°.
The V-shaped grooves were created by tilting
the main spindle and owing to the design of the
tool, while an appropriate coolant-lubricant was
applied. During the milling operations, ensuring
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proper cooling and lubrication was essential for
maintaining the quality of the machining process.

Laser heat treatment was carried out at the la-
ser technology plant of Budai Benefit Kft. During
the process, a 4 kW diode laser was applied with
three different sets of technological parameters.

The aim of the procedure was to investigate the
effect of grooves of different depths on laser heat
treatment and on the properties of the material.
The experimental results contribute to determin-
ing the optimal technological parameters for in-
dustrial applications. Based on preliminary liter-
ature research [2, 6] the specimen surfaces were
scanned with specific heat inputs of 150, 200 and
240 Ws/mm. During the surface treatment, a focal
distance of 340 mm was used, measured relative
to the plane surfaces. The technological data be-
longing to each specimen designation are shown
in Table 3.

The surface-treated specimen was cut 10 mm
away from the heat-treated surfaces using a
band saw with the application of coolant-lu-
bricant (see Fig.2). From the resulting plates,
strips of 40 mm width were sectioned along the
centreline of the heat-treated tracks for metal-
lographic examinations, ensuring that the spec-
imens contained evaluable portions both from
the grooved area and from the plane surface.

After cold mounting, the specimens were ground
and polished in several stages, and then etched
with Nital-2 in order to reveal the hardened lay-
er thicknesses. The optical microscopic analyses
were performed using an Olympus DSX1000 dig-
ital microscope.

The hardness of the specimens was measured
with a Zwick 3212 hardness tester, both perpen-
dicular to the plane surface and starting from the
tip of the grooves. In order to measure hardness
variations while maintaining the prescribed spac-
ing between indentations [7], the applied load
was selected as 1.962 N.

3. Experimental results

Our conclusions were drawn from microscopic
analyses of the prepared cross-sections and from
the hardness profiles measured on the specimens.

The preliminary literature research [6], and
the metallographic examinations show that the
thickness of the hardened layer is smaller than
at the machined surfaces. It can be observed that
even at the lowest specific energy input, the sharp
peaks and valleys of the machined V-shaped
grooves lost their form, and rounded shapes be-

Table 3. Technological data for each specimen

Set Specimen number and corresponding
parameters machining depth
0.25 mm 0.5 mm 0.75 mm

12kw 22 23 24
~ 8mm/s

16 kw 25 26 27
- 8 mm/s

L2 kw 28 29 30
~ 5mm/s

Fig. 1. Schematic and image of the prepared surfaces.

Fig. 2. Grooves of 0.75 mm depth after heat treatment.

gan to appear (Fig. 3). The originally produced
shape is indicated by a red line in Fig. 3. In this
experimental series, this setting represented the
condition where the least amount of heat was in-
troduced into the base material.

To reveal the hardness variation, hardness
measurements were performed both perpendic-
ular to the plane surface and starting from the
edges of the machined grooves. Based on the data
thus obtained, hardness variation diagrams were
constructed.

The highest hardness values were typically
measured in the hardened surface layer, gradu-
ally decreasing towards the core. The hardness
measurement results obtained with the lowest
heat input are shown in Fig. 4.

The hardness measurements show that at the
machined peaks the hardness of the hardened
layer is higher than in the vicinity of the plane
surface. This indicates that greater heat absorp-
tion occurred at the machined edges, which may
have contributed to the increase in primary aus-
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Fig. 3. Effect of surface heat treatment with a specific
heat input of 150 Ws/mm on specimen 22.

Fig. 4. Hardness variation after heat treatment with
a specific heat input of 150 Ws/mm.

tenite grain size. The hardness measurement re-
sults (Fig. 4) also reveal that, in specimens with
deeper grooves, the hardness close to the surface
at the machined peaks is lower than at 200 ym
from the surface, a phenomenon that is also re-
flected in the microstructure (Fig. 5).

In the next experimental setting, the laser pow-
er was increased from 1200 W to 1600 W, while
the scanning speed was kept constant (8 mm/s).
As a result of this adjustment, the specific heat in-
put increased to 200 Ws/mm compared with the
previous setting. Metallographic examinations
revealed that the peaks formed by machining be-
came rounded and partially melted. At low mag-
nification, following etching with Nital, the melt-
ed and resolidified regions appear bright (Fig. 6).
At higher magnification, dendritic solidification
is also clearly visible (Fig.7). Beneath the melted
regions, two transitional zones can be identified.
Directly under the melted zone, a region can be
observed where the temperature rose between
the solidus and Acm, in which homogenisation
of the original carbide network structure began.
However, due to the short duration of surface
treatment, the microstructure did not become
homogeneous. In the central region shown in
Fig. 6 heating occurred between A1 and Acm, and
due to rapid cooling of the specimen, martensitic
transformation took place in the areas between
the carbide networks. This conclusion is support-
ed by the hardness measurement results shown
in Fig. 8. At a depth of 400-600 um from the sur-
face, the material hardness reached values of

Fig. 5. Vicinity of the machined peak after surface
treatment. a) specimen 22 b) specimen 24.

Fig. 6. Cross-sectional appearance of surface heat
treatment with a specific beam energy of 200
Ws/mm a) specimen 25 b) specimen 26 ¢) spe-
cimen 27.

Fig. 7. Vicinity of the machined peak after surface
treatment. Specimen 26.
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700-750 HV in the grooved regions of 0.5 mm and
0.75 mm depth..

In our final measurement series, we applied a
scanning speed of 5 mm/s to the original power
of 1200 W, thereby further increasing the specific
heat input, so that the plane surface was exposed
to a radiation energy of 240 Ws/mm. In this case,
the amount of heat transferred into the surface of
the base material was sufficient to melt it at the
machined peaks (Fig. 9), Consequently, the hard-
ness of the material at these locations was signif-
icantly lower than in the regions where only sur-
face hardening occurred, as illustrated in Fig. 10.

The hardness variation diagrams show that in
the near-surface region the hardness starts at 500
HV, and as the distance from the surface increas-
es, a harder layer (800 HV) forms at a depth of
450 um (Fig. 10).

Fig. 9. clearly demonstrates that due to the ap-
plied heat input the sharp corners melted, result-
ing in completely distorted, rounded shapes in
the profile.

Inappropriate selection of parameters during
the heat treatment of the base material may even
cause melting, which, in addition to leading to in-
adequate surface hardness and wear resistance,
can also deform the machined edges—a factor
that results in non-conformity in the case of a
cold-working tool.

4. Conclusions

In our laser hardening experiments, the behav-
iour of 1.2379 cold-work tool steel was examined
under three different settings with various sur-
face designs. In all cases, the deepest machining
depth (0.75 mm) resulted in the deepest hardened
layer. The thinnest hardened layer was consist-
ently formed on the plane surface. A laser beam
incidence angle of 45° produced higher heat input
than perpendicular irradiation.

Where localised melting occurred near the sur-
face due to the surface geometry of the product,
dendritic crystallisation developed. The hardness
in these regions was lower than in areas where
only a martensitic heat-treated microstructure
was formed.

For diode laser heat treatment of 1.2379 tool
steel, machining depths of 0.5 mm with a 45° in-
clination still produced a homogeneous hardened
layer at a power of 1200 W and a scanning speed
of 8 mm/s. At higher energy inputs, however, sur-
face melting may occur, particularly in the vicini-
ty of carbide networks.

Fig. 8. Hardness profiles after heat treatment with a
specific energy of 200 Ws/mm.

Fig. 9. Hardness profiles after heat treatment with a
specific heat input of 240 Ws/mm.

Fig. 10. Cross-sectional appearance of surface heat
treatment with a specific heat input of
240 Ws/mum, specimen 30.
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Abstract

In our research we investigated the effects of the laser pulse duty and the wobble on the weld geometry in
pulsed mode manual laser welding. Our experiments showed that, for the parameters studied, complete
fusion can be achieved without laser wobbling at 500 W power for a material grade of 1.4301 and a wall
thickness of 1.4 mm. Increasing the laser wobble amplitude led to an increase in weld width and a decrease
in weld depth and weld area. Increasing the pulse duty also increased the weld width, weld depth and weld
area. Without laser wobbling, a weld with an area of 1.1 mm? was produced when the pulse duty was set to
70%, while a weld with an area of 1.6 mm? was produced when the pulse duty was set to 100%, so that the
area of the weld welded with a pulse duty of 70% was approximately 70% of the area of the weld welded with

a pulse duty of 100%.

Keywords: manual laser welding, pulsed laser, pulse duty, laser wobble, weld geometry.

1. Introduction

The mechanised version of laser welding is
widely used in the industry because of its many
advantages [1]. The highly concentrated laser
beam, focused on a small area, creates a very low
heat-affected zone and results in low heat input
compared to conventional fusion welding pro-
cesses, minimizing deformation and warpage of
the workpiece due to internal stresses [2, 3]. An-
other advantage of laser welding is that it offers
high processing speeds and thus high productivi-
ty [4]. Handheld laser welding equipment, which
has been introduced in recent years, is becoming
increasingly common, and more and more com-
panies are also selling and using such equipment
in Hungary. The user-friendly operation provided
by the lightweight welding gun and working ca-
ble, as well as the small size of the mobile laser os-
cillator, makes these welding machines increas-
ingly popular [5]. However, due to its novelty,
relatively little experience and research is availa-

ble on this process compared to older, traditional
welding processes.

In the present study, we investigated the effects
of the laser pulse duty and the wobble on the
weld geometry in case of manual laser welding of
austenitic stainless steel.

2. Welding and evaluation procedure

Our series of experiments consisted of 12 bead-
on-plate welds. The experimental welds were
made on 1.4301 grade austenitic stainless steel
tubes of 1.4 mm wall thickness and 34 mm outer
diameter by manual laser welding. No filler mate-
rial was used.

During the preparation of the welds, the hand-
held laser welding gun was clamped in the device
to ensure its stability, thus minimising errors due
to the instability of the human hand. Uniform
travel speed was ensured by rotating the work-
piece by a rotary motion. The percentage chemi-
cal composition of the used steel is shown in Ta-
ble 1 according to EN 10088-1:2014.
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Table 1. The percentage chemical composition of
1.4301 grade austenitic stainless steel [6]

C Si Mn P S
<0.07 <1.00 <2.00 <0.045 <0.015
N Cr Ni Fe
<0.11 17.5-19.5 | 8.0-10.5 mar.

The experimental welds were made on a Light-
WELD XC type, optical fibre, hand-held welding
machine, manufactured by IPG Photonics Corpo-
ration of the USA. The welding machine is capable
of producing a monochrome, coherent and low
divergence laser beam with a maximum power of
1500 W and a wavelength of 1080 nm. An online,
computer-accessible control interface provides
the possibility to adjust the laser power, the wob-
ble width and frequency, the pulse frequency and
the pulse duty in pulsed mode. In pulsed mode,
the pulse frequency is the number of pulses per
second emitted by the laser oscillator and the
pulse duty expresses the ratio between the pulse
duration and the time elapsed from the start of
one pulse to the start of the next, in percentage
form. In our experiments, the travel speed (v) was
80 cm/min and the laser power (P) was 500 W. The
energy input was calculated using the following
formula:

1)

The shielding gas used was nitrogen of 4.5 pu-
rity at a flow rate of 18 1/min. The pulse duty was
varied between 70% and 100% at 10% intervals,
and the laser wobble amplitude was set between
0 mm (i.e. the case without wobbling) and 2 mm.
Both the pulse frequency and the wobble frequen-
cy were 200 Hz for the 1 mm and 2 mm cases. La-
ser wobbling is performed inside the welding gun
by an optically refractive oscillatory motion of the
laser beam [7].

At the end of the welding experiments, metal-
lographic grindings were made from the test
specimens using conventional methods. The weld
shapes were made visible by etching. The etching
was carried out using Adler etchant of the follow-
ing composition:

- 9 g copper ammonium chloride;

— 150 ml hydrochloric acid;

- 45 g ferric chloride 6-hydrate;

- 75 ml distilled water.

The shape of the welds were made successful-
ly visible by etching at room temperature for 4-5
seconds, which were examined with an Olympus
SZX 16 stereomicroscope. Microscopic images of
the welds were taken to measure the weld width,
weld depth and weld area dimensions for evalu-
ation.

3. Results and evaluation

Fig. 1 illustrates the resulting weld width as a
function of the laser pulse duty and the wobble
amplitude. It can be observed that the width of

Fig. 1. Weld width as a function of laser pulse duty and wobble amplitude, energy input was E = 0,0375 kJ/mm.
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the welds made with a 2 mm wobble amplitude
became nearly constant, while the weld width in-
creased almost linearly with increasing the pulse
duty for the 1 mm wobble amplitude and no laser
wobble cases. Increasing the wobble amplitude
led to an increase in weld width.

Fig. 2. shows the weld depth as a function of
the laser pulse duty and the wobble amplitude. It
can be observed that the weld depth increases al-

most linearly with increasing pulse duty for both
2 mm and 1 mm wobble amplitude. It can also
be concluded that for welds prepared without la-
ser wobble, the weld depth is approximately the
same, since in these cases a fully penetrated weld
is formed.

Fig. 3 plots the weld area as a function of the pa-
rameters tested. The diagram shows that the area
of the welds increases almost linearly with the in-

Fig. 2. Weld depth as a function of laser pulse duty and wobble amplitude, energy input was E = 0,0375 kj/m.

Fig. 3. Weld area as a function of laser pulse duty and wobble amplitude, energy input was E = 0,0375 kj/mm.
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crease of the pulse duty in the case without laser
wobble, and also in the case of 1 mm and 2 mm
wobble amplitude. This is clearly shown in the
two micrographs pasted on the slide. By compar-
ing the values of the weld area of these welds, it
can be concluded that without wobbling the laser
beam and with the 70% laser pulse duty setting,
a weld of 1.1 mm? was obtained, while with the
100% pulse duty setting, a weld of 1.6 mm? was
obtained. It is interesting to note that 1.1 mm? is
approximately 70% of 1.6 mm?, so the area of the
weld welded without laser wobble and with 100%
pulse duty is 70% of the area of the weld with 70%
pulse duty.

4. Conclusions

In the present study, bead-on-plate welds were
welded by manual laser welding on stainless steel
tubes to investigate the effect of the laser pulse
duty and the wobble on the weld geometry. Based
on our results, the following conclusions can be
drawn:

— at the parameters tested, full penetration was

only achieved without laser wobble;

- increasing the laser wobble amplitude in-
creases the weld width, but decreases the
weld depth and the weld area;

— all three geometric dimensions of the welds
increase as the pulse duty increases;

— in the case without laser wobble, the area of
the weld welded with a pulse duty of 70% was
70% of the area of the weld welded with a
pulse duty of 100%.
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Abstract

The combination of Liapor lightweight concrete wall panels and cellulose-based insulation materials rep-
resents an outstanding example of the construction industry’s commitment to sustainability. The aim of this
research is to present the layered integration of Liapor technology and natural-based insulation materials,
combining energy efficiency with the principles of eco-conscious architecture. As a result of this integration,
an innovative building structure is created, which significantly reduces the energy consumption of buildings,
meets passive house standards, and provides excellent acoustic properties.

Keywords: Liapor, cellulose, sustainability, energy efficiency, layered integration, passive house.

1. Introduction

Global climate change, the depletion of natural
resources, and the growing societal demand for
sustainability have brought significant changes to
the world of architecture and the construction in-
dustry. The built environment is no longer judged
solely by functionality and aesthetics. Energy effi-
ciency, the sustainability of material use, and the
minimization of ecological footprint have also be-
come key priorities.

The production and use of traditional building
materials result in considerable environmental
impact, including high carbon dioxide emissions
and the generation of large amounts of waste [1].
The United Nations Sustainable Development
Goals (SDGs) clearly emphasize the need to pri-
oritize green technologies in construction. The
use of prefabricated building elements, as well as
the integration of natural and recycled materials,
plays a crucial role in reducing environmental
impact [2].

The use of Liapor lightweight concrete wall
panels and cellulose-based insulation materials
offers an innovative solution that not only sup-
ports sustainability principles but also contrib-

utes to improved energy efficiency and reduced
construction time [3]. The aim of the research is
to investigate the integration possibilities of these
materials, with particular focus on structural sta-
bility, thermal and acoustic insulation properties,
as well as their impact on construction costs.

Fig. 1. Microscopic examination of Liapor ceramic
test samples
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2. Materials and Methods

The aim of the research is to examine the inte-
gration of Liapor lightweight concrete wall pan-
els and cellulose-based insulation materials, with
particular focus on structural stability, thermal
and acoustic insulation properties, and sustaina-
bility aspects. The applied methodology consisted
of several steps, including material testing, labo-
ratory experiments, and comparative analyses.

The main component of the examined Liapor
panels is expanded clay granulate, which, despite
its low bulk density (500-600 kg/m3), possesses
significant compressive strength, reaching values
of 6-8 N/mm2. The porous structure contributes
to alow thermal conductivity coefficient (approx-
imately 0.12 W/m-K).

Cellulose insulation materials are of natural
origin, produced from by-products of the wood
industry such as sawdust and poplar bark. Their
density ranges from 35-70 kg/m3, with a thermal
conductivity coefficient in the range of 0.038-
0.045 W/m'K, resulting in excellent insulating
properties.

During the research, various layer combina-
tions were tested. The laboratory measurements
focused on the following properties:

Thermal conductivity: When Liapor and cellu-
lose insulation were used together, the average
thermal conductivity of the layer structure was
0.065W/m-'K, which significantly reduces heat
loss.

Compressive strength: According to tests carried
out based on the MSZ EN 826 standard, the com-

Fig. 2. Liapor wall structure with cellulose insulation

pressive strength of the cellulose panels ranged
between 110-140 kPa, ensuring adequate me-
chanical stability.

Fire resistance: Based on flammability tests con-
ducted in accordance with the ISO 11925-2 stand-
ard, the cellulose panels received a fire resistance
rating of D-s1, d0, which provides adequate pro-
tection in case of fire.

Vapour diffusion resistance: The u value ranged
between 2 and 5, indicating good breathability
and ensuring the proper hygrothermal behaviour
of the structure.

Acoustic properties: Sound absorption tests con-
ducted at a frequency of 500 Hz showed that the
integrated wall panel achieved an NRC value of
0.75, offering excellent noise reduction capabili-
ties.

As aresult of the material tests, it was concluded
that the combined use of Liapor lightweight con-
crete and cellulose-based insulation materials not
only increases the energy efficiency of buildings
but also contributes to extending their lifespan.
Cellulose-based insulation is highly suitable for
meeting thermal insulation requirements while
also ensuring vapor permeability, which is essen-
tial for maintaining the long-term structural sta-
bility of buildings.

The applied manufacturing technology allows
for the rapid and efficient installation of prefab-
ricated elements, minimizing construction waste
and reducing building time. In the construction
industry, the use of prefabricated technologies is
particularly important for optimizing material
usage and increasing energy efficiency [4].

Fig. 3. Microscopic examination of poplar bark fiber
and oak fiber

HOGH, o 5O on HOGH, oo on HOGH, o,
0. 0. O,
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Fig. 4. Cellulose molecule, visibly containing a large
number of hydroxyl groups (https://www.ttko.
huw/kbf/tan-anyagok_html/kem_38b/index.html)
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The research analyzed the forming and density
parameters of the developed insulation materials
to optimize mechanical resistance and thermal
performance. The fiberization technology used in
the production of cellulose-based insulation pan-
els ensures a uniform material structure, which
is crucial for durability and efficiency. Based on
the results achieved, the application of the sys-
tem offers a promising alternative for sustainable
building materials not only in new constructions
but also in building renovations [5].

The thermal conductivity of cellulose-based
insulation panels is approximately 0.05 W/m?K,
which results in outstanding thermal insulation
properties and represents a competitive alter-
native to traditional mineral wool and polysty-
rene-based insulation materials. The mechanical
stability and flexibility of the material were test-
ed using various compression resistance and load
tests, which demonstrated that cellulose blocks
provide long service life and high strength even
under traditional construction use.

The research highlighted that the combination
of cellulose-based insulation materials and Lia-
por wall panels can contribute to improving the
sustainability of buildings by reducing energy
consumption and the ecological footprint of con-
struction. Such systems may be especially benefi-
cial in the construction of passive houses, where
minimal energy consumption and excellent ther-
mal insulation properties are essential require-
ments [6].

Various building materials and technologies
were examined during the research in terms of
sustainability, energy efficiency, and structural
stability. The main component of Liapor panels
is expanded clay granulate, which provides a
lightweight yet high-strength structure. Cellu-
lose-based insulation materials were produced
from various wood industry by-products such as
sawdust and bark fibers, taking into account their
thermal and mechanical properties.

The forming and density parameters of the de-
veloped insulation materials were also analyzed
to optimize mechanical resistance and thermal
performance. The fiberization technology used in
the production of cellulose-based insulation pan-
els ensures a uniform material structure, which
is essential for durability and efficiency. Based on
the results achieved, the system provides a prom-
ising alternative for the sustainable building ma-
terials market not only in new constructions but
also in renovations. Liapor technology involves
the use of lightweight concrete wall panels that,

due to their porous structure, possess excellent
thermal insulation properties. The combination
of these panels with cellulose-based insulation
materials results in an innovative architectural
solution that ensures high energy efficiency and
sustainability.

3. Results and Evaluation

Based on the results of the measurements car-
ried out during the research, it can be concluded
that the combination of Liapor lightweight con-
crete and cellulose-based insulation materials
led to significant improvements in the thermal
and acoustic insulation properties, mechanical
strength, and fire resistance of the building ma-
terials.

3.1. Thermal Conductivity

Based on the thermal conductivity tests, it was
determined that the value for the Liapor and
cellulose combination was 0.065 W/m-K, which
is lower than that of the Agepan product (0.09
W/m-K). This lower value indicates that the ex-
amined layer structure is more resistant to heat
loss, thereby supporting building energy efficien-
cy more effectively. The porous structure and the
combination of materials reduce the formation of
thermal bridges, thus optimizing the thermal per-
formance of buildings in the long term [7].

3.2. Compressive Strength

According to tests conducted in compliance with
the MSZ EN 826 standard, the cellulose panels
demonstrated a compressive strength ranging be-
tween 110-140 kPa, which is more favorable than
that of the Agepan panels available on the market
(100-120 kPa). This means that the cellulose and
Liapor layer structure possesses greater mechan-
ical resistance, enabling the creation of more sta-
ble and durable building components. Based on
the results, the system offers better resistance
to compressive loads, thereby ensuring greater
structural integrity [8].

3.3. Fire Resistance

According to tests carried out in accordance
with the ISO 11925-2 standard, the cellulose pan-
els received a fire resistance rating of D-s1, dO,
while the Agepan panels were rated only E. This
indicates that the examined combination is more
resistant to fire exposure, ignites more slowly,
and emits fewer combustible substances. Due to
its higher fire safety, this building material is par-
ticularly suitable for residential buildings [9].
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3.4. Vapour Diffusion Resistance

During the tests, the p value of the layer struc-
ture ranged between 2 and 5, which ensures op-
timal hygrothermal properties. In comparison,
the Agepan panels showed a lower value (1.8-3),
indicating that the Liapor-cellulose combination
manages moisture more effectively. This is par-
ticularly important in buildings where proper
moisture regulation is essential for structural du-
rability and indoor comfort.

3.5. Acoustic Properties

Based on sound absorption tests conducted at
a frequency of 500 Hz, the integrated wall panel
achieved an NRC value of 0.75, whereas the Age-
pan panels reached only 0.55 NRC. This means
that the Liapor-cellulose combination more effec-
tively reduces noise pollution, which can be espe-
cially beneficial in residential buildings.

The results clearly demonstrate that the layered
integration of Liapor and cellulose-based build-
ing materials not only increases energy efficien-
cy but also contributes to structural stability and
sustainable construction solutions. The higher
mechanical resistance, more favorable hygro-
thermal properties, and improved fire safety all
confirm that this material combination offers a
reliable and competitive alternative for the con-
struction industry in the long term.

4. Conclusions

The combination of Liapor lightweight concrete
wall panels and cellulose-based insulation mate-
rials provides a promising foundation for the de-
velopment of sustainable architectural solutions
[10]. The results so far have shown numerous
advantages, particularly in terms of thermal in-
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sulation, mechanical stability, and fire resistance.
Research has confirmed that this material combi-
nation effectively reduces the energy consump-
tion of buildings while increasing their lifespan
and safety.

One of the most important directions for future
research is the optimization of layered integra-
tion to better exploit the interactions between
individual materials. Special attention should
be paid to the recycling possibilities of cellulose
insulation materials, especially the management
of waste generated during building demolition,
which can contribute to the development of a cir-
cular economy in the construction industry [11].

It is also worth further investigating the adapt-
ability of the Liapor and cellulose combination to
various climatic conditions, thus improving its ca-
pacity to cope with extreme temperature and hu-
midity fluctuations. The incorporation of building
simulation models could also make it possible to
predict the energy efficiency and structural be-
havior of layered configurations already during
the design phase [12].

In summary, the combination of Liapor tech-
nology and cellulose-based insulation materials
represents a significant advancement in the field
of sustainable architecture. Further research into
new technological developments and material
combinations will not only support the advance-
ment of the construction industry but also con-
tribute in the long term to climate protection and
the proliferation of energy-efficient construction
solutions.
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Abstract

Metal foams are cellular materials with outstanding specific mechanical properties, such as high specific en-
ergy absorption capacity, owing to its cellular structure. Metal foams are cellular materials with good specific
mechanical properties, such as high specific energy absorption, owing to the metal matrix. The aim of this
study is to simplify the reinforcement of syntactic metal foams with directional fibres. In previous studies,
the fibres were positioned using an external orientation frame. To avoid this, reinforcing material layers in a
prefabricated mesh form were placed in the crucible, which is thus perpendicular to the direction of the cast-
ing. The fabrication resulted in syntactic metal foam samples reinforced with fibres oriented along two axes.

Keywords: metal foam, syntactic foam, fibre reinforcement.

1. Introduction

Nowadays, there is an increasing demand for
materials with low density and high strength.
Conventional materials such as metals and
ce-ramics cannot always meet these increasingly
strict requirements.

The problem can be approached from two differ-
ent directions: either the density of high-strength
materials must be reduced, or the strength of
low-density materials must be increased. This
can be achieved by using composites, which com-
bine high-strength and low-density materials in
such a way that they com-pensate for each other’s
shortcomings in meeting the requirements while
exploiting their advantages.

1.1. Composites

Composites are combination of materials which
differ in composition or form on a macro scale.
The constituents may retain their identities in
the composite. Normally, the constituents can be
physically identified, and there is an interface be-
tween them [1]. These components are the high-
strength reinforcing material, which can absorb
the load, and the matrix material which holds the
reinforcing material units together, transmitting

the load to them and protecting them from envi-
ronmental influences.

The bond between the two main constituent
parts is of great importance, the strength of the
bond that is formed influences the behavior of
the composite. A transition layer may be formed,
but in many cases the effect is not beneficial for
the application [2-4].

In aluminium matrix composites, the effect of
different reinforcing materials is investigated,
these reinforcing materials can be in the form of
grains, fibres, fibre bundles or quilts [5-7]. In the
case of fibre reinforcement, it can be short staple
fibres, which, due to its random arrangement, has
similar effect in all directions as the grains. Or it
can be directional fibre reinforcement [8, 9], in
this case, the reinforcing material only acts in the
direction of the fibre axis, but the reinforcing ef-
fect is greater.

1.2. Metal foams

Metal foams are cellular materials with a metal-
lic matrix in which a cellular internal structure
is developed to reduce mass [10]. On the basis of
the internal porous structure, they can be classi-
fied into open-cell foams, in which the internal
cells are permeable [11], and closed-cell foams, in
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which the individual cells are separated by a solid
cell wall [12]. A subgroup of closed-cell foams are
syntactic foams, in which the porous structure is
formed by the introduction of a filler into the sol-
id matrix [13]. Syntactic foams are considered as
composite materials. Owing to their low density,
they have brain specific mechanical properties,
but they cannot withstand tensile stresses due to
their cellular structure.

1.3. Goal of this study

In previous research [14, 15] the possibility of
using oriented fibre reinforcement was inves-
tigated. In these studies, the reinforcing fibres
were placed parallel to the casting direction to
increase the tensile strength. However, a complex
manufacturing process was required to produce
this structure. The goal of this study is to simplify
the manufacturing process.

2. Materials

Al99.5 aluminum was used as matrix material
due to its low density and high ductility. The ex-
act composition of the alloy was measured with
a WAS PMI-MASTER SORT optical spectrometer
(Worldwide Analytical Systems AG, Uedem, Ger-
many), the composition is presented in Table 1.

Table 1. Chemical composition of the Al99.5 matrix

Elements Weight %
Al 99,5
Si 0,0293
Fe 0,335
Cu <0,0050

Mn <0,0050
Mg <0,0010
n 0,0100
Cr <0,0050
Ni 0,0108
Ti <0,0010
Sn 0,0367

The filler material used was expanded glass
beads in the size range of ©2.87+0.50mm, pur-
chased from Stikloporas (Stikloporas UAB, Drus-
kinikai, Lithuania). The reinforcement material
used was stainless steel mesh 1.4307 (X2CrNi18-9)
with ©0.644+0.02 mm fibre diameter, purchased
from Jurotissu Kft. (Jurotissu Kft., Budapest, Hun-
gary). The reinforcement and the filler is shown
on Fig.1.

Fig. 1. a) Reinforcing mesh and b.) filler

3. Simplified manufacturing process

The filler and reinforcement were layered
in a 60x60x380 mm S235]R steel crucible with
a wall thickness of 2 mm. The distance of the
mesh pieces used as reinforcing material from
each other along the axis of the casting direc-
tion was measured on the basis of the filler
volume: the theoretical volume of the 10 mm
high filler layer was 31.36 ml. This was round-
ed to 31 ml during construction and measured
with a measuring cylinder. After this volume
of filler was added, manual vibration was ap-
plied to ensure that the surface was perpendic-
ular to the axis of the casting. This was repeat-
ed seven times, and then 95 ml (30 mm layer)
of filler was placed over the final layer of mesh
to create reference samples. The layering steps
are shown in Fig. 2.

The prepared charge was also sealed from above
with 1.4307 steel mesh to prevent displacement of
the filler particles during infiltration. The cruci-
ble was heated to 550°C in a Prothermo Hoffmann
B-70 box furnace (Prothermo Hoffmann Kft,,
Kecskemét, Hungary) and held for 1.5 hours. The
matrix was heated to 750 °C in an Inductor IF-15
induction melting furnace (Inductor Kft., Di6sd,
Hungary). The melt temperature was measured
with a Maxthermo MD-3003 K thermometer
(MAXIMUM ELECTRONIC CO., LTD., Taipei Hsien).
The molten matrix was poured into the crucible,

Fig. 2. Placement of a.) filler and b.) reinforcement in
the crucible.
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and infiltration was performed using 400 kPa
(4 bar) argon gas pressure. The crucible was al-
lowed to cool to room temperature in the open
air.

Samples were taken from the block, some of
which were ground and polished with a diamond
suspension of 1 ym grain size for microscopic ex-
amination.

4. Results

Density was determined from geometric dimen-
sions and mass. The value was 1.63+0.06 g/cm3
for the reinforced specimens and 1.26+0.01 g/cm3
for the reference specimens without reinforcing
fibres. The use of reinforcing fibres increased the
density by 23%.

The structure of the sample is shown on Fig. 3.
The spacing of the reinforcing mesh layers placed
was determined by stereomicroscopy between
the fibres closest to each other along the axis of
the casting, as shown in Fig. 4. The average dis-
tance between the fibres is 9.55+0.55 mm. This

Fig. 3. Metal microscopy image of the structure of
mesh reinforced syntactic metal foam.

Fig. 4. Illustration of the distance between reinforce-
ment layers in the cross section.

deviation from the intended distance of 10 mm
is due to rounding, inaccuracies in the measure-
ment of the filler volume, and better compaction
due to the larger surface area of the crucible.

5. Conclusions

The following conclusions were drawn from the

study:

— Low pressure infiltration (400 kPa) is a suit-
able process for the production of syntactic
metal foams with oriented fibre reinforce-
ment;

— The process used significantly simplifies the
manufacturing process compared to methods
used in previous research;

- the structure obtained is worthy of further
testing, in particular to study the tensile and
compressive properties;

— the use of the prefabricated mesh as reinforc-
ing material deserves further testing for larg-
er pieces with fiber orientation parallel to the
casting direction to study tensile and bending
properties.
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Abstract

This study investigates the effect of welding pressure on ultrasonic welding of aluminium sheet and nick-
el-plated copper sheet. Both specimens were 60x10x0.5 mm in size with a 10 mm overlap and the coating
thickness was 8-12 um. The experiment was performed at different welding pressures from 0.14 MPa to
0.31 MPa while maintaining constant welding energy, time and amplitude. The results showed that the high-
est tensile strength of 380 N was achieved at a welding pressure of 0.14 MPa, while higher pressures caused a
decrease in the tensile strength, which is believed to be due to internal cracks and hardening. To achieve the
strongest bond, the optimal welding pressure was determined to be 0.14 MPa.

Keywords: ultrasonic welding, welding pressure, tensile strength, welding defects, plated copper.

1. Introduction

Ultrasonic welding was first developed in the
mid-20th century, initially as a way to improve
upon the process of spot welding in the aerospace
industry. Still, it was not until the 1960s that prac-
tical uses for rigid plastics emerged. The process
of ultrasonic welding for thermoplastics was es-
tablished. Ultrasonic welding was accidentally
discovered in 1963 by Robert Soloff, founder of
Sonics & Materials Inc., who managed to weld a
plastic tape dispenser with an ultrasonic probe.
In 1965, Soloff, with his collaborator Seymour
Linsley, received a patent for this method, help-
ing to establish a key milestone in the develop-
ment of the technology. Soloff developed the first
ultrasonic welding machine, and he adapted a
drill press to create the first automated ultrasonic
welder, which was initially used in the toy indus-
try [1].

Ultrasonic welding is a solid-state welding
process that uses high-frequency ultrasonic vi-
brations to join materials, primarily metals and
plastics, and does not require heat, filler metal,
or adhesives. It works by using the vibrations

combined with the applied welding pressure on
the materials. This can be used to weld dissimilar
materials like aluminium and copper because it is
eco-friendly, reliable, and fast, whereas the fusion
welding methods are not suitable [2-4].

Ultrasonic welding equipment operates in a fre-
quency range of 15 kHz to 70 kHz. Typically, for
thinner materials, higher sound frequencies are
applied, and lower frequencies are applied for
thicker materials [4].

Ultrasonic waves can modify the mechanical
properties of the welds (hardness and tensile
strength) by modifying the dislocation densi-
ty. However, to improve the above-mentioned
properties, the performance of ultrasonic weld-
ing must be optimized. When welding alumini-
um-copper joints, the right parameter selection
for the right compression, amplitude, and energy
is crucial to achieve high-quality welds. The pro-
cess can be divided into 4 main groups according
to ISO 4063, based on which material group is
welded and how. In addition, the process can be
divided into two main types based on the process
execution: spot welding and continuous welding,
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which are used for specific applications depend-
ing on the size and complexity of the part. Spot
welding is simpler and can be used for small
parts, while continuous welding is used for large
and complex workpieces [3, 5].

Ultrasonic welding is used in many industries
because of its high efficiency and versatility. It
is widely used in the automotive industry to join
components like electrical connectors and wire
harnesses, and provides a quick and heat-free
solution. In the electronics industry, it is used
to join microcircuits and semiconductor com-
ponents with minimal damage to the sensitive
components. In the medical industry, it is used
for airtight packaging and sealing for the sterility
and integrity of medical products. Additionally, it
is used in packaging to create blister packs and
provide a tamper-resistant closure. This welding
is also notable in aerospace applications to join
composite structures and thermoplastic compos-
ites to enhance strength-to-weight ratios. Moreo-
ver, its ability to join dissimilar materials deter-
mines more possibilities in product design and
customization across industries [6, 7].

Ultrasonic welding has many advantages over
other welding methods, such as welding different
materials like pure or coated aluminium and cop-
per. For Al-Cu joints, it makes a solid-state bond,
which is perfect for making lithium-ion battery
packs because it will join more conductive ma-
terials with low heating. For plastics, ultrasonic
welding utilizes high-frequency sound waves to
melt and bond; this process is very clean and ef-
fective, with very little thermal damage [7-11].

Fig. 1. Ultrasonic welding machine.

2. Materials and methodology

This experiment investigates the effect of weld-
ing pressure on the ultrasonic welding of Al and
Ni-coated Cu. Ultrasonic welding was used for the
welding of these two dissimilar materials because
it can create strong bonds without generating ex-
cessive heat, which can cause damage to certain
materials.

Shakil et al. made several tests to determine
the optimal ultrasonic welding parameters. They
used aluminium alloy and stainless steel for the
experiment and declared that a higher welding
pressure requires a shorter welding time and
lower energy than in the case of lower welding
pressure to earn the same tensile load. Based on
the literature results, we built the experiments
[12].

The experiment was performed by varying the
welding pressure between 0.14 and 0.31 MPa in
increments of 0.035 MPa, keeping the welding en-
ergy, time, and amplitude constant. The welding
energy was 100 J, the welding time was 1.20 sec-
onds, and the applied amplitude was 45 pm. Both
the aluminium and nickel-coated copper samples
were 60 mm long, 10 mm wide, and 0.5 mm thick,
with an overlap of 10 mm, resulting in an overlap
area of 100 mmz2. The nickel coating had an aver-
age thickness of 8-12 pm.

To perform the test, a Branson (Ultraweld L.20)
ultrasonic welding machine (see Fig. 1) was used
to create the sample welds, and a tensile testing
machine was used for the tests.

Welding pressure variation is crucial in this ex-
periment because it affects the strength and qual-
ity of the weld.

Overall, the experiment was intended to deter-
mine the impact of welding pressure on the ul-
trasonic welding process of Al and Ni-coated Cu
by employing a controlled setup and constant pa-
rameters.

3. Results

3.1. Effect of welding pressure on breaking
force

The development of the tensile strength during
ultrasonic welding of Al- and Ni-coated Cu was
analyzed as a function of the welding pressure,
as shown in the welding pressure-tensile strength
curve (Fig. 2). The welding pressure was varied
between 0.14 MPa and 0.31 MPa, and the tensile
strength was measured as the average of three
samples at each welding pressure level.
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Fig. 2. Diagram of the required breaking force and
the welding pressure.

The figure shows that the highest tensile
strength was achieved at the lowest welding pres-
sure tested, 0.14 MPa, with a tensile strength of
380 N. Although it drops slightly at 0.17 MPa to
374 N, the general trend shows a continuous de-
crease in tensile strength as the welding pressure
increases. The lowest tensile strength is found at
0.31 MPa, where the force value is 303 N.

These results suggest that higher welding pres-
sure negatively affects weld strength, probably
due to material deformation or damage. The opti-
mal welding pressure in terms of tensile strength
in this experiment was 0.14 MPa, which resulted
in the highest tensile strength of 380 N under the
experimental conditions.

3.2. Effect of Welding Pressure on Fraction
Location

Analysis of the fracture location showed that the
welding pressure adversely affects the integrity of
the joint if nothing else is modified. Fig. 3 Ishows
that the aluminium sheet in the pieces welded at
0.14 MPa broke during the tensile test, indicating
that the strength of the joint is higher than that of
the aluminium. In the pieces welded at 0.31 MPa,
shown in Fig. 4 the weld joint broke, indicating
a deterioration in the strength of the joint due to
excessive welding pressure.

The figures correlate with the tensile strength
measurements, confirming that when the weld-
ing pressure is at 0.14 MPa, the bond breaks in
the base material, indicating a strong bond. Ex-
cessive welding pressure is not suitable for form-
ing a proper bond, as the location of the break oc-
curs within or very close to the bond. For strong
bonds, the base material typically breaks, while
in the case of incorrect parameters, the break
may occur in the immediate vicinity of the weld
or in the weld. This suggests that in the case of
incorrect parameters, the bond forms a weak con-
nection. In the surroundings of the welding area,

Fig. 4. Samples welded at higher pressure.

the likelihood of cracks and dislocation density
increases, which lowers the load-bearing capacity
of the bond after welding. Therefore, 0.14 MPa is
the optimal welding pressure to achieve the ap-
propriate strength among the tested parameters.

4. Conclusion

In this study, the welding pressure is investi-
gated while keeping other factors constant. The
results show that the highest tensile strength,
380 N, is achieved at a pressure of 0.14 MPa. At
higher welding pressures, the tensile strength
decreases, and the minimum value of the tensile
strength is 303 N, which is achieved at the highest
welding pressure of 0.31 MPa. After this, the weld
has a much lower probability of forming a strong
joint. This suggests that in our case, increasing
the welding pressure degrades the weld quality
above a certain point, so the correct parameter
selection is very important during welding. Incor-
rect parameters can easily lead to cracks or inter-
nal damage in the weld. Analysis of the fracture
location suggests that higher welding pressure re-
duces the load-bearing capacity of the specimen.

Future implementations based on this study
could focus on process optimization of ultrason-
ic welding by studying other parameters such as
welding energy, time, and amplitude. Further stud-
ies could include varying material thickness, joint
size, and the effect of varying ultrasonic frequen-
cies. In addition, investigating the effects of differ-
ent types of coatings and surface treatments could
provide valuable information for joint testing and
material compatibility in ultrasonic welding.
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