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Electrospun biopolymer blends of poly(lactic
acid) and poly(hydroxybutyrate) reinforced
with biochar derived from kitchen waste
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, Katarina Mosnackova? (),
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2Polymer Institute of Slovak Academy of Sciences, Dubravska cesta 9, 845 41 Bratislava, Slovakia.
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Abstract: Biodegradable composites reinforced with natural fillers are exciting alternatives to expensive biodegradable
polymers. This study aimed to investigate the effect of kitchen waste—derived biochar on the morphological, chemical,
thermal, and mechanical properties of electrospun fibrous mats from a blend of biodegradable polymers poly(lactic acid) and
poly(hydroxybutyrate). The electrospun neat PLA/PHB mats and mats with 5, 10, 15, 20, and 30 wt.% content of kitchen waste-
derived biochar were produced. The techniques of scanning electron microscopy, Fourier transform infrared spectrometry
analysis, thermogravimetric analysis, and different scanning calorimetry and tensile tests were used for the fundamental
characterization of the produced electrospun mats. The results indicate that adding biochar to PLA/PHB does not significantly
affect the properties of electrospun materials. This may be advantageous for packaging, filtration, or agriculture applications.

Keywords: biochar, biodegradable composites, electrospinning, material characterization, environmentally friendly polymers.
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1. Introduction

The increasing global concern for environmental sus-
tainability has driven the demand for natural, biode-
gradable, and biocompatible materials. Biopolymers,
derived from renewable sources, offer an alternative
to traditional petroleum-based plastics [1]. Among
these, poly(lactic acid) (PLA) and poly(hydroxybutyr-
ate) (PHB) have emerged as two of the most promising
biopolymers due to their excellent biodegradability and
biocompatibility. Blending PLA and PHB offers sever-
al advantages. The combination of PLA’s ductility and
PHB'’s crystallinity can enhance mechanical proper-
ties; the synergistic effect of the two polymers can im-
prove the thermal stability of the blend. Adjusting the
blend ratio allows the material’s properties to be fine-
tuned to meet specific applications [2, 3].

Electrospinning is a versatile technique that enables the
fabrication of nanofibers with exceptional properties,
such as high surface area, porosity, and tunable me-
chanical properties [4]. By combining electrospinning
with biodegradable biopolymers like PLA and PHB,

.................................................................................................

innovative materials with potential applications in var-
ious fields, including tissue engineering, filtration, drug
delivery, and packaging, can be created [5-7]. However,
the global market for biodegradable polymers is still
young and struggling with problems resulting from the
high prices of its products and the limited infrastruc-
ture enabling its organic recycling. The material advan-
tages of applying this type of polymer are undeniable
but expensive; therefore, price reduction opportunities
may be crucial. An enjoyable alternative in this field is
the use of fillers, which, together with the polymer, form
a composite; this leads to a reduction in price and mod-
ifies the material’s properties [8].

Biochar, a carbon-rich material derived from biomass
pyrolysis, offers a promising solution as a filler due to
its unique properties, such as high surface area, poros-
ity, and excellent thermal and electrical conductivity.
Kitchen waste, such as vegetable scraps, fruit peels,
and coffee grounds, is an excellent source of biomass for
biochar production. By converting such organic waste
into biochar, landfill waste can be reduced, and a valu-
able resource for sustainable industry can be created.
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Another benefit of using kitchen waste is the reduction
of greenhouse gases in landfills produced when kitchen
waste decomposes [9-12].

The current work aims to design fibrous composites
with kitchen waste-derived biochar as filler for a sus-
tainable way to manage kitchen waste. In the study, the
electrospun mats PLA/PHB and fibrous composites
PLA/PHB with different biochar content were pre-
pared. The biochar used in this study was prepared
from the peelings of root vegetable and potatoes con-
tained in the of kitchen waste. The original combina-
tion of biodegradable polymers blend PLA/PHB, the
kitchen waste derived biochar as filler of fibrous com-
posites and electrospinning technology brings novelty
to the study, as the authors have no knowledge of a sim-
ilar combination of materials and their study from the
literature. Due to this specific combination of materials
it was necessary to determine the properties of these
prepared fibrous composites and on the basic charac-
teristics. The morphology of electrospun mats, chemi-
cal changes, and thermal and mechanical properties
were investigated by SEM, FTIR, and RAMAN, TGA/
DSC, and Instron, respectively. The effects of biochar as
fillers on the mechanical, morphological, and thermal
properties of electrospun poly(lactic acid) and poly(hy-
droxybutyrate) blends were characterized.

2. Materials

Commercial poly(lactic acid) pellets of PLA 4042 D
with a density of 1.25 g.cm™ were purchased from Res-
inex (Bratislava, Slovakia). Poly(3-hydroxybutyrate)
PHB Biomer® powder with a density of 1.20 g.cm®was
supplied by Biomer (Krailling, Germany). The acetyl
tributyl citrate (ATBC) 98 % was used as a plasticiz-
er and was purchased from Sigma Aldrich (Saint Luis,
MO, USA). 1,1,1,3,3,3-hexafluoro-isopropanol (HFIP,
>99.0% purity) was purchased from TCI Tokyo Kasei
(Tokyo Japan); dichloromethane p.a. (DCM, 99.8% pu-
rity) from Lach-Ner (Bratislava, Slovakia).

3. Methods

The PLA/PHB/ATBC blend (85:15:15) was prepared by
melt mixing in Plasti-Corder Brabender at 175 °C at 40
rpm for 10 minutes. The molar mass of the PLA/PHB/
ATBC has been estimated on Mw = 74.5 kg.mol . Then,
PLA/PHB/ATBC solution was prepared in concentra-
tions of 10 % (w/v) in the blend of 1,1,1,3,3,3-hexaflu-
oro-isopropanol (HFIP) and dichloromethane (DCM).
The solution was stirred intensively up to wholly dis-
solved. 60 mL of the solution was prepared.

The kitchen waste, consisting primarily of dried peel-
ings from potatoes and root vegetables such as carrots,
celery, and kohlrabi, was used to prepare biochar. The
kitchen waste was stabilized in a conventional labora-
tory oven (Memmert GmbH, Germany). The tempera-
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ture increased every 24 h, from 50 °C to 250 °C in this
oven. Thus, stabilized waste was carbonized at 800 °C
in a tube electric resistance furnace (Clasic.cz, Revnice,
Czech Republic) under a vacuum of ~10 Pa, with a heat-
ing rate of 2 °C-min™!, and a dwell time of 30 min in the
targeted temperature. The cooling was carried out in
the oven until room temperature was reached.

The PLA/PHB/ATBC solution was divided into six
parts of 10mL each, and biochar was added to five of
them to reach concentrations of 5, 10, 15, 20, and 30
wt.%. The samples were thoroughly homogenized to ob-
tain solutions with finely distributed biochar particles
with a size D50 of about 50 um, and 90 % of the powder
was smaller than 100 um. The procedure of carboniza-
tion was adopted from [13]. Then, the electrospun mats
without and with the different percentages of biochar
were prepared by electrospinning under ambient tem-
perature (23 £ 1 °C, H = 57 %) in a horizontal spinning
configuration with a flat-end needle with a 21 G inner
diameter. The working distance was 12 cm. The applied
voltage was between 15 kV, and the voltage was driven
by a high—voltage power supply (Spellman SL-150W,
Germany). A syringe pump fed the solutions with the
feeding rate of 0.5 mL.hl. The electrospun mats were
formed on collectors covered by aluminum foil.

The morphology of electrospun mats was observed by
scanning electron microscopy (SEM) using a JSM Jeol
6610 microscope (Jeol, Japan) at an accelerated voltage
of 15 kV. Before observing, the samples were sputtered
with a thin layer of gold by the sputter coater Balzers
SCD 040 (Balzers Union Limited, Lichtenstein). The
average diameters of the samples in the mats were mea-
sured using Imaged software. RAMAN spectroscopy
was used to characterize the biochar. The DXR Raman
Microscope (Thermo Electron Scientific Instruments
LLC, Madison, WI USA) was used. The measurements
were performed at room temperature in the range 50 —
3500 cm™. The Raman spectra were excited using the
532 nm laser, with the maximal laser power of 10 mW.
The peak position was calibrated with a polystyrene
standard. Power 0.5 - 5 mW was used to examine the
samples. Fourier-transform infrared (FTIR) spectra
were measured with spectrometer iS50 (Thermo Fish-
er Scientific, USA) equipped with DTGS detector and
Omnic 9.0 software. The spectra were collected in the
middle region from 4,000 to 400 cm™ at a resolution of
4 cm'; the number of scans was 128. Diamond ATR was
applied for measurement in solid/liquid state. Ther-
mal analysis was carried out by the combined analyzer
Netzsch STA 449 F1 Jupiter. Twenty milligrams of the
samples in the Al,O, crucible pans with a diameter of
6 mm were heated from 20 to 500 °C at a 10 °C.min™
heating rate under an argon atmosphere. The weight
loss of the samples was recorded as a function of tem-
perature with the help of the Netzsch Proteus software.
The tensile tests of the electrospun samples were per-
formed using a Dynamometer Instron 4301 (Instron
Corporation, Norwood, MA, USA) following standard
ASTM D638. Five testing strips for each formulation

https://doi.org/10.26701/ems.15909 16
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were cut from the electrospun mats with the dimensions
of the tested strip area of 15 x 50 mm with a thickness
of approximately 0.1 mm. The initial length of the test-
ed strips was 120 mm because of better handling, and
the gripping distance was 50 mm. A 1 mm.min™ testing
rate was applied until 0.5 % deformation was reached,
and then the rates were increased to 20 mm.min. Av-
erage values of the tensile strength, elongation at break,
and Young’s modulus were determined from the stress-
strain curves.

4. Results and Discussions

PLA/PHB/ATBC solutions with 5, 10, 15, 20, and 30
wt.% biochar content were electrospun in the con-
ditions mentioned above in 2. Methods. The color of
the electrospun mats reflected the biochar content, as
shown in P>Figure 1. The higher the biochar content, the
darker the mats. Such electrospun mats were prepared
for subsequent characterization, and their morphology,
thermal, and mechanical properties were evaluated.

Figure 1. Evidence of color change of the electrospun mats with
increasing biochar content in the solution. A — neat PLA/PHB (refer-
ence, sample without biochar), B = PLA/PHB + 5% biochar, C - PLA/
PHB + 10% biochar, D - PLA/PHB + 15% biochar, E - PLA/PHB + 20%
biochar, and F - PLA/PHB + 30% biochar.

4.1. Scanning electron microscopy

P>Figure 2 shows the scanning electron microscopy imag-
es of the investigated samples. The investigation was car-
ried out to check the fibrous structure and determine the
fiber diameter depending on the increasing contents of
biochar in the polymer solution used for electrospinning.

P>Figure 2A presents the morphology of neat PLA/PHB
fibers, demonstrating an average diameter of 460 + 380
nm. While incorporating biochar did not significantly
impact the average fiber diameter, it notably reduced
the standard deviation (SD) from 380 nm (P>Figure
2A) to 190 nm (PFigure 2F). This decrease suggests
enhanced fiber uniformity, potentially attributed to in-
creased solution conductivity during electrospinning by

European Mechanical Science (2025), 9(1)

adding the higher content of biochar.

While p>Figure 2B-2F shows the complete integration of
biochar particles into the fiber structure, it is evident
that the distribution of these particles within the mats
is uneven. This uneven distribution may impact the
overall properties of the material, especially the me-
chanical ones.

4.2. FTIR and RAMAN spectroscopy

The Raman spectra in P>Figure 3A confirmed the for-
mation of the stable C—C bonds, indicating D- and G-
bands formation.

These two prominent bands are observed at 1576 and
1355 cm™. The peak at 1576 cm™ (G-band) is attribut-
ed to the vibration of sp? hybridized carbon atoms in a
2D hexagonal lattice, the peak at 1355 ecm™ (D-band)
is associated with the vibrations of carbon atoms with
dangling bonds inplane terminations of the disordered
graphite from the defects and disorders of structures
in carbon materials [14]. The D-band intensity ratio
(148,076) to G-band (134,147) peaks depend on the
type of graphitic materials and reflect the graphitiza-
tion degree; in this case, the ratio of intensities (ID/IG)
is 1,104.

FTIR analysis was carried out to determine the com-
posites’ chemical structure change. The FTIR spectra
of the neat polymer blend and composite are presented
in P-Figure 3B. The spectra were typical for PLA/PHB.
The 753 and 871 ecm™ peaks indicate that plasticized
PLA possesses a semicrystalline morphology.

The three absorption bands centered at 970 cm, 868
cm, and 1450 cm™ correspond to the motions of the
plasticizer’s C-O and C-C stretching vibrations and the
-CH, stretching vibration of PLA, PHB, and citrate es-
ter molecules and reduced as their contents increased.
The FTIR spectra of plasticized PLA/PHB indicate
molecular interactions between PLA/PHB and citrate
esters. The interaction between PLA and citrate esters
may be attributed to the possible hydrogen bonding be-
tween the C=0 group and the small number of terminal
hydroxyl groups in the PLA main chain. The band sup-
ports this claim at 1757 cm™ and shows peaks between
2941 cm? and 2996 cm, corresponding to hydroxyl
group stretching. The peaks at about 1100 — 1380 cm™!
correspond to the C-O-C, C-O stretching, and CH,
wagging of PHB [14].

No difference in the infrared pattern was revealed
when the biochar was incorporated into the composite
composition. The reason may be that biochar is almost
completely integrated into the structure of PLA/PHB
polymer fibers, supported by SEM images. Still, bio-
char has similar groups to PLA or PHB (P>Figure 3A,
FTIR of biochar), and the bands overlap, or there are no
interactions between the biochar and polymer.

https://doi.org/10.26701/ems.15909 1 6 °
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4.3. Thermal analysis

TGA analysis was used to determine the thermal sta-
bility of the neat PLA/PHB and composites PLA/
PHB-biochar with various biochar contents. The neat
PLA/PHB TGA shown in P-Figures 4A and 4B has mul-
tiple mass loss steps corresponding to the blend’s single
materials. The temperature of the maximum decom-
position peak, around 272 °C, was assigned to PHB,
and the second one was around 350 °C for PLA. These
values are in agreement with the results reported in
[15]. »Figures 4A and 4B also show that the increasing
content of biochar slightly increases the decomposition
temperature of PHB from 272 to 282 °C. Still, the max-
imum decomposition temperature of PLA decreased
from 352 to 330 °C. This situation can result from in-

creased biochar and better heat transfer, which for
PLA increases with increased orientation and crystal-
lization of the molecular chains and stronger molecular
chain interactions [7].

DSC analysis was used to follow changes caused by cold
crystallization characterized by temperature (T,.) and
enthalpy (AH ) and the melting process represented by
melting temperature (T, ) and enthalpy (AH ). As previ-
ously described [16], T,,and T  of neat PLA are at 60.3
°C and 150 °C, respectively. Likewise, the neat PHB
shows T,,and Tm at 90 °C and 180 °C, respectively. The
PLA/PHB blend containing plasticizer was exhibited;
therefore, only one T, was observed, indicating good
system miscibility. In addition, two melting peaks at

PLA/PHB plain
D =460 £ 380 nm

s

PLA/PHB + 10% Biochar
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D=430%360 nm
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Figure 2. SEM images and histograms of fiber diameters. The image A
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Fiber diameter (nm}

N ' B
100 200 300 400 500 600 700 BOO 900 1000

Fiber diameter (nm})

B . B B
800 1000 1200 1400

- neat PLA/PHB (reference sample, without biochar), B — PLA/PHB + 5%
A/PHB + 20% biochar, and F - PLA/PHB + 30% biochar. The images were
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150 and 170 °C for PLA and PHB crystals, respective-
ly, were observed during the first heating cycle, how as
shown in P-Figure 4C.

The loadings of the biochar changed the T,, which
decreased with adding biochar. The values are sum-
marized in P>Table 2. The lowest T,, was measured in
PLA/PHB+15%B. The changes of T , and T _, were less
significant. However, there was not a clear trend, and
theT,,, T ,andT_,fluctuated with the increasing con-
tent of blochar, possibly due to the uneven distribution
of biochar in electrospun fibers. Despite that, it can be
said that adding biochar does not significantly impact
the thermal stability of the polymer blends, which may
be advantageous in subsequent applications.

4.4. Mechanical properties

The tensile properties of the polymer blends and com-
posites are significantly affected by compatibilizers
and filler particles. The results of mechanical testing

European Mechanical Science (2025), 9(1)
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Figure 5. Stress - strain curves of electrospun PLA/PHB and bio-com-
posites PLA/PHB with various biochar content.
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Table 1. Summarized results of mechanical testing of plasticized PLA/PHB blend and composites differ in biochar loading.

Description Tensile stress at tensile strength (MPa) Tensile strain at break (%) Young’s modulus (MPa)
PLA/PHB 2.31+0.22 161 +£22.8 55.7+11.3
PLA/PHB + 5% Biochar 1.37+£0.13 101 +£29.2 643+11.9
PLA/PHB+10% Biochar 1.54+£0.15 53.8+12.9 81.7+157
PLA/PHB+15% Biochar 1.90+£0.15 378+11.3 79.1+1283
PLA/PHB+20% Biochar 1.81+0.21 63.2 + 6.83 77.5+10.7
PLA/PHB+30% Biochar 1.40+0.17 59.7+10.9 39.1+8.56
Table 2. DSC analysis of PLA/PHB and PLA/PHB+B mats.
Code T [C] T (PLAYFC] T, (PHB)[°C] [ﬁ:_cﬁ [ﬁ:g] [ﬁ:;nﬁ
PLA/PHB 103.8 1501 171.4 -0.1 6.8 0.4
PLA/PHB+5%B 89.8 150.1 168.5 -10.0 7.9 0.8
PLA/PHB+10%B 85.2 149.7 168.3 7.7 8.6 0.7
PLA/PHB+15%B 79.8 149.2 166.9 -3.1 4.9 1.0
PLA/PHB+20%B 83.4 148.9 168.3 -4.6 6.2 0.7
PLA/PHB+30%B 82.5 148.1 167.2 -39 4.4 1.1

of plasticized PLA/PHB blend and composites differ
in biochar loading are summarized in PTable 1. The
stress-strain curves for plasticized PLA/PHB blend
and PLA/PHB reinforced with 5, 10, 15, 20, and 30
wt.% are shown in P>Figure 5. As is seen, adding 5 wt.%
of biochar leads to a significant decline of elongation at
break. It reaches half value compared to the unfilled
blend due to the unequal distribution of filler particles
in the composite volume. In addition, with increasing
biochar loading, the reinforcing effect was manifested
by tensile strength increase with a simultaneous drop
in percentage elongation up to 15 wt.% biochar content.
The decrease in tensile strength was also detected at
higher biochar loading due to higher interfacial tension
within multiphase composites, leading to the deteriora-
tion of mechanical properties.

The uneven distribution of biochar may cause values to
fluctuate, in this case, also due to the thickness of the
mats. Since it is impossible to control the thickness of
the sample fully in a single-needle electrospinning de-
vice, the high standard deviation of tensile test results.
The influence of biochar content on mechanical proper-
ties needs a more profound study in the future.

5. Conclusion

The study aims to design fibrous composites with kitch-
en waste-derived biochar as filler to biodegradable poly-
mers for a sustainable way to manage kitchen waste.
Such composites are an exciting alternative to expensive
biodegradable polymers and could reduce the price of
biodegradable polymers. In the study, the fibrous com-
posites PLA/PHB + biochar were prepared using the
electrospinning method and elementary characteri-
zation of such composites were carried out. The mor-
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phology of electrospun mats was studied by SEM. The
fibers with an average diameter of 400 — 500 nm were
received, and there was not observed a significant effect
of the percentual content of biochar in the solutions. All
the biochar particles were capsulated into the structure
of the fibers, which was observed in SEM images but
also confirmed with spectroscopy; only the polymers left
traces in the spectroscopic spectra. The thermal analy-
sis revealed that biochar addition does not significantly
impact the thermal stability of the polymer blends. The
mechanical properties were most affected as both tensile
strength and strain to stress were reduced, which may
limit the practical use of these fiber mats. In the future, it
is necessary to pay more attention to the compatibility of
individual components in the composite, including vali-
dating the sustainability of waste utilization for biochar
production, or the usability and feasibility of the compos-
ite in the individual applications such as the packaging
industry, filtration, or as agrotextile.
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Effect of annealing on tensile properties of
carbon fiber reinforced PA 6 manufactured by
fused deposition modeling
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"University of Zagreb, Faculty of Mechanical Engineering and Naval Architecture, Ivana Lu¢i¢a 5, 10000 Zagreb, Croatia

Abstract: Development of fiber reinforced filaments for fused deposition modeling - FDM shifted this technology application
towards load carrying applications. For polymer materials reinforced with carbon fibers, it is important to carry out annealing
of printed products to improve the mechanical properties. In this paper ANOVA approach was used to evaluate the effect
of temperature and time of the annealing treatment of PA 6 filament reinforced with short carbon fibers (PA 6 - CF). Results
indicate that higher temperatures (between 110 °C — 170 °C) result in better effects on tensile properties while duration of the
annealing effect was neglible in most cases. An increase of up to 16.7% in tensile strength and up to 35% in tensile modulus
can be achieved with proper annealing parameters. In some cases, annealing results in a decrease in tensile strain at break up
to 35%. The p-values for tensile strength, strain and modulus are 0.0038, 0.0054, 0.0168, respectively, which indicates that the
selected model of the influence of annealing parameters is significant because the p-value must be less than 0.05. The highest
improvement in tensile strength and modulus was observed at a temperature of 170 °C, but this temperature is close to the
softening temperature of PA 6 - CF, which is approximately 180 °C before annealing, which risks deformation of products.

Keywords: annealing; carbon fiber; fused deposition modeling - FDM; poly(amide) 6 - PA6; tensile properties.

..................................................................................................

1. Introduction

Additive technology opens the possibilities of design and
functionality due to its material adding working princi-
ple. Until recently its application was common in areas
where mechanical performance of printed parts was sec-
ondary or irrelevant such as visualization models, every-
day usage products, customized parts or art pieces. De-
velopment of fiber reinforced polymer filament in fused
deposition modeling enhances the load carrying capabil-
ities of printed products. A better understanding of the
impact of process parameters on mechanical properties
has led to an optimized printing of various polymer ma-
terials [1]. One of the main setbacks of printed products
is bad interlayer adhesion caused by rapid temperature
crystallization and cooling of the previously printed lay-
ers. [2] This effect is enhanced in fiber reinforced poly-
mers since the conductivity of fibers results in heat dissi-
pation through the layer in longitudinal direction, rather
through the thickness of the layer and reaching the layer
underneath. Thus, poor adhesion is result of insufficient
heating of the previously laid material. [3] Annealing at

.................................................................................................

temperatures higher than glass transition temperature
increases the interfacial bond contact which strength-
ens the material. [4] The influence of annealing has been
research for commonly used printing materials such as
PLA [5], ABS [3] and PETG [6]. In most cases annealing
increased mechanical properties of materials and rein-
forcement made them more suitable for annealing. The
influence of annealing parameters (pressure and tem-
perature) [7] on the mechanical properties is most often
observed in the papers, but in this paper the influence of
temperature and time on the tensile properties will be
observed. This selection of input parameters is because
most 3D printers already have only time and tempera-
ture included in their program, and these two param-
eters can be easily checked and compared because it is
possible to do it in ordinary ovens as well. Furthermore,
this selection of parameters was chosen primarily due
to the industrial application itself, because time is eco-
nomically important for the product to reach the market
as soon as possible, accordingly, it is necessary to deter-
mine whether time has an impact on the improvement
of mechanical properties through post-processing heat
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treatment. Furthermore, it is important to mention that
all tests were carried out on a Makerbot 3D printer, on
which the manufacturer recommends annealing PAG re-
inforced with carbon fibers for 5 hours at a temperature
of 80 °C. [8] In previous literature, authors examined the
effect of annealing at different temperatures, and some
of the most commonly used materials in fused deposition
modeling, such as PLA and PET-G, were tested at a tem-
perature of 90 °C, or according to the material manufac-
turer, PA-CF at 80 °C. [9-14] However, preliminary tests
have shown that such a temperature does not have much
effect on the mechanical properties, primarily strength
and modulus, and that it is necessary to conduct tests at
higher temperatures.

2. Materials and Methods

The manufacturing method for test specimens was
fused deposition modeling - FDM. Tensile test speci-
mens were printed on a Makerbot Method X 3D print-
er using original Makerbot PA6-CF material. Material
was dried for 24 hours in 60 °C in oven (manufacturer
Falc) before printing of test specimens. Test specimens
dimension was 75 x 5 x 2 mm in accordance with stan-
dard HRN EN ISO 527:2019 type 1BA for tensile testing
of plastics (ISO 527 Plastics — Determination of tensile
properties). Printing parameters are set up in Makerbot
Print slicer and shown in PTable 1. The choice of pro-
cessing parameters in fused deposition modeling plays
a major role in mechanical properties, but as the pa-
per aimed to show the influence of post-processing heat
treatment, all parameters were taken according to the
default printer parameters for this material.

Table 1. Printing parameters

Printing parameter Value
Layer height [mm] 0.2
Number of shells 3
Infill density 30%
Infill pattern Rectilinear
Nozzle temperature [°C] 250
Chamber temperature [°C] 80
Nozzle diameter [mm] 0.4
Raft none

Statistical analysis was used for designing the parame-
ters of annealing by Design Expert software (manufac-
turer Stat Ease). A central composite design of experi-
ment was used where tensile strength, tensile strain and
modulus were set up as response. Temperature and time
were chosen as variables for the annealing treatment as
those are the most influential parameters according to
the literature review. Glass transition temperature of
polyamide is between 45 °C — 70 °C [9] and common an-
nealing times are from 6 up to 8 hours. Variables with 2
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and 3 hours for the duration of the treatment are chosen
to see how a shorter period in a combination with higher
temperatures compares to other conditions. Instead of
melt transition temperature, Vicat softening tempera-
ture according to standard HRN EN ISO 306:2022 was
used to make sure the shape and dimensions are con-
stant during the annealing. Vicat testing method B120
served as the purpose of defining the top temperature
limit of the material for the annealing experiment. The
Vicat softening temperature was measured on a Frank
device, with a Tinius Olsen displacement gauge with a
measuring range from 0 mm to 1.2 mm in 0.01 mm in-
crements. Vicat test shown in P-Figure 1. resulted in tem-
peratures 179.23 +/-4.1. °C without annealing and 188.13
+/-0.4 °C after annealing according to manufacturers
guidelines (80 °C, 5 hours). First, a preliminary anneal-
ing experiment was made where the limits of the input
factors for the temperature was 50 °C to 110 °C and the
annealing time is from 2 h to 8 h. At these temperatures,
the properties did not change at all, and it was decided to
increase the annealing temperatures to the temperature
close to Vicat softening temperature and set up a new
experiment with limits for temperature from 50 °C to
170 °C and time from 2 h to 8 h.

Figure 1. Vicat testing. The red circle in the figure shows the position
of the test specimen during the Vicat softening temperature test. The
test specimen is then lowered into the heated oil and when the test
needle penetrates the specimen to a depth of 1 mm, the softening
temperature value is recorded.

Test specimens for tensile properties were printed in
plank face down position, so no support structures were
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required. PVA glue was used to assure adhesion during
printing, the residue of the glue was cleaned with a
damp towel. Annealing treatment was done in Falc
oven with closed air. The temperature range in the oven
is up to a maximum of 300 °C, where air circulation can
be turned on or off. The temperature can be adjusted in
steps of 0.5 °C. Test specimens placed inside the oven
chamber are shown in P>Figure 2.

Figure 2. Annealing of the tensile test specimens in the oven

A universal tensile testing machine was used for the test
procedure (Shimadzu AGS-X max force 10 kN, manu-
facturer Shimadzu) with extensometer. The universal
testing machine is in the measurement range from 10
N to 10 kN and is in the accuracy class of the measure-
ment range 0.5 with an extensometer with a resolution
of 0.003 mm, which meets all the requirements of the
calibration standard HRN EN ISO 9513:2012. Testing
was performed in accordance with standard HRN EN
ISO 527:2019 at room temperature of 20 °C and 40%
RH. The testing speed was 2 mm/min. Treated test
specimens are compared to non-treated ones designat-
ed 0_1. The test was performed on 3 test specimens and

the mean value and standard deviation were then cal-
culated.

3. Results and Discussions

Variables used in an annealing experiment with results
are shown in P>Table 2. The effect of annealing proce-
dure on the tensile properties of PA6-CF was tested
according to the design of the experiment generated by
software Design Expert, using response surface meth-
odology. Data acquired by testing were processed by
ANOVA (analysis of variance) linear modeling method
with three center points.

PFigure 3 shows tensile stress and strain across all
variables. Untreated test specimen (designation 0_1)
has 28.4 N/mm? tensile strength and the highest result
was 34.1 N/mm? in case of 9_1 test specimen. The av-
erage increase of tensile strength at break was 7.5%.
Modulus hasincreased on average 14.8% while strain at
break was decreased in cases with higher temperature
treatment (above 150 °C) and on average was 21.7%.
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Figure 3. Diagram of tensile stress — strain for PA6-CF with different
annealing factors. Each line represents the mean value obtained when
measuring individual test specimens in each condition.

Table 2. Annealing factors (time and temperature) and results of the tensile testing

’ . Factor 1: Time Factor 2: Temperature
Run Designation

Tensile strength o,

Tensile strain at break ¢, [mm/ Tensile modulus E

t,h 9, °C [N/mm?] mm] [N/mm?]
0 0.1 = = 28.41 +/-1.45 13.25+/-2.38 1060.82 +/- 545.32
1 11 5 50 28.78 +/-1.59 14.71 +/-2.82 1317.92 +/-220.99
2 2.1 ® 110 30.33 +/-0.94 13.95+/-1.16 1007.68 +/-170.73
3 3.1 7 150 30.74 +/-0.63 10.13+/-1.66 1196.46 +/-272.86
4 4.1 7 70 27.69 +/-1.59 17.54 +/-1.77 1270.22 +/-184.78
5 5_1 3 150 31.53 +/-1.58 11.24+/-0.68 1330.02 +/-203.92
6 6_1 5 110 30.08 +/-1.71 12.61 +/-0.99 1096.69 +/- 249.68
7 71 3 70 27.92 +/-0.97 11.9+/-0.77 1127.96 +/-110.93
8 8_1 2 110 29.78 +/-1.26 12.76 +/- 0.62 1106.7 +/-124.4
9 9.1 5 170 34.1+/-1.82 8.32+/-0.78 1640.9 +/-229.1
10 101 8 110 30.72+/-1.19 14.53 +/-0.79 943.19 +/ 251.37
11 111 5 110 30.88 +/-1.54 10.68 +/-2.04 1283.07 +/-75.29
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Table 3. Analysis of variance — influence of annealing time and temperature on tensile strength

Source Sum of Squares df Mean Square F-value p-value
Model 25.24 2 12.62 13.65 0.0038 significant
A-Time 0.0179 1 0.0179 0.0194 0.8932
B-Temperature 25.23 1 25.23 27.29 0.0012
Residual 6.47 7 0.9245
Lack of Fit 6.16 6 3.24 0.4011 not significant
Pure Error 0.3162 1 0.3162
Cor Total 31.72 9

3.1. Results for the tensile strength

ANOVA analysis of variance indicates that the linear
interaction model best fits the influence of annealing
procedures on the tensile strength. Tensile strength
statistical results can be seen in P>Table 3 and P>Table 4.

The model F-value (variation between sample means) of
13.65 implies that the model is significant. There is only
a 0.38% chance that an F-value this large could occur
due to noise. p-values less than 0.05 indicate that model
terms are significant. In this case, factor B, temperature
shows a major role in the values of tensile strength. Factor
A, time of annealing seems to have a negligible influence
on tensile strength. The lack of fit F-value of 3.24 implies
that the lack of fit is not significant relative to the pure
error. There is a 40.11% chance that a lack of fit F-value
this large could occur due to noise. Non-significant lack of
fit is good because it means that the model fits.

Statistical data (mean value, standard deviation, and
R?) about the model are given in PTable 4. The coeffi-
cient of determination R? is a measure of deviation from
the arithmetic mean which is explained by the model.
The closer R? is to 1, the better the model follows the
data, that is, the phenomenon is better explained.

Table 4. Summary statistics about the model for tensile strength

Std. Dev. 0.9615 R? 0.7960
Mean 30.22 Adjusted R? 0.7377
CV.% 3.18 Predicted R? 0.5303

Adeq Precision 9.8138

Tensile strength for PA6-CF can be described by Equa-
tion (1) in actual parameters:

Oy = 2536965 + 0.022956 - t + 0.043069 - 9 (1)

where: 6 (N/mm?) - tensile strength, ¥ (°C) — anneal-
ing temperature, t (h) — annealing time.

The obtained equation for tensile strength is deter-

mined by the annealing temperature and time in the
range, which is shown in p>Table 1, i.e. for an annealing

European Mechanical Science (2025), 9(1)

temperature of 50 °C - 170 °C and for an annealing time
of 2h to 7 hours.

Figure 4 shows the tensile strength dependance on the
annealing parameters. The diagram shows that the
highest tensile strength is a result of a temperature of
150 °C in both cases of shorten or longest annealing
time periods. The diagram shows the lowest values of
tensile strength in blue, and the highest values in green
lines. From P>Table 3 itself, and thus from the diagram
in P>Figure 4, it can be seen that changing the annealing
time has no effect on the tensile strength, but rather an
increase occurs only when the annealing temperature
is increased.

Tensile strength (MPa)

A: Time (h)

B: Temperature (C)

Figure 4. Dependence of annealing parameters (temperature and
time) on the tensile strength. Blue fields show the lowest tensile
strength values, and green and yellow fields show the highest values.

3.2. Results for the tensile strain at break

ANOVA analysis of variance indicates that the 2-factor
interaction (2FI) model best fits the influence of anneal-
ing factors on the tensile strain at break. The details
of analysis are shown in P>Table 5. The model F-value
(variation between sample means) of 12.49 implies that
the model is significant. There is only a 0.54% chance
that an F-value this large could occur due to noise.
P-values less than 0.05 suggest that temperature (factor

https://doi.org/10.26701/ems. 1595060 a
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Table 5. Analysis of variance — influence of annealing time and temperature on tensile strain at break

Source Sum of Squares df Mean Square F-value p-value
Model 54.13 3 18.04 12.49 0.0054 significant
A-Time 6.04 1 6.04 418 0.0868
B-Temperature 36.70 1 36.70 25.41 0.0024
AB 11.38 1 11.38 7.88 0.0309
Residual 8.67 6 1.44
Lack of Fit 6.81 5 1.36 0.7354 0.7038 not significant
Pure Error 1.85 1 1.85
Cor Total 62.79 9

B) has a prevalent effect on tensile strain at break and
also interaction of factors AB which can clearly be also
seen on PTable 5 and P-Figure 3. The lack of fit F-value
of 0.7354 implies that the lack of fit is not significant
relative to the pure error. There is a 70.38% chance that
a lack of fit F-value this large could occur due to noise.
Non-significant lack of fit is good because it means that
the model fits which we want.

Table 6. Summary statistics about the model for tensile strain at
break

Std. Dev. 1.20 R2 0.8620
Mean 12.44 Adjusted R? 0.7929
CV.% 9.66 Predicted R? 0.6873

Adeq Precision 10.1619

From PTable 6, it can be concluded that the model fol-
lowed the data very well since the coefficient of deter-
mination is R? = 0.8620. The predicted R? of 0.6873 is
in reasonable agreement with the adjusted R? of 0.7929;
i.e., the difference is less than 0.2. Adequate precision
measures the signal to noise ratio. A ratio greater than
4 is desirable. The ratio of 10.1619 indicates an ade-
quate signal.

Tensile strain at break for PA6-CF can be described by
Equation (2) in actual parameters:

€ = 4.45197 +2.7408 -t + 0.053468 - 9 (2)

where: ¢ (mm/mm) — tensile strain, 9 (°C) — annealing
temperature, t (h) — annealing time.

The obtained equation for tensile strain at break is de-
termined by the annealing temperature and time in the
range, which is shown in p>Table 1, i.e. for an annealing
temperature of 50 °C — 170 °C and for an annealing time
of 2 h to 7 hours.

Figure 5. shows dependence of temperature and time on
the tensile strain at break. The highest strain at break is
measured in case of 7 hours of annealing time and 70 °C
of annealing temperature. An increase in tensile strain
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at break is observable with shorter annealing time in
combination with lower annealing temperatures which
can also be seen from P-Table 2.

h E\i

14 : .

Tensile strain at break (%)

B: Temperature (C) 10

130 3
5
150 7

A: Time (h)
Figure 5. Dependence of annealing parameters (temperature and

time) on the tensile strain at break. Blue fields and contour lines show
the lowest strain at break values, while the highest are shown in red.

3.3. Results for the tensile modulus

A quadratic model best fits statistical analysis of the
tensile modulus. P-values less than 0.05 indicate model
terms are significant. In this case B and B? are signif-
icant model terms (Table 7). The lack of fit F-value of
1.59 implies that the lack of fit is not significant rela-
tive to the pure error. There is a 51.42% chance that
a lack of fit F-value this large could occur due to noise.
Non-significant lack of fit is good because it means that
the model fits which we want.

From PTable 8, it can be concluded that the model fol-
lowed the data very well since the coefficient of determi-

nation is R? = 0.9360.

Tensile modulus for PA6-CF can be described by Equa-
tion (3) in actual parameters:
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Table 7. Analysis of variance — influence of annealing time and temperature on tensile modulus

Source Sum of Squares df Mean Square F-value p-value
Model 3.346E+05 5 66929.04 11.71 0.0168 significant

A-Time 6584.05 1 6584.05 1.15 0.3436

B-Temperature 44174.95 1 44174.95 7.73 0.0498

AB 19019.17 1 19019.17 3.33 0.1422

A? 764.90 1 764.90 0.1338 0.7330

B? 1.948E+05 1 1.948E+05 34.08 0.0043
Residual 22865.89 4 5716.47

Lack of Fit 18904.50 3 6301.50 1.59 0.5142 not significant

Pure Error 3961.39 1 3961.39

E; =1812.6056 + 110.6715-t —20.0234 -9

—0.86194 -9 -t — 29774 1> +0.1188 92 (3

The obtained equation for tensile modulus is deter-
mined by the annealing temperature and time in the
range, which is shown in P-Table 1, i.e. for an annealing
temperature of 50 °C — 170 °C and for an annealing time
of 2 h to 7 hours.

where: E, (N/mm?) —tensile modulus, & (°C) — annealing
temperature, t (h) — annealing time.

Table 8. Summary statistics about the model for tensile modulus

Std. Dev. 75.61 R? 0.9360
Mean 1203.77 Adjusted R? 0.8561
CV. % 6.28 Predicted R? 0.5739

Adeq Precision 10.3193

Tensile modulus (MPa)

A: Time (h)

B: Temperature (C)

Figure 6. Dependence of annealing parameters (temperature and
time) on the tensile modulus. Blue fields and contour lines show the
lowest tensile modulus values, and green fields and contour lines
show the highest values.

Results shown in P>Figure 6 show that there is a possi-
bility in modifying the modulus of the material with the
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combination of higher temperatures and longer dura-
tion or shorter duration and lower temperatures. Mod-
ulus results show that time does not significantly affect
the modulus, but temperature has a range of effects. Or
rather as the analysis showed in P-Table 7, the curve of
the dependence of temperature and annealing time on
the tensile modulus is quadratic and it can be seen that
the higher the temperature, the greater the tensile mod-
ulus, but also at lower temperatures there is a smaller
increase, while time has no effect.

4. Discussion

In previous research, the author Rhugdhrivya, R. at-
tempted to determine the effect of annealing on rein-
forced ABS material, and result has shown improve-
ment of tensile strength up to 12%. Combination of
annealing and uniaxial pressure gives better results for
tensile strength. [10]

In [11] author Sudin, M.N. tested ABS for the impact of
annealing, and it was concluded that there is no linear
relationship between annealing time and temperature
for the best tensile strength results. Our results suggest
that it does not seem to be the case with PA reinforced
with carbon fibres since P-Figure 4 shows a strong lin-
ear dependence of temperature on tensile strength.

PA12 specimens reinforced with carbon fiber were an-
nealed at a similar temperature range in [12] resulting
in an increase of tensile strength (11%) and a decrease
of tensile strain at break (29%) which is similar to our
results. A trend of increased annealing temperatures
towards higher tensile strength results is also observed
in [13]. On the other hand, in [14] PLA, PLA-CF and
PETG, PETG-CF were annealed at 90 °C and 120 °C
for 6 and 8 hours. In the case of PETG and PETG-
CF annealing did not result in any significant change
in tensile strength. Annealing of PLA at 90 °C for 6
and 8 hours increased tensile strength for 13% and
17%. PLA-CF showed a decrease of interlayer tensile
strength before annealing in comparison to PLA but
after annealing at 90 °C for 6 and 8 hours a significant
increase was recorded.

https://doi.org/10.26701/ems. 1595060 @



Effect of annealing on tensile properties of carbon fiber reinforced PA 6 manufactured by fused deposition modeling

From the tests conducted it can be concluded that if one
wants to increase the mechanical properties, primari-
ly strength and modulus, it is necessary to go to much
higher temperatures, and that temperatures of 80 -120
°C as in these previous studies are not sufficient for im-
provement. The time of even 8 hours mentioned by the
author Bhandari, S. et al. [14] is not necessary because
time has no effect on the entire tensile properties what
this research showed (all p-values > 0.5).

5. Conclusions

Bearing in mind the tensile strength results it can be
said that higher temperatures and longer duration are
both beneficial for tensile strength and modulus. Com-
bination of temperature and duration of annealing
gives various options for material modification in terms
of desired modulus or strain at break. Results show that
higher temperatures can increase tensile strength up to
16.7% and modulus up to 35%. Strain at break of the
materials can be decreased up to 59%. Shorter peri-
ods of annealing can replace prolonged duration with
the same or even better effect on tensile strength. As a
dominant factor across all responses was temperature
and we can say that higher temperature is in most cases
the best way to modify PA6-CF properties by anneal-
ing. Depending on whether higher strength or higher
flexibility is required, the appropriate annealing pa-
rameters can be selected from the results obtained or
the balance between all mechanical properties can be
determined.

The obtained equations (equations 1, 2 and 3) for calcu-
lating individual output values (strength, modulus and
strain) can be of great help in industrial applications
because in the mentioned temperature range (50 °C to
170 °C) and time (2 h to 7 h), the values can be calculat-
ed immediately and there is no need for individuals in
the industry to perform the tests themselves.
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Abstract: This study explores the thermal conductivity characteristics of ternary nanofluids composed of water-based
Fe,0,-decorated carboxylated multi-walled carbon nanotubes (MWCNT-COOH), reduced graphene oxide (rGO) and Fe,O,-
MWCNT-COOH/rGO ternary hybrid nanoparticles. The investigation focuses on the influence of temperature and ternary
hybrid nanoparticles concentration. Ultrasonic probes were employed to ensure the stability of the nanofluid and its structural
properties were analyzed using scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDX), X-ray
powder diffraction (XRD) and Fourier-transform infrared spectroscopy (FT-IR). The transient hot-wire technique was employed
to measure the thermal conductivity of all nanofluids. Thermal conductivity measurements were conducted using a KD-2
Pro thermal analyzer across a temperature range of 25-60 °C and a ternary hybrid nanoparticles volume fraction range
of 0.025-0.1%. Results demonstrated that the thermal conductivity ratio increased with higher solid volume fractions and
elevated temperatures. Notably, the impact of temperature became more significant at higher ternary hybrid nanoparticles
concentrations. The findings also revealed a maximum thermal conductivity enhancement of approximately 50%, achieved at
a ternary hybrid nanoparticles fraction of 0.1% and a temperature of 60 °C.

Keywords: MWCNTsCOOH- Fe,0, rGO, ultrasonification, thermal conductivity, ternary hybrid nanofluid.

...................................................................................................................................................................................................

1. Introduction continue to study the positive and negative aspects of

the use of designed configurations in heat transfer pro-
The main challenge for accelerating nanofluid studies is cess [10-16]. The thermal conductivity of nanofluids
to enhance the performance of thermal systems such as used in thermal systems is great of importance [17].
radiators, heat exchangers, air conditioning devices and The increase in thermal conductivity of nanofluids
refrigerators by improving the thermophysical proper-  compared to conventional base fluids is due to the in-
ties of nanofluids[1]. Choi [2] provided the emergence of teraction of nanoparticles, which causes an increase in
the term nanofluid by using nanoparticle additives in the kinetic motion of molecules at higher temperatures
the base fluid and in the continuation nanofluid stud- and therefore a higher rate of transfer of heat through
ies, the particles and base fluids were diversified and the medium. The improvement of thermal conductivity
used in many researches [3-8]. Although nanofluids are varies depending on many parameters such as volume
considered greatly attractive agents in heat transfer ap- or weight fraction of the nanofluid, nanoparticle type
plications, it is not ensured that they have definite per- and shape and nanofluid stability [18, 19]. To address
formance-enhancing effects [9]. In addition, nanofluids the uncertainty in nanofluid thermal conductivity due
with insufficient stability cannot be applied in pumping {0 varying parameters, researchers have conducted sev-
systems due to aggregation and sedimentation compli- eral studies. For instance, Bakhtiari et al. [20] investi-
cations. Problems caused by low stability lead to me- gated the influence of temperature and volume fraction
chanical failure of thermal system equipment and trig-  on the thermal conductivity of TiO,-Graphene/Water
ger pollutants, negatively affecting heat transfer. Inthis  hyhrid nanofluids, concluding that volume fraction had
concept, configurations have been created on the mono/ a more significant impact than temperature. Similarly,
multiple use of nanofluids and providing long-term sta- Taherialekouhi et al. [21] explored the thermal conduc-

bility and many researchers have examined and still tivity characteristics of water-graphene oxide/alumi-
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num oxide nanoparticles as a potential cooling fluid.
In this study, where the temperature and nanofluid
volume fraction ranges were indicated as 25-50 C° and
0.1-1%, respectively, it was reported that the parameter
of temperature was more triggering in promoting the
thermal conductivity. The highest thermal conductivity
enhancement of 33.9% was ensured at the configura-
tion of the volume fraction of 1% and temperature of
50 Cc. Akghar et al. [22] carried out an experimental
investigation to evaluate the changes in thermal con-
ductivity of water ethylene glycol/TiO,-MWCNT nano-
fluid under varying temperatures and volume fractions.
The results revealed that the volume fraction was in-
creasingly dominant to improve thermal conductivity
of hybrid nanofluid relative to temperature. A study by
Kazemi et al.[23] investigated the variation of thermal
conductivity using mono and hybrid Graphene/SiO,
nanofluids at variety of volume fractions of 0.051% and
temperature range between 25-50 C°. The study result-
ed with an improvement of 36.12% in thermal conduc-
tivity using Graphene-SiO,/Water hybrid nanofluid.
Due to high aspect ratio, superior thermal properties
and synergistic relationships of nanoparticles with
each other, the idea of producing hybrid nanofluids is
triggered and initiated to achieve enhancement in heat
transfer and pressure drop properties. In the last 3
years, a new research direction has emerged towards
combining different nanoparticles to obtain nanoflu-
ids with optimum characteristics: this is the synthesis
of three-particle or ternary nanofluids (THyNFs) [24].
Ternary hybrid nanofluids (THyNF) have garnered a
lot of interest nowadays because of their exceptional
capacity to enhance heat transfer efficiency in compar-
ison to conventional fluids. These innovative nanofluids
exhibit significantly higher convective heat transfer co-
efficients and thermal conductivity, which significantly
increases total heat transfer efficiency in a variety of ap-
plications [24]. A base fluid is mixed with an exclusive
combination of three different kinds of nanoparticles
to create these ternary hybrid nanofluids. In order to
improve fluid properties, especially thermal and trans-
port ones, ternary hybrid nanofluids combine metallic,
oxide, or carbon-based nanoparticles. As a basic fluid
transport property, thermal conductivity aids in the
comprehension of heat transfer mechanisms and the
improvement of thermal management systems. Ther-
mal conductivity affects the power cycle’s efficiency
and system dependability. Furthermore, accurate fluid
thermal conductivity is necessary for the design and de-
velopment of innovative technologies, including energy
storage devices and cooling systems [18,19]. Fluid ther-
mal conductivity has been measured using a variety of
techniques. Widely applied and appropriate for fluids,
the transient hot-wire (THW) approach has very low
uncertainty [20, 21]. The benefits of THW approaches
include lowering convective error during experimental
data processing and avoiding the end effect by using two
wires. Transient hot-wire (THW) approach, which has
proven to be reliable, was used in this study.

In this study, an experimental study was conducted
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on Fe O, -decorated carboxylated multi-walled carbon
nanotubes (MWCNT-COOH)/reduced graphene oxide
(Fe,O,-MWCNT-COOH/rGO)/water ternary nanofluids
to analyze the impact of temperature and ternary hybrid
nanoparticles concentration on thermal conductivity.

2. Experimental Section

2.1. Materials

The chemicals utilized in this study included ferrous
chloride tetrahydrate (FeClz-4H>0), sodium hydroxide
(NaOH), nitric acid (HNOs, 70%), sulfuric acid (H,SO4,
96%) and ferric chloride hexahydrate (FeCls-6H20).
All reagents were sourced from Sigma-Aldrich (Burl-
ington, USA) and were used as received without fur-
ther purification. Multi-walled carbon nanotubes
(MWCNTs), with a purity of approximately 96%, an
external diameter of 8-18 nm and lengths ranging from
10-30 um, were synthesized using catalytic chemical
vapor deposition. These were procured in their original
form from Nanografi (Turkey).

2.2. Oxidation of MWCNTSs

The oxidation of MWCNTs followed a previously es-
tablished method [25]. A mixture containing 400 mg
of MWCNTs and 100 mL of concentrated HNO; and
H2SO4 (in a 1:3 ratio; 25 mL HNO3 and 75 mL H>SO,)
was subjected to ultrasonication for 140 minutes. This
mixture was then transferred to a flask with a condens-
er and refluxed under vigorous agitation at 75 °C for six
hours. Upon cooling to room temperature, the suspen-
sion was centrifuged at 18.000 rpm and the solid res-
idue was washed multiple times with deionized water
until the pH of the filtrate approached neutrality. The
resulting solid was dried in a vacuum oven at 80 °C for
two hours and designated as MWCNT-COOH.

The cutting of MWCNTs served two purposes: (i) to in-
troduce functional ~-COOH groups and (ii) to enhance
the solubility of the MWCNTs in various solvents.

2.3. Synthesis of MWCNT-COOH-Fe O, Hybrid
Nanoparticles

The MWCNT-COOH-Fe;0, hybrid nanoparticles were
synthesized via in-situ growth and chemical coprecipi-
tation methods [26, 27]. A solution of 0.35 g MWCNT-
COOH in 100 mL of water was stirred for one hour,
followed by the addition of FeCls and FeCl, salts in a
2:1 molar ratio under continuous stirring. The reaction
was performed under a nitrogen atmosphere. Once the
iron salts dissolved, turning the solution light orange,
water-diluted NaOH was gradually introduced. With-
in 10 minutes, black precipitates formed, indicating the
completion of the reaction. The Fe3O4 nanoparticles at-
tached are to the MWCNTs via the -COOH functional
groups, which are thin enough to retain the fluid’s heat
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transfer characteristics when dispersed in water. The
precipitates were repeatedly washed with water to elim-
inate chloride, sodium and hydrogen impurities before
being dried at 80 °C for 24 hours. Pure Fe,O, nanopar-
ticles were also synthesized for comparison purposes
using the same procedure, but without the addition of
MWCNTs to the distilled water.

2.4. Synthesis of MWCNT-COOH-Fe O,-rGO Ternary
Hybrid Nanoparticles

The rGO was synthesized from natural graphite pow-
der using a modified Hummers method, later employed
to prepare the ternary hybrid nanoparticles [28-34].
Graphite oxide was dispersed in deionized (DI) water
and exfoliation into individual sheets was achieved via
ultrasonication at room temperature for 1 hour. To re-
move any unexfoliated graphite oxide, the suspension
was centrifuged at 18,000 rpm for 30 minutes. The re-
duction and purification of rGO involved sonicating a
mixture of 0.5 g graphite oxide (GO) and 5 g L-ascorbic
acid in 500 mL of deoxygenated water for 30 minutes,
followed by stirring at 60 °C for 36 hours. The result-
ing material was washed, filtered, dried and stored at
room temperature. To form the hybrid material, car-
boxylated MWCNT-Fe3O4 was introduced into the
rGO suspension. The mixture was vigorously stirred
and ultrasonicated for 2 hours at room temperature
to promote grafting and ensure the intercalation of
MWCNT-COOH-Fe304 within the rGO nanosheets.
The resulting MWCNT-COOH-Fe;04-rGO composite
was centrifuged at 18,000 rpm, thoroughly washed with
DI water and dried at 80 °C for further characterization
and experimentation.

2.5. Characterization

The synthesized ternary hybrid nanoparticles were
structurally analyzed using X-ray diffraction (XRD)
(Rigaku DMAX IIIC). Morphological features were
assessed with a scanning electron microscope (SEM:
TESCAN MIRA3 XMU) equipped with an energy-dis-
persive X-ray spectrometer (EDX). Functional groups
were analyzed using Fourier-transform infrared spec-
troscopy (FTIR: Bruker Tensor II) within the range of
4000-500 cm™. Specimens were pressed into potassi-
um bromide pellets for FTIR analysis.

2.6. Ultrasound application

The ternary hybrid nanoparticles were dispersed in
water at concentrations ranging from 0.025% to 0.1%
by volume and temperatures between 25 and 60 °C.
Uniform dispersion and stability of the nanofluids were
achieved using a 750-W ultrasonic liquid processor
(Sonics & Materials Inc., USA, VCX750 sonicator). The
nanofluids were under continuous and pulsed ultra-
sound treatment at 20 kHz for 60 minutes in an ultra-
sound device. To prevent overheating, a water bath was
placed on the walls of the beaker holding the nanofluid.

Q European Mechanical Science (2025), 9(1)

The ultrasonic probe was positioned inside an acoustic
foam sound-reduction enclosure. A cylindrical-diam-
eter, cylindrical-shaped 13 mm tTi6Al4V titanium al-
loy probe was employed. In the continuous and pulsed
processes, the probe was positioned 100 mm above the
surface of the nanofluids, 10 mm below, with a frequen-
cy of 20 kHz and an amplitude level of 40%. Discrete
nanoparticles or lower particle sizes were successfully
produced by ultrasonication.

2.7. Thermal conductivity measurement

Nanofluids with varying MWCNT-COOH-Fe;O04-rGO
ratios were prepared to evaluate their thermal conduc-
tivity. A KD2 Pro thermal properties analyzer (Deca-
gon Devices, Inc., Pullman, WA, USA) employing the
transient hot-wire technique was used for measure-
ments. Synthesis of ternary hybrid nanoparticles and
the thermal conductivity setup are illustrated in P>Fig-
ure 1. Thermal conductivity measurements were con-
ducted at 25, 35, 45, 55 and 60 °C. Sensor accuracy
was validated through repeated calibration with water.
Measurements were performed 5 minutes after immer-
sion in a water bath to stabilize temperature. Each test
involved 20 readings taken at 15-minute intervals, with
the average recorded. Thermal conductivity of the base
fluid (water) was measured at the start and end of each
experiment, aligning with reported literature values
(Table 1, [42]) for verification.

i.
Figure 1. Figures of MWCNT-COOH-Fe,0,-rGO-water ternary hybrid nano-
fluid preparation process (a-e) f. bath sonicator g. probe sonicator h. high

speed centrifuge i. thermal conductivity device and water bath.
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Table 1. Experimental thermal conductivity (k) of base fluid water as a
function of temperature (T)

k/(WmTK™) k/(W m 1K)
T/K Measured data Reference data
298 0.611£0.002 0.6076 [42]
308 0.626+0.002 0.6240 [42]
318 0.638+0.003 0.6380 [42]
328 0.644+0.002 0.6497 [42]
333 0.650+0.004 0.6480 [42]

The “thermal conductivity ratio” is defined as follows to pro-
vide a clear investigation:

.. . kn I
thermal conductivity ratio= P

bf

3. Results and discussion

3.1. SEM Analysis

The particle size and surface morphology of the synthe-
sized samples and hybrid material were analyzed using
SEM, as shown in P>Figure 2. The SEM images reveal
that carbon nanotubes grew on both sides of the rGO
sheets, which exhibit ultrathin, wrinkled, wavy and fi-
brous structures. The MWCNT-COOH samples appear
cylindrical, with curved and entangled morphologies.
Furthermore, the Fe;O4 nanoparticles are nearly uni-
form in size and the SEM clearly shows their attach-
ment to the surfaces of MWCNT-COOH.

3.2. SEM-EDX Analysis

SEM-EDX analysis was performed to determine the
elemental composition of the samples. This technique
provides precise identification and quantification of
elements in small sample volumes. The EDX spectra
of GO (»Figure 3a), MWCNT-COOH (»Figure 3b),
MWCNT-COOH-Fe304 (Fig. 3c) and MWCNT-COOH-
Fe304-rGO (Fig. 3d) confirm the successful deposition

WD: 9.77 mm
MIRA3 XMU
SEM MAG: 50.0 kx Det: SE

SEM HV: 10.0 kV.
Go-7 MIRA3 XMU
SEM MAG: 50.0 kx Det: SE

WD: 9.86 mm SEM HV: 10.0 kV

MW-COOH-5

of Fe;0, on MWCNT-COOH. The carbon (C) signal
originates from the MWCNTs, while the oxygen (O)
signal is attributed to functionalization with —-COOH
groups. The Fe signal confirms the presence of Fe;O,.
In the ternary hybrid nanoparticles, the composition
by mass is C 46%, O 29.7% and Fe 24.3%, indicating a
predominant presence of these elements.

3.3. XRD Analysis

The XRD patterns for GO, MWCNT-COOH and
MWCNT-COOH-Fe304-rGO are depicted in PFigure
4. MWCNT-COOH exhibits peaks at 20 values of 25.9°
(002), 43.0° (100), and 44.0° (101) [36-38]. GO is char-
acterized by a diffraction peak at 20 = 11.2° [39], which
disappears after reduction, with rGO showing a peak at
26.1° [40]. The overlap of MWCNT and rGO peaks at
26.1° increases intensity in this region. Fe;O, diffrac-
tion peaks were observed at 20 values of 18.5° 30.3°,
35.7°, 43.5° 53.4° 57.2° and 63.1° corresponding to
planes (111), (220), (311), (400), (422), (511) and (440),
respectively, consistent with the cubic structure and
JCPDS no. 65-3107 [41]. These results confirm that GO
was fully reduced to rGO and Fe3O4 nanoparticles were
successfully incorporated.

3.4. FTIR Analysis

Fourier-transform infrared spectroscopy (FTIR) (»Fig-
ure 5) was employed to examine functional groups in
MWCNT-COOH-Fe;04-rGO. Peaks at 1550 cm™ and
1846 cm™ correspond to C=0 and C=C groups, respec-
tively, characteristic of carbon nanotube sidewalls. The
broad peak at 3400 cm™ is attributed to O—H stretch-
ing in carboxylic acid groups, while the peak at 1044
cm™ is associated with C-O vibrations. A peak at 2800
cm™ indicates —~CH stretching and the Fe-O vibration
is observed at 561 cm™, confirming the presence of
Fe304. These findings demonstrate effective modifica-
tion of nanotubes with ~-COOH groups and successful
integration of FesO4 and rGO.

MW-3LU-2 MIRA3 XMU

SEM MAG: 50.0 kKx Det: SE

Figure 2. SEM images showing morphologies of GO, MWCNT-COOH and MWCNT-COOH-Fe,0,-rGO.
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Figure 3. EDX analysis of a. GO b. MWCNT-COOH ¢. MWCNT-COOH- Fe,0, and d. MWCNT-COOH-Fe,0,-1GO
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Figure 4. XRD patterns of GO, MWCNT-COOH and MWCNT-COOH-Fe,0,-rGO.
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Figure 5. The FTIR spectra of MWCNT-COOH-Fe,0,-rGO

3.5. Thermal Conductivity Analysis

The experimental thermal conductivity of MWCNT-
COOH-Fe304-rGO/water nanofluids was measured
at temperatures ranging from 25 to 60 °C, with solid
volume fractions of 0.025%, 0.05%, 0.075% and 0.1%,
as shown in P-Figures 6 and 7. Thermal conductivity is
influenced by nanoparticle concentration, temperature,
and the thermal properties of both the base fluid and
hybrid nanoparticles.

The data presented in P-Figures 6 and 7 illustrate a
non-linear increase in thermal conductivity with tem-
perature for all the studied nanofluids. At lower tem-
peratures (25-30 °C), thermal conductivity values
are modest, but a significant increase is observed at
temperatures exceeding 30 °C, with notable enhance-
ments compared to the base fluid. This behavior is at-
tributed primarily to the intensified Brownian motion
of nanoparticles at elevated temperatures, which out-
weighsthe reduced thermal conductivity caused by thin-
ner liquid layers surrounding the particles. Although
Brownian motion is the primary driver of thermal
conductivity variation, other factors, such as the high
aspect ratio of the particles, nanoparticle agglomera-
tion and the increased surface area of suspended nano-
structures, also contribute to this trend. The concentra-
tion of the nanohybrid also plays a crucial role. Higher
concentrations result in greater thermal conductivity
due to the intrinsic high thermal transfer properties of
nanoparticles. For instance, the highest thermal con-
ductivity recorded was 0.988 W/mK at 60 °C for a 0.1%
concentration of MWCNT-COOH-Fe;0,4-rGO in water.
Thermal conductivity generally exhibits a non-linear
increase with rising nanohybrid concentrations, where
low concentrations lead to slow increases due to ther-
mal contact resistance. Additionally, overlapping or
interacting liquid layers surrounding the nanoparticles
can further enhance thermal conductivity.

Heat conduction is a microscopic phenomenon that is
impossible to see or fully describe through experimen-
tation. The ordered organization of liquid molecules on
the surface of nanoparticles has been identified by sev-
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eral studies as one of the main mechanisms displayed
in relation to the abnormally high thermal conductivity
of nanofluids. The interfacial layer, which was initially
described and described by Choi et al. [2], is the term
used to describe this organized layer structure that
forms a shell at the surfaces of nanoparticles. It has
been demonstrated that heat transfer from nanoparti-
cles to the base liquid is interestingly influenced by the
thickness of the interfacial layer. However, because to
its incredibly small size, the interface layer remains ex-
ceedingly challenging to characterize experimentally.
Some studies attempted to address this by examining
and assessing the impact of the interfacial layer on the
anomalous thermal conductivity using numerous simu-
lations. The matter has been addressed in recent years
by a number of simulated and experimental investiga-
tions that look at and assess how the interface layer af-
fects thermal conductivity.
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Figure6. The ternary hybrid nanofluids’ thermal conductivity in relation
to the solid volume fraction at various temperatures.
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Figure 7. The ternary hybrid nanofluids’ thermal conductivity in rela-
tion to temperature for different nanofluid samples.

3.6. Thermal Conductivity Ratio Analysis

Figures 8 and 9 provide a detailed depiction of the ther-
mal conductivity ratio as a function of temperature
and solid volume fraction. The variation in the thermal
conductivity ratio with solid volume fraction becomes
significantly more pronounced at higher temperatures
than at lower ones. This can be attributed to the great-
er impact of temperature on the mobility of particles at
higher concentrations. The data also demonstrate that
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the influence of temperature on the thermal conductiv-
ity ratio becomes increasingly significant with larger
solid volume fractions, where particle motion is more
sensitive to temperature changes. A maximum thermal
conductivity enhancement of approximately 50% was
recorded at 60 °C with a solid volume fraction of 0.1%.
These findings underscore the potential of hybrid nano-
fluids to significantly improve the heat transfer perfor-
mance of base fluids under optimized conditions.
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Figure 8. Change in the ternary hybrid nanofluid’s thermal conductivity
ratio with solid volume fraction
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Figure 9. Change in the ternary hybrid nanofluid’s thermal conductivity
ratio with temperature.

4. Conclusion

This study investigated the thermal conductivity of
MWCNT-COOH-Fe304-rGO hybrid nanofluids across
temperatures ranging from 25 °C to 60 °C, with solid
volume fractions of 0.025%, 0.05%, 0.075% and 0.1%.
The experimental results demonstrated that both
temperature and solid volume fraction significantly
influence thermal conductivity. Specifically, thermal
conductivity increased consistently with rising tem-
peratures and solid volume fractions. Moreover, the
findings revealed that at elevated temperatures, the in-
fluence of solid volume fraction on the thermal conduc-
tivity ratio was more pronounced compared to lower
temperatures. Similarly, higher solid volume fractions

@ European Mechanical Science (2025), 9(1)

amplified the effect of temperature on the thermal con-
ductivity ratio, emphasizing the synergistic relationship
between these parameters. The study concluded that
the maximum observed enhancement in thermal con-
ductivity was approximately 50%, achieved at a tem-
perature of 60 °C and a solid volume fraction of 0.1%.
These findings demonstrate how hybrid nanofluids may
improve heat transfer efficiency in particular circum-
stances. Nanofluids have proven to be highly suitable
for a variety of heat transfer applications, including
electronic cooling, refrigeration systems, heat exchang-
ers, and solar thermal systems [43-46]. However, more
research is required to determine whether nanofluids
are appropriate for life cycle analysis of these physical
systems. It is necessary to conduct thorough research
on the economic implications of nanofluid. Long-term,
very stable nanofluids, on the other hand, have superi-
or thermophysical characteristics that enhance system
performance and allow for several operating cycles,
hence proving to be economically advantageous. The
investigation indicates that, in comparison to the basic
fluids (deionized water), hybrid nanofluids based on ter-
nary hybrid nanoparticles have superior thermal prop-
erties. Consequently, these hybrid nanofluids are the
nanofluids of the future for electronic cooling or heat
exchange systems.
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Abstract: This study utilizes equal channel angular pressing (ECAP), also known as equal channel angular extrusion (ECAE),
to induce severe plastic deformation in Zn-3% Cu-9%Al (ZCA-9 Al) alloy, resulting in ultrafine-grained structures. ECAP is an
unconventional technique used to impart severe plastic deformation to materials, producing ultrafine-grained (UFG) structures.
To obtain UFG structures, two well-known Routes, A and Bc, as well as a newly proposed Route, D, were employed and
evaluated. Following ECAP processing, the samples were subjected to various tests to assess their tensile properties, creep
resistance, and wear track deformation behavior. The results demonstrated that all tested Routes significantly enhanced the
tensile properties and creep resistance of ZCA-9 Al alloys. Routes A, Bc, and D increased the ultimate tensile strength (UTS) by
14.42%, 16.34%, and 12.82%, respectively, although they had minimal impact on wear track deformation. Overall, the findings
indicate that Routes A, Bc, and D can improve the tensile and creep properties of ZCA-9 Al alloy, with Route B¢ showing slightly

superior results, though it required a higher extrusion force.

Keywords: ECAP, Nanoindentation, Ultrafine Grained Structures, Tensile Strength, Creep, Wear.
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1. Introduction

ECAP, or ECAE is a method proposed by V. M. Segal
that have garnered attention in recent years for pro-
ducing UFG materials. UFG materials undergo severe
plastic deformation (SPD), which results in superior
mechanical and physical properties compared to their
original state. These materials typically have grain siz-
es ranging between 1 um and 2 um in diameter. Ad-
ditionally, UFG materials exhibit high electrical resis-
tivity and diffusivity, making them suitable for a wide
variety of applications [1].

There are numerous techniques for producing UFG
materials, including plasma processing, chemical and
physical vapor deposition, inert gas condensation, and
milling. However, these methods are not suitable for
mass production. To achieve significant changes in ma-
terial properties, high-angle grain boundaries (HAGB)
are necessary, as they possess misorientation angles
greater than 15 degrees [2].

For this reason, it is imperative to investigate non-tra-
ditional SPD techniques, such as ECAP, to address the

.................................................................................................

shortcomings of conventional methods and to produce
UFG materials with enhanced mechanical properties.
UFG materials synthesized through SPD processes
are typically characterized by granular HAGB. Grain
boundaries play a pivotal role in grain size refinement
by impeding dislocation motion within the material,
which consequently improves both strength and hard-
ness. The Hall-Petch relationship provides a robust
explanation for the correlation between grain size,
hardness, and strength. According to this principle, re-
ducing the grain size brings the material closer to its
theoretical strength limits, with maximum strength ob-
served at approximately 20-30 nm [2-3].

If the UFG structure is preserved at elevated tempera-
tures, where diffusion rates increase significantly, the
material shows great potential for enabling superplas-
tic forming at higher strain rates. For this reason, our
focus is on ECAP as an SPD method for producing larg-
er samples of UFG materials with low porosity. One of
the key advantages of ECAP is that it strains the sample
without causing dimensional changes. This is a signifi-
cant benefit compared to other SPD methods, such as
Accumulated Roll Bonding (ARB), which can induce
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dimensional changes and sometimes result in edge
cracking or fracturing. P-Figure 1 provides a schematic
illustration of the ECAP process.

é Plunger

Specimen (Before)

Die .

=

Specimen (After)

Figure 1. Schematic process of ECAP

Thus, ECAP is a widely used SPD method for achiev-
ing ultrafine-grained (UFG) structures by inducing
large amounts of plastic deformation (with true strains
greater than 10). A substantial body of evidence demon-
strates that UFG structures processed through this
method result in significant changes in the fundamen-
tal properties of the material [4-6]. ECAP also holds
potential for large-scale production and commercial
applications. Numerous studies have shown that the
ECAP process improves the strength and ductility of
materials in ways that may not be possible with conven-
tional techniques.

For instance, Abioye et al. [7] found that subjecting AL
6063 alloys to ECAP enhanced their tensile properties.
Similarly, Ding et al. [8] investigated three different pro-
cessing Routes for Mg alloy and found that only Route
A was effective in increasing strength. Jiang et al. [9]
investigated how ECAP affects the room-temperature
mechanical properties of cast Mg-9Al-Zn alloy, high-
lighting notable enhancements in yield strength, ulti-
mate tensile strength, and elongation achieved through
ECAE.

Martynenko et al. [10] studied the texture, microstruc-
ture, and mechanical behavior of magnesium alloy
WE43 subjected to ECAP, concluding that the process
improved both strength and ductility. Tolaminejad et
al. [11] studied commercial purity aluminum subject-
ed to ECAP using Route Be. They found that the mi-
crostructure transitioned from elongated subgrains to
ultrafine grains between passes 1 and 4, but no signif-
icant changes occurred between passes 4 and 8. They
concluded that the first ECAP pass enhanced the me-
chanical properties by more than four times compared
to the annealed condition.

Yang et al. [12] conducted a systematic analysis of the
changes in microstructure, texture, and mechanical
properties of extruded Mg-xY (x = 1, 5 wt.%) alloys
during ECAP, utilizing optical microscopy, electron

@ European Mechanical Science (2025), 9(1)

backscatter diffraction (EBSD), and uniaxial tensile
testing. Their findings revealed that the Mg-5Y alloy
experienced notable improvements in strength and
elongation post-ECAP, with yield strength, ultimate
strength, and elongation increasing by 10%, 6%, and
72%, respectively.

A notable advantage of ECAP lies in its ability to deform
materials without altering the sample’s cross-sectional
area. Furthermore, the same material can undergo re-
peated processing by varying its orientation, referred
to as different Routes. With an increasing number of
passes, the material experiences progressively higher
levels of deformation. These varying orientations result
in the development of distinct substructures. Among
the available ECAP Routes, A and Bc have demon-
strated exceptional efficacy in enhancing mechanical
properties and exerting a profound influence on the
microstructure. The shear plane and the sample’s ro-
tation after successive passes for Routes A and Bc are
illustrated in P>Figure 2(a), »Figure 2(b) and PFigure
2(c), respectively.

Figure 2. Different ECAP processing Routes. [13-14]

Route A produces elongated grains with a lamellar
structure, formed by a gradual increase in the misori-
entation angle between adjacent grains. Conversely,
Route Bc facilitates the development of a uniform mi-
crostructure comprising equiaxed grains, which are
more rapidly delineated by high-angle grain boundar-
ies (HAGB). Equiaxed grains are characterized by their
nearly identical dimensions in all directions, providing
a greater number of slip planes. This structural attri-
bute significantly contributes to enhanced strength and
ductility. In addition to Routes A and Be, this study ex-
amines a new Route, named Route D, as shown in P-Fig-
ure 3.

In Route D, the sample is rotated along the X-axis af-
ter each consecutive pass, a strategy designed to more
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efficiently produce a uniform microstructure with equi-
axed grains separated by high-angle grain boundaries
(HAGB). In addition to the chosen Routes, essential
factors like die angle, extrusion temperature, and ex-
trusion speed significantly influence the ECAP process.
Thang et al. [15] determined that, among seven differ-
ent Routes, a 90° die angle was the most effective for
achieving significant grain size reduction. This finding
reinforces the suitability of ECAP as a method for ob-
taining a refined equiaxed microstructure, with a range
of Routes and extrusion angles available to customize
the microstructure according to specific requirements.

Route D

0%

7z

Figure 3. Route D

This study focused on Zn-Al alloys due to their wide-
spread engineering applications. Savaskan et al. [16]
noted that Zn alloys with 2-3% Cu offer high tensile
strength, creep resistance, and wear resistance but
become dimensionally unstable above 100°C. Zn-Al
alloys are valued for their affordability, machinability,
corrosion resistance, and superior surface finish com-
pared to cast iron, with mechanical properties similar
to low-carbon steel and aluminum. Their high damping
capacity makes them suitable for noise and vibration
reduction, though enhancing damping often compro-
mises strength, posing a challenge in balancing both
properties.

Zn-Al alloys with superior mechanical properties can
be achieved through the addition of copper (Cu) or tita-
nium (T1i), even without employing alternative forming
techniques; however, this approach results in a reduc-
tion in ductility. Furthermore, the material’s micro-
structure plays a pivotal role in determining its me-
chanical characteristics. ECAP, as an innovative and
non-conventional processing method, holds significant
potential for refining microstructures and generating
ultrafine-grained (UFG) materials. Therefore, studying
the impact of ECAP on the tribological and mechanical
behaviors of Zn-Al alloys is crucial.

In this study, the tensile, creep, nanoindentation,
scratch, and wear properties of cast and ECAP-pro-
cessed Zn-9%AI1-3%Cu alloys under various conditions
were evaluated using nanoindentation instead of con-
ventional testing methods. Additionally, the research
analyzed the microstructural evolution of these alloys
during ECAP, employing processing Routes A, Bc, and
the newly proposed Route D.

European Mechanical Science (2025), 9(1)

2. Material and Methods

The ECAP process used a servo-hydraulic MTS ma-
chine with a 315 kN press to extrude samples through a
die with two identical square channels, aided by a plung-
er. The system included a main block, center block, and
supporting block, securely fastened with bolts.

Figure 4 shows the ECAP setup and a schematic of the
die, featuring two channels intersecting at a 90° angle
(®) with an outer arc angle () of 0°. Temperature was
monitored using thermocouples placed 2 mm from the
channel and within the environmental chamber enclos-
ing the setup.

The extrusions were conducted at 650°C (£5°C), the
minimum temperature to prevent shear cracks and con-
trol grain growth. Samples, made from as-cast ZCA-9
alloy (Zn-9%A1-3%Cu with trace Ti and Cr), were ma-
chined to dimensions of 6.35 x 6.35 x 35.75 mm.

Figure 4. Photograph illustrating the ECAP setup

o el e | [efe
. Y

¢ < e l

< <% &

Supporting Block Center Block- Plate Main Block-Die

Figure 5. Schematic representation of the supporting block, center
block, and main block of the ECAP die.

The sample was coated with molybdenum disulfide
(MoS.) paste, placed in the die’s vertical channel, and
heated for 15 minutes to reach the processing tempera-
ture before being extruded at a constant rate of 10 mm/
min.

Following the initial extrusion, samples underwent pro-
cessing via Routes A, BC, and D, with up to eight passes
through the 90° die. The applied load was continuously
monitored and recorded using a load cell.
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2.1. Mechanical Testing

Tension Testing

A uniaxial tensile test was conducted at room tempera-
ture using an MTS machine with a 44 kN load cell on
samples processed via Routes A, BC, and D. Tests fol-
lowed ASTM ES8 standards, with a strain rate of 1.74 x
1073 s7%. Three samples per Route were tested, averaged,
and prepared to dimensions of 30 X 3 x 2.1 mm.

Y (Transverse Plane)

7. (Extrusion Direction)

\ Extrusion Direction

N —

(a) (b)

Figure 6. Schematic representation of the cutting orientation for (a)
tensile and (b) compression samples, aligned parallel to the extrusion
direction.

The samples were prepared in a dog bone shape with
a rectangular cross-section, aligned parallel to the ex-
trusion direction, and polished with 0.05 um colloidal
silica to eliminate surface imperfections. The gauge
section was finalized at 10 X 3 X 2 mm. Strain gauges
and a deflectometer were used to record strain and dis-
placement during testing, with load-displacement data
captured by a data acquisition system to calculate engi-
neering stress (o) and strain (g):

P
Engineering Stress, 0 = o (D)
0

(L-Lo)
— ©)

Elongation was determined as:

Engineering Strain, € =

Elongation (%),
% = =0 x100 (3)
Ly

where L is the gauge length before pulling depending
on the size of the sample tested.

Nano hardness test

Nano hardness testing, also known as nanoindentation,
involves measuring the depth of indentations on a
nanometer scale. Nanoindentation tests using the
MTS Nanoindenter XP were performed to assess the
hardness and Young’s modulus of the ZCA-9 alloy in its
as-cast state and after ECAP processing. A Berkovich
indenter created indentations at a depth of 1000-1500
nm with a strain rate of 0.05 s™*. The schematic view of
the ECAP-processed specimen is shown in P-Figure 7.
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Figure 7. Schematic view of nanoindentation test on the transverse
surface of the as-cast and ECAP processed alloy.

A series of fifteen nanoindents was conducted sequen-
tially along the X and Y axes, with a spacing of 400 nm
between each indent, to ensure that hardness remained
consistent with depth along the axes. The indentation
load and corresponding depths were recorded contin-
uously during the tests, with a representative load-dis-
placement curve shown in P-Figure 8.

A
----------- hum\‘ L
loading :
(-9 H
-g Pln&’(
- unloading :
E
c :
a >
« b d

Displacement, h

Figure 8. Schematic representation of a typical load-displacement
curve generated during nanoindentation testing.

In nano hardness testing, the predetermined load is
gradually and uniformly applied to the indenter, causing
it to penetrate the sample (represented by curve AB in
P-Figure 8). At point B, the material’s resistance matches
the applied load, halting further penetration. As the
load is gradually reduced, the indentation undergoes
elastic recovery, producing the unloading curve BC.
The material’s Young’s modulus (E) is determined from
the slope of the linear portion of the unloading curve
and is calculated as:

_ar
" dh @
The hardness of the material (H) can be determined as:
H — Pmax
A (5)

where P represents the maximum indentation load
(point B), and AAA denotes the projected area of the
indentation impression.
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Nano scratch Testing

Nano scratch tests using the MTS Nano Indenter XP
evaluated the scratch properties of as-cast and ECAP-
processed materials. Five 500 pm-long scratches were
made on longitudinal and transverse surfaces using a
Berkovich indenter. The applied load increased linearly
from 0 to 90 mN at 10 um/s. Parameters such as load-
displacement, lateral deflection, table position, and
time were monitored, and friction coeflicients were
calculated as the lateral force to normal load ratio.

Creep Testing

Uniaxial tensile creep tests at room temperature as-
sessed the creep strength of as-cast and ECAP-pro-
cessed ZCA-9 samples under a constant 61 kg load (30
MPa stress). Samples, fabricated per ASTM E139 stan-
dards (5 mm diameter, 10 mm gauge length), were CNC
machined for minimal heat and high surface quality.
All but the as-cast samples were tested until failure.
Displacement data were recorded using an extensome-
ter and LVDT, with nominal strain () calculated as the
change in length (Al) relative to the original length (1).

Al
o (6)

E =

2.2. Microstructural Characterization

Optical Microscope and Scanning Electron Microscope

Metallurgical analysis of as-cast, ECAP-processed, and
heat-treated ZCA-9 alloy was conducted using optical
microscopy and Scanning Electron Microscope (SEM)
for grain and particle size evaluation, while Environ-
mental Scanning Electron Microscope (ESEM) ana-
lyzed alloy phases. Samples were sectioned transverse-
ly with a diamond blade, then ground with SiC paper
(240-600 grit) and polished with alumina abrasives
(5-0.05 pum).

OM and SEM Results

The microstructural changes in as-cast, as-ECAP, and
post-ECAP alloys were analyzed using SEM. P>Figures
9(a) and 9(b) display Backscattered Electrons Mode
(BSEM) images at low magnification and secondary
images at higher magnification of the as-cast ZCA-9
alloy.

The as-cast ZCA-9 alloy exhibits randomly distribut-
ed grains with a three-phase eutectic structure, where
dark, grey, and white regions correspond to Al-rich,
Zn-rich, and Cu-rich phases, respectively. A tree-stem-
like eutectic structure containing n, a, and € phases was
determined, with EDS analysis presented in P>Figures
10-13.

The 1 phase is dominant in Zn BSE images, the a phase
in Al-scattered images, and the € phase in Cu-scattered
images. The as-cast ZCA-9 alloy also contains Al-rich
dendrites and Zn-rich eutectic phases. Zhu et al. [17]

European Mechanical Science (2025), 9(1)

(b)

Figure 9. (a) Backscattered (b) Secondary images of as-cast ZCA-9
alloy.

reported similar dendritic structures in Zn-Al alloys,
where reducing dendrite spacing enhances mechanical
properties by minimizing microsegregation. Osorio
et al. [18] and Turhal et al. [19] further confirmed
that finer dendrite spacing improves tensile and yield
strength while reducing porosity, particularly in Zn
alloys with higher Al content.

ECAP-processed ZCA-9 alloys, contributing to im-
proved mechanical properties, including increased
strength and ductility. Optical micrographs (P>Figures
14(a)-(d)) show that a single ECAP pass refined the mi-
crostructure into a uniform equiaxed grain structure
(average grain size: 0.24 um). Grain boundary sliding
(GBS), crucial for structural superplasticity, was facili-
tated by equiaxed grains and the spherical distribution
of Al-rich phases, enhancing GBS efficiency compared
to laminar structures.

In Route A, grain structures become fibrous and elon-
gated along the extrusion direction due to the lack of
rotation during successive ECAP passes, leading to a
mixture of course and fine grains with limited homo-
geneity. Deformation zones around hard particles and
reduced deformation band spacing accelerate the for-
mation of UFG structures [22]. As a directional strain
process, Route A causes strain to accumulate consis-
tently, subdividing grains into cell blocks with varying
slip systems [23]. This process promotes grain rotation
toward stable orientations, forming high-angle grain
boundaries (HAGB).
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Figure 10. EDS spectrum of as-cast ZCA-9 alloy.
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Figure 12. EDS spectrum of white phase of as-cast ZCA-9 alloy.
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Figure 14. Optical micrographs illustrating typical microstructure of (a) as-cast, and ECAP processed sample up to (b) one pass, (c) Route A-two

passes and (d) Route Bc-two passes.

3. Mechanical Results

3.1. ECAP Process

Figure 15(a) and (b) depict the variation in extrusion
load as a function of displacement for the alloy during
the ECAP process using Routes A and BC.

European Mechanical Science (2025), 9(1)

As shown in P-Figures 15(a) and (b), at the start of the
ECAP process, the extrusion force rises sharply as the
plunger advances, but it quickly stabilizes due to the
material’s yield resistance. Once the yield resistance is
overcome and the peak load is reached, the extrusion
load decreases, then increases again to a level close to
or exceeding the previous peak before dropping as the
process concludes. In B-Figure 15(a), the extrusion force
remains constant for the first and second passes but
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Figure 15. Force-displacement curves of the ZCA-9 samples from the
ECAP process of different numbers of passes. (a) Route A, (b) Route
Bc.

begins to decline thereafter. For Route Be, the extrusion
load increases from the first to the second pass and then
follows a decreasing trend similar to Route A. Notably,
the extrusion force required for the ECAP process is
higher for Route Bc compared to Route A. Thisincreased
force requirement for Route Bc can be attributed to the
presence of elongated grains and microbands aligned
with the extrusion direction. Similar findings were
reported by Purcek et al. [24] during high-temperature
extrusion of Zn-27%Al alloy. It is also worth noting
that the geometry of the die significantly influences
the deformation process. The strain experienced by
the material during ECAP is highly dependent on the
channel angle (@) and the outer arc curvature angle
(W). The total strain intensity during the process can
be determined using the following equation:

N b+ ¢+
=7 [2cot (T) + cos ec(T)] D

In the equation, N represents the number of passes, W
is the angle of the arc of curvature, and @ is the angle

Q European Mechanical Science (2025), 9(1)

between the channels (refer to B>Figure 2). The equation
indicates that the number of passes, N, is directly
proportional to the efficiency of the ECAP process.
According to Thang et al. [15], a channel angle ® of
90° is the most effective for achieving significant grain
size reduction. Nagasekhar et al. [25], through finite
element analysis, studied the deformation behavior of
extruded materials and determined that optimal strain
homogeneity, minimal dead zone formation, and no
adverse effects could be achieved with a @ angle of 90°
and a W angle of 20°.

In this study, the die angles were set to ®=900 and
W=200toexaminethe effects of ECAP on the mechanical
and tribological properties of the Zn-3%Cu-9%Al
alloy. Determining the optimal die angles is crucial
for obtaining ultrafine-grained (UFG) materials with
fewer ECAP passes, thereby making the process more
time- and cost-efficient. The results indicate that Route
Bc is the most effective in producing equiaxed fine-
grained materials. However, this Route requires higher
extrusion forces compared to Route A. Unfortunately,
data on extrusion forces for Route D is unavailable,
preventing any conclusions regarding its performance.

Tension Test Results

The tensile tests aimed to evaluate the mechanical
properties of ECAP-processed samples, focusing on
UTS and yield strength (YS). Engineering stress-strain
curves for samples processed through Routes A, Be,
and D are shown in P-Figures 16(a)-(c).

All three engineering stress-strain diagrams reveal a
substantial increase in ultimate tensile strength (UTS)
following the first ECAP pass. Route A achieved its
maximum UTS after the first pass, Route Bc reached
its peak after the second pass, and Route D attained its
highest UTS after the third pass. After reaching a peak
UTS value, additional passes led to a reduction in both
UTS and YS. The peak UTS values were similar among
the Routes, with the highest observed for Route Bc. The
UTS values increased by 14.42% for Route A, 16.34%
for Route BC, and 12.82% for Route D. Additionally,
each Route exhibited strain-softening behavior and
improved ductility after successive passes, which is
arguably the most noteworthy aspect of the engineering
stress-strain diagrams. A substantial increase in
ductility occurred without a significant decrease in
tensile strength. These results suggest that Routes A,
BC, and D can be used to enhance the tensile properties
of ZCA-9 alloys.

The comparison with extrusion force data indicates
that the force required for ECAP is influenced by the
improved ductility in Route Bc, likely due to better
grain refinement and reduced dislocation density from
SPD. This effect is absent in Route A, where the lack of
rotation between passes leads to repeated shear in the
same direction, promoting a uniform microstructure
and greater work-hardening. Extrusion data for Route
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structure. Awasthi et al. [27] observed that Route BC

007 enhanced tensile properties, including tensile strength
350 - and ductility, due to the development of refined grain
0 structures. Similarly, Alateyah et al. [28] reported that
g ’ Route A led to substantial grain refinement and the
= 250 - conversion of low-angle grain boundaries into high-an-
g 00 gle grain boundaries, resulting in improved mechanical
fﬂ : properties such as UTS and ductility. EI-Shenawy et al.
£ 150~ ﬁn]p;:z?md [38] found that ECAP processing using Route A for the
% 100 e A 2 Passes AA2024 aluminum alloy significantly improved its ten-
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Figure 16. Engineering stress-strain curves for ZCA-9 samples pro-
cessed through Route A (a), Route Bc (b), and Route D (c).
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Ramirez et al. [26] found that Route Be significantly

enhanced the tensile strength and ductility of Al-Si-Cu
alloy by promoting a homogeneous and refined micro-
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As shown in P-Figure 18, variation in creep compliance
is expected since the stress on the sample is constant
and creep compliance is directly proportional to strain.
The results for surface displacement and creep compli-
ance were obtained from the nanoindenter for samples
processed using Routes A, BC, and D. The stress ex-
ponent for the nanoindentation test was calculated by
the software. P-Figure 19(a)-(c) illustrates the average
stress exponent as a function of the number of passes
for Routes A, BC, and D, respectively.

The stress exponent is an important parameter for
predicting creep behavior. For the sample processed by
Route A, as shown in p>Figure 19 (a), significant changes
in the stress exponent were observed at different passes.
Even after the first pass, a notable reduction in the stress
exponent value was observed. The same trend was seen
across different loading conditions. Another significant
drop in the stress exponent occurred after the third pass.
After the fourth pass, the stress exponent increased for
lower loads but continued to decrease for higher loads. A
similar pattern was observed for Route Bc; however, for
Route D, all stress exponent values increased. Route Be
showed similarities to Route A. Stress exponent values
were almost identical for some loads but began to vary
with the number of passes. Another notable drop in the
stress exponent value was seen after the second pass,
while the fourth pass caused almost no change. For Route
D, changes in the stress exponent values were more linear
compared to Routes A and Be. After the fourth pass, the
stress exponent values increased for all loads. The lowest
stress exponent values were observed in the sample
processed using Route Bc. Maier et al. [30] have related
strain rate sensitivity (m) to the stress exponent as:

-1
i ®)
Strain rate sensitivity can indicate resistance to neck-
ing. The earlier decrease in stress exponent values may
suggest increased strain rate sensitivity. EI-Shenawy et
al. [29] reported that ECAP processing of AA2024 alu-
minum alloy resulted in improved tensile properties
and strain rate sensitivity. The uniform plastic strain
distribution and refined microstructure due to ECAP
led to a reduction in the stress exponent, enhancing the
material’s ability to accommodate strain rate variations.
Similarly, Zhao et al. [31] found that ECAP processing,
followed by annealing at various temperatures, signifi-
cantly improved the strain rate sensitivity and mechani-
cal properties of TA15 titanium alloy. The ECAP-induced
grain refinement contributed to the observed drop in the
stress exponent, indicating enhanced strain rate sensi-
tivity. A similar observation can be made for the ZCA-
9 alloy, as the stress exponent values are lower for the
ECAP-processed samples. While the stress exponent is
not the only parameter for evaluating a material’s creep
behavior, it provides valuable insights.

Wear Test Results

For the wear tests, a 500 um wear path length was used,
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Figure 19. Stress exponent versus number of passes graphs for Route
A (a), Route Bc (b) and Route D (c).

as previously mentioned. The values obtained are im-
portant for identifying the wear properties of the ma-
terial. A higher wear track deformation value indicates
lower wear resistance. P>Figure 20 shows the wear track
deformation versus load on the sample and the number
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Figure 20. Wear track deformation versus load on sample and num-
ber of passing graphs for Route A.

of passes for Route A.

As shown in P-Figure 21 (a), wear track deformation in-
creases as the applied force increases. P-Figure 21 (b)
presents the wear track deformation versus the number
of passes for Route A. As can be seen, the amount of ma-
terial removed is almost linear, except for the 35 mN and
45 mN loads, where after the second pass, the amount of
material removed increases. Yilmaz et al. [32] reported
that wear track deformation was generally linear under
various loads, except for specific intermediate loads like
35 mN and 45 mN, where an increase in wear was ob-
served after subsequent ECAP passes. This was attribut-
ed to the complex interactions between the microstruc-
ture and applied loads during ECAP processing. »-Figure
21 shows the wear track deformation versus load on the
sample and the number of passes for Route BC.

The wear track deformation for Route BC shows a sim-
ilar linearity to that of Route A. However, unlike Route
A, the wear track deformation for Route BC does not
increase as much at the 35 and 45 mN loads. This sug-
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Figure 21. Wear track deformation versus load on sample and num-
ber of passing graphs for Route BC.

gests that samples processed by Route BC may be more
suitable for such conditions, although the difference is
not dramatic. Damavandi et al. [33] found that wear
track deformation for samples processed by Route BC
was more linear and exhibited less wear at higher loads
compared to other Routes. This can be explained by
the fact that Route BC produces a more uniform and
homogeneous microstructure, which enhances wear
resistance by providing a more uniform distribution of
stress across the material. P>Figure 22 shows the wear
track deformation versus load on the sample and the
number of passes for Route D.

For Route D, the same linearity is observed. At the 35
mN load, wear track deformation starts to increase but
remains more linear compared to Route A. However, at
the 45 mN load, wear track deformation begins to re-
semble that of Route A. Therefore, it can be concluded
that Route D falls somewhere between Routes A and Be.
Since the sample is rotated 180° after each pass, grain re-
finement is more homogeneous compared to Route A but
less homogeneous than Route BC. Another reason could

https://doi.org/10.26701/ems.1 616622 @



Nanoindentation evaluation of mechanical and wear properties of Zn-3% Cu-9% Al alloy processed via ECAP

2000

Route D

1800

1600

1400

1200 H

1000

800 <

600 —a— Unprocessed
—a— DI
)2
200 - D3
D4

T L T L .l
0 10 20 30 40 50

Wear Track Deformation (um”2)

400 =

Load on Sample
(@

Route D
1800 - —

1600

1400 —_— >

1200 +

2000

45mN

_3'5mN

1000 1 e 25mN

800 <

6004 15mN

400 —

Wear Track Deformation (um”2)

200 SmN

0 T T T T T
0 1 2 3 4

Number of Passes

(b)

Figure 22. wear track deformation versus load on sample and number
of passing graphs for Route D.

be that Route D generated more high-angle grain bound-
aries (HAGB) than Route A, which might have increased
wear resistance by impeding dislocation movements.

4. Conclusion

The aim of this study was to investigate the tensile,
creep, and wear properties of ECAP-processed ZCA-9
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Abstract: Noise pollution, which is one of the pollutions in the developing world, affects human health and daily life. Cars make
up a large part of this noise. This study focused on the transition noise reduction of automobiles by integrating the micro-
perforated plate structure into the wheel arch liners. The noise absorption coefficients of the samples produced within the
scope of the study were experimentally tested in Alpha Cabin and then validated with numerical simulations. When the results
of the simulations were compared with the experimental test data, a compatible correlation was reached with the test data in
terms of the reliability of the research. Finally, these structures were integrated and simulated in 4 different combinations on the
wheel arch liners of a vehicle that is actively used in the market, and their noise absorption properties were compared with each
other. As expected, while the noise absorption coefficients increased with the increase in perforated structures, combinations
were obtained to meet the expectations of customers in the automotive industry. In addition, it is stated in the study results that

the use of perforated structures in wheel arch liner (WAL) has the potential to reduce pass-by noise values.

Keywords: Wheel arch liner; acoustic; alpha cabin; micro-perforated plate; noise absorption; automotive.
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1. Introduction

In today’s world, pollution shows diversity. With the
increase in the number of people and structures, one
of the pollutions augmenting daily is noise pollution.
Noise pollution negatively affects the lives of millions of
people [1]. Noise-related problems include sleep distur-
bance, auditory loss, stress-regarding illnesses, slurred
speech, high blood pressure, and loss of performance
[2]. When it comes to the sources of the noise problem,
traffic noise stands out. The noise emission created by
vehicles in the daily distance they travel is an import-
ant problem [3]. Assorted tests are carried out for this
problem, which is tried to be brought under control by
administrative activities around the world [4]. In these
tests, in which the pass-by noise is measured, the vehi-
cles are operated at certain speeds and the noise pro-
duced by all their components is measured collectively
[5]. For production conformity and type approval, au-
tomotive producers carry out pass-by noise measure-
ment as mandatory [6]. From April 2014, 68 dB(A) is
required as maximum noise in 2025 according to ISO

.................................................................................................

362, 51-03 noise test procedure. It is foreseen that the
pass-by noise will be reduced by 2 dB every 2 years ac-
cording to the regulations [7], [8].

Researchers actively seeking solutions to noise emis-
sions try to prevent noise in certain parts of the vehicle.
Along with alternative solutions such as the integration
of noise absorber materials, there are studies on dif-
ferent acoustic absorber geometries. In a study, Bozca
and Fietkau focused on reduce the noise produced by
a gearbox using the empirical model approach. By con-
sidering various design parameters, the researchers
optimized the number of teeth and the gaps in the gear-
box in the design as geometrical, reducing the operat-
ing noise of the structure by 14% [9]. In another study,
Nghiem and Wang, aimed to reduce vehicle engine noise
and mainly focused on crankshaft strength and engine
coatings. The researchers reduced the noise emission
by 1 dB by rigidifying the crankshaft, and by using 3
different acoustic shields, a total of 3 dB noise emis-
sion [10]. There are also studies where researchers use
Micro-perforated plates (MPP) structures to provide
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acoustic absorption in vehicles. In a study, Zhu evalu-
ated MPP structures for use in an automobile body. Fo-
cusing on hole diameters, cavities, and pores, they ex-
amined the acoustic performance of the structures and
compared the structures, and presented the result [11].
Allam and Abom examined the feasibility of developing
sound-absorbing mufflers for automotive ventilation
and exhaust systems. Their research involved incorpo-
rating MPP absorbers into noise sources and conduct-
ing acoustic experiments. The findings indicated that
MPP-based mufllers could serve as an effective solution
for reducing noise in automotive applications [12].

The noise produced by vehicles comes from certain
parts of the vehicle[13]. The noise made by moving
parts in automobiles is the majority, and the part that
produces the highest noise emission is the wheels where
the vehicles meet the ground[10]. WALs around the
wheels have no effect on reducing noise emissions, but
the idea of integrating MPP structures into WALs is the
motivation of this study. With this innovation, which
has no examples in the literature, it is intended to re-
duce the pass-by noise of an automobile. In the study,
first of all, experimental tests were carried out on real
samples in the alpha cabin. These experimental tests
were then simulated and validated numerically. Based
on these results, these structures were simulated by in-
tegrating into the wheel arch liner models of a vehicle
in the market with 4 different combinations. With the
realization of this process, it is aimed to respond to the
different option expectations of automobile customers.
According to the results of the pass-by-noise tests, the
highest noise levels are observed in the 630-2000 Hertz
range. Hence, this study examined the sound emission
levels in this range.

2. Materials and Methods

2.1. Materials

In the noise-absorbing structure studied in the previous
study, polypropylene was used as the perforated plate
material. Polypropylene is a thermoplastic polymer ma-
terial that is often used in various fields from automo-
tive to aviation, from building construction to shipping
[14], [15]. The biggest reason why it is frequently used
in these areas is that it can be easily shaped with the
effect of heat and pressure. In addition to this feature,
it is light and cheap, which makes it preferred by manu-
facturers [16], [17]. Many automobile manufacturers in
the sector have this product in various parts of the ve-
hicles. It is a material that is often used in WALSs, which
is the subject of the study. The properties of polypropyl-
ene, which is used as the raw material of the perforated
plate, which is one of the main themes of the study, are
given in P-Table 1.

WALS do not have noise absorbing properties on their
own. For this reason, this feature is achieved by using

European Mechanical Science (2025), 9(1)

absorbent materials on the backside. The properties of
the absorbent product used in the structure in the study
are as in P>Table 2.

Table 1. Used Polypropylene’s Properties for WALs[18]

Features Values
Thickness (mm) 1.7
Density (g/cm3) 0.90-0.95
Melt flow rate (2300C; 2,16 kg)(g/10min) 9-14
Flexural modulus (2mm/min)(MPa) >700
Notched impact strength (Izod) (230C) kd/m?2) >8
Hardness (D-shore) 56-60
Tensile stress (50 mm/min)(MPa) >16
Tensile strain at break (50 mm/min)(%) =40
Tensile modulus (1Tmm/min) (MPa) >750

Table 2. Properties of acoustic absorbent[18]
Features Values

Compression resistance (40%, 4th cycle) ( kPa) ASHS
Flammability (thickness 13 mm) (mm/min) <80
Thickness(mm) 8
Net density(g/m3) 400
Tensile strength (kPa) 120
Elongation at break (%) 200
Compression set (50% compression, 70°C, 22 h)(%) 3.1
Tear resistance (N/cm) 4.5
Odour (2 h, 80°C) (rate) 2.5
Acoustic on 10 mm (NRC value) (%) 30
Acoustic on 20 mm (NRC value) (%) 46
Fogging reflection (thickness 10 mm-3 h, 100°C)(%) 83
Fogging gravimetric (thickness 10 mm-16 h, 100°C)(mg) 0.7
Formaldehyde content(ppm) 2

2.2. Method

In this study, firstly, the plates to be tested in the Alpha
cabin were prepared. The samples prepared to be test-
ed in the Alpha cabin were prepared in 1x1.2m? dimen-
sions by considering the studies in the literature. Based
on the reference studies, the diameter of the holes was
determined as 3 mm and the density was 7% on the
plate[18]. In addition, the cavities behind the WAL were
also applied to the test samples. The structure of the ex-
perimental test specimens is represented in P-Figure 1.

The output of the experimental studies is the sound ab-
sorption coefficient (Sa). This value is a result obtained
by examining reverberation times in the Alpha Cabin.
In the second part of the study, the validation process
was carried out. In this part of the study, the sound
absorption coeflicients of the combinations were com-
pared. First, the perforated plate, second the absorbent
material, and finally the whole structure was validat-
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Figure 1. The structure of the experimental test specimens

ed with different cavity values. All this work was done
with Matelys suite, based on the Transfer Matrix Meth-
od (TMM/FTMM) which predicts the vibro-acoustic
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response of multi-layer systems [19]. In the last part of
the study, the WALs of a vehicle model that is active in
the sector are modeled by integrating these MPP struc-
tures. Simulations were carried out without ignoring
the cavities behind the WALs on the vehicle. Models
of WAL’ in this reference vehicle, acoustic absorbents,
and the the values of the cavities behind them are given
in P-Figure 2.

In the study, instead of applying the integration of MPP
structures to each wheel, it was applied in 4 different
combinations. The aim here is to examine different sce-
narios on each wheel and to meet the option expecta-
tions of automobile drivers. The simulation combina-
tions determined within the scope of the research are
as in P-Figure 3.
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Figure 2. Models of WAL in this reference vehicle, acoustic absorbents, and the values of the cavities behind WALs
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2.3. Acoustic material model

According to studies in literature, acoustic behaviour of
porous material can be defined with some parameters.
The main parameters that we will consider are:

e the static air flow resistivity o (N.s.m™),

*  the open porosity ¢,

e the high frequency limit of the dynamic tortu-
osity ,

e the viscous characteristic length A (m),

e the thermal characteristic length A’ (m).

Static air flow resistivity o and the open porosity ¢ of
the material are the main parameters that should be
measured with direct methods [20-21]. The other pa-
rameters are estimated from acoustic measurements in
a stationary wave tube according to methods described
in [22,23]. Parameters , (the high frequency limit of
the dynamic tortuosity), A (the viscous characteristic
length) and A’ (the thermal characteristic length) are

then estimated from their analytical expressions de-
duced from the Johnson-Champoux-Allard (JCA) mod-
el and the Johnson-Champoux-Allard-Lafarge (JCAL)
model [24-26]. All the work was done using MATELYS
software.

3. Results and Discussions

3.1. Comparison of Numerical and Experimental
Results

In order to carry out the acoustic simulations of ad-
vanced WAL models in which WALs and MPP struc-
tures in a current car, which constitute the motivation
of the study, are integrated, they must first be validat-
ed. Therefore, real plates and absorbents were modeled
and simulated after being tested in the Alpha Cabin and
the two types of results were compared with each oth-
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er. By going from the specific to the general, firstly the
absorbent was tested and simulated alone. Then, the
same process was applied only to the perforated plate
without absorbent. While the diameter of the holes in
the plate was 3 mm and the hole density was 7%, the
cavity behind it was determined as 28 mm. The absor-
bent thickness used in the validation process was 10
mm. Experimental tests and simulation graphics of ab-
sorbent and WAL are shown in P-Figure 4.

As can be seen from the graphics, a good correlation
was obtained between the experimental results and
the simulations. Considering the absorbent, the high-
est sound absorption coefficient was 1.07 in the experi-
mental test, while 0.96 was obtained in the simulation.
The error rate was 10.3%. Considering only WAL, the
sound absorption coefficient was found to be 0.16 in the
simulation and 0.18 in the experimental test. The er-
ror rate was 9.04%. After the absorbent and WAL were
validated alone, plates with both were produced and
tested in the alpha cabinet to obtain sound absorption
coefficients. Afterward, the models of these samples
were created and examined in simulation and com-
pared with the results obtained in experimental tests.
The cavities behind the absorbents were determined as
0, 6, 16, and 26 mm, thus the effect of cavity increase
was also examined. On the other hand, it is aimed to
increase the reliability of the study by validating the re-
sults with 4 different cavity values. Experimental tests
and simulation graphics of the plates according to the
Cavity values are given in P-Figure 5.

Experimental test results and acoustic simulation re-
sults had the same tendency and gave close results in
combinations of absorbent and WAL alone as well as
in combinations. When the experimental test results of
the plates are examined, the highest sound absorption
values were obtained as 1.09 in 0 mm cavity, 1.08 in 6

o
-

LT TR

Sound Absorption Sa

o
-

| 1600 2000 1500

Frequency (Hz)

mm cavity, 1.03 in 16 mm cavity and 0.84 in 26 mm
cavity. In the simulations, the sound absorption values
were found to be 1.03, in the 0 mm cavity, 0.94 in the
6 mm cavity, 0.91 in the 16 mm cavity, and 0.88 in the
26 mm cavity, respectively. When the results are exam-
ined according to these cavity values, the error rates
are 5.5% in the 0 mm cavity, 13% in the 6 mm cavity,
11.6% in the 16 mm cavity, and 4.7% in the 26 mm cav-
ity, respectively. By considering both experimental tests
and simulation results, it is clearly observed that cavity
values have a significant effect on acoustic absorption
values. In addition, the overlapping of the experimental
data with the simulation results also showed the way for
the continuation of the study. The results validated with
different cavity values showed that there is potential
for improvement in acoustic absorption by examining
these values in detail.

3.2. Comparison of WAL combinations on current au-
tomobile

After the validations have been made, perforated struc-
tures have been integrated into the WALs of a real
vehicle for 4 different combinations that will meet the
expectations of automobile customers. In the simula-
tions, WALs with acoustic patches, the cavities behind
the WALSs, and the percentages of these cavities are as
shown in P-Figure 2. Based on the automobiles on the
market, the absorbent thickness was determined as 14
mm in this process. The sound absorption coefficient
graphics obtained as a result of acoustic simulations
of the combinations, one of which is a non-perforated
full plastic structure and three of which are enhanced
WALs, are shown in P-Figure 6.

As seen in P-Figure 6, the highest Sa value was seen
in Acoustic WAL A with 1.11. The second highest val-

—8- Full plastic WAL

= Acoustic WAL A

=t Acoustic WAL B

= == Acoustic WAL C

3150 4000 S000 6300 8000 10000

Figure 6. Results of numerical acoustic analysis of WAL combinations on current automobile
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ue was found in Acoustic WAL B with 0.78, while the
third highest value was in Acoustic WAL C with 0.28 Sa
value. The acoustic absorption values of the non-perfo-
rated plate were close to zero. When the three acoustic
WALSs were compared to each other, Acoustic WAL A
had 29.73% higher noise absorption values than Acous-
tic WAL B and 74.77% higher than Acoustic WAL C.
When the acoustic absorption test results were evalu-
ated, the increase in absorption values paralleled the
increase in perforated structures. Considering con-
sumer expectations, acoustic absorption values can be
adjusted with various combinations. But it should not
be forgotten that the strength of the WAL structure will
decrease with the holes opened.

4. Conclusions

The effects of noise pollution on the environment and
human health stand out as a fact of today’s world. In
this study, pass by noise in vehicles, which is one of the
biggest sources of this problem in daily life, is discussed.
The motivation of the research is to reduce the pass by
noise by integrating the MPP structures into the wheel
arch liners in the vehicles. First of all, the real samples
created were tested in alpha cabin, then modeled and
validated by performing numerical analysis. A very
good correlation was reached between the numerical
analyzes performed and the test results. In the contin-
uation of the research, the wheel arch liners of a vehicle
currently in the industry were modeled and the integra-
tion of MPP structures was made in 4 different combi-
nations. Acoustic emission values increased as expected
in regions where MPP structures are in the majority. As
a result of this study, wheel arch liners developed with
4 different options were provided to the manufacturers.
In the results, it was explained that the pass by noise
can be reduced with improved WALSs by integrating
MPP structures. In the results, it has been stated that a
good noise absorption performance can be achieved by
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Abstract: Lithium-ion batteries are extensively used in various renewable sources such as renewable energy storage systems,
electric vehicles, and portable electric vehicles due to their storage properties. However, since they are significantly affected by
ambient temperature, their lifetime and safety issues in general negatively affect their electrical performance. In order to ensure
that batteries achieve their optimum potential, it is necessary to understand the interaction between charge and discharge rates
and temperature changes very well. In this study, the electrical characteristics of 26650 lithium-ion batteries were analyzed
in series under different environmental conditions and different discharge rates. To understand the relationship between
environmental temperatures and battery performance, Newman, Tiedemann, Gu, and Kim (NTGK) evaluated the effectiveness
of previously used models in predicting these effects. The Ansys Battery Ntgk model was used to predict the temperature
behavior and voltage variations under different outdoor temperature conditions. In this study, four ambient temperatures
(273 K, 283 K, 298 K, and 318 K) and four discharge rates (0.5C, 1C, 1.5C, and 2C) were investigated to study the thermal
characteristics and voltage variations. The mesh independence study was carried out in detail at the beginning of the analysis
to validate the simulation results. The results indicate that the discharge time decreases significantly due to increased internal
resistance and electrochemical side reactions. The 1S1P battery design reaches a maximum internal temperature of 303.2
K at 273.15 K ambient temperature and 336.7 K at 318.15 K ambient temperature, while the 2S1P battery design exhibits an
even higher maximum temperature of 341.3 K at an ambient temperature of 318.15 K, indicating that compound heat buildup
OCCUrs in series connections.

Keywords: 26650 lithium-ion battery; voltage output; thermal behavior; ambient temperature; NTGK model; ANSYS simulation;
electric vehicles; thermal management systems.

...................................................................................................................................................................................................

balance and thermal efficiency of batteries are exam-
ined in detail by researchers [3,4]. Therefore, Thermal

1. Introduction

Because of its high energy density, extended cycle life,
and low self-discharge rates, lithium-ion (Li-ion) bat-
teries are at the forefront of energy storage technolo-
gy and are extensively utilized in portable electronics,
electric vehicles (EVs), and renewable energy systems.
Lithium-ion batteries are critical for applications where
high reliability and efficient operation are desired. Lith-
ium-ion batteries are widely used in many areas today
due to their high energy density, long life, and low main-
tenance requirements [1,2]. However, thermal manage-
ment is crucial for batteries to operate efficiently and
safely. Especially at high discharge rates and variable
environmental conditions, the effects of internal heat
generation and ambient temperature on the voltage

Management Systems (TMS) are being developed to
prevent overheating and keep temperature imbalances
under control. An ineffective thermal management sys-
tem shortens the life of the battery, while also causing
energy losses and safety risks.

In this context, methods such as phase change materi-
als (PCM), hybrid cooling systems, and numerical mod-
eling techniques continue to be developed to increase
the thermal performance of batteries [5,6]. PCMs can
also maintain temperature balance by preventing over-
heating of batteries thanks to their high heat storage
capacities. Studies have shown that metal fins integrat-
ed into PCM systems increase the heat conduction of
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these materials and make the temperature distribution
more balanced [3]. Especially in applications requiring
high power such as electric vehicles, the use of PCMs
with liquid cooling or thermoelectric modules ensures
safe and efficient operation of batteries [6,7].

The Newman, Tiedemann, Gu, and Kim (NTGK) model,
developed to understand the electrochemical and ther-
mal behaviors of batteries, stands out with its ability to
accurately predict temperature changes and voltage be-
haviors in different environmental conditions [8,9]. This
model contributes to the optimization of battery manage-
ment systems (BMS) and to ensuring battery safety. In
addition, hybrid cooling systems combining active and
passive cooling methods are also being investigated to im-
prove thermal management [7]. It is stated in the litera-
ture that PCM-based thermal management systems pro-
vide effective temperature control at high discharge rates
and balance heat dissipation [5,8]. In addition, finned sys-
tems have been shown to reduce temperature differences
by increasing heat transfer in battery modules.

Numerical modeling and dynamic simulation techniques
are widely used to better understand and improve the
thermal and electrical performance of batteries [4,6].
These methods allow the development of new generation
thermal management systems by examining how batter-
ies respond to different discharge rates and environmen-
tal conditions. In addition, the mechanical and thermal
interactions of batteries have been examined in detail
and the effects of temperature changes on battery life
and current characteristics have been revealed.

In order to further improve the thermal management
performance of batteries, metallic PCM integration
providing fast thermal response has been proposed,
and new micro-fin designs have been developed to in-
crease heat dissipation in high-density battery modules
[10]. These innovations are considered as important
steps to close the gap between battery technologies and
industrial applications [10,11].

Despite all these developments, the relationship between
internal heat generation, battery voltage and ambient
temperature has not been fully answered in the litera-
ture.. Therefore, new studies based on advanced model-
ing approaches and experimental validations are needed
to analyze the thermal and electrical behavior of batter-
ies more comprehensively. In this study, the electrical and
thermal behavior of 26650 lithium-ion batteries under
different environmental conditions is investigated using
the NTGK model. The simulation results combined with
theoretical frameworks contribute to the development of
effective thermal management systems for applications
such as electric vehicles, renewable energy systems, and
portable electronics [12,13].

Despite the large number of studies on the thermal and
electrical behavior of lithium-ion batteries, research on
the application of the NTGK model in series-connect-
ed configurations of type 26650 batteries under differ-

European Mechanical Science (2025), 9(1)

ent ambient temperatures has been limited. Previous
studies have mostly focused on single-cell simulations
or experimental verifications and do not fully integrate
numerical modeling techniques to evaluate the voltage
behavior and thermal variations in multicell systems.
To address this gap, this research aims to perform de-
tailed simulations of 26650 batteries using the NTGK
model to evaluate their thermal and electrical perfor-
mance under different environmental conditions and
discharge rates. The findings will contribute to opti-
mizing battery thermal management strategies for re-
al-world applications.

Most previous studies have focused on single-cell lithi-
um-ion battery simulations or performed analyses based
on experimental data without integrating detailed elec-
trochemical-thermal modeling techniques. However,
this study presents a comprehensive approach by eval-
uating the thermal and electrical performance of se-
ries-connected 26650 cells through the NTGK model.
The novelty of this study lies in the detailed numerical
modeling approach and the examination of multi-cell
configurations under varying environmental conditions,
which have not been extensively studied in the literature.
Furthermore, this study contributes to understand-
ing the complex interactions between voltage behavior,
heat accumulation, and discharge conditions, which are
crucial for optimizing battery thermal management in
practical applications such as electric vehicles and en-
ergy storage systems. A key innovative aspect of this
study is the implementation of the use Virtual Battery
Connection method, which eliminates the need for phys-
ical busbars in series-connected battery configurations.
Traditional bus-bar connections introduce additional
weight and resistive losses, which can negatively impact
overall system efficiency, particularly in weight-sensitive
applications such as electric vehicles (EVs) and aero-
space battery systems. By utilizing a virtual connection
approach, this study provides a lightweight and compu-
tationally efficient alternative, ensuring a more accurate
representation of real-world battery pack behavior with-
out the added complexity of physical interconnections.
Furthermore, unlike previous research that primarily
focuses on either experimental or simplified numerical
modeling approaches, this study integrates the Newman,
Tiedemann, Gu, and Kim (NTGK) model with advanced
numerical simulations to offer a more precise analysis
of the thermal and electrical performance of series-con-
nected 26650 lithium-ion cells under various ambient
temperature and discharge conditions. These findings
contribute to the optimization of battery pack design, en-
hancing performance and safety in high-power applica-
tions such as electric vehicles, renewable energy storage,
and aerospace systems.

2. Materials and Methods

The following table provides a list of symbols and their
corresponding definitions used throughout the math-
ematical modeling and numerical analysis sections of
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this study. This nomenclature ensures clarity in the in-
terpretation of equations and parameters presented in
the manuscript.

2.1, Battery Specification and Configuration

Commercially available 26650 lithium-ion (Li-ion) bat-
teries with a 5000 mAh capacity and a nominal volt-
age of 3.7 V were used in this investigation. Unlike the
traditional busbar connection method, the serial con-
nection of battery packs is achieved using the virtual
connection model in Ansys Fluent. By eliminating the
resistance losses caused by hardwired busbar connec-
tions, this new technique has made it possible to accu-
rately simulate the series or parallel connection behav-
ior of batteries. In this study, the following assumptions
were made in the numerical analysis:

Battery Materials and Homogeneity: The battery
components (cathode, anode, separator) were assumed
to be homogeneous and isotropic in terms of thermal
and electrical properties.

Heat Generation and Dissipation: The heat genera-
tion was considered primarily due to Joule heating and
electrochemical reactions, while radiation heat transfer
was neglected.

Electrochemical Kinetics: The NTGK model param-
eters were derived from experimental discharge data,
assuming uniform reaction kinetics within the battery
structure.

No Aging Effects: Battery degradation effects such as
capacity fade and resistance growth over repeated cy-
cles were not included in the model.

Ambient Conditions: The ambient temperature was
considered uniform, with no external forced convection
applied unless explicitly stated in the simulation con-
ditions.

These assumptions were necessary to ensure computa-
tional efficiency while maintaining accuracy in predict-
ing thermal and voltage behavior.

2.1.1 Equations of the Battery Model Used in Numerical
Analysis

In this work, the thermal and electric fields of the bat-
tery are solved in the CFD domain at the battery cell
scale using the following differential equation

3(pCpT)/at - V-(kVT) = o+[Vep+|* + o—[Vep—[? +

q Ech +q SHORT+q abuse ( 1)
V.(O-+V¢7+)=_(jECh _jshort) (2)
V(O VP)= jech = Jon 3)
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where o+ and o- are the effective electric conductiv-
ities for the positive and negative electrodes, ¢+ and
@_ are phase potentials for the positive and negative
electrodes, Jgc, and gEch are the volumetric current
transfer rate and the electrochemical reaction heat due
to electrochemical reactions, respectively, Jsor and g
GSHORT are the current transfer rate and heat gen-
eration rate due to battery internal short-circuit, re-
spectively, gabuse and is the heat generation due to the
thermal runaway reactions under the thermal abuse
condition [16].

NTGK is a simple semi-empirical electrochemical mod-
el. The volumetric current transfer rate is related to the
potential field by:

 _ D oomina
j — Zrnomina Y[U _ V]
Ech Qr‘:fVOl (4)

where denotes the active zone’s volume of a single bat-
tery; V is the battery cell voltage, which is either ob-
tained directly from the circuit network solution meth-
od or calculated as ¢, - ¢_from the MSMD solution
method,; Qnominal is the battery total electric capacity
in Ampere hours; and () . is the capacity of the bat-
tery that is used in experiments to obtain the model pa-
rameters Y and Y.U and U are functions of the battery
depth of discharge (DoD):

Vol t,
DoD jo jat

3600Qnominal (5)

For a given battery, the voltage-current response curve
can be obtained through experimentation. Then Y and
U in Equations 6 and 7 can be fitted, in theory. There
are two approaches to specifying functions [16]:

Y and U can be fitted from testing data as functions of
DOD and temperature explicitly before simulations.
The relationship between Y/U and DOD/temperature
can be provided:

U=(Sa (000 )-c,(r-1,) ©®

et

where C, and C, are the battery-specific NTGK model
constants.

Y and U are not predetermined. Instead, the relation-
ship between current and voltage from raw test data is
stored, and Y and U are calculated dynamically during
the simulation.

Model parameters are battery specific. You can use the
Y and U parameters from a tested battery with a capac-
ity Qref for a battery with a different capacity O,

ominal
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as long as the battery’s material is the same. If the mod-
el parameters are from the battery that is analogous to
the one you are simulating, then capacities 0, .  and
Qref will be the same.

The electrochemical reaction heat ¢, , is calculated as

. du
GEch= Jpop = I:U -V- Td_Ti| ()

The Li-ion cell specifications, material properties for
the NTGK model, U and Y coefficients, and material
properties are listed [16] in P>Tables 1 to 3 respectively.

2.2. Simulation Model

For in-depth thermal and electrochemical simulations,
the Newman, Tiedemann, Gu, and Kim (NTGK) mod-
el was used. The NTGK model offers a semi-empirical
framework that can precisely forecast battery cell tem-
perature rise, voltage behavior, and thermal distribu-
tion under a range of operating circumstances. To guar-
antee accurate findings, simulations were carried out
using ANSYS Fluent, using the virtual connection and
the NTGK modeling technique.

To ensure the accuracy of the numerical model, a mesh
independence test was conducted by evaluating differ-
ent element counts ranging from 20,000 to 50,000. As
shown in P>Table 1, the maximum internal temperature
and voltage results stabilize when the mesh size reaches
40,256 elements, with negligible variation observed in
the 50,000-element case. Increasing the mesh density
beyond this point resulted in only a 0.1 K difference in
maximum temperature, which falls within an accept-
able numerical error range. However, computational
time increased significantly, from 2500 seconds for

Active zone (jelly-roll)

Cathode

Anode

Table 1. Effect of Mesh Density on Temperature and Voltage
Predictions

Mesh Elements M;ZEE?; '(I'Iz)m Voltage (V) Cor?ﬁ;l;a(t;c)mal
20,000 318.9 3.72 1800
30,000 316.1 3.74 2200
40,256 316.7 375 2500
50,000 316.6 3.75 3100

40,256 elements to 3100 seconds for 50,000 elements,
without yielding substantial improvements in accuracy.

Previous studies have demonstrated that 20,000 mesh
elements are sufficient for accurate thermal heat flux
distribution prediction in an electric vehicle battery cell
[18]. However, other works have shown that more refined
mesh structures (38,777 to 45,604 elements) provide en-
hanced accuracy in complex battery thermal simulations
[19]. Considering these findings, a 40,256-element mesh
was selected as the optimal balance between computa-
tional efficiency and numerical precision in this study.
Our results confirm that finer mesh sizes beyond this
threshold contribute to excessive computational costs
without a significant accuracy gain.

Therefore, the selection of a network with 40,256 mesh
elements has provided an appropriate numerical model
to ensure computational efficiency.

The mesh independence study, the thermal behav-
ior study for a single battery were conducted with the
NTGK model. In these tests, maximum temperature
was chosen as the main evaluation criterion. As a result
of the analysis, it was decided that a network structure

65

Figure 1. Battery details for Newman, Tiedemann, Gu, and Kim (NTGK) model
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consisting of approximately 40256 elements is the opti-
mal value in terms of both computational efficiency and
accuracy of results in single-cell battery simulations.
This network structure provided sufficient ktireter to
model the thermal and electrical behavior of the battery
with sufficient accuracy. A comprehensive diagram of
the 26650 Li-ion battery used in the study is shown in
detail in P-Figure 1 using the NTGK framework. The
diameter of the battery used in this study was modeled
as 26 mm and the height as 65 mm.”The mesh indepen-
dence test indicated that a mesh size of 40,256 elements
provided an optimal balance between computation-
al efficiency and accuracy. This is in agreement with
previous studies on battery thermal modeling, where
similar element counts (ranging from 35,000 to 50,000
elements) were reported to achieve mesh-independent
solutions [17].”

2.3. Virtual Simulation Setup

Avirtual series connection of the batteries was modeled
to replicate realistic operating conditions.

Table 1. 26650 Li-ion battery Specification [14]

Parameter Specification
Nominal Voltage 37V
Nominal Capacity 4 Ah
Maximum Discharge Rate 2C
Maximum Charge Rate 1C

Dimensions (Diameter x Height) 26 mm x 65 mm

Mass 88¢
Cathode Material LiCo02
Anode Material Graphite
Charging Voltage Limit 42V
Cut-off Voltage 275V
Emissivity 0.8

Simulations incorporated ambient temperatures of
273.15 K, 283.15 K, 298.15 K, and 318.15 K, and dis-
charge rates of 0.5C, 1C, 1.5C, and 2C. Key input pa-
rameters, such as heat generation rate and thermal con-
ductivity of the battery components, were included to
ensure accuracy.

The selected ambient temperature ranges correspond
to real-world operating conditions that lithium-ion
batteries frequently encounter in various applications.
273.15 K (0°C) represents cold winter conditions, par-
ticularly relevant for electric vehicles (EVs) operating
in high-latitude regions or elevated terrains where low
temperatures can significantly impact battery perfor-
mance. 283.15 K (10°C) reflects mildly cold conditions,
typical of early spring or late autumn, where battery ef-
ficiency starts to improve but remains affected by mod-
erate temperature variations. 298.15 K (25°C) represents
standard room temperature, a benchmark condition

@ European Mechanical Science (2025), 9(1)

widely used in laboratory settings and industrial ap-
plications to evaluate battery performance under ideal
circumstances. 318.15 K (45°C) simulates high-tempera-
ture scenarios, such as summer conditions in warm
climates or situations where EVs are exposed to pro-
longed sunlight, leading to increased heat accumula-
tion within the battery pack. Understanding battery
behavior across these temperature ranges is crucial for
optimizing thermal management strategies and ensur-
ing reliable performance under diverse environmental
conditions.

2.4, Battery Specifications

The following table summarizes the key specifications
of the 26650 Li-ion battery used in the study:

Table 2. Battery material properties[14]

Propert Jelly Roll (Acti-  Positive Tab Negative
perty ve Zone) (Aluminum)  Tab (Steel)

Density (kg/m3) 2226 2719 8030
Specific Heat (J/kg-K) 1197 871 502.48
Thermal Conductivity 27 202.4 16.27
(W/m-K)
Electrical Conductivity 1.19x10°, 3.54x107 8.33x10°
(S/m) 9.83x10°

Table 3. U and Y coefficients for the NTGK model [14]

a0: 4.0682, a1:-1.2669, a2:-0.9072, a3: 3.7550, a4: -2.3108,
a5:-0.1701

b0: 16.5066, b1:-27.0367, b2: 237.3297, b3: -632.603, b4:
725.0825, b5: -309.8760

u

The U and Y parameters used in the NTGK model were
obtained from experimental discharge tests conducted
under controlled environmental conditions. In order to
investigate the behavior of the batteries depending on
the temperature and discharge rate, numerical studies
were performed at four different ambient temperatures
(273 K, 283 K, 298 K, and 318 K) and four different dis-
charge rates (0.5C, 1C, 1.5C, and 2C). The obtained nu-
merical data were used to determine the parameters of
the NTGK model. In this process, the Y(DOD, T) and
U(DOD, T) functions, which explain the effects of deep
discharge (DOD) and temperature (T) on the internal
resistance and open circuit voltage of the battery, were
optimized by the least squares method.

In order to test the accuracy of the model, a control
study was performed for the battery data at tempera-
tures of 288.15 K and 308.15 K and discharge rates of
0.75C and 1.25C. When the simulation results were
compared with the experimental data, the root mean
square error (RMSE) between the voltage and tem-
perature values predicted by the model and the exper-
imental results was found to be 0.678 V. These results
showed that the NTGK model can successfully predict
the thermal and electrical behavior of the battery over
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a wide operating range.

Table 4. Use Virtual Battery Connection

mp 1

ns 2
tab_n_1 tab_p_1
tab_n_2 tab_p_2

Structural series and parallel connections without bus-
bars involve connecting battery cells directly via their
terminals or conductive surfaces, eliminating the need
for additional busbar components. This approach re-
duces the overall weight and cost of the battery pack,
resulting in a simpler and more compact design. How-
ever, varying current paths and connection interfaces
can affect thermal dissipation and electrical resistance,
and require careful optimization of connection geom-
etry and materials. Tools such as Fluent simulate the
thermal and electrical performance of such configura-
tions, allowing the design to be evaluated and optimized
for improved efficiency and reliability.

3. Results and Discussion

This chapter investigates the thermal and electrical
performance of series-connected 26650 lithium-ion
cells under different ambient temperatures and dis-
charge rates. Using the NTGK model and advanced
virtual simulation techniques, the analysis sheds light
on critical performance metrics such as voltage sta-
bility, discharge time, heat dissipation, and maximum
temperatures. The findings reveal the complex inter-
actions between battery internal heat generation, en-
vironmental factors, and discharge rates, highlighting
their combined impact on battery performance. The
results are examined for different cell configurations,
such as 1S1P and 2S1P, and the thermal and electrical
behavior of these structures under realistic operating
conditions are analyzed. Particular focus is placed on
the identification of key performance thresholds such
as critical temperatures and voltage drops, emphasiz-
ing the role of these parameters in the design of efficient
thermal management systems (TMS). Furthermore,
the decisive effects of ambient temperature variations
on discharge efficiency, heat accumulation, and voltage
stability over time are evaluated in detail.

PFigure 2 verifies the accuracy of the NTGK model by
comparing the simulated voltage outputs with refer-
ence values. The results obtained at 1C discharge rate
show that the model is able to predict the voltage behav-
ior with high accuracy under different operating condi-
tions. The maximum deviation is within £0.5%, which
supports the reliability and predictive power of the
model. The strong agreement between simulation data
and experimental results proves the robustness of the
NTGK model and its ability to accurately represent re-
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Figure 2. Validation with reference values

al-world thermal-electrical dynamics. Increasing volt-
age difference over time causes polarization increase
and uneven charge distribution due to the increase in
battery internal resistance and depletion of active lith-
ium ions. This process directly affects the electrochem-
ical balance of the battery, leading to voltage instability
and performance losses.

To further evaluate the accuracy of the NTGK model,
additional simulations were performed under different
ambient temperatures (283.15 K and 318.15 K) and dis-
charge rates (0.5C and 2C). These analyses were per-
formed to verify how well the model can represent the
thermal and electrical behavior of the batteries under
different operating conditions. The additional tests
provided a comprehensive comparison of the model’s
predictive capability in various scenarios and demon-
strated the consistency of the NTGK model in voltage
prediction. Furthermore, a cross-validation method
was applied using an independent dataset, and dis-
charge profiles that were not included in the original
parameterizations were evaluated during this valida-
tion process. The findings demonstrate the complex
interactions between internal heat generation, environ-
mental factors, and discharge rates, emphasizing their
combined impact on battery performance.
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Although additional simulations at different tempera-
tures and discharge rates were not performed within
the scope of this study, the validation results presented
in P-Figure 2 show that the NTGK model can accurately
capture the correct operation of the system under the
tested conditions. Future work will focus on improving
the reliability of the model by covering a wider range
of temperatures and discharge rates and testing the ro-
bustness of the system at higher battery temperatures.

3.1. 1S1P Battery Pack

This figure illustrates the discharge behavior of a 1S1P
battery under various ambient temperatures. At a 2C
discharge rate, the discharge time decreases signifi-
cantly as the ambient temperature rises, dropping from
approximately 3600 seconds at 273.15 K to around 2500
seconds at 318.15 K. Lower ambient temperatures pro-
vide greater voltage stability throughout the discharge
process, while higher temperatures result in more rapid
voltage drops. This behavior is attributed to increased
internal resistance and thermal effects at elevated tem-
peratures. These results underscore the necessity for

effective thermal management systems to minimize
performance degradation and ensure voltage stability,
especially in high-temperature environments.

At higher temperatures, the increased internal resis-
tance restricts efficient charge transport, leading to en-
hanced voltage losses and reduced discharge efficiency.
Additionally, the electrochemical reaction rate acceler-
ates, intensifying undesired side reactions such as elec-
trolyte decomposition and SEI layer breakdown. These
processes further contribute to performance degrada-
tion, increasing resistive heat generation and hastening
capacity fade. As a result, the sharp decrease in dis-
charge time between 298.15 K and 318.15 K is primar-
ily driven by these thermally induced changes, empha-
sizing the importance of optimized cooling strategies to
mitigate excessive heat buildup and ensure prolonged
battery lifespan.

PFigure 4 presents the maximum internal tempera-
tures of the 1S1P battery setup across different ambient
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Figure 3. Discharge data of 1S1P battery for different ambient temperature (a-273.15 K b-283.15 K ¢-298.15K d- 318.15 K)
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Figure 4. Maximum temperature information for 1S1P battery at different ambient temperature (a-273.15 K b-283.15 K ¢-298.15K d- 318.15 K)

temperatures and discharge rates. At a 0.5C discharge
rate and 273.15 K, the peak temperature is recorded at
303.2 K. As the ambient temperature rises to 318.15 K
with a 2C discharge rate, the maximum internal tem-
perature increases significantly to 336.7 K. This stark
rise in temperature highlights the compounding effect
of higher discharge rates and elevated ambient con-
ditions on thermal stress. The findings emphasize the
importance of advanced cooling solutions to control the
internal temperature and prevent thermal runaway in
lithium-ion batteries operating under demanding con-
ditions.

This figure provides a thermal map of the 1S1P battery
configuration atan ambient temperature 0f298.15 Kand
a 1.5C discharge rate. The distribution shows localized
hotspots where heat accumulation is more pronounced,
with temperatures peaking around the central regions
of the battery.

These hotspots indicate uneven thermal dissipation,
which can compromise battery performance and safety
over time. The figure highlights the need for improved
thermal uniformity and efficient heat dissipation mech-

European Mechanical Science (2025), 9(1)

anisms in battery designs. The temperature distribu-
tion observed in P-Figure 5 highlights localized heat
accumulation in specific regions of the 1S1P battery
configuration at an ambient temperature of 298.15 K
and a discharge rate of 1.5C. The primary reason for
these hotspots is the non-uniform distribution of cur-
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Figure 5. Maximum temperature distribution for 1S1P battery at
298.15 K ambient temperature and 1.5 C discharge information
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Figure 6. Discharge data of 2S1P battery paket for different ambient temperature (a-273.15 K b-283.15 K ¢-298.15K d- 318.15 K)

rent density within the battery. The positive and neg-
ative electrode tabs, where electrical connections are
made, act as localized heat sources due to increased
contact resistance and high current density in these ar-
eas. Furthermore, the anisotropic thermal conductivity
of battery materials leads to uneven heat dissipation,
with the electrode regions exhibiting higher thermal
buildup than the separator and casing.

In a single-cell (1S1P) configuration, the overall heat
dissipation is relatively more uniform compared to
multi-cell arrangements. However, localized thermal
buildup still occurs due to the non-homogeneous na-
ture of electrical and thermal conductivity within the
cell structure. The cylindrical battery geometry fur-
ther exacerbates this issue, as heat tends to accumulate
near the central core region, where thermal dissipation
is more restricted. The results highlight the necessity
for optimized cooling techniques, such as enhanced tab
cooling, heat spreaders, or phase change materials, to
mitigate hotspot formation and ensure uniform tem-
perature distribution.

3.2. 2S1P Battery Pack

@ European Mechanical Science (2025), 9(1)

Figure 6 examines the discharge behavior of a 2S1P
battery configuration under different ambient tempera-
tures. Similar to the 1S1P setup, the discharge time
decreases as ambient temperature increases, reducing
from approximately 4200 seconds at 273.15 K to about
3100 seconds at 318.15 K for a 2C discharge rate. The
voltage profile shows a more pronounced drop at the
end of the discharge cycle under higher temperatures,
highlighting the amplified impact of ambient conditions
on series-connected batteries. These results point to the
necessity of effective cooling systems for maintaining
voltage stability and maximizing discharge duration in
multi-cell configurations.

The significant reduction in discharge time between
298.15 K and 318.15 K can be attributed to the in-
creased internal resistance, accelerated side reactions,
and thermal effects on electrochemical processes. At
moderate temperatures (273.15 K-298.15 K), ion trans-
port and electrolyte viscosity gradually improve, lead-
ing to stable discharge performance. However, as the
temperature rises beyond 318.15 K (45°C), the internal
resistance increases due to accelerated electrolyte de-
composition and degradation of the solid electrolyte
interphase (SEI) layer. Additionally, excessive thermal
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energy enhances parasitic reactions, leading to faster
voltage drops and reduced available capacity. These fac-
tors collectively result in a steeper decline in discharge
time at high temperatures, highlighting the need for ef-
fective cooling strategies to maintain battery stability
in high-temperature environments.

This figure illustrates the maximum internal tempera-
tures of the 2S1P battery configuration under varying
ambient temperatures and discharge rates. At 0.5C and
273.15 K, the peak temperature is 304.7 K, while at 2C
and 318.15 K, it rises sharply to 341.3 K. The higher
temperatures in the 2S1P configuration compared to
1S1P demonstrate the compounded thermal challenges
of series-connected batteries, where heat accumulation
from multiple cells exacerbates thermal stress. These
results underline the importance of implementing ad-
vanced cooling strategies, such as hybrid thermal man-
agement systems, to ensure operational safety and effi-
ciency in high-capacity battery systems. A key factor in
lithium-ion battery safety is the identification of critical
temperature thresholds that may increase the risk of
thermal runaway. While the highest ambient tempera-

ture examined in this study was 318.15 K, this research
suggests that significant thermal instability begins at
temperatures exceeding 333.15 K (60°C). At this point,
electrolyte decomposition accelerates, leading to in-
creased gas generation and internal pressure buildup
within the battery cell. If the temperature continues to
rise beyond 373.15 K (100°C), exothermic reactions be-
tween the electrolyte and electrode materials can trig-
ger thermal runaway, a self-sustaining chain reaction
that can result in catastrophic battery failure, including
cell venting, fire, or explosion.

In the 2S1P configuration, where heat accumulates due
to the series connection, localized hotspots may cause
certain regions within the battery pack to exceed safe
operating temperatures, leading to non-uniform deg-
radation and increased thermal stress. To mitigate
these risks, advanced cooling strategies such as liquid
cooling, phase change materials (PCM), or thermally
conductive coatings should be considered, particularly
for applications exposed to high ambient temperatures.
Furthermore, integrating early warning systems, such
as thermal sensors and BMS algorithms, can help de-
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tect temperature anomalies and prevent hazardous
conditions before they escalate.
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Figure 8. Maximum temperature distribution for 251P battery paket
at 283,15 and 298.15 K ambient temperature and 2 C discharge
information

For different external conditions, the heat distributions
on the batteries are shown with thermal maps for 2S1P
battery designs at ambient temperatures of 283.15 K
and 298.15 K under a 2C discharge rate. The highest
temperatures obtained as a result of numerical model-
ing are 317.4 K and 318.2 K, respectively. The hot spot
formation in P-Figure 8 shows the thermal difficulties
of a 2S1P battery pack operating at ambient tempera-
tures of 283.15 K and 298.15 K with a 2C discharge rate.
Compared to the 1S1P battery pack, the 2S1P pack is
formed as a result of the combination of heat generated
in each cell. By this logic, the difference will increase
more at higher discharge rates (2C), where the need for
more current demand will increase and the pack will be
exposed to higher differential temperature.

Furthermore, the connection points between the cells
serve as additional resistance sources, contributing to
higher localized temperature spikes at the interconnec-
tion regions. The uneven heat dissipation observed in

@ European Mechanical Science (2025), 9(1)

the thermal map is due to the asymmetric positioning
of electrode tabs and variations in thermal conductivity
between different battery layers. The results highlight
the importance of thermal management techniques
such as improved interconnection materials, heat dis-
sipation coatings, or active cooling methods (e.g., forced
air or liquid cooling systems) to minimize thermal gra-
dients and ensure uniform temperature distribution
across the battery pack. Battery Management Systems
(BMS) that integrate temperature-dependent control
algorithms can significantly benefit from these findings.
The results highlight the importance of adaptive ther-
mal management techniques, such as variable coolant
flow rates, active cooling mechanisms, and real-time
temperature monitoring, to mitigate excessive heating
in high-power applications. Furthermore, series-con-
nected battery configurations can utilize these insights
to optimize cell balancing algorithms, ensuring uni-
form charge distribution and preventing localized ther-
mal stress. This study’s findings can be directly applied
to the development of next-generation BMS for electric
vehicles, grid-scale energy storage, and aerospace pro-
pulsion systems, where precise thermal regulation is
critical for operational efficiency and safety.

4. Conclusion

This study analyzed the thermal and electrical perfor-
mance of 26650 Li-ion batteries in 1S1P and 2S1P con-
figurations under different environmental temperatures
and discharge rates using the NTGK model and virtual
simulations. The batteries exhibited different thermal
and electrical behaviors depending on the environmen-
tal conditions and load levels; in particular, tempera-
ture rise and high discharge rates caused the battery
internal temperatures to reach critical levels and accel-
erated voltage drops. In the 1S1P configuration, at 0.5C
at 273.15 K, the battery was stable for 5500 seconds to
maintain its internal temperature at 285.6 K, whereas
at 2C, this time was reduced to only 1700 seconds and
the temperature increased up to 312.2 K. This indicates
that at high discharge rates, electrochemical reactions
inside the battery accelerate and energy losses are con-
verted into heat. Similarly, at 283.15 K, the temperature
remained at 294.2 K when the battery was operating at
0.5C for 7950 seconds, but at 2C it lasted only 1000 sec-
onds to reach 310.2 K. This trend was also observed at
298.15 K, where the internal temperature of the battery
operating at 0.5C for 6650 seconds was 302.7 K, while
at 2C it increased to 316.8 K in 1200 seconds. The high-
est increase in the internal temperature of the battery
occurred at an ambient temperature of 318.15 K, where
the battery reached 319.9 K for 6200 seconds at 0.5C
and 328.7 K for 1550 seconds at 2C.

When the 2S1P configuration was analyzed, it was ob-
served that the series connection caused a compound
heat accumulation inside the battery. At 273.15 K, the
internal temperature reached 286.3 K in 6950 seconds
at 0.5C, while at 2C the temperature increased to 315.7
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K in 1950 seconds. The main difference observed here
is that although the battery life is longer than that of
1S1P, the temperature increase becomes more pro-
nounced. At 283.15 K, at 0.5C, the battery operated for
6950 seconds, raising its temperature to 317.6 K, while
at 2C, it reached 317.4 K in 1950 seconds, showing that
batteries reach a certain temperature threshold at high
discharge rates. At 0.5C at 298.15 K, the battery only
reached 302.8 K in 950 seconds, while at 2C it reached
316.9 K in 1200 seconds. The highest temperature was
measured at 318.15 K, where at 0.5C the battery tem-
perature was 319.9 K in 6950 seconds, while at 2C it
rose to 330.1 K in only 1900 seconds. This shows that at
high ambient temperatures, batteries heat up rapidly,
and safe operating limits can be exceeded.

The voltage analysis clearly demonstrated the sensitiv-
ity of the batteries to temperature and discharge rates.
In the 1S1P configuration, the voltage was found to be
3.087 Vat 0.5C at 273.15 K and decreased to 2.760 V at
2C. This decrease is related to the increasing internal
resistance and the temperature-dependent variation of
ion motions inside the battery. At 283.15 K, the voltage
at 0.5C remained at 2.941 V, while at 2C it was mea-
sured as 3.096 V. At 298.15 K, the voltage at 0.5C was
3.121 V, while at 2C it decreased to 3.007 V. The largest
voltage loss was observed at 318.15 K, where the voltage
at 0.5C was 2.988 V, while at 2C it decreased to 2.795 V.

In the 2S1P configuration, higher total voltage values
were obtained, but the voltage drop was accelerated by
the temperature effect. At 273.15 K, the battery reached
6.125 V at 0.5C and decreased to 5.098 V at 2C. At
283.15 K, the voltage was measured as 5.754 V at 0.5C
and decreased to 5.089 V at 2C. At 298.15 K, the voltage
was 6.026 V at 0.5C and 6.008 V at 2C. At 318.15 K, the
voltage remained at 5.699 V at 0.5C, while it decreased
to the lowest value of 4.894 V at 2C. This decrease in-
dicates that at high temperatures, electrode materials
lose performance, and side reactions inside the battery
increase.

The findings show that at high temperatures and high
discharge rates, the internal temperature of the bat-
teries approaches critical thresholds, and heat accu-
mulation increases, posing a risk to battery safety. In
particular, the temperature reaching 330.1 K at a 2C
discharge rate and 318.15 K ambient temperature
highlights the need for an effective thermal manage-
ment strategy. Therefore, the application of advanced
thermal management solutions such as liquid cooling,
phase change materials and hybrid cooling systems in
battery packs can control the internal temperature of
the battery to extend the life and maintain safe oper-
ating limits. Furthermore, the integration of tempera-
ture-oriented intelligent algorithms in BMS can play a
critical role in preventing battery overheating by track-
ing instantaneous temperature changes. This study
highlights the necessity of optimized cooling strategies
to maintain thermal and electrical balance in battery
packs and provides important guidance for future bat-
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tery technologies.

Future research can expand on these findings by con-
ducting experimental validation to further confirm the
accuracy of the NTGK model under varying environ-
mental conditions. Additionally, investigating the appli-
cation of the Use Virtual Battery Connection method
in larger-scale battery packs and multi-module config-
urations can provide deeper insights into its scalabili-
ty and practical feasibility. Moreover, integrating ma-
chine learning-based thermal management algorithms
into battery simulations could enable predictive control
strategies that enhance overall system efficiency. Final-
ly, exploring alternative cooling methods, such as PCM
or immersion cooling, could further optimize tempera-
ture regulation in high-performance battery applica-
tions.

Nomenclature

Symbol Definition Unit
Q Battery capacity Ah
Rint Internal resistance Q (Ohm)
T Temperature K
| Discharge current A
\ Terminal voltage Y
Y(DOD,T) TGK model parameter function
uU(DOD,T) Open-circuit voltage function \Y
SOC State of charge %
DOD Depth of discharge %
P Power dissipation W
Cp Specific heat capacity J/kg'K
k Thermal conductivity W/m-K
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Abstract: Production-related weaving defects are a significant issue in the textile industry, directly impacting the material
quality of products. These defects typically arise from mechanical, material, or operator-related problems during production
processes, negatively affecting the durability, aesthetics, and functionality of the product. This study aims to identify the
causes of weaving defects encountered in viscose/linen woven fabrics and determine the importance of these defects from
the customer’s perspective. Therefore, Failure Mode and Effects Analysis (FMEA) was conducted using the Fuzzy TOPSIS
optimization technigue to analyze selected weaving defects frequently encountered in viscose/linen woven fabric within a
textile company. The analyzed woven fabric has a warp yarn count of Ne 16/1 Viscose/Linen and a weft yarn count of Ne
16/1 Viscose/Linen/Elastane. For the produced material, selected weaving defects were classified using linguistic variables by
decision-making experts during the final fabric quality control process. This approach allowed the experts to prioritize weaving
defects of greater importance to the customer by employing the Fuzzy TOPSIS optimization method. The study concluded that
“‘Draft Defect” ranked first as the most critical defect, requiring immediate resolution.

Keywords: Viscose/Linen materials; Weaving Production Defects; Fuzzy TOPSIS; FMEA; Optimization.

...................................................................................................................................................................................................

1. Introduction ties and strength of the weft and warp yarns, as well as

the efficiency of the weaving machine (e.g., number of
The rapid advancements in textile technology have  gstops and yarn breakage rates) [2] Ensuring customer
accelerated the transformation of the industry from satisfaction requires identifying, eliminating, or min-
a labor-intensive structure to a capital-intensive one. imizing faults during the production process. Failure
Modern textile machines, with high production capac- Mode and Effects Analysis (FMEA) is recognized as
ities and skilled personnel, are replacing traditional an effective method in quality improvement processes
equipment. The widespread adoption of automation has [3]. Preventing faults before they occur is crucial for the
increased both production efficiency and product quali- efficient use of resources. As one of the fundamental
ty. Quality control systems, along with efficient and hy-  tools of total quality management, FMEA is an effective
gienic distribution methods, not only enhance product method for identifying and prioritizing potential faults.
quality but also facilitate the sale of more affordable It aims to eliminate errors and enhance quality levels
raw materials and improve customer distribution pro- by developing and implementing preventive measures
cesses. The quality of raw materials directly impacts for each type of fault [4].

the characteristics of the final product.

In order to detect the errors encountered, analyze their
Faults encountered in woven fabrics, which are widely risks and prioritize them, the Fuzzy TOPSIS method
used in the textile sector, have been systematically clas- and Failure Mode and Effects Analysis (FMEA) can be
sified. Based on this classification, faults are generally used together as a new method in various fields. While

divided into four categories: yarn faults, faults in the the Fuzzy TOPSIS method allows errors to be evalu-
Weﬂ direction, faults i.n the warp dire<.:tion, apd finish- ated through linguistic variables, preventive measures
ing faults [1]. Production faults occurring during mate-  can be taken to reduce errors with severity, probability

rial manufacturing are directly related to the proper- and detectability criteria [3,4]. TOPSIS (Technique for
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Order Preference by Similarity to Ideal Solution) meth-
od is a method used in multi-criteria decision-making
processes developed by Hwang and Yoon (1981). This
method aims to determine the alternative closest to the
positive ideal solution and farthest from the negative
ideal solution by considering the criteria weights. Due
to the inadequacy of numerical expressions in measur-
ing human judgments, the TOPSIS method has been
extended with fuzzy numbers [5]. The fuzzy TOPSIS
method is one of the multi-criteria decision-making
techniques. This approach, first developed by Chen and
Hwang (1992), utilized trapezoidal fuzzy numbers [6].
In later studies, methods using different types of fuzzy
numbers such as triangular fuzzy numbers have also
been developed. These developments have facilitated
the modeling of uncertainty and subjective evaluations
of the method [7]. When the areas of use of the fuzzy
TOPSIS method are examined, it is seen that it is used
in a wide range of sectors and application areas. It has
been stated that it is widely used in main subjects such
as supplier selection [8], performance evaluation pro-
cesses [9], risk analysis and management [10] and per-
sonnel selection [11]. The fuzzy TOPSIS method allows
the alternatives to be ranked in a way that they are clos-
est to the positive ideal solution and farthest from the
negative ideal solution. The positive ideal solution can
be defined as the situation where the benefit criteria are
optimized to the maximum level and the harm criteria
are minimized. In contrast, the negative ideal solution
refers to the situation where the harm criteria are max-
imized and the benefit criteria are minimized [8]. It ba-
sically solves the problem based on the TOPSIS meth-
od. Unlike this method, subjective evaluations about
the criteria are evaluated using linguistic variables and
the most appropriate alternative is determined. The
fuzzy TOPSIS method provides more realistic solu-
tions to problems by using verbal expressions instead
of numerical values, allowing human judgments to be
reflected more accurately in the model. In the method,
decision criteria and their weights are evaluated with
verbal expressions such as “low,” “very low,” “high.”
The fuzzy TOPSIS method first begins with defining
the alternatives to be evaluated, the decision criteria
by which these alternatives will be measured, and the
decision-making group. Decision makers evaluate the
alternatives and criteria with the determined verbal ex-
pressions. Especially in cases where there is uncertain-
ty and differences or variability arise in the evaluations
of decision makers, the fuzzy TOPSIS method allows
group decisions to be made more consistently and ac-
curately. In addition, the fact that the decision criteria
used in the evaluation of alternatives have different
weights is one of the basic features of the method [12].

Tooranloo and Ayatollah (2016), Failure Mode and Ef-
fects Analysis (FMEA) is a powerful method in the field
of risk management and is widely used to increase pro-
cess reliability in the production and service sectors.
In order to better manage uncertainties, the intuitive
fuzzy approach-based FMEA model was used to evalu-
ate error types for internet banking service quality [13].

@ European Mechanical Science (2025), 9(1)

Yilmaz and Senol (2017) added the cost factor to the
traditional risk analysis and determined the factor
weights with Fuzzy AHP and prioritized the hazards
and precautions with Fuzzy TOPSIS. In the application
made in the metal industry, it was determined that the
cost factor was more effective in the magnitude of the
hazard, the most important risk sources were deter-
mined as the work environment, machine and employ-
ee-related hazards, and the priority precautions were
determined as drill, training and machine renewal [14].

Isci et al. (2024) applied Fuzzy AHP and Fuzzy TOPSIS
methodsin a company that produces parking equipment
in order to evaluate risks in a more mathematical
and objective way. In the sample including physical,
chemical, ergonomic and psychological risks, the
analysis results using probability and severity variables
were compared and the hazards were ranked according
to their importance [10]. Nadaban et al. (2016) con-
ducted a compilation study describing the development
of fuzzy TOPSIS methods [15]. Unliikal and Yiicel
(2021) evaluated the risks in the production process of
a company in the aviation sector with the FMEA and
fuzzy TOPSIS approach; risk factors were weighted and
prioritized by experts [16].

Gilinaydin (2022) used fuzzy multi-criteria decision-mak-
ing techniques in a company operating in the fasteners
sector to eliminate the disadvantages of the classical
FMEA method. Potential errors were determined by the
brainstorming method and divided into two groups as
product and process-based, then weighted with the DE-
MATEL method and analyzed with fuzzy VIKOR, TOP-
SIS, MOORA and Gray Relational Analysis (GIA) meth-
ods. A model combining these methods was proposed
to increase the consistency of the results obtained from
different methods and to minimize errors [17].

In this study, it is aimed to determine the reasons for
weaving defects encountered in viscose/linen blended
woven fabrics as material and the importance level of
these defects for the customer. Therefore, Failure Mode
and Effects Analysis (FMEA) was performed using
the fuzzy TOPSIS optimization technique for selected
weaving defects frequently encountered in viscose/lin-
en blended woven fabrics in a textile company.

2. Materials and Methods

2.1. Materials

The material used in this study is a woven fabric with a
plain weave structure, featuring warp yarn of Ne 16/1
Viscose/Linen and weft yarn of Ne 16/1 Viscose/Linen/
Elastane. After being woven on a weaving machine, the
finished fabric undergoes quality control by an operator
on fabric inspection tables. During this process, vari-
ous defects, such as color and pattern irregularities, are
identified on the fabric. Defects detected on the fabric
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flowing over the inspection panel are recorded, and
those that can be rectified are reprocessed for correc-
tion. Defects that cannot be remedied are categorized
into different quality grades based on their severity. In
this study, common weaving defects originating from
the weaving department were selected for analysis.
These include frequent-sparse density variations, weft
skip, warp streak, lattice defect, and draft defect. »Ta-
ble 1 presents the selected defects along with their defi-
nitions.

Table 1. Selected weaving defects, their definitions

Selected weaving defects

Frequent refers to the placement of one or more
weft yarns at intervals closer than the standard
density. Sparse, on the other hand, refers to the
placement of one or more weft yarns at intervals
wider than the standard density.

Frequent-sparse
density variations

It refers to the absence of one or more weft yar-

Weft skip ns in the weaving during the weaving process.

It is the difference in color tones that occurs

Warp streak because of the change in warp threads.

It is a situation where the warp threads are not
included in the weave and remain free, passing
over the weft threads.

Lattice defect

It is a fault that results from one or more of the
warp threads being passed through the heddles
incorrectly, causing the weave pattern to be
disrupted throughout the fabric.

Draft defect

2.2. Methods

In this study, selected production-related defects of the
produced material were detected, and these defects were
analyzed using the Fuzzy TOPSIS method according to
severity, probability and detectability criteria. The cri-
teria were compared by three experts, their importance
weights were determined and then the proximity coef-
ficients for the alternatives were calculated using the
Fuzzy TOPSIS method and a ranking was made. In the
solution of the multi-criteria decision-making problem,
the Fuzzy TOPSIS method developed by Chen (2000)
was used and the triangular linguistic expressions in
the evaluation of the alternatives and criteria are pre-
sented in P>Table 2 [3, 4, 18].

The process steps of the fuzzy TOPSIS method and the
equations used are shown in P-Table 3 (3, 19, 20).

3. Results and Discussions

The Fuzzy TOPSIS method has been applied step by
step according to P>Table 3, and the results are present-
ed sequentially in the following tables (Tables 4-10).
Initially, verbal expressions for the criteria and alter-
natives were converted into numerical values, and a
fuzzy decision matrix was constructed. The normalized
fuzzy decision matrix was then calculated, followed by
the weighted normalized fuzzy decision matrix. Positive
and negative ideal solutions were determined, and the
closeness coefficients were obtained. Finally, the alter-

European Mechanical Science (2025), 9(1)

natives were ranked from highest to lowest based on
their CC,values, assigning rankings from 1 to 5.

Step 1: Assignment of judgment values to verbal expres-
sions for the criteria and calculation of their importance
weights.

In PTable 4, the importance of weights for severity,
probability and detectability criteria were calculated
using formula 1. The importance weight for the severity
criteria was found to be (0.03; 0.17; 0.37), the importance
weight for the probability criteria was found to be (0.3;
0.5; 0.7) and the importance weight for the detectability
criteria was found to be (0.57; 0.77; 0.93).

Step 2: Assignment of judgment values to verbal expres-
sions for the alternatives and calculation of their impor-
tance weights.

In P-Table 5, the importance weights were calculated us-
ing Formula 2 by assigning judgment values to the verbal
expressions of the alternatives (frequent-sparse density
variations, weft skip, warp streak, lattice defect, draft
defect). Accordingly, as an example, it can be observed
that the importance weight of the judgment value for De-
cision Maker 1 (DM1) under the severity criterion for the
frequent-sparse density variation alternative is (1; 3; 5).

Step 3: Creating the fuzzy decision matrix

In PTable 6, the fuzzy decision matrix for the alterna-
tives and criteria was created by applying Formula 3. As
an example, in P>Table 6, the fuzzy decision matrix value
for the weft skip alternative under the severity criterion
was calculated as (0.33; 1.67; 3.67).

Step 4: Creation of normalized fuzzy decision matrix

The normalized fuzzy decision matrix for the alterna-
tives and criteria was created using Formula 4 and is
presented in P>Table 7. As an example, when examining
PTable 7, it can be observed that the normalized fuzzy
decision matrix value calculated for the lattice defect
alternative under the probability criterion is (0.13; 0.47;
0.87).

Step 5: Weighted normalized fuzzy decision matrix

The weighted normalized fuzzy decision matrix for the
alternatives and criteria was created using Formula 5
and is presented in P>Table 8. As an example, when ex-
amining P>Table 8, it can be observed that the weighted
normalized fuzzy decision matrix value calculated for
the draft defect alternative under the severity criterion
is (0.0143; 0.1190; 0.3667).

Step 6: Calculation of fuzzy positive ideal solutions (A")
and negative ideal solutions (A7)

In PTable 9, the fuzzy positive ideal solutions (A*) and
negative ideal solutions (A”) were calculated using For-
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Table 2. Verbal expressions and their triangular fuzzy number equivalents in the evaluation of alternatives and criteria [18]

For alternatives For criteria
Verbal Expression Triangular Fuzzy Number Verbal Expression Triangular Fuzzy Number
Very Bad (VB) (0;0:1) Very Weak (VW) (0;0:0,1)
Bad (B) ©1;3) Weak (W) (0;0.1,03)
Medium Bad (MB) (1:3,5) Medium Weak (MW) (0.1;0.3;0.5)
Medium (M) 357) Medium (M) (0.3,05,0.7)
Medium Good (MG) (5,7;9) Medium Strong (MS) (0.5;0.7;0.9)
Good (G) (7:9,10) Strong (S) (0.7,09;1.0)
Very Good (VG) (9;10;10) Very Strong (VS) (0.9;1.0;1.0)
Table 3. Process steps and equations of the fuzzy TOPSIS method
Steps Formulas Formula no
Step 1:
Verbal expressions for the criteria are evaluated using triangular
fuzzy numbers by decision-makers (DM1, DM2, DM3), and the W, 1r=1 4, ~2 ~K
= ) == Wi W5t W
importance weights of the criteria are calculated. Wy the weight Uk [ ij twiy + v U] 9
of relation to jth criterion
K: number of decision-makers
Step 2:
The alternatives are evaluated by the decision-makers using verbal ~ 11a1 5 P
expressions, which are represented by triangular fuzzy numbers. Xij=— [Mi' + Xt + X; ] )
) . . K ] ] 3]
The importance weights of the alternatives are then calculated.
XU: the weight of relation to ith alternative
Step 3: 2 % 2
For the Fuzzy TOPSIS method, the decision problem is formulated SR “ln
in the format of a fuzzy decision matrix. Xy X Xon
D : Fuzzy decision matrix D=| . . . (3)
g'c;;: The criterion value of the alternative according to the decision ) _ L
criterion. - o~ = W =[w,, % W
Wy, Fuzzy weight matrix Xmi Xm Xmn %1, %3, %
Step 4:
The normalized fuzzy decision matrix is calculated considering the
benefit criterion.
7., Normalized fuzzy decision matrix PR I i<B (4)
¢;: In the case where the decision criterion is a benefit criterion, it LR c’.+ =maxc;, V;€B
is obtained by dividing each element in the column by the element
with the largest third component within that column.
Step 5: L
The weighted normalized fuzzy decision matrix is calculated. Vij=Tij-Wj (5)
ﬂ;: Weighted normalized fuzzy decision matrix
Step 6: F_ [t ot +
The fuzzy positive ideal solutions (A*) and negative ideal solutions AT= v v
(A7) are determlngd by identifying the maximum and minimum A =V, U3, e o vr} ©)
values for each criterion.
A*: Fuzzy positiye ideal solutigns g maxi{vijg} ve B= mini{vij1}
A~ Fuzzy negative ideal solutions
Step 7: o 5
In this step, the closeness of the alternatives to the ideal solutions d,(a,b)= J;[(“l = b)?+(az = bp)? + (a5 = b3)?] @)
(di* and d;") is calculated using the Vertex method. + on o ®)
d* and di: The closeness of the alternatives to the ideal solutions df=371_,d (7 7})
_ — 9
di= X1 d (%, 77) ©
Step 8:
The CCi values are calculated using the closeness coefficients B
of the alternatives to the ideal solution. The alternatives are then CCi= d (10)
ranked from highest to lowest, and the most suitable alternative is Ydivdy;
determined.
CCi: Closeness coefficient for alternatives
Table 4. Evaluation of criteria using linguistic variables by decision-makers and calculation of importance weights
Criteria DM1 DM2 DM3 Weights
Severity (0;0.1;0.3) (0.1;0.3;0.5) (0;0.1;0.3) (0.03;0.17;0.37)
Probability 0.3;0.5,0.7 (0.5;0.7;0.9) (0.1;0.3;0.5) (0.3;0.5;0.7)
Detectability (0.7,0.9;1.0) (0.5;0.7;0.9) (0.5;0.7;0.9) (0.57;0.77; 0.93)
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Table 5. Evaluation of alternatives using linguistic variables by decision-makers and calculation of importance weights.

Alternatives Frequent-sparse density variations Weft skip ‘Warp streak Lattice defect Draft defect
Criteria DM1 DM2 DM3 DM1 DM2 DM3 DM1I DM2 DM3 DMl DM2 DM3 DM1 DM2 DM3
Severity 1 3 5 3 5 7 0 0 1 357013013135 01300135s570133357579 35711335

Probability '3 5 7 | 3 5 0 1 3 357 135001013135013013135135001 0131335

Defectability 3 5 7 5 7 9 0o 1 3 35735757091350131353571350137910579357

Table 6. The fuzzy decision matrix

Criteria
Alternatives
Severity Probability Detectability
Frequent-sparse density variations 1.33 2.67 4.33 1.33 3.00 5.00 2.67 4.00 6.33
Weft skip 0.33 1.67 3.67 1.33 2.67 4.33 3.67 5.67 7.67
Warp streak 0.33 1.33 3.00 0.33 1.67 3.67 0.67 2.33 4.33
Lattice defect 2.00 3.67 5.67 0.67 2.33 4.33 1.33 3.00 5.00
Draft defect 3.00 5.00 7.00 0.33 1.33 3.00 5.00 7.00 8.67
Table 7. Normalized fuzzy decision matrix
Criteria
Alternatives
Severity Probability Detectability
Frequent-sparse density variations 0.19 0.38 0.62 0.27 0.60 1.00 0.31 0.46 0.73
Weft skip 0.05 0.24 0.52 0.27 0.53 0.87 0.42 0.65 0.88
Warp streak 0.05 0.19 0.43 0.07 0.33 0.73 0.08 0.27 0.50
Lattice defect 0.29 0.52 0.81 0.13 0.47 0.87 0.15 0.35 0.58
Draft defect 0.43 0.71 1.00 0.07 0.27 0.60 0.58 0.81 1.00
Table 8. Weighted normalized fuzzy decision matrix
Criteria
Alternatives
Severity Probability Detectability

Frequent-sparse density variations 0.0063 0.0635 0.2270 0.0800 0.3000 0.7000 0.1744 0.3538 0.6821

Weft skip 0.0016 0.0397 0.1921 0.0800 0.2667 0.6067 0.2397 0.5013 0.8256
Warp streak 0.0016 0.0317 0.1571 0.0200 0.1667 0.5133 0.0436 0.2064 0.4667
Lattice defect 0.0095 0.0873 0.2968 0.0400 0.2333 0.6067 0.0872 0.2654 0.5385
Draft defect 0.0143 0.1190 0.3667 0.0200 0.1333 0.4200 0.3269 0.6192 0.9333

Table 9. Calculation of fuzzy positive and negative ideal solutions (A*, A")

Criteria

Alternatives
Severity Probability Detectability

Frequent-sparse density variations 0.0063 0.0635 0.2270 0.0800 0.3000 0.7000 0.1744 0.3538 0.6821

Weft skip 0.0016 0.0397 0.1921 0.0800 0.2667 0.6067 0.2397 0.5013 0.8256
Warp streak 0.0016 0.0817 0.1571 0.0200 0.1667 0.5133 0.0436 0.2064 0.4667
Lattice defect 0.0095 0.0873 0.2968 0.0400 0.2333 0.6067 0.0872 0.2654 0.5385
Draft defect 0.0143 0.1190 0.3667 0.0200 0.1333 0.4200 0.3269 0.6192 0.9333
A+ 0.3667 0.7000 0.9333
A- 0.0016 0.0200 0.0436

Table 10. Calculation of closeness coefficients (di and di’) and ranking of alternatives (CC;)

Alt i Severity Probability Detectability >di cci Ranki
ernatives i ankin
di* di- di* di- di* di- zdi* sdi 9

Frequent-sparse density variations  0.283581102  0.134979757  0.425989  0.425989 0.5701 0.4167 1.28 0.98 0.43 3

Weft skip 0.300381885 0.112149344  0.440034 0.369063 0.4759 0.5353 1.22 1.02 0.46 2

Warp streak 0.310566687 0.091482384  0.510454  0.297147 0.7160 0.2617 1.54 0.65 0.30 5

Lattice defect 0.264873348 0.177553241 0.469783  0.360596 0.6628 0.3141 1.40 0.85 0.38 4

Draft defect 0.248654733 0.221540906 0.536007  0.240031 0.3943 0.6333 1.18 1.09 0.48 1
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mula 6. The highest and lowest values among the cal-
culated results for the severity, probability, and detect-
ability criteria are highlighted. Accordingly, the highest
and lowest values are as follows: for the severity crite-
rion, (0.3667 and 0.0016); for the probability criterion,
(0.7000 and 0.0200); and for the detectability criterion,
(0.9333 and 0.0436).

Step 7 and Step 8: Calculation of closeness coefficients
(di and di") and ranking of alternatives (CC))

P»-Table 10 was created by calculating the closeness coef-
ficients (CC,) and ranking values of the alternatives and
criteria using Formulas 7-10. When the alternatives are
ranked based on the obtained CCi values, it is observed
that the draft defect alternative has the highest CC, value.

In the last step, according to P>Table 10 of the severi-
ty, probability and detectability criteria with the fuzzy
TOPSIS approach, it is seen that the drafting error
ranked 1° has the highest CC, value. Accordingly, it is
seen that it is the most important production error that
needs to be solved first by ranking 1t. By analyzing the
error type and effects with the fuzzy TOPSIS method, it
is possible to evaluate each error independently, and the
priority order in solving the error types is determined
by including the opinions of the decision makers in the
process.

4. Conclusions

In this study, production-related selected defects were
identified during the quality control process conducted
on a woven fabric with a plain weave structure, featur-
ing warp yarn of Ne 16/1 Viscose/Linen and weft yarn
of Ne 16/1 Viscose/Linen/Elastane. The importance
weights of the defects were determined based on the cri-
teria of severity, probability, and detectability through
evaluations by three experts. The defects were analyzed
using the Fuzzy TOPSIS method within the framework
of Failure Mode and Effects Analysis (FMEA). Accord-
ing to Step 8 outlined in P>Table 3 of the Method section,
the CC, values were calculated and ranked from highest
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Abstract: Many studies have shown that the materials used in the composition of brake pads are directly related to friction,
wear mechanisms and tribological behavior. Heat-resistant jute fiber is an organic fiber that can be added to the composition
of brake pads that can achieve good braking. In the study, pads were produced by adding different amounts of jute fiber using
phenolic resin with powder metallurgy method and the results were compared with pads without jute fiber. It was observed that
adding 5% jute fiber in addition to aramid fibers used in brake pad manufacturing had positive effects on friction coefficients,
friction fluctuations and wear mechanism. At the same time, water absorption values of natural fibers were reduced by 30%
and water repellency was provided to the pads. According to sample A, the density of JF3 decreased by 25.4% and shear
strength by 39%. The hardness value is at the standard value used in the market.

Keywords: Pad, Friction, Wear, Jute Fiber, Silane, Water repellency
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1. Introduction

The rapid advances of technological developments now-
adays especially in the automotive field and consider-
ation of an environmentalist approach in the existing
situation have led to usage of some environment-friend-
ly materials in the compositions of automobile brake
pads [1-5]. This way, brake pads started to be produced
by using organic fibers and without using asbestos. The
friction materials that are used in brake systems should
satisfy the following conditions: high and stable friction
coefficient, low fading, better reclamation and low wear
in highly variable working conditions [6-8].

Brake pad formulations are made up of five categories
as: binders, fillers, fibers, abrasives and lubricants [6,9].
Generally, phenolic resins are used as binders, while
barium sulphate, calcium carbonate and clays are used
as filler. Fibers such as: organic (Kevlar, jute), inorgan-
ic (lapinus), metallic (copper), ceramic (glass), natural
(cellulose) and their various combinations are used in
brake pads. Metal oxides and carbides are used as abra-
sives, whereas graphite and metal sulfides are common-

.................................................................................................

ly used as lubricants [10-12].

Nowadays, research is carried out on the effects of nat-
ural fibers as an alternative to synthetic fibers. Natu-
ral fibers have become a reason for choice instead of
synthetic fibers as that have low density, low cost, high
impact strength, easy production and no harm on the
environment [9,13-15]. Likewise, with their biodegrad-
ability, they have found a prevalent usage area in sever-
al fields including the automotive, aviation and trans-
portation industries. Components of natural fibers
include cellulose, hemicelluloses, lignin, pectin, waxes
and water-soluble substances [16,17].

Brake pads serve the function of reducing the velocity
of or stopping a vehicle by converting the kinetic energy
in the vehicle into heat energy [18-20]. For this reason,
the properties and quantities of structures that will af-
fect the friction performance of pads are a significant
factor that will change the braking performance. Man-
ufacturers have tried several different compositions
to achieve properties such as increasing the high-tem-
perature performance of the material under different
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braking conditions, increasing material strength and
wear strength and achieving a stable friction coefficient
[21-23].

It is known that usage of asbestos fiber leads to cancer,
lung tumors and other medical problems. As usage of
asbestos fiber has been prohibited, it has been consid-
ered to utilize different friction materials such as Kev-
lar, fiberglass and graphite to be used in brake pads.
Pads manufactured by using natural fibers have high
water absorbency.

This feature is a problem for all composite material pro-
duction. This problem limits the use of natural fibers.
Studies should be carried out to give the fibers water-re-
pellent properties [24]. Different types of chemicals can
be used to add water repellency.

In this study, jute fiber, which is a natural fiber, was
used in different ratios to produce brake pads and sub-
jected to various tests. The goal was determined as that
the produced pads would have a structure not harmful
to human health, their tribological properties and me-
tallographic structures were then examined and com-
pared to those of commercial pads. At the same time,
water repellency has been provided to the pads by using
Silane Agent.

2. Materials and Method

2.1. Materials and type of manufacturing

Composite materials for brake pads included No-
volak-type phenolic resin (Polikem), barite and mica
(Bager Madencilik), aramid fiber (DuPont Tirkiye),
alumina (Esan-Eczacibasi), quartz and magnesite
(Kale Maden), iron powder (Sintek Toz Metalurji), cop-
per powder (Mayda Toz Metal), graphite (Karabacak
Madencilik), power rubber (UN-SAL Danismanlk
Gida Tekstil) and jute fiber (Aksa Tekstil). The pads
were manufactured by using different ratios of jute fi-
ber, binders, filling materials, reinforcement materials
and friction regulators (abrasives and lubricants). The
ratios of the components were kept constant by mass
and jute fiber was added as filling material by reduc-
ing the ratio of barite. The powders used in the manu-
facture of brake pads generally have high densities. On
the contrary, the density of natural fibers is very very
low. In studies, natural fibers are generally used at a
maximum of 10% [2,25]. The reason for this is that the
natural fibers used more are too much for the mixture.
In addition, it is difficult to ensure product integrity in
brake pads produced with excess natural fibers. For
this reason, in the study, brake pads were produced in 4
different compositions by adding 1%, 3%, 5% and 7%
jute fiber to the brake pad composition by mass (Table
1). In addition, brake pads without jute fiber were also
produced and comparisons were made with brake pads
with jute fiber additives.

European Mechanical Science (2025), 9(1)

The pads that were reinforced with jute fiber were
named as JF, while those they were produced only by
aramid fiber without adding extra fiber reinforcement
were called A.

Table 1. Ratios of Brake Pad Components by Weight

A JF1 JF2 JF3 JF4  JF3-Silane

% ) ) () (%) (%)

Phenolic Resin 25 25 25 25 25 25
Powder Rubber 3 3 3 3 3 3
Barite 31 30 28 26 24 26
Mica 3 3 3 3 3 3
Aramid Fiber 5 5 5 5 5 5

Jute Fiber 1 3 5 7 5-S
Iron Powder 5 5 5 5 S 5
Copper Powder 7 7 7 7 7 7
Alumina 7 7 7 7 7 7
Quartz 3 3 3 3 3 3
Magnesite 1 1 1 1 1 1
Graphite 10 10 10 10 10 10

By using a KERN ACJ220-4M brand precision scale,
the material components were weighted in the amounts
specified in P>Table 1 and made ready for mixing. The
materials were mixed for 40 minutes using an M-TOPE-
MS3040D brand laboratory mixer until a homogeneous
structure was formed. The mixer was operated at 2000
rpm. The mixture was made ready for compression.
Three pieces of each sample were produced, so that the
experiments would have 3 replications.

A Hidrokar brand hot press with a 20 ton capacity was
used for compression. As seen in P-Figure 1, the com-
pression process was carried out using 192x120 mm
molds at 180°C temperature and 21.5 MPa pressure
[26] . The lower plate of the hydraulic press was mobile
and heated, while the upper plate was fixed. The mold
included a back plate below it to be compressed with the
pad material. A female plate was placed above it. The
pad material was laid out by hand in batches inside the
mold. After each process of laying out, 10 min of com-
pression was applied. The purpose of the gradual form
of the process was to aerate the mold for each batch, re-
lease the gasses inside and prevent the gaps that could
be formed inside the pad material. The brake pad sam-
ple was produced with the help of the mold shown in
»Figure 1, with dimensions of 106.34x62.5 mm.

PROTHERM-PLF 120/10 brand industrial type fur-
nace was used for sintering, which is the last stage of
production. The samples were sintered at 180°C for 18
hours, allowed to cool at room temperature and the pad
production process was completed [26].

2.2. Silane treatment of fibers

Karotect C1 type silane, used as a water-based and hy-
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Hydraulic press upper plate

Male mold

Female mold

Hydraulic press lower plate

Figure 1. Schematic display of the brake pad production process

Brake pad

Lower mold

(a) without silane-treated fibers

Figure 2. Jute fibers with and without silane-treated fibers.

drophobic agent, was obtained from Varkim Industrial
Chemicals company. The technical properties of silane
are shown in P>Table 2. When water-based silane is ap-
plied, it not only adds water repellency to the material,
but is also environmentally friendly.

Table 2. Chemical structure and technical data sheet of Silane [24].

Appearance
’f Solid Content (%) 5 (£0,5)
'? Density (25°C) 0,80 g/cm3
HoN~~"Si—
| C\ Flash Point ~38°C

After the jute fibers were immersed in silane, they were
kept at room temperature for 24 hours, ensuring that
the silane was absorbed by the fibers as much as pos-
sible. They were then removed and a stripping process
was performed to remove excess silane from the fibers.
The drying process of the jute fibers soaked in silane
was carried out by keeping them in an oven at 80°C for

@ European Mechanical Science (2025), 9(1)

(b) with silane-treated fibers

24 hours. With this process, the fibers gained water re-
pellency instead of water absorption. A new brake pad
powder mixture was prepared using silane-coated jute
fibers and changes in water absorption values, which is
one of the biggest problems of brake pads produced with
natural fibers, were observed. JF3-Silane has the same
mixture percentages as JF3, the only difference being
that the fibers in the mixture are coated with silane.

2.3. Tribological properties

A block-on-disk device was used for wear test (B>Figure
3). In the experimental setup, the sample with dimen-
sions of 10x10x30 mm?®was placed onto a housing on the
arm in a way that it would be over the disk rotating at
a certain speed. The pressure between the disk and the
sample was provided by the load connected to the arm.
When the brake disk rotated, the sample was pressed
onto the disk with the help of the load connected to the
arm and wear was achieved with the movement of the
disk. The block-on-disk device had an abrasive disk
made out of 4140 steel with the diameter of 210 mm
and hardness value of 54-56 HRe. To rotate this disk,

https://doi.org/10.2670 | /ems. | 620000


https://www.sciencedirect.com/topics/materials-science/structure-composition
https://www.sciencedirect.com/topics/engineering/datasheet
https://www.sciencedirect.com/topics/engineering/silane

Benek Hamamci, Merve Sali

an electric motor with the properties of 1000 rpm and
2.2 kW was used. An inverter was used to set the rota-
tion speed of the electric motor.

Figure 3. Block on Disk

The experiment was applied in a way that 50 minutes
of friction test would be applied on each sample satis-
fying the TS 555 standards under a speed of 3.14m/s
and at a sliding distance of 9420 m. The pad sample was
placed into the housing on the load arm with a connect-
ed weight. Afterwards, when the arm was released, con-
tact was achieved between the pad sample and the disk.
The weight placed onto the load arm was set to provide
a pressure of 3MPa. This way, friction was achieved be-
tween the pad and the disk as soon as the disk started
rotating. To obtain wear rate values, the experiments
were carried out with 3 repetitions and the final friction
coefficients were reached by taking the arithmetic aver-
ages of the results.

Additionally, the wear rate amounts in the samples were
determined. For these amounts, the masses of the sam-
ples were measured by a precision scale before and af-
ter the experiments and the specific wear rate amounts
were determined with Equation 1 below.

Am

Ws = L.p.Fn )]

In the formula, Ws (mm3/Nm) is the specific wear rate
amount, Am (gr) is the sample weight loss, L(m) is the
total distance covered, P (gr/mma3) is the density of the
sample and Fn (N) is the load of the sample (7). The
force applied on the pad is 300N.

European Mechanical Science (2025), 9(1)

2.4. Mechanical, Physical and Chemical properties

Hardness tests were conducted at room temperature.
Measurements were made from 5 different points on
each sample. By taking the arithmetic average of the
measured values, the hardness value for each sample
was determined. The densities of the samples were de-
termined by the Archimedes principle.

Water absorption experiments were conducted by using
the ASTM D570-98 standards. The samples were kept
in distilled water for 24h at 24°C. 3 pieces of each sam-
ple were freed of humidity by drying in an oven at 80°C
for 24h. The dried samples were weighed by using a
precision scale and then dipped in water. After 24h, the
samples were taken out of the water, wiped and their
dry weights were measured. The percentage water ab-
sorption ratios were calculated with equation 2 where
m,  is the weight dried in oven and m,_, is the weight

dr;
kept in distilled water for 24h.

M(%)=(m, ,—m dlry)/m ary <100 (2)

The shear tests of the samples were conducted with an
MTS Systems Corporation-FXSA105A brand wedge
device. An apparatus specifically prepared for the shear
strength test was utilized (P>Figure 4).

(O]

(&)

[©]
[O)]

® )

(a) (b)
Figure 4. (a)Tensile Test Device, b) Special Shear Test Apparatus

The samples were cut to 25x25x10 mm dimensions us-
ing a Yilmaz Brand Metal Cutting Machine (»Figure
5). During shearing, increased load was applied on the
samples in parallel to the stress direction at a rate of
5 mm/min. The load was increased until the material
broke. Using the measured shear forces of the samples,
shear strength was calculated with the formula t=F/A.

3. Results and Discussion

This section presents the data obtained from the wear
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test and the specific wear rates calculated with these
data. In addition to these, hardness, shear test results
and water absorption are also interpreted in this section.
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3.1. Tribological Test Result
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In the wear tests, the block-disc device broke the record.
The graphical representation of the obtained test data 0.0
is presented in P-Figure 6. Considering the friction-time 04 7111418212528323539424650
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Figure 6. Friction coefficient plots of the A and JF1, JF2, JF3, JF4,
JF4-Silane brake pads
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bility. All other samples have changes in their stability.
This is due to the increase in the brake pad components,
which are stable at high speeds [27]. The lowest average
change values were obtained as 0.37 in the JF3 sam-
ple and 0.386 in the JF3-Silane treated sample. It was
concluded that the pads produced using natural fibers
increased their friction coefficients similar to the study
by Zhen-Yu et al [28] and Rajan et al [29] .

The wear images of the pads are shown in p-Figure 7.
The specific wear values of each brake pad were calcu-
lated by using the shear test data and the specific wear
ratios and average friction coefficient values are shown
together in P-Figure 8.

The average wear ratio values were in the range of
13.48-20.1x10-°*mm3/Nm. The JF1 sample had the high-
est specific wear resistance. Increased ratios of jute
fiber reduced the wear resistance and the JF3 sample
had the minimum value.

The average friction coefficients were in the range of
0.368-0.487. The JF1 sample had the highest friction
coeflicient, as in the case of specific wear resistance, in-
creased jute fiber ratios positively affected specific wear
resistance and the lowest value was found in the JF3
sample. The reason for the increase in the friction coef-

Figure 7. Pad Wear images (Respectively A, JF1, JF2, JF3, JF4, JF3-Silane)

ficient up to JF3 was thought to be that the insufficient
jute fibers could not resist the temperature and friction
that occurred with contact with the disk which had high
hardness. It is considered that, after the jute ratio of 5%,
the jute reduced the friction coefficient due to its heat-re-
sistant property and this way, it could resist friction. It is
seen that the friction coefficients of JF3-silane pad and
JF3 pad are close to each other. It is seen that the fric-
tion coefficient values of JF3-silane pad and JF3 pad are
close to each other. When silane was applied to the fibers
of the pad sample with JF3 composition, it was observed
that there was not much difference in the specific wear
ratios and average friction coefficient values.

3.2. Physical, Chemical and Mechanical Test Result

»-Figure 9 shows the density and water absorption re-
sults of the samples graphically. The average density of
the samples is between 1.818 and 1.283 g/ml. The densi-
ty decreased as the jute fiber ratio increased. The hard-
ness values in the brake pad samples reinforced with
jute fiber decreased by 13-17% compared to sample A.
Silane increased the density of the fibers and thus in-
creased the pad density. The hardness values were mea-
sured on the Rockwell R scale and it was seen that the
material hardness was not directly proportional to the
fiber ratio, but different rates of fiber reinforcement af-

0.6 weesA Friction Coefficient eV ear rate 30
;/% ’ 0.455 25
g 0.4 ; 0,38 f’-‘387 0.368 20
G / % 20,1 //’/; ? f .
S 17.2 / : / 17.02 77 ; . /ﬁ 7 159 15
§ / 16,03 /" 13.48 /
.L_‘E’ 0.2 / / 10
L
0 2 4 0
A JF1 JF2 JF3 JF4 JF3- Silane

Figure 8. Average friction coefficient values and specific wear ratio for jute fiber reinforced brake pads
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fected the hardness values at different rates (P-Figure
9). The desired hardness value is 30-75 HRR. Lower
pads cause rapid wear and higher hardness causes the
disc to be damaged in a short time. All pads except A
and JF4 pads comply with the standards. JF4 pad is
80.9HRR. It can be said that the reason for the high
hardness of JF4 pad, which is expected to have lower
hardness, is due to the fibers. The fiber ratio is high and
there may not have been a homogeneous and complete
mixture and the areas where the measurements were
made may have misled us.

Considering the commercial brake pad values taken as
reference, the shear stress of the pads should be higher
than 2.3 MPa. Based on these values, considering the
results listed in P-Figure 6, all pads were produced with

appropriate shear strength values higher than this ref-
erence value (P-Figure 10). In addition, the shear stress
values of samples A and JF1 are high, while FJ2 is the
lowest. The silane treatment of sample JF3 caused a
30% increase in shear strength.

3.3. Water absorption

Natural fibers can be preferred in pad manufacturing
as they increase mechanical properties and are envi-
ronmentally friendly. In recent years, in the production
of composite materials used in different fields, the use
of natural materials has been emphasized. This issue
is very important in terms of the environment and the
benefit of future generations. Especially composites
containing natural fibers have attracted great interest

density (g/ml) ====hardness (HRR)
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Density (g/ml)
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Figure 9. Density and hardness chart
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Figure 10. Maximum Shear Force Values of All Pad Samples
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in the world. These materials are completely biodegrad-
able and do not cause emissions of carbon-based organ-
ic compounds such as petrochemicals. However, the hy-
drophilic nature of the fibers can negatively affect both
their mechanical and physical properties [24,30,31] .

Hydrophilic fibers used in axe production can be made
hydrophobic, i.e. water repellent, to provide water re-
pellency. For this reason, Silane was applied to 5% jute
fibers in the JF3 mixture, which has the best perfor-
mance in terms of all mechanical and tribological prop-
erties. JF3-Silane brake pad samples were produced.

PFigure 11 shows the graph of water absorption rates

of brake pads kept in water for 1, 2 and 24 hours. As the
jute fiber percentage increased, the water absorption
rate of the brake pads also increased. While the water
absorption percentages of the brake pads were very
close to each other in the first 1st hour, they increased
rapidly towards the 2nd hour. Brake pads without jute
fiber have low water absorbency. It is seen that the
FJ3-silane sample applied with silane prevents water
absorption. It is very close to the values of the brake pad
without jute fiber. Silane can provide water repellency
to brake pads.

It is seen that the water absorption rate of the pads
manufactured with jute fiber increases as the fiber ra-

20

0 5 10

—0—A —0—1JF1 —0—1]JF2

Water Absorbation %
o w = 7

Time (hour)

15 20

JF3 —8—]JF4 —0—JF3- Silane

Figure 11. The graph of water absorption ratios in water for the all pads.
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Figure 12. The contact appearance of JF3 and JF3- silane sample with water
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A L

JF3

d

(b)JF3- Silane

Figure 13. The contact angles of the samples with water (JF3, JF3-Silane, respectively).

tio increases (P>Figure 12). At the same time, it is un-
derstood that the water absorption value of the sample
with silane applied to the fibers is close to the values of
the pad samples without fiber. The water repellency of
the JF3- Silane sample increased by 10.32% compared
to the JF3 sample.

Water drop moment (a) JF3 (b) JF3-Silane 20 seconds
after adding water to the sample (c¢) JF3 (d) JF3-Si-
lane 1 hour after adding water to the sample (e) JF3 (f)
JF3-Silane

Figure 13 shows the contact angles of JF3 and JF3-Si-
lane samples with water. It is seen from the study that
the water repellency of the silane applied sample in-
creased. As a result, it has been understood once again
that agricultural fibers can be used in the production of
composite pads. The fibers have been transformed into
samples in a more hydrophobic form with the Silane
agent and with this application, the water repellency of
the samples can be increased and natural fibers can be
used in the linings.

3.4. Surface Morphology

After the wear test of the pad samples, a Zeiss-brand
SEM device was used to obtain and interpret their
graphics for examining their surfaces. Looking at the
SEM image of the A sample shown in P-Figure 14, the
formation that occurred in the zone number 1 in the
form of a scratch was considered to have occurred as a
result of abrasive wear. In the zone number 2, this may
have happened by that the pieces that were separated
due to friction gathered on the surface again and led to
adhesive wear. There was flocculation in the zone num-
ber 3. It is believed that the reason for this was barite
and flocculation created border zones during wear. In
the zone number 4, metal particles that actively partic-
ipated in friction could be observed. There were white
formations in the zone number 5 increases. Looking at
the SEM image of the JF3 sample shown in P-Figure
6, the white particles seen in the zone number 1 were
metal particles that took part in wear. It is known that

@ European Mechanical Science (2025), 9(1)

metal particles increase wear. In the zones number 2
and 3, losses of pieces due to friction led to macro and
micro gaps. In the zone number 4 with a pasting-like
abrasion, adhesive wear took place. It is thought that
formation of multiple pasting zones increased wear by
reducing the friction coefficient. Generally speaking,
it was concluded that secondary plateau zones formed
in many areas on the material’s surface and this was
caused by the abundance of real contact zones.

The components of Batala surfaces are seen from EDX
graphs. According to EDX spectra, the surfaces main-
ly contain sulfur (S), nitrogen (N), carbon (C), oxygen
0), iron (Fe), barium (Ba), copper (Cu), aluminum (Al),
silicon (Si). When the difference between A and JF3
is examined, it is seen that the Fe ratio increases. The
intensity of O, S, Si, Ba, Cu peaks increases with the
addition of JF. The atomic composition of JF3 treated
with silane shows that C, Si increase and the atomic
composition of oxygen decreases. In a similar study by
Khalili et al. and Helenka et al., when EDX analyses
were compared with the pure fiber, it was observed that
the silane substance in oil palm fiber had higher carbon
and lower oxygen content [32,33]. Higher carbon con-
tent shows the positive effect of modification. Similarly,
all these elements peaked when jute fibers were treated
with silane.

4. Conclusions

In this study, it was aimed to produce organic fiber-rein-
forced brake pads by minimizing the usage of metal-re-
inforced materials. Additionally, an environmentalist
approach was displayed by avoiding usage of asbestos.
The mechanical and tribological properties of the jute
fiber-reinforced brake pads that were produced were
studied and the following results were reached:

. Jute fiber reinforcement up to 5% reduced fric-
tion coefficients. From the friction coefficient time
graphs, JF3 is the pad that showed the best and
most stable change. Jute fiber addition at all rates
positively affected the specific wear values. JF7 has

https://doi.org/10.2670 | /ems. 1620000
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Figure 14. SEM-EDX Images of the Wear Surfaces
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the best wear rate but did not give a stable friction
time graph.

« Adding Jute fiber to the pad mixture reduced the
sample density. All samples are lower than the den-
sity value of commercial brake pads (2.0-2.3 gr/
cm3).

« The shear stress and density values of all produced
pads are within the reference values.

« The hardness values of JF1, JF2 and JF3 pads are
within the desired values. The hardness values of
other pads are outside the standards.

« Water absorption values increased as the jute fiber
ratios increased. When all the results are consid-
ered, the pad sample coded JF3 has mechanical,
physical and tribological properties close to the
standard pad values and the pads used in the mar-
ket. For this reason, silane was applied to the jute
fibers of the FJ3 brake pad and the brake pads were
given water-repellent properties. With the silane
treatment, 30% of the brake pad’s water absorption
was prevented.

« When the SEM graphics of the JF3 sample were ex-
amined, it was thought that adhesive wear occurred
in many areas and that the metal particles in the
areas close to the surface actively participated in
the wear. As a result of adhesive wear, patch areas
were formed on the surface and if these areas in-
creased, a friction film was formed.

« It is thought that this situation will reduce mass
losses. It is thought that the increase in the amount
of oxygen found is not only due to the oxygen found
in the components, but also to the oxygen coming
from the oxidation on the surface.

« Considering the test results, it can be concluded
that jute fiber reinforcement has positive effects on

the material.

« Natural fibers are now preferred in composite man-
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Abstract: Adjustable sling cranes are specialized lifting systems equipped with adaptable sling mechanisms that enhance
operational flexibility and efficiency. These systems are particularly advantageous in construction and industrial applications,
where adjustable sling tension significantly affects weight distribution and safety. This study presents the design and structural
analysis of a rope slewing system for loads with a variable center of gravity. First, the upper and lower lifting groups were
designed, and profiles with fixing points according to the load position were mounted on the rails. A sling apparatus was
used between the upper and lower groups. For structural analyses, boundary conditions and material properties were defined
according to the loads to be carried in the system. Inclined conditions that may occur during transportation were taken into
account in the analyses. Loading was performed under transportation conditions with a maximum inclination of 6° and
accordingly, the safety of the system according to the material types was observed. According to the Finite Element Analysis
(FEA) results, the maximum stress values were obtained as 267.5 MPa in the upper carrying group, 113.4 MPa in the lower
carrying group and 66.1 MPa in the sling apparatus. As a result, the structural analyses performed show that the design and
material selections of the rope slewing system remained within safe limits during operation. Considering loading conditions
and inclined positions, the system'’s safety and efficiency demonstrate that it provides a practical and safe solution for industrial
applications.

Keywords: Sling Cranes; Lifting Systems; Finite Element Analysis; Mechanical Design.
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1. Introduction

Sling-based load lifting systems play a critical role in
ensuring safety and efficiency in various sectors, par-
ticularly in construction and material handling. Ad-
justable sling cranes are specialized lifting systems that
incorporate adjustable sling mechanisms to enhance
their operational flexibility and efficiency. These sys-
tems have the ability to modify the sling tension which
significantly impacts load handling and safety.

Recent studies outline key specifications, functional-
ities, and implications of adjustable sling cranes. One
of the primary advantages of adjustable sling cranes is
their ability to accommodate varying load conditions.
The principle of adjustable tensioning can be applied to
crane systems, where adjustable slings can be tensioned
to optimize load support and stability during lifting op-
erations.

The ability to adjust the sling tension dynamically is
crucial for maintaining the center of gravity and ensur-

ing that loads are lifted safely without excessive sway or
instability. In the context of tower cranes, the integra-
tion of adjustable sling systems can enhance the control
of payload swing, which is a common challenge in lifting
operations. Li et al. highlight the importance of accu-
rately positioning the payload, noting that flexible steel
slings can complicate this process [1]. Their research
emphasizes the need for effective control strategies to
minimize swing and improve operational efficiency.
Similarly, Wada et al. discuss the development of a sus-
pended-load rotation-control device that utilizes gyro-
scopic dampers to stabilize loads during lifting, further
illustrating the potential for adjustable systems to en-
hance crane performance [2].

The dynamic behavior of adjustable sling cranes is also
influenced by the design of the crane’s structural com-
ponents. Vasiljevié et al. examined the parameters af-
fecting the dynamic behavior of portal cranes, which of-
ten feature a rotating boom capable of 360° movement
[3]. Their findings suggest that the configuration of the
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sling and boom attachment points plays a critical role
in the crane’s stability and load handling capabilities.
This highlights the need for careful engineering and
design considerations when implementing adjustable
sling systems in cranes. Moreover, the cost-effective-
ness of adjustable sling systems has been analyzed in
various studies.

Onur, Devaraj and Krishnaveni et al. investigated the
effects of sling angle and size on the reliability of lifting
hooks using with stress analyses [4-7]. The researchers
utilized computer-aided modeling and finite element
analysis to assess the stress on hooks under different
sling configurations. The findings indicated that vari-
ations in sling size and angle significantly affect the
safety factor of lifting hooks, emphasizing the impor-
tance of proper rigging techniques to prevent accidents
during lifting operations. These studies provided a com-
prehensive understanding of the mechanical properties
and limitations of lifting hooks, which are crucial for
material handling systems. The results underscored
the necessity of stress testing and modeling to ensure
that lifting hooks can withstand the demands of heavy
loads without failure. Additionally, mechanical analysis
has highlighted the importance of material selection in
designing lifting equipment to maintain operational ef-
ficiency and load safety [8].

Sydora et al. explored the application of simulation
technologies in heavy industrial construction, specif-
ically focusing on lifting processes [9]. Their research
developed a real-time interactive simulation that allows
users to visualize and understand the complexities of
lifting operations. This approach not only enhances
training and operational planning but also aids in iden-
tifying potential risks associated with sling-based lift-
ing systems. Li analyzed various parameters, including
sling length and counterweight position. The research
demonstrated how careful design adjustments can
enhance the performance of lifting systems [10]. The
development of innovative detection methods, such as
the anti-lifting detection system based on neural net-
works used during train loading operations, highlights
the ongoing evolution towards intelligent detection and
safety mechanisms within crane operations [11]. This
reflects a broader trend recognizing the importance
of predictive technologies in enhancing the safety and
efficiency of crane operations. In the sector of adjust-
able sling cranes, recent research has shown a trend
toward enhancing operational productivity through
advanced control systems and ergonomics. A study on
the synchronous control of multi-lift overhead cranes
highlights the complexities associated with potential
loads in crane operations, advocating for robust con-
trol mechanisms that adapt to dynamic load conditions
[12]. The integration of advanced stability and control
systems, such as pulse-width modulation (PWM) tech-
nology for lifting platform speed control, showcases
innovation in maintaining safety and efficiency during
operations [13].

European Mechanical Science (2025), 9(1)

In conclusion, adjustable sling cranes represent a sig-
nificant advancement in lifting technology, offering
enhanced flexibility, safety, and efficiency in load han-
dling. The ability to adjust sling tension dynamically
allows for better control of payloads, minimizes swing,
and improves operational outcomes. As the literature
indicates, careful consideration of design, dynamic be-
havior, and cost-effectiveness is essential for optimizing
the performance of these advanced crane systems. Also
the integration of simulation tools in engineering prac-
tices represents a significant advancement in ensuring
the safety and efficiency of lifting operations.

This study presents a comprehensive structural analy-
sis of a rope slewing system designed to accommodate
variations in load center of gravity under transport con-
ditions with a maximum inclination of 6°. Using Finite
Element Analysis (FEA), it determines stress values in
both the upper and lower carrying groups, evaluating
system durability based on material types. Unlike pre-
vious studies, this research provides detailed dynam-
ic and static analysis results specifically related to the
rope slewing system and inclined loading conditions.
Consequently, this study demonstrates that adjustable
sling crane systems offer a safe solution under dynamic
and inclined loading conditions, making a significant
contribution to the existing literature.

2. Materials and Methods

2.1. Design of the System

In sling-based load rotation systems used for handling
large and heavy workpieces, sling sideslip during the
rotation process can lead to various operational issues.
To eliminate these problems and ensure a safer applica-
tion of the process from both technical and occupation-
al safety perspectives, the sling-centering mechanism
must be designed accordingly.

In current systems, the fabric sling may shift lateral-
ly along the X-axis across the main drum during load
rotation. This slippage causes the sling to climb over
the edge flanges of the main drum or, in cases where it
cannot, to sag. Such slippage and sagging result in is-
sues during load rotation, causing deformation of the
sling and reducing its service life. The proposed design
aims to deliver an innovative solution that enhances ef-
ficiency, reduces operational costs, and complies with
safety standards. P>Figure 1 shows the overall system
design and exploded view of its components. There are
upper and lower lifting groups, and profiles with fixing
points according to the load position were mounted on
the rails. Two triangle sling apparatuses were used be-
tween upper and lower lifting profiles.

2.2, Structural Analyses

Defining boundary conditions such as fixed supports,
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Figure 1. a) Complete system design, b) The design of the rope slewing system.

symmetry conditions, and any constraints that restrict
movement in specific directions is critical in structural
analysis [14]. Inertia relief analysis is a method used to
simulate static loading conditions on a structure that is
not fully constrained. By balancing external forces with
inertial forces, inertia relief allows for static analysis of
systems without fixed boundary conditions. The analy-
ses of the system in P>Figure 1 were done according to
inertia relief method.

The analyses were done separately for the upper lifting
group, lower lifting group and triangle sling apparatus.
Since the inertia relief method was used in the analyses,
fixing points were not used for the parts. The applied
loads for three different analyses are shown in P-Fig-
ure 2. Changes in the center of gravity of transported
products can cause imbalances in the system, affect-

@ European Mechanical Science (2025), 9(1)

ing stability during the transport process. To evaluate
these potential issues, analyses were conducted to ex-
amine how the carrier system behaves at different tilt
angles. This approach enables an understanding of the
system’s performance under inclined operating condi-
tions and provides insights into how imbalances can be
minimized.

Loading was performed under transportation con-
ditions with a maximum inclination of 6°. This is the
maximum inclination angle that can occur during load
transportation, and the boundary conditions were ap-
plied based on the worst-case working conditions. All
analyses also were done according to maximum loading
conditions. For balancing, the loads were applied ver-
tically in opposite directions along the +Y and -Y axes
from connection points. RBE2 and RBE3 elements were
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used to define the connections between the apparatus.
While RBE2 creates a fully rigid connection between
multiple nodes, constraining all degrees of freedom,
RBES element distributes loads across the connected
nodes, allowing for a more realistic load transfer on the
structure.

21 Tons

Toooooo00000opoo0200 e 50000000000000 200009 = 00000000000020000
0
5000 5000 @00
50000 E 20!
Tt 20000008227 ==

10 Tons 10 Tons

a)
11 Tons

000oCco
DOOOOOOOODOQOOODOOOOOGOO
00

§00C 0000

5 Tons 5Tons

b)

Figure 2. Applied loads with inclination of 6° for three different
analyses a) Upper lifting group, b) Lower lifting group, c) Triangle sling
apparatus.

Before proceeding with the analysis, the properties of
the materials used in the system must be defined. Vari-
ous materials are used in the production of the system’s
rails, profiles, connecting pins, and sling apparatus.
pTable 1 defines the material types used in the analyses.
In the analyses conducted, certain sections exhibited
high stress values; therefore, AISI 1050 steel, which has
a higher yield strength, was preferred in these areas. In
contrast, in sections with lower stress values, St37 steel
was selected to reduce the overall system cost.

European Mechanical Science (2025), 9(1)

Table 1. The material types used in analyses.

Connection pins AISI 1050
Rails, profiles St37
Sling apparatus ALU6061-T6

The geometric details of the structure significantly
influence the mesh structure selection. Regions with
complex or intricate details may require a finer mesh,
while simpler, flat regions may be adequately represent-
ed with larger elements. Convergence studies were con-
ducted to verify mesh accuracy. By repeating analyses
with varying mesh densities, changes in results were
observed. Once results stabilized to a certain precision,
the mesh density was considered adequate. Mesh con-
vergence for 9 mm, 10.5 mm and 13.5 mm mesh dimen-
sions are shown in P-Figure 3. The maximum stress val-
ues obtained according to the mesh numbers and sizes
are presented in PTable 2. As shown in the P-Figure 3
and P-Table 2, even though the number of elements was
increased and the mesh size was reduced, the difference
in stress values decreased. The difference in stress val-
ues between the 9 mm and 10 mm mesh sizes is less
than 1%. The mesh convergence processes, shown on
the suspension apparatus, were applied throughout all
the analysis processes.

Table 2. Mesh convergence values.

Mesh Size Stress Value Total Elements
13.5mm 62.4 MPa 2117
10.5mm 65.8 MPa 2412

9 mm 66.1 MPa 2576

The structural finite element model of the sling appara-
tus was developed using shell elements, with welds and
assembly connections arranged to accurately represent
the physical boundary conditions. P-Figure 4 illustrates
the mesh structures of the system components.

3. Results and Discussions

3.1. Analyses Results

The analysis results for the upper carrying group, lower
carrying group, and sling apparatus based on the mate-
rial, load, and boundary condition definitions are pro-
vided in P-Figures 5-10. For the upper carrying group,
the maximum Von Mises stress under applied loads
is obtained to be 267.5 MPa, which is below the yield
strength of the specified connection pin material (550
MPa). Accordingly, the safety factor for the connection
pin is calculated as 2.056. Furthermore, the stress lev-
els in the rails and profiles are considerably low, indi-
cating that these components operate well within safe
limits. P-Figure 5 displays the stress analysis results on
the left side and the filtered regions above 155 MPa on
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c)

Figure 4. Mesh structures of the system components a) Upper lifting group, b) Lower lifting group, c) Triangle sling apparatus.
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Figure 6. Displacement results for upper carrying group.

the right. Maximum displacement was obtained as 4.3
mm at the end regions of the rails and profiles, as shown
in P-Figure 6. Considering the applied boundary condi-
tions and load distributions, it is understandable that
maximum displacement occurs at the rail and profile
ends.

For the lower carrying group, the maximum Von Mis-
es stress under applied loads is 113.4 MPa, which is
less than the specified rail and profile material’s yield
strength (235 MPa). Thus, the safety factor for the low-
er carrying group is 2.072. P-Figure 7 shows the stress
analysis results on the left and the filtered regions
greater than 50 MPa on the right. P-Figure 8 shows the
maximum displacement of 1 mm at the rope connection
pulleys.

The maximum Von Mises stress for the sling apparatus
under applied loads is 66.1 MPa, which is significantly
lower than the yield strength of the specified sling appa-
ratus material (240 MPa). As a result, the safety factor
for the sling apparatus is calculated as 3.63. According
to the Machinery Safety Regulation (2006/42/EC), the
safety factor value in strength calculations for manual-
ly operated machines and lifting accessories is 1.5, and
this value has been used as a reference in the analyses.

European Mechanical Science (2025), 9(1)

Figure 8. Displacement results for lower carrying group.
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P»Figure 9 shows the stress analysis results on the left
and the filtered regions greater than 30 MPa on the
right. The maximum displacement was 0.4 mm in the
middle of the connection pins, as shown in P-Figure 10.
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Figure 9. Stress analysis results for sling apparatus.
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Figure 10. Displacement results for sling apparatus.

3.2. Production of the System

Following the comprehensive design and structural
analysis, the adjustable sling crane system was success-
fully produced, incorporating all the necessary compo-
nents and ensuring they met the design specifications.
The manufacturing process involved precise machining
and fabrication of each component, ensuring accurate
dimensions and quality standards. The upper and low-
er lifting groups, as well as the sling apparatus, were
fabricated according to the design specifications. Spe-
cial attention was given to the connection points and
the assembly of the profiles to ensure that they would
align correctly under operational loads.

The key components were then assembled and tested
to verify their functionality. The sling apparatus, which
connects the upper and lower lifting groups, was care-
fully positioned, and the necessary adjustments were
made to ensure smooth operation. P-Figure 11 depicts
that the produced system was tested under varying
load conditions and inclinations, as predicted in the
analysis. During testing, the system demonstrated its
ability to function efficiently and safely, with minimal
displacement and stress levels within the safe limits.

4. Conclusions

This study presents the design and structural analysis
of an adjustable sling crane system, specifically focus-
ing on a rope slewing mechanism that accounts for the
varying center of gravity of loads. Through the use of
FEA, the system was evaluated under realistic load-
ing conditions, including a maximum inclination of 6°.
The results indicate that the designed system remains

Figure 11. Load tests of the produced system
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within safe operational limits, with stress values sig-
nificantly lower than the yield strengths of the selected
materials.

The maximum Von Mises stress for the upper lifting
group was found to be 267.5 MPa, which is well below
the yield strength of the AISI 1050 material (550 MPa),
yielding a safety factor of 2.056. Similarly, the lower
lifting group and the sling apparatus both demonstrat-
ed stress values far below the yield strengths of their re-
spective materials (St37 and ALU6061-T6), with safety
factors of 2.072 and 3.63, respectively. These findings
confirm the structural integrity of the system, ensur-
ing its durability and reliability under dynamic and in-
clined loading conditions.

Additionally, the system has been successfully pro-
duced, with the final design tested in real-world condi-
tions. The manufactured system demonstrated its abil-
ity to safely and efficiently handle loads with varying
centers of gravity, validating the analysis results. The
successful production and validation of the system fur-
ther confirm its practical applicability in industrial lift-
ing operations.

This study distinguishes itself from previous research
by specifically addressing the effects of inclined loading
conditions on a rope slewing system, providing detailed
dynamic and static analysis results, and integrating re-
al-world production and testing phases. This research
also contributes to the ongoing development of more ad-
vanced and reliable lifting systems by offering valuable
insights into the performance of adjustable sling cranes
under real-world conditions. The combination of appro-
priate material selection, detailed structural analysis,
and consideration of inclined operational conditions al-
lows for a crane system that balances both safety and
operational efficiency.
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Abstract: Different types of valves are used in irrigation systems to transport water efficiently. One of these valves is mini
valves, which attract attention with their ease of use and functionality. Mini valves are elements that can be quickly mounted
and dismounted on the irrigation line and are generally preferred for flow control and on/off operations. In the design of valves,
it is of great importance to analyze the pressure losses occurring in the irrigation system. In this study, the strength of a
manually controlled, two-way mini plastic valve, which is frequently used in irrigation systems, is numerically investigated. This
mini valve is an element used to control the flow direction of water in a certain direction and is especially used in drip irrigation
systems. These valves, which are preferred to minimize pressure losses and manually manage the flow of the line, play a
critical role in terms of system efficiency. Valves must be resistant to certain pressure values for long life and safe operation.
In this study, a manually controlled bi-directional mini plastic valve with a worm mouth connection port was designed and
its resistance was evaluated by numerical analysis. Tests were performed by applying 2, 4 and 6 bar pressure to the valve
respectively. According to the results of the analysis, the mini valve can operate safely up to 2 bar pressure, but it is seen that
the stress levels increase as the pressure increases. At 6 bar pressure, it was found that the valve approached the material
strength limit. These findings provide valuable information to determine the operating limits required for the safe use of mini
plastic valves in irrigation systems.

Keywords: Mini valve, Finite element analysis, Compressive strength, Stress analysis
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1. Introduction

Valves are critical components used in pipelines to
regulate, direct or stop the flow of fluids. Although dif-
ferent types of valves are used in industrial and agri-
cultural applications, low-pressure, lightweight and
durable mini plastic valves are generally preferred in
drip irrigation systems. These valves provide controlled
distribution of water in irrigation lines and offer advan-
tages in terms of energy efficiency and cost. However,
their structural strength is of great importance due to
the pressure and mechanical loads they are exposed
to during operation. The performance of mini plas-
tic valves is affected by several hydraulic, mechanical
and environmental factors. From a hydraulic point of
view, pressure loss directly affects energy efficiency due
to the flow resistance inside the valve, while flow and
flow characteristics vary depending on the valve design.
High turbulence can lead to energy loss and wear, while

cavitation in low pressure zones can threaten the struc-
tural integrity of the valve. Among mechanical factors,
the strength and sealing performance of the plastic
material used are critical. In long-term use, there is a
risk of material fatigue and deformation under high
pressure. Environmental factors are also decisive for
the durability of valves; temperature changes can cause
expansion and contraction of plastic materials, while
fertilizers and chemicals used in agricultural irrigation
can affect chemical resistance. In addition, structural
weakening of plastic materials exposed to UV radiation
can occur over time. In terms of installation and use,
the way the valve is connected to the pipe and the sen-
sitivity of the on-off mechanism are important for the
overall efficiency of the system. Therefore, the determi-
nation of flow parameters such as pressure loss, flow
coefficient, resistance coefficient and cavitation index,
which are critical in the design process of valves, is nec-
essary to understand their flow behavior.
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Analysis of the pressure resistance of mini valve used in drip irrigation with finite elements

Rajkumar [1] identified valve design problems encoun-
tered in industry and showed that by using finite ele-
ment analysis (FEA) and computational fluid dynam-
ics (CFD) methods, the flange weight was reduced by
50% while stress and deformation intensities remained
within acceptable limits. Chem M. J. et al. [2] exper-
imentally investigated inlet and outlet flow patterns,
cavitation effects and valve performance coefficients
in ball valves using Particle Tracking Visualization
Method (PTVM) and showed that the proposed meth-
od provides rapid effect evaluation. Jadhav S. S. [3] de-
termined the optimum thickness specifications for safe
operation of M-Type gate valve under high pressure and
showed that the stress values obtained by classical me-
chanical theory and FEA agree and these results can be
used for further improvement of the valve. Considering
that cavitation can lead to noise and vibrations due to
localized under pressure, this phenomenon needs to be
well understood during valve operation. Furthermore,
since valves are the limiting components in any flow
system, their design and performance analysis are crit-
ical [4]. Mokhtarzadeh-Dehghan et al. [5] analyzed the
laminar flow in a differential angle hydraulic pressure
relief valve for variable compression ratio pistons using
the Finite Element Method and compared the veloci-
ty and pressure distributions, the buoyancy forces on
the piston and the effect of recirculation zones on the
pressure distribution with experimental and analytical
data. Song X. et al. [6] proposed a meta-model for opti-
mization of butterfly valve and used kriging model to
obtain the best disc weight by FEA and CFD analysis
under the constraints of pressure loss coefficient and
disc safety and reduced the weight of the valve disc by
7.05% through the optimization process. Kumar S. S.
et al. [7] modeled the body and seat ring of a gate valve
with SolidWorks and investigated factors such as stress
analysis, temperature distribution, total deformation
and heat flux with ANSYS analysis tool and evaluated
the effects of directed heat flux on temperature distribu-
tion and welding defects such as cracking, deformation
and undercutting. Prakash et al. [8] CFD analysis sup-
ports the product development process by investigating
ball and gate valves with parameters such as pressure,
density, viscosity and temperature, combining pres-
sure distribution and deformations in the valve system
with finite element analysis to optimize the integration
of material and product design. Song X. et al. [9] opti-
mized the valve disc by reducing the weight of the disc
by 7.05% through FEA of the mechanical properties of
the disc, determination of the pressure loss coefficient
by fluid analysis and interpolation of the data with the
Kriging model, making the optimization process more
efficient. Raut L. B. et al. [10] performed FEA analy-
sis for weight reduction of plug valve body, used strain
gauge technique for stress measurement and developed
optimized models with design parameters and validat-
ed the results obtained with maximum deviations of
9.75% and minimum deviations of 6.23%. Lee et al. [11]
improved the flow performance of the check valve by
optimizing the flow coefficient for the pan check valve
by CFD analysis, determining the length of the support
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beam by pressure drop analysis and estimating the flow
head loss at different flow rates, observing the pressure
and velocity distribution using CFD method, and deter-
mining the optimum support beam length as 32 mm for
minimum pressure drop and maximum flow coefficient.
Jun-Oh K. et al. [12] emphasized the importance of to-
pology optimization in the butterfly valve shape design
process and explained how to optimize the topology of
the double eccentric butterfly valve disc and how they
used this optimization to define the disc shape and
pressure drop was observed in the comparison between
the original design and the best design.

While numerous studies have focused on the structur-
al optimization, weight reduction, and flow behavior of
industrial and metal-based valves, research specifically
targeting the structural integrity and pressure resis-
tance of mini plastic valves used in agricultural irriga-
tion systems remains limited. Unlike previous works,
this study provides a comprehensive numerical inves-
tigation of a mini plastic valve, assessing its mechani-
cal strength under different pressure conditions using
FEA. This research contributes to the field by offering
new insights into the operational limits and failure
mechanisms of plastic valves commonly used in drip
irrigation systems.

Although various valve designs have been analyzed in
previous studies, there is limited research on the struc-
tural analysis of mini plastic valves specifically used in
agricultural irrigation systems. This study provides a de-
tailed FEA of a mini plastic valve, evaluating its stress
distribution, deformation, and safety limits under dif-
ferent pressure conditions. Unlike prior works, this re-
search focuses on the mechanical strength and failure
behavior of mini plastic valves, addressing a crucial gap
in the literature. Unlike conventional mini valves, this
study presents a novel valve design with several inno-
vative features to enhance efficiency and durability in
agricultural irrigation systems. The primary innovation
includes the integration of a worm mouth connection
port for improved sealing, optimized internal flow chan-
nels to reduce pressure losses, and a reinforced snap-fit
mechanism in the handle connection for enhanced me-
chanical stability. Additionally, the material selection—
Polyoxymethylene (POM) for strength and chemical re-
sistance, and Polypropylene (PP) for flexibility and UV
durability—ensures long-term reliability under outdoor
conditions. These features collectively provide a more
robust, efficient, and user-friendly solution compared
to existing designs. The findings of this study not only
provide a better understanding of the mechanical lim-
itations of mini plastic valves but also offer practical in-
sights for manufacturers to improve design durability
and optimize operational performance.

In this study, the FEA analysis of a mini-valve with a
water passage diameter of 10.4 mm, which has a claw
structure on the on-off lever and opens and closes by
rotating on these claws, was analyzed with SolidWorks
simulator. The valve body material is POM an engi-
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neering plastic also known as polyacetal or acetal, and
the valve opening-closing handle material is polypro-
pylene. Within the scope of this investigation, three dif-
ferent compressive strengths of the valve under 2, 4 and
6 bar pressure were examined, and graphs were taken
to evaluate the changes.

2. Materials and Methods

POM, also known as acetal, was selected for the valve
body due to its high mechanical strength, dimension-
al stability, and excellent resistance to moisture and
chemicals. POM is widely used in fluid control applica-
tions because of its low friction coefficient and superior
fatigue resistance. PP was chosen for the handle due
to its lightweight nature, high impact resistance, and
cost-effectiveness. PP also provides good resistance
to environmental factors such as UV exposure, which
is critical for outdoor agricultural applications. POM
exhibits semi-crystalline behavior with a balance of
strength and toughness. It is considered a ductile mate-
rial under normal operating conditions but can exhib-
it brittle fracture when exposed to high strain rates or
low temperatures. On the other hand, PP is also a duc-
tile polymer, known for its ability to withstand impact
without significant deformation. Given their ductile na-
ture, von Mises failure criteria were used to evaluate
stress distribution and structural integrity.

In this study, the mini valve shown in P>Figure 1, which
has a length of 147 mm and a height of 42 mm, with a
water passage diameter of 10.4 mm, has a clawed struc-
ture with an opening and closing handle and opens and
closes by rotating on these claws, was examined. Three
different pressure values were applied to the surface
pressure of the mini valve to be analyzed in the work-
ing environment using the SolidWorks program [13].
The valve body is made of POM acetal, and the open-
ing-closing handle is made of PP, and the mechanical
properties of these plastics are given in PTable 1. The
newly designed mini valve introduces a worm mouth
connection system, which enhances the sealing efficien-
cy and ensures a more secure fit within the irrigation
pipeline. The internal flow passages were redesigned

using finite element-based topology optimization to
minimize turbulence and pressure drop, thus improv-
ing overall efficiency. The reinforced snap-fit mecha-
nism in the handle connection is designed to prevent
mechanical failure under repeated use, a common issue
in conventional designs. These modifications provide
improved structural integrity and longer service life,
making the valve highly suitable for real-world agricul-
tural applications.

Table 1. Mechanical properties of the materials that make up the mini
valve for analysis

Material Feature POM Asetal PP
Modulus of Elasticity (N/mm?) 2600 896
Poisson Ratio 0.3859 0.4103
Tear Modulus (N/mm?) 932.8 315.8
Bulk Density (kg/m?) 1390 890
Tensile Strength (N/mm?) 71.5 27.6
Thermal Conductivity W/(m-K) 0.221 0.147
Specific Heat J/(kg-K) 1378 1881

2.1. Finite Element Modeling

In this study, a linear elastic material model was as-
sumed for both POM and PP materials. Given that the
valve operates under relatively low-pressure conditions
(maximum 6 bar), nonlinearity due to plastic deforma-
tion or large deformations was not considered in the
simulations. The von Mises stress criterion was used
to evaluate the structural performance, assuming that
both materials behave elastically within the analyzed
pressure range.

The simulations were conducted using a linear static
FEA in SolidWorks. The governing equation for static
equilibrium in elasticity is given by:

Vo+F=0 (D)

where o represents the stress tensor and F is the applied
force per unit volume. Since the study assumes small

fi

Lo |7

Figure 1. Mini valve used in the study
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deformations and elastic behavior, the constitutive
equation follows Hooke’s Law:

g=0D.¢ (2)

where D is the elasticity matrix and ¢ is the strain ten-
sor. The von Mises yield criterion was employed to de-
termine stress distribution and failure risk, which is
defined as:

oy = J [0, = 0202 + (0 —09)? + (03 —0)?] (3

2.2, Consideration of Hoop Stress in the Mini Valve
Design

Hoop stress (0,) is a critical factor in cylindrical pres-
sure vessels and pipeline structures, where internal
pressure generates circumferential stresses along the
walls. The general equation for hoop stress in a thin-
walled pressure vessel is given by:

Pr

On =7 (4)

where P is the internal pressure, r is the inner radius,
and t is the wall thickness.

In conventional pipe systems, hoop stress dominates
the stress distribution, but the geometry of the mini
valve differs from a simple cylindrical shell. The mini
valve contains complex features such as threaded in-
let/outlet connections, a central flow regulation cham-
ber, and varying wall thicknesses, making direct hoop
stress calculations less straightforward.

To account for circumferential stress effects, the FEA
model includes:

- Fine meshing in the inlet/outlet regions, where
pressure-induced stresses resemble hoop stress in
cylindrical structures.

. Stress distribution analysis along the valve body
and internal walls, ensuring that regions experi-
encing circumferential loading are adequately cap-
tured.

« Von Mises stress evaluation, which inherently in-
corporates principal stresses, including hoop stress
components.

« While hoop stress was not explicitly isolated as a
separate parameter, its effects are embedded with-
in the FEA results.

The geometry of the mini valve is given in P>Figure 2. In
the simulation, the mini valve is positioned to be fully
open. The boundary condition was determined by con-
necting the elements in contact with each other at the
contact surfaces.

@ European Mechanical Science (2025), 9(1)

Figure 2. Geometric shape of the mini valve.

P»-Figure 3 shows the boundary conditions applied to the
mini valve. The inlet and outlet parts of the valve have
threaded structures that provide the connection. Since
these parts will be connected to female fittings in prac-
tice, a fixed boundary condition is defined for the inlet
and outlet regions (P>Figure 3 (A)). In P-Figure 3 (B), a
pressure boundary condition of 2,4,6 bar is defined for
the regions shown in red color.

2.3. Justification of Boundary Conditions and Pres-
sure Levels

The applied pressure values (2, 4, and 6 bar) were se-
lected based on realistic operating conditions in agri-
cultural drip irrigation systems. According to industry
standards and manufacturer specifications, mini plas-
tic valves used in such systems typically operate within
a pressure range of 1.5 to 5 bar, depending on the pipe-
line configuration and system design.

2 bar pressure represents a common working pressure
in standard drip irrigation applications, ensuring opti-
mal water distribution. 4 bar pressure was chosen as an
intermediate scenario to analyze potential mechanical
responses under increased load. 6 bar pressure serves
as an upper limit test, allowing us to evaluate the struc-
tural integrity of the valve under extreme but possible
conditions, particularly during unexpected pressure
surges or water hammer effects.

2.4, Boundary Condition Application in FEA

Fixed constraints were applied at the inlet and outlet to
represent real-world installation, where the valve is se-
cured within the pipeline. A uniform internal pressure
was applied to the internal surfaces of the valve to sim-
ulate hydraulic loading conditions. The meshing was re-
fined in stress-critical regions (snap-fit connection and
flow chamber walls) to ensure accurate stress predic-
tions under applied boundary conditions. These bound-
ary conditions and pressure selections ensure that the
simulation results closely represent practical operational
conditions in agricultural irrigation systems.
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(A)

(B)

Figure 3. Boundary conditions of the analyzed mini valve A) fixing surfaces and B) pressure application surfaces

For the numerical solution of the model shown in P>Fig-
ure 4, shell elements are defined via the Shell Defini-
tion feature. Specifically: Thin Shell (equivalent to
SHELLI181 in ANSYS) was used for thin-walled sec-
tions to account for bending and membrane effects.
Also, Thick Shell (equivalent to SHELL281 in ANSYS)
was applied in areas requiring improved curvature ac-
curacy. These shell elements were subjected to curva-
ture-based high-quality meshing due to the shape of the
geometry using triangular cells with 147249 nodes and
87444 elements to ensure correct stress distribution
while maintaining computational efficiency.

2.5. Mesh Convergence Analysis and Validation

To ensure that the obtained results are mesh-inde-
pendent, a mesh convergence study was conducted by
systematically refining the mesh and monitoring the
change in maximum von Mises stress values. The anal-
ysis was performed using three different mesh densi-
ties:

Coarse Mesh: ~75,000 elements

Medium Mesh: ~87,444 elements (selected for final
analysis)

Fine Mesh: ~120,000 elements

The results showed that beyond 87,000 elements, the
variation in maximum von Mises stress was less than
2%, indicating that the solution had converged. Thus,
the medium-density mesh was selected to balance com-
putational efficiency and accuracy.

2.6. FEA Validation Approach

Since experimental validation was not within the scope
of this study, a basic FEA validation approach was em-
ployed:

« The maximum von Mises stress values from the
simulation were compared with analytical hoop
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stress estimates for cylindrical sections of the valve.

« The stress distribution along the snap-fit connec-
tion and valve body was analyzed to ensure expect-
ed stress patterns were observed.

« The average stress values from mesh refinement
studies were compared to verify mesh-independent
results.

These validation steps confirm that the simulation re-
sults are reliable and mesh-independent, strengthening
the accuracy of the presented findings.

Figure 4. FEA Model meshing of the mini valve analyzed

3. Results and Discussions

To determine the compressive strength of the plastic
mini valve, stresses, displacements and strains at 2, 4, 6
bar pressure values were tried to be determined. In line
with this scope, Von Mises stresses, displacements and
strains are shown in P>Figure 5 by applying 2 bar pres-
sure to the relevant surface of the mini valve.

Figure 5 (A) shows that the maximum stress in the mini
valve occurs at the edges of the snap fitting between the
valve body and the valve opening and closing handle.
This polypropylene material is lower than the maxi-
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mum flexural yield strength of 44.1 MPa. With a maxi-
mum stress value of 20 MPa obtained at 2 bar pressure,
the valve has a maximum displacement of 0.16 mm as
shown in P-Figure 5 (B). Again, under this pressure, the
maximum strain occurs in the plug-in fastener with a
value of 1.75x102 (B-Figure 5 (C)).

von Mises (N/mm*2 (MPa})

GV

©
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PFigure 6 shows the Von Mises stresses, displacements
and strains experienced by the mini valve under 4 bar
pressure. As can be seen from P-Figure 6 (A), the high-
est stress occurs at the edges of the plug connection be-
tween the valve body and the on-off handle. Since the
flexural yield strength of polypropylene material is 44.1
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Figure 5. Pressure at mini valve with 2 bar pressure A) Von Mises Stresses B) Displacements C) Strains
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Figure 6. Formed with 4 bar pressure in the mini valve D) Stresses E) Displacements F) Strains
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MPa, this stress calculated as approximately 41 MPa
is below the limit value. As shown in P-Figure 6 (B), a
maximum displacement of 0.32 mm was observed in
the valve at this pressure level. In addition, the highest
strain occurring under a pressure of 4 bar is 3.430 x 10-
2 which occurs in the snap-fit fastener (»Figure 6 (C)).

»Figure 7 shows the Von Mises stresses, displacements
and strains that the mini valve is subjected to under 6
bar pressure.

PFigure 7 (A) shows that the highest stress occurs at
the edges of the plug connection between the valve body
and the on-off lever. This stress, calculated to be ap-
proximately 61 MPa, exceeds the flexural yield strength
of the polypropylene material of 44.1 MPa. As shown
in p>Figure 7 (B), a maximum displacement of 0.48 mm
occurred in the mini valve at this pressure level. Fur-
thermore, the highest strain value was determined to
be 5.146 x 102, which was concentrated in the plug-in
fitting (»Figure 7 (C)).

A comprehensive table has been created that directly
compares the yield and rupture stresses of POM (Ac-
etal) and PP materials with the maximum Von Mises

won Mises (N/mm*2 (MPal)

6143

55,29
_ 4914
_ 4300
3686

307

(@)

0]

stresses obtained in the simulation (Table 2). When
PTable 2 is examined, the stresses at 2 bar pressure
are well below the yield limits of both POM and PP ma-
terials. No permanent deformation is expected in the
material at this level. At 4 bar pressure, the Von Mises
stress applied to the PP material approaches the yield
stress. At 6 bar pressure, the yield stress in the PP ma-
terial has been exceeded and is approaching the rup-
ture stress. This indicates that the material is at risk
of permanent deformation or fracture. It has also been
determined from the table that the maximum deforma-
tion occurs for 6 bar.

3.1. Factor of Safety (FOS) Analysis and Engineering
Implications

The Factor of Safety (FOS) is a critical parameter in
structural design, defined as the ratio of material
strength to the maximum applied stress:

__ 9yield
FOo§ =24 )

Tmax

ax

where o, is the yield strength of the material and o,
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Figure 7. Formed with 6 bar pressure in the mini valve G) Stresses H) Displacements I) Strains

Table 2. Comparison of the yield and rupture stresses of POM and PP materials with the maximum Von Mises stresses obtained in the

simulation.
Pressure (bar) POM Yield Stress POM Fracture PP Yield Stress PP Fracture Stress Maximum Von Mi-  Maximum Displace-
(MPa) [14] Stress (MPa)[14] (MPa)[15] (MPa)[15] ses Stress (MPa) ment (mm)
2 bar 60-70 70-85 30-40 35-50 20 MPa 0.16 mm
4 bar 60-70 70-85 30-40 35-50 41 MPa 0.32mm
6 bar 60-70 70-85 30-40 35-50 61 MPa 0.48 mm
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is the maximum von Mises stress obtained from the
simulation.

The results in P>Table 3 show that:

At 2 bar, the safety factors for both materials remain
well above the critical threshold (FOS > 1.5), ensuring
safe operation. At 4 bar, the PP component approaches
its yield limit (FOS = 0.73), indicating that it is nearing
structural failure. At 6 bar, PP material falls below the
safe operating range (FOS = 0.49), confirming that it
will undergo plastic deformation or failure.

This analysis reinforces the operating pressure rec-
ommendations for mini plastic valves. While the POM
body remains within acceptable limits, the PP handle
becomes structurally unreliable above 4 bar. Therefore,
limiting the valve operation to < 4 bar is essential to
maintain long-term mechanical integrity.

»Figure 8 shows the Von Mises stresses in the mini
valve at 2, 4 and 6 bar pressure levels.

A linear increase in Von Mises stresses is observed as
the pressure increases. When 2 bar pressure is applied,
the stress in the valve is well below the yield limit of the
material used. However, this difference decreases as the
pressure level increases and the stress value reached at
4 bar pressure is almost the same as the yield stress. At
higher pressures, such as 6 bar, the stress exceeds the
yield limit, straining the material strength.

P-Figure 9 shows the displacements and strains occur-
ring in the mini valve at 2, 4 and 6 bar pressure. There

o
©
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Figure 8. Von Mises stresses according to the pressures applied to
the mini valve

is a linear increase in both displacements and strains
with the increase in pressure, and the pressures are di-
rectly proportional to the amount of increase, approxi-
mately ~2 times as shown in P-Figure 8.

4. Conclusions

In this study, the pressure resistance and structural
integrity of a 2-way manually controlled mini plastic
valve used in drip irrigation systems were analyzed us-
ing finite element analysis (FEA) under 2, 4, and 6 bar
pressure conditions. The results indicate that at 2 bar,

0,10
0,08

0,06 ]

Strain

0,04

0,02 0,017

0,00}
0 1 2 3 4

Pressure (bar)

()]

Figure 9. According to the pressures applied to the mini valve A) Displacement B) Strain

Table 3. The calculated safety factors for different pressure levels

Pressure (bar) PP Yield Stress (MPa) POM Yield Stress (MPa) Max Von Mises Stress (MPa) FOS (PP) FOS (POM)
2 bar 30 60 20 1.50 3.00
4 bar 30 60 41 0.73 1.46
6 bar 30 60 61 0.49 0.98
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the valve operates safely with a safety factor (FOS) >
1.5, while at 4 bar, the PP handle approaches its yield
limit (FOS = 0.73), posing a potential structural failure
risk under prolonged use. At 6 bar, the PP material ex-
ceeds its yield strength (FOS = 0.49), making it unsuit-
able for long-term operation due to plastic deformation
or fracture risk. The study also considered hoop stress
effects in inlet and outlet regions, confirming that von
Mises stress evaluation inherently captures circumfer-
ential stress distribution. Based on these findings, the
mini valve is recommended for safe operation at < 2
bar, with 4 bar as a cautionary limit, while pressures
above 4 bar should be avoided to prevent mechanical
failure. It should be noted that this study only consid-
ers static pressure loading; while the results indicate
that the mini valve maintains structural integrity un-
der steady pressures, the potential impact of dynamic
pressure variations, such as transient surges or cyclic
loading, was not assessed. Future studies could explore
these effects through transient FEA simulations, fa-
tigue analysis, and experimental validation to provide a
more comprehensive evaluation of the valve’s long-term
durability in real-world applications.
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