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NO_conversion efficiency of an SCR system
with V,0,-WO_/TiO, catalyst and C,H_OH
reductant: An experimental study

Erdi Tosun™

'Cukurova University, Faculty of Engineering, Department of Automotive Engineering, 01250, Adana, Turkiye

Abstract: Internal combustion engines (ICEs) have long been the dominant power source in the transportation sector due to
their high power-to-weight ratio. However, their widespread use poses significant environmental challenges, primarily due to the
emission of harmful gases. To mitigate these emissions, stringent regulations necessitate the development of advanced after-
treatment systems. In this study, a SCR (Selective Catalytic Reduction) system integrated with a diesel engine was investigated
using V,0,-WO,/TiO, as the catalyst and C,H,OH as the reductant. Engine tests were conducted under three different load
conditions -no load (0 kW), 2 kW, and 4 kW- within an exhaust temperature range of 150-240 °C. NO, conversion efficiency was
evaluated with respect to engine load and temperature variations. Additionally, catalyst characterization was performed using
Energy-Dispersive X-ray Spectroscopy (EDS), Scanning Electron Microscopy (SEM), Brunauer-Emmett-Teller (BET), and X-ray
Diffraction (XRD) analyses. The results indicate that increasing engine load and exhaust gas temperature enhances , likely
due to the higher hydrocarbon (HC) content in the exhaust at increased load levels and improved catalytic activity at elevated

temperatures. The highest of 93.28% was achieved at 4 kW and 240°C.

Keywords: diesel engine; emission; NO ; selective catalytic reduction.

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

1. Introduction

Internal combustion engines (ICEs) have been the pri-
mary power source for the transportation sector for
decades but they pose significant challenges to envi-
ronmental sustainability. Despite their dominance,
largely due to their high power-to-weight ratio, one of
the most critical issues associated with these engines is
the release of harmful gases as byproducts of combus-
tion. These emissions are regulated through stringent
emission standards that compel manufacturers to keep
them within permissible limits.

The combustion of fossil fuels plays a major role in en-
vironmental degradation, releasing pollutants such as
carbon dioxide (CO,), carbon monoxide (CO), hydrocar-
bon (HC), oxides of nitrogen (NO,), particulate matter
(PM) and other harmful gases [1,2]. Among all these
emissions, NO, is a significant emission produced by
ICEs that has harmful impacts on both human health
and the environment. Reducing NO_emissions is there-
fore of critical importance [3]. Therefore, strict regula-
tions and various reduction methods are being imple-

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

mented to mitigate their adverse effects.

NO, emissions can be reduced through effective meth-
ods like Exhaust Gas Recirculation (EGR), Lean NO_
Trap (LNT), Selective Catalytic Reduction (SCR), or
by using water-emulsified fuels without engine modifi-
cation [4]. SCR is one of the most critical technologies
for reducing NO_emissions as it introduces a reductant
into the exhaust stream where it reacts with NO_ in
the presence of a catalyst to form harmless products.
SCR systems are classified by the reductant used. As
the most popular and commercialized one, Urea-SCR
systems are designed with the target of reducing NO_
emissions by injecting AdBlue (a solution of 32.5% urea
and 67.5% deionized water) as reductant into the ex-
haust gases. Urea (CO(NH,),) is subjected to thermal
decomposition, producing gaseous ammonia (NH,) and
isocyanic acid (HNCO) at higher exhaust temperature
levels. NH, produced from CO(NH,), as a precursor
acts as the active reductant and reacts with NO, to pro-
duce harmless nitrogen (N,) and water (H,0). AdBlue is
preferred over pure ammonia because it is safer to store
and less toxic, making it more suitable for passenger ve-
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hicles. On the other hand, the V,0,-WO,/TiO, catalyst
is used in commercialized Adblue systems as a catalyst
[5,6]. Unfortunately, NH, negatively impacts both the
environment and human health, causing toxicity, cor-
rosion, undesirable odor, eye irritation, and respiratory
issues. To address these challenges, researchers have
directed their efforts toward both the development of
catalysts and also the investigation of alternative reduc-
tants. [7].

Besides NH,, various reducing gases like HCs, CO, and
hydrogen (H,) are being studied as potential SCR reduc-
tants for the removal of NO_ from the exhaust stream
[8]. HC examples include methane (CH,), iso-propanol
(C,H,0), octane (C,H,,), and pentane (C.H,,) [9]. With
HCs as reductants in SCR systems, an effective solution
is provided to problems related to NH,, such as NH,
slip, the need for large urea tanks, and the complexity
and cost of the injection system [10].

Upon reviewing the literature, it has been observed that
HCs are widely used as reductants in various studies.
Keskin [11] investigated the NO_ conversion perfor-
mance of the SCR system with Ce/TiO, and Au-doped
Ce/TiO, catalysts in real exhaust conditions. Low tem-
perature characteristics of the catalysts were evaluated
under 200-300 °C temperature intervals. The results
indicated that Ce/TiO, catalysts were more effective
at reducing NO_than Au-Ce/TiO, catalysts. The addi-
tion of Au decreased the catalyst’s surface properties,
leading to reduced activity in the Au-Ce/TiO, cata-
lysts. Ahmad et al. [12] studied the low exhaust gas
temperature performance of an SCR system utilizing
ethanol (C,H,OH)/H,O blends with different ratios
(100% C,H.OH (E), 96% C,H,OH + 4% H,O (E4W),
92% C,H,OH + 8% H,O (E8W)) as reductants. The
results were also evaluated with respect to two differ-
ent space velocity (SV) values (20000 h, and 40000
h™). Increased engine load caused to slight rise in NO_
conversion rates. %68 as the highest NO_ conversion
rate was obtained with the use of 100% C,H_OH as re-
ductant. Furthermore, it was determined that adding
H,0 to C,H,OH negatively impacts NO_ conversion
rates. Ozarslan [13] utilized an Ag-Ni-TiO,/Cordierite
catalyst in a C,H.OH-SCR system for the purpose of
NO, reduction in a compression ignition engine. NO_
reduction measurements were performed within the
temperature range of 190 to 270 °C, at intervals of 20
°C. The tests were conducted with engine loads of 1 kW
and 3 kW, and a SV of 30000 h™™. It was shown that the
Ag-Ni-TiO,/Cordierite catalyst, using C,H,OH as a re-
ductant, achieved 93.8% efficiency of NO_conversion ()
at 270 °C and 3 kW. Kass et al. [14] aimed to reduce NO_
emissions from a diesel engine using a C,H.OH-SCR
system. NO, reductions of 90% and 80% were achieved
at SVs of 21000 h™* and 57000 h™?, respectively, within
a catalyst temperature range of 360 - 400 °C. The study
revealed that C,H,OH was quickly converted to acetal-
dehyde by the silver-loaded alumina catalyst. However,
significant amounts of acetaldehyde bypassed the cata-
lyst at an SV of 57,000 h™. Gu et al. [15] assessed the H,
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addition effects on via HC-SCR system with different
reductants at low temperature values. In this study, H,
has been employed in HC-SCR systems to improve NO_
conversion efficiencies, especially at low temperatures
between 245°C and 315°C. The tests were conducted at
temperatures below 315°C using a 2.5 wt.% Ag/Al O,
catalyst. Propene (C,H,), heptane (C_H,)), and dodec-
ane (C,H, ) were employed as reductants in the tests
to assess the impact of various chemical structures
and chain lengths. C_H, showed the highest of 43%
at 315°C without H,. However, with the addition of H,,
C,,H,, achieved the greatest efficiency, reaching 58%
at the same temperature. In the engine experiments, it
was found that using diesel fuel as the reductant led to a
maximum of 79% at 315°C and 76% at 245°C. Dong et
al. [16] investigated the NO_reduction performance of
a C,H,OH -based SCR system using Ag/Al O, catalysts
in both engine bench and real-road exhaust conditions.
High NO, conversion (up to 90%) was observed between
350 - 450 °C under controlled test bench conditions,
whereas in real-road bus demonstrations, conversion
efficiency dropped below 15%. The results highlighted
that sulfur poisoning and catalyst thermal inertia sig-
nificantly affected catalyst performance. Additionally,
the Ag/AlL O, catalyst reduced soluble organic fractions
in PM emissions but showed minimal effect on dry soot
and variable effects on sulfate formation depending on
temperature. Kruczynski et al. [17] evaluated the NO_
reduction performance of metal-based catalysts (Cu,
Ag, Au) supported on Al,O,-SiO, carriers using C,H,
as the reducing agent under real diesel exhaust condi-
tions. Catalysts were evaluated for NO, NO,, and HC
conversion, as well as CO and N,O formation. All cat-
alysts achieved nearly 100% NO, and C,H_ conversion,
but NO conversion was highest with Ag/Al,O,-SiO,
(81%) at around 480 °C. The Ag-based catalyst also
showed the lowest N,O formation compared to Au and
Cu variants. The study concluded that although metals
on acidic supports can be effective, their full application
in low-temperature NO_ control remains limited.

In this study, engine tests were conducted on a SCR
system coupled with a diesel engine using V,0,-WO,/
TiO, as the catalyst and C,H,OH as the reductant. were
determined by calculating the NO_ reduction rates un-
der three different engine load conditions as no load (0
kW), 2 kW, and 4 kW within an exhaust temperature
range of 150-240°C. Catalyst characterization was also
achieved via Energy-Dispersive X-ray Spectroscopy
(EDS), Scanning Electron Microscopy (SEM), Brunau-
er-Emmett-Teller (BET), and X-ray diffraction (XRD)
analyses.

2. Materials and Methods

The engine tests were conducted in the Engine Test
Laboratory while the catalyst preparation processes
were carried out in the Fuel Analysis Laboratory, both
located within the Automotive Engineering Depart-
ment of Cukurova University. In addition, the catalyst

https://doi.org/10.2670 1 /ems. 164560 | @
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characterization tests were performed in the Central
Research Laboratory of Cukurova University.

2.1. Preparation of Catalyst

In the SCR system used for NO_ reduction purpose,
V,0,-WO,/TiO, was employed as the catalyst and
C,H,OH was used as the reducing agent.

The SCR catalyst was synthesized through the conven-
tional wet impregnation method, following a previously
reported study by Keskin et al. [18] with certain mod-
ifications. The cordierite was used as the main carrier
structure in catalyst production. Initially, a pre-treat-
ment was applied using a solution containing 250 g of
oxalic acid and 500 mL of distilled water to enhance the
surface area providing extra binding sites for catalytic
materials. This treatment was carried out using a heat-
ed magnetic stirrer at a temperature range of 95-100°C
for about 4 hours. Subsequently, a washing step was
performed with distilled water until the pH reached
approximately 7 which corresponds to a neutral con-
dition. In the next step, a drying process was carried
out at 120 °C using a furnace. Finally, specimens were
exposed to the calcination process at 550 °C for 2 hours
to get rid of impurities.

V,0,-WO,/TiO, catalyst includes V,O,, WO,, and TiO,
with molar ratios of 1.62, 1, and 45.41, respectively [19],
and the preparation of the catalyst began by mixing
the materials in these molar ratios and corresponding
weights in 300 mL of distilled water using an ultrason-
ic stirrer for 15 minutes. Then, the mixture was trans-
ferred to a heater, and the stirring process continued
until the water contained in the mixture evaporated.
The resulting mud-like structure was dried at 120°C
for 1 hour, then subjected to calcination at 500°C for
1 hour using a muffle furnace. The obtained structure

was ground into a powder. The powder catalyst was
mixed with 10% of its weight in colloidal silica and
stirred for 1 hour in 300 mL of water using a magnetic
stirrer to improve binding between materials. Then, the
cordierite structure was immersed in this mixture to
ensure it was fully wet. Next, drying was applied in an
oven at 120°C for 1 hour. The impregnation subsequent
drying process was repeated three times consecutively.
At last, the cordierite coated with catalyst material was
prepared through calcination at 500°C for 3 hours.

The entire process can be summarized in three main
stages: cordierite pre-treatment, production of powdered
catalyst, and catalyst-coated cordierite production.

2.2, Characterization of Catalyst

The chemical characterization and the surface mor-
phologies of the catalysts were analyzed using EDS
and SEM techniques, respectively, with an FEI brand
Quanta 650 FEG SEM device. Additionally, the mea-
surement of the catalysts’ surface area was based on
the BET theory via N, gas adsorption analysis using a
Sorptometer 1042 instrument. On the other hand, the
crystallographic properties were evaluated using XRD
analysis. This analysis was performed with the PANa-
lytical Empyrean XRD device.

2.3. Test Rig and Experiments

Load and emission tests were done in 2 cylinders, wa-
ter-cooled compression ignition engine. The technical
specifications of the test engine are summarized in P>Ta-
ble 1. The test set-up was schematized in the following
P-Figure 1. In tests, diesel was utilized as fuel and val-
ues were evaluated using V,0,-WO,/TiO, catalyst and
C,H.OH as a reductant under engine loads of 0 kW, 2

1- Temperature sensor

2- NO, sensor

3- Reductant injector

%f 1
ol 02

e = =2
3 gl

SCR
catalyst

W& =

Heater Orifice SV
plate adjustment
valve

Figure 1. Experimental test rig
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kW, and 4 kW. These load values were obtained from
a 10 kW electrically controlled loading unit based on
current and voltage measurements. As seen in P-Figure
1, the exhaust flow rate required for SV determination
(the ratio of exhaust flow rate to the volume of catalyst)
is adjusted via an orifice, while the exhaust temperature
is regulated using a heater in the exhaust line. The tests
were also conducted at temperatures from 150 °C to
240 °C with 10 °C increments and an SV value of 40000
h™™. A K-type thermocouple is installed immediately be-
fore the SCR to measure the exhaust temperature. Ad-
ditionally, Continental UniNO_sensors are placed both
before and after the SCR to determine calculated with
the following formula:

(Noxm—NOxaut) £ 100
N Xin

ey

Nno, =

Table 1. Engine specifications

Brand / Model AKSA / A2CRX08
Number of cylinders 2
Engine speed 3000 rpm
Cylinder volume 830 cm?®
Bore / Stroke 80 /79 mm
Compression ratio 23/1

Cooling Water-cooled

3. Results and Discussions

3.1. Catalyst Characterization Results

SEM-EDS analysis was conducted to evaluate the mi-
cromorphology and surface structure of the catalyst,
revealing that the surfaces were coated with catalytic
elements. PFigure 2 illustrates the surface morphol-
ogy of the catalyst coated cordierite structure with
5000x/10000x magnifications. The porous structure of
cordierite can easily be seen from the images. The cat-
alyst material is distributed within an irregular struc-
ture of cordierite.

The elemental overlay was determined by EDS analysis
as shown in P-Figure 3 and the distribution of elements
contained in the catalyst can be seen. Total EDS imag-
ing identified two predominant colors: yellow and tur-
quoise, representing Si and Ti, respectively. Elemental
distribution analysis determined the proportions of Si,
Al, O, Mg, Ti, W, and V as 34%, 8%, 13%, 4%, 33%,
2%, and 7%, respectively.

XRD analysis was used to characterize the catalysts,
exploring the crystallization and distribution of catalyt-
ic elements on the cordierite surface. As a result of the
XRD analysis, it was determined that cordierite has an
orthorhombic crystal structure, anatase and vanadium
have a tetragonal crystal structure, and tungsten has a
monoclinic crystal structure. As can be seen in P-Figure
4, each chemical used in catalyst production has dis-

European Mechanical Science (2025), 9(2)
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Figure 2. SEM results of V,0.-WO,/TiO, catalyst/cordierite structure
(a) 5000x (b) 10000x

B == ox
B« mox
| EX

34% SiK
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7% VK

.2% wL

Figure 3. Elemental overlay of V,0,-WO,/TiO, catalyst/cordierite
structure through EDS analysis

tinct characteristic peaks at specific angles. In the pat-
tern, the characteristic diffraction peaks of cordierite
were determined at 10.33, 18.01, 21.63, 26.27, 28.34,
29.35, 33.79, and 54.15° (Ref. Code: 98-007-5635), con-
sistent with earlier studies [20, 21]. The characteristic
peaks of anatase were observed at 25.22, 36.87, 38.43,
and 47.97 (Ref. Code: 98-000-9853). Similar peaks
were also observed in previous studies [22, 23]. The
peaks corresponding to vanadium and tungsten were
detected at 36.87°, 39.44°, 54.99° 64.32°, and 69.59°

https://doi.org/10.2670 1 /ems. 164560 | @
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70000 1+
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30000+
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10000 +

Figure 4. XRD results of V,0.-WO,/TiO, catalyst/cordierite structure

(Ref. Code: 98-023-7337), and at 25.77°, 36.87°, 37.72°,
41.47°, 57.87°, and 69.59° (Ref. Code: 98-008-0829), re-
spectively. These peaks exhibit relatively low diffraction
intensities, indicating that the active metal species are
highly dispersed on the catalyst surface [24, 25].

BET surface area is generally crucial for catalyst per-
formance, as a larger surface area increases active
sites, enhances component dispersion, and promotes
reactant adsorption, thereby improving catalytic activ-
ity. BET analysis revealed that the surface area of the
catalyst was found as 43.58 m?/g, while the cordierite
surface area was nearly 0.5 m?/g. The approximately 87
times increase in active surface area significantly en-
hances catalytic activity.

3.2. NO, Conversion Efficiency Results

The of the catalyst was evaluated with respect to vary-
ing engine load and temperature as illustrated in »-Fig-
ure 5. In tests, the 0 kW case was compared with 2 kW
and 4 kW load conditions. The tests were repeated with
exhaust gas temperatures ranging from 150 °C to 240
°C rising in increments of 10 °C. It is obvious that an
increase in engine load and exhaust gas temperature
cause to obtain higher . As the engine load increases,
HC content in the exhaust gases also rises. Due to their
reducing properties, HCs contribute to the NO, conver-
sion process that improve [6,26]. Besides that, the in-
crease in exhaust gas temperature clearly demonstrates
a positive effect on . This may possibly be explained by
the fact that higher exhaust temperatures enhance cat-
alytic activity, leading to improved conversion efficiency
[10]. Within the 150-240 °C temperature range, average
values of 87.98%, 90.4%, and 91.41% were achieved
under no-load, 2 kW, and 4 kW conditions, respective-
ly. The average values at 2 kW and 4 kW loads resulted
in a 2.75% and 3.9% improvement in compared to the
0 kW condition. The highest was achieved at 240 °C
compared to lower temperature values under all load
conditions. Furthermore, the highest of 93.28% was
observed at 4 kW and an exhaust temperature of 240°C.

@ European Mechanical Science (2025), 9(2)
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Figure 5. versus temperature at various engine loads

4. Conclusions

At the conclusion of the study, the following findings
were made:

« SEM-EDS analysis confirmed the successful coat-
ing of the catalyst on the cordierite surface.

Elemental distribution identified Si, Ti, Al, O, Mg,
W, and V as the main components.

« XRD analysis revealed that cordierite has an ort-
horhombic crystal structure, anatase and vanadi-
um have a tetragonal structure, and tungsten has a
monoclinic structure.

« BET analysis showed a significant increase in sur-
face area from 0.5 m?*/g (cordierite) to 43.58 m?/g
(catalyst), enhancing catalytic activity.

« Increasing engine load and exhaust gas tempera-
ture improved .

« The highest (93.28%) was achieved at 4 kW load
and 240°C conditions.
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Abstract: A data-driven approach was applied in this research to determine input parameters for producing high-quality welds
in mild steel sheets. By utilizing an L16 orthogonal array, the signal-to-noise (S/N) ratio and analysis of variance (ANOVA)
techniques were used to optimize weld characteristics. The Multi-Objective Optimization based on Ratio Analysis (MOORA)
method was used to rank these conflicting objectives according to their importance in different scenarios. From principal
component analysis (PCA), setting the voltage at 42V, welding current at 250A, wire feed rate at 8 mm/min, and gas flow rate at
15 L/min results in ideal characteristics: penetration of 2.9617 mm, reinforcement of 5.658 mm, bead width of 12.753 mm, and
dilution percentage of 4.183%. Through the MOORA method, it was determined that a voltage of 40V, welding current of 175A,
wire feed rate of 4 mm/min, and gas flow rate of 10 L/min would yield optimal weld bead geometry with penetration of 0.884
mm, reinforcement of 6.489 mm, bead width of 11.715 mm, and dilution percentage of 1.218%. This study effectively optimized
welding parameters for superior welding in sheet metal fabrication for small and medium-sized enterprises.

Keywords: MIG, Taguchi method, MOORA method, PCA, analysis of variance, optimization
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1. Introduction ponents, railways, agricultural equipment, and various
components in machinery and equipment. The voltage,
current, wire filler rate, and gas flow rate have import-
ant effects on weld joints [6-9].

Many small-scale and medium-scale industries utilize
Metal Inert Gas (MIG) welding to manufacture sheet
metal components. However, there is a need to utilize
the design of experiments to identify the optimum pro-
cess parameters for improved welding. In MIG welding,
heat is applied to fuse a consumable electrode and the 2. Experiment and Methods

base plate metal, which then solidify together to form a The MIG welding process utilized a Toshweld MIG

robust joint. Mild steel is a readily accessible material, 4001J DC inverter source (+2A current stability) and an
reasonably priced, and finds extensive use in numerous IGBT Module wire feeder. The gas cylinder was fitted
engineering applications [1]. This welding technique of- with a gas flow meter (£0.1 L/min). For the experiment,
fers numerous benefits, including reasonable production mild steel sheet metal (IS 2062 GR E250) of 2 mm thick-
speed, optimal cost of the product, strength, and im- ness was cut to the desired dimensions of 28x150mm
proved surface quality [2,3]. The Metal Inert Gas (MIG) using a punching machine. Plate surfaces were cleaned
welding process is also referred t(.) by way of Gas Metz.il using wire brushes and emery paper to eliminate any
Arc Welding (GMAW) [3]. In this proce.dur.e, metallic rust. A single bead was then applied to two clean plates
components are melted through the application of heat using 1.2 mm diameter copper-coated mild steel wire
by an electric arc, .whlle utlhzu.lg a consumable wire (ER70S-6) while maintaining a pure carbon dioxide gas
electrode. The welding gun consistently feeds the filler flow rate and positive electrode polarity to form a butt
wire into the weld pool, facilitating the joining of the joint. The chemical compositions of the base material
main materials [4]. A shielding atmosphere, comprising are detailed in P-Table 1, while those of the wire can
carbon dioxide gas, is established in the working area to be found in PTable 2. All experimental analyses were

safeguard the weld deposit from contaminants [5]. conducted utilizing Minitab software (version 21.4.2)
(RRID:SCR_014483). »Figure 1 illustrates the weld
bead geometry.

Hot-rolled mild steel has been utilized as the base metal
for this study. This material finds use in structural com-
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Table 1. Chemical composition of E250

C Mn Si P S
0.2 1.5 0.04 0.04 0.04

Table 2. Chemical composition of ER70S-6

C Mn Si P S Ni Cr Mo \' Cu

0.08 1.625 0975 0.009 0.035 0.15 0.15 0.15 0.03 0.5

Area A = added metal
Area B = base metal melted
%Dilution = [B/(A+B)] x100

Width (W)

Reinforcement (R)

Penetration (P)

Figure 1. Weld bead geometry

2.1. Selection of process parameters

In order to establish the extent of the input variables,
experimental welds were conducted. The key charac-
teristics analyzed for this study include voltage, weld-
ing current, gas flow rate, and wire feed speed [6-9].
PTable 3 presents the specific input variables by their
corresponding levels.

Table 3. Levels of process parameters

Parameters Level 1 Level 2 Level 3 Level 4
Voltage V, V 40 42 44 46
Current |, A 175 200 225 250
Wire feed rate S, mm/min 4 6 8 10
Gas flow rate G, Ipm 10 15 20 25

2.2, Orthogonal array and recording of data

Table 4 presents data showing that sixteen experiments
in total were carried out using an L.16 orthogonal array.
These experiments were carried out randomly to avoid
any potential inaccuracies associated with a systematic
testing approach [10]. Following the completion of the
welding process, cross-sections from the optimal sec-
tion, typically the middle, of each welded sample were
obtained. The weld beads were subsequently analyzed
with an Epson L3150 image scanner (5760 x 1440 dpi
resolution), which was used to capture individual mea-
surements from the scans. ImageJ software (1:54i03
version) was utilized to determine the dilution per-

@ European Mechanical Science (2025), 9(2)

centage by examining the melted areas of both the base
material and the material utilized for weld bead height.
Detailed results are presented in P>Table 4, while »-Fig-
ure 2 illustrates the weld bead specimens.

Figure 2. Welded specimens

2.3. Taguchi Method

The Taguchi technique is an effective tool designed for
solving issues that can significantly reduce the cost and
duration of experiments while improving the perfor-
mance of the system, layout, procedure, and product
[11]. This approach, which blends the concepts of qual-
ity loss function and experimental design theory, has
been used in the manufacturing sector to solve a num-
ber of challenging issues and carry out reliable process
and product design. Additionally, this method identifies
the characteristics that have the greatest impact on the
total performance.

The Taguchi approach yields optimal parameters for
the process that are not affected by variations in the
surrounding conditions or other noise elements [12].
As the process variables rise, so does the number of ex-
periments. The Taguchi technique uses an orthogonal
array arrangement for analyzing the complete process
parameters with a restricted number of experiments in
order to overcome this complexity. For evaluating qual-
ity attributes, S/N ratio is utilized in Taguchi method.
The mean (or desired value) of the output characteris-
tics, is represented by the phrase “signal,” and the un-
wanted value, or the square of the deviation, is repre-
sented by the term “noise.” Consequently, the ratio of
mean to the square of the deviation is known as the S/N
ratio [13-18]. In the examination of the (Signal/Noise)
ratio, Taguchi establishes three categories of quali-
ty characteristics, i.e. the lower-the-better, the larg-

https://doi.org/10.26701/ems.1621888
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Table 4. Layout of L16 orthogonal array with experiment values

No. \ | S G Penetration, mm Reinforcement, mm Bead Width, mm Dilution Percentage
1 40 175 4 10 0.884 6.489 11715 1218
2 40 200 6 15 0775 5117 938 1.292
3 40 225 8 20 0.548 4173 7.373 1.254
4 40 250 10 25 1.04 3.405 13.023 2659
5 42 175 6 20 1733 6.879 11.058 2.092
6 42 200 4 25 125 6.127 139 1716
7 42 225 10 10 1.491 5529 13.046 2245
8 42 250 8 15 2,961 5658 12753 4183
9 44 175 8 25 1767 7.124 13.831 2103
10 44 200 10 20 1.096 7.258 14.023 1.265
1 44 225 4 15 1.386 5397 15471 2175
12 44 250 6 10 1.47 4.956 15.96 2.499
13 46 175 10 15 1.25 7.858 16.681 1.343
14 46 200 8 10 1.491 9.316 16.117 1.345
15 46 225 6 25 2.08 5768 12.661 2.928
16 46 250 4 20 2.108 5.046 12.479 3.444
er-the-better, and the nominal-the-better. The optimal X X X
bead geometry requires smaller the better characteris- Xll X12 qu
tics for depth of penetration and dilution, while larger 21 22 e e 2q
the better characteristics for bead width and reinforce- X= @
ment are crucial for optimal design.
X pr1 X p2 X rq

The S/N ratio is expressed as follows:

Nominal-the-best,
S/N = —10log y;~*/s* (1)

Smaller-the-better,

1
S/N = —10log(= XL,y )
Larger-the-better,

S/N = —10log(; S 1/y) ©

From a sequence of n simulated trials, y, is the result of
the i trial.

2.4. MOORA method

A method of concurrently improving two or more com-
peting attributes while conforming to specific limita-
tions is called multi-objective optimization [19]. One
such multi-objective optimization strategy is the MOO-
RA method, which Brauers first presented [20]. It is a
useful tool for resolving a wide range of complicated de-
cision-making problems related to manufacturing set-
tings [19]. The decision matrix that displays the perfor-
mance of the various alternatives in relation to different
characteristics is the primary step when using MOORA
method [21-27].

European Mechanical Science (2025), 9(2)

Where p is the number of alternatives, q is the number of
attributes, and X is the performance measure of the i
alternative on the j" attribute [19]. Next, a ratio arrange-
ment is developed where the performance of each alter-
native on an attribute is compared with a denominator
that represents all the different alternatives on that attri-
bute. According to the findings of Brauers et al. [21], the
most favorable option for this denominator involves cal-
culating the square of the total squared values for each
attribute. The resulting is an equation for this ratio:

a
Xij = Xij/ Xiz1 Xizj(j =12,..,n) (5)

Here X represents a dimensionless number which in-
dicates the normalized performance of the i*" alterna-
tive on the j* attribute and lies inside the interval [0, 1]
[19]. These normalized performances are included for
multi-objective optimization while maximizing helpful
qualities and removed when minimizing non-beneficial
attributes. The optimizing problem now changes to

a a
Y, = Z?:l Xij — }tzg+1 Xij (6)

Where Y, is the normalized value of the i'" alternative
with regard to every attribute, g is the number of qual-
ities to be maximized, and (n—g) is the number of qual-
ities to be minimized. It is often observed that certain

https://doi.org/10.26701/ems.|1 621888 @
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characteristics are more important than others in cer-
tain circumstances. A property is multiplied by its cor-
responding weight to increase its importance [8]. Con-
sidering attribute weights to be taken into account, Eq.
(6) is modified as follows:

a a
Y, =X WXy =Yg Wi X5 = 1.2,..,m) (7)

Where W, is the weight of the j" attribute, which is cal-
culated by applying the entropy method. Based on the
total of the maximum and minimum values in the de-
cision matrix, the ¥; value may be positive or negative
in research. The ultimate preference of Y; is displayed
through an ordered ranking. As a result, the poorest al-
ternative has the lowest Y; value, and the greatest alter-
native has the highest Y; value.

2.5. GRA and PCA

The integration of Grey Relational Analysis (GRA) with
Principal Component Analysis (PCA) significantly en-
hances multi-optimization in welding processes [28].
This integration allows for the improvement of multiple
quality responses, such as penetration, reinforcement,
bead width, and dilution percentage, simultaneously.
The weighted response analysis helps determine the rel-
ative importance of different quality responses, provid-
ing a more accurate representation of their impact on
the overall optimization process [28]. This combination
also allows for more informed decision-making regard-

ing the selection of welding parameters, as PCA helps
to classify the most significant parameters based on
weighted responses. The integration of GRA and PCA
has been proven to yield effective results in finding op-
timal combinations of welding parameters for multiple
response optimizations, improving various quality re-
sponses in welding processes. This approach represents
a novel and valuable contribution to the field, offering
new insights and solutions for improving weld quality.
Overall, the integration of GRA and PCA in welding
optimization enables researchers to handle multiple re-
sponses, determine weighted influences of parameters,
make informed decisions, achieve successful results,
and contribute to the advancement of knowledge in the
optimization of the welding process.

3. Results and Discussion

3.1. Probability plots

The experimental data distribution, as shown in p>Table
4, is assessed using probability plots. The normality as-
sumption is confirmed through Anderson-Darling test, a
robust statistical method commonly used to detect outli-
ers from a normal distribution [29]. »>Figure 3 shows that
the data of all experiments and responses closely align
with the fitted line, low Anderson-Darling statistics val-
ues, and a p-value greater than 0.05 [28], indicating that
further analysis of the data is appropriate.

Probability Plot of Penetration, Reinforcement, Bead Width, and Percenatge dilution
Normal - 95% CI

99 Penetration, mmxr S 99
'

90 : 90

50 50

10 10
+— |

2 A0

5 1- Ll / 1-
] -1 0 1 2 3 0.0
o
o g9 Bead Width, mm —— 99

50 v ’l 50

10- ,_/'.,/' 10-

Figure 3. Probability plot for responses
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3.2. Mean of Response

The influence of various welding parameters on the
S/N ratio is individually examined as a result of the or-
thogonal design of the experiments. Graphs known as
response curves illustrate how performance character-
istics vary as input parameter levels change [10]. The
graphs for response means are displayed in P>Figures 4 to
7. Weld bead geometry quality attributes are influenced
by process variables, as seen by the response graphs
from the Taguchi experiment. Consequently, a thorough
examination of how these factors affect the geometry of
the weld bead is given in the sections that follow.

Main Effects Plot for Means

Voltage Current Wire feed rate  Gas flow rate
20
’
i
18 AN /
1 [ /
| / ]
s | / /\
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Figure 4. Main effect plots for mean of penetration
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Figure 5. Main effect plots for mean of reinforcement

Main Effects Plot for Means
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Figure 6. Main effect plots for mean of bead width
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Main Effects Plot for Means
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Figure 7. Main effect plots for mean of dilution percentage

Quality characteristics
70

7
(=]
!

&
(=]

H Penetration

W Reinforcement

w
(=]
!

H Bead width

M Dilution percentage

N
(=]
!

Contribution ration (%)

=
(=]
!

v 1 S G E
Parameters

Figure 8. Pareto diagram for responses

3.3. ANOVA and contribution ratio

Table 5 provides the details of the calculation of the
contribution ratio, which is derived from the total sum
square of the difference. A method for identifying the
significant process variables is Pareto analysis, which
is also a quick and simple technique to analyze exper-
iment findings [10]. The Pareto diagram’s significant
factors are chosen from the left side, where they collec-
tively contribute 90%. It is clear from PTables 5 and 6
that the depth of penetration and bead width is mostly
determined by the Voltage. But out of all of these fac-
tors, welding current followed by voltage has the bigger
impact on other parameters which include reinforce-
ment, and dilution percentage. P-Figure 8 displays the
extracts of Pareto diagram.

4. MOORA

The weights of the variables are calculated and given
in pTable 7. Table 8 displays the normalized perfor-
mance scores for various alternatives across specific
attributes. These scores were determined using Equa-
tion (5). By applying Equation (7), the normalized val-
ues (Y,) for every alternative were calculated based on
these attributes. The table also presents the results of
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MOORA method, organizing the alternatives in de-
scending order of their assessment values. According
to this method, experiment number 1 attained the top
rank, following process parameters set at Voltage=40 V
(level 1), Current=175 A (level 1), wire feed rate=4 mm/
min (level 1), and gas flow rate 10 lpm (level 1).

5. Grey Rational Analysis

Maximizing reinforcement and bead width is of inter-
est, depending on the aim of this article. Consequently,
for these quality attributes, the larger-the-better crite-
rion is chosen, and Equation (8) is used to express the

Where the generated grey relational values are denoted
by y,(p), and the highest and lowest values of y,(q) for
the g™ observation are represented by max y,(q) and min
y,(@), respectively. The number of response variables is
q = 4. The sixteen observations are listed in the compa-
rable sequence y(q), with j = 1, 2...,16. A greater value
of normalized results is anticipated for improved perfor-
mance, as the optimal normalized values equals 1.

After normalizing the data, Grey Relational Coeffi-
cients (GRC) are computed to demonstrate the correla-
tion between the actual experimental outcomes and the
desired ones. The expression for GRC & J.(q) is provided
in Equation (10).

normalized results.

. * Amin(@)+{Amax(q)
£ @, y5(q)) = . (10)

yj(q)—-miny;(q) Aoj(@)+SAmax(q)

maxy;j(q)-miny;(q) ®)

yi(q) =

Where |(g) + {A,,..(q)]| is the deviation sequence,
defined as the absolute difference between reference se-
quence y;(q) and comparability sequence yj“(q) [28].
The value of the identification or distinguishing coeffi-
cient () is between [0, 1], which in this paper was fixed
(9) at 0.5 [28]. Grey Relational Grade (GRG) is calculated
from the weighted mean of the corresponding GRCs

It is also necessary to decrease penetration and dilution
percentage, hence, as Equation (9) states, the smaller
the better is used.

maxy;(q)-y;(q)
maxyj(q)—miny;(q)

}’j*(Q') =

Table 5. S/N response

Factors \ | S G Error Total
1 2.042 -2.647 -2.545 -2.304 -10.403
2 -4.903 -0.998 -3.067 -2.997
Sum at factor levels
3 -2.981 -1.860 =158 -1.706
Penetration
4 -4.562 -4.898 -1.636 -3.396
Sum of squares of differences 2.617 1.171 0.469 0.187 0.817 5.263
Contribution ratio, % 49.724 22.250 8.911 3.553 15.523 100
1 13.370 16.990 15.170 16.100 61.310
2 15.600 16.630 15.010 15.450
Sum at factor levels
8 15.700 14.280 15.980 15.110
Reinforcement
4 16.640 13.410 15.150 14.670
Sum of squares of differences 9.918 16.917 1.920 2.035 1.139 31.929
Contribution ratio, % 31.063 52.983 6.013 6.374 3.567 100
1 20.120 22.380 22.490 22.970 88.700
2 22.040 22.350 21.610 22.450
Sum at factor levels
3 23.400 21.380 21.610 20.770
Bead width
4 23.140 22.600 23.000 22.510
Sum of squares of differences 49.944 4.982 9.262 20.008 6.989 91.185
Contribution ratio, % 54.772 5.464 10.157 21.942 7.665 100
1 -3.600 -4.286 -5.974 -4.816 -23.343
2 -7.640 -2.884 -6.482 -5.993
Sum at factor levels
Dilution percen- 3 -5.800 -6.269 -5.856 -5.291
tage 4 -6.303 -9.905 -5.031 -7.243
Sum of squares of differences 1.960 7.424 0.302 0.668 1.106 11.461
Contribution ratio, % 17.101 64.776 2.635 5.828 9.650 100
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for each experimental run, which gives data about the
strength of correlation among the welding runs. The
GRG value ranges from 0 to 1. The ideal scenario is typ-
ically an experimental run with a greater GRG, which
shows how strongly relevant experiments correlate with
the idealized value. Equation (11) is used to calculate the
GRG when all quality responses are given equal weights.

vi(vo.y) =-Zn @i @)

In certain practical uses, the weights of quality attri-
butes vary similarly to the weights derived from PCA.
Under these cases, Equation (11) undergoes a modifica-
tion to become Equation (12) [28]:

vi(v6, ;) = = X Wa £(v; (@), ¥6(9))  (12)

Table 6. Results of ANOVA

Where Y (yg, yj“) is GRG for j*h experiment and n is the
number of quality responses, Wq is the weight of g™
quality response, and ;77— Wq = 1

5.1. Principal Component Analysis

Principal Component Analysis is considered a reliable
statistical method used to optimize several objectives
simultaneously [28]. It simplifies and consolidates nu-
merous related datasets into a few uncorrelated ar-
rays and principal components, reducing complexity,
correlation, vagueness, and dimensions of information
[30]. A linear transformation is used in PCA to pre-
serve as much distinctive information [31]. Therefore,
PCA converts multi-response optimization to single-re-
sponse optimization without varying the existing data
[32]. It is achieved by constructing linear arrangements

Analysis of Variance for Penetration

Source DF Adj SS Adj MS F-Value P-Value Rank
Voltage 3 2.617 0.87233 32 0.182 1
Current 8 1.1716 0.39055 1.43 0.387 2
Wire feed rate 3 0.4697 0.15658 0.57 0.67 3
Gas flow rate 8 0.1878 0.06259 0.23 0.871 4
Error 3 0.8172 0.27241
Total 15 5.2634
Analysis of Variance for reinforcement
Source DF Adj SS Adj MS F-Value P-Value Rank
Voltage 3 9.918 3.3061 8.71 0.054 2
Current 8 16.917 5.6389 14.86 0.026 1
Wire feed rate 3 1.92 0.6401 1.69 0.339 4
Gas flow rate 3 2.035 0.6784 1.79 0.323 8
Error 3 1.139 0.3795
Total 15 31.929
Analysis of Variance for Bead width
Source DF Adj SS Adj MS F-Value P-Value Rank
Voltage 3 49.944 16.648 7.15 0.07 1
Current 8 4.982 1.661 0.71 0.606 4
Wire feed rate 3 9.262 3.087 1.33 0.411 3
Gas flow rate 8 20.008 6.669 2.86 0.205 2
Error 3 6.989 2.33
Total 15 91.185
Analysis of Variance for Dilution percentage
Source DF Adj SS Adj MS F-Value P-Value Rank
Voltage 3 1.9604 0.6535 1.77 0.325 2
Current 3 7.4238 2.4746 6.71 0.076 1
Wire feed rate 3 0.3021 0.1007 0.27 0.843 4
Gas flow rate 8 0.6679 0.2226 0.6 0.656 8
Error 3 1.1063 0.3688
Total 15 11.4605
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Table 7. Weights of responses

Parameters Penetration, mm Reinforcement, mm Bead Width, mm Dilution Percentage
Weights 0.382 0.140 0.090 0.387
Table 8. Results of multi-criteria analysis and normalized decision-making matrix
Weight Normalized matrix
Exp. no. y Rank
Penetration Reinforcement Bead width Dilution percentage

1 0.054 0.037 0.020 0.318 -0.315 1
2 0.047 0.029 0.016 0.338 -0.340 4
3 0.033 0.024 0.012 0.328 -0.325 2
4 0.063 0.019 0.022 0.694 -0.716 13
5 0.106 0.039 0.019 0.546 -0.594 9
6 0.076 0.035 0.024 0.448 -0.466 7
7 0.091 0.031 0.022 0.586 -0.624 11
8 0.181 0.032 0.022 1.092 -1.219 16
9 0.108 0.041 0.023 0.549 -0.593 8
10 0.067 0.041 0.024 0.330 -0.332 3
11 0.084 0.031 0.026 0.568 -0.596 10
12 0.090 0.028 0.027 0.653 -0.687 12
13 0.076 0.045 0.028 0.351 -0.354 5
14 0.091 0.053 0.027 0.351 -0.362 6
15 0.127 0.033 0.021 0.765 -0.837 14
16 0.129 0.029 0.021 0.900 -0.978 15

for a variety of responses. The GRC (Generalized Re-
duced Coefficient) of the output variable is utilized for
developing a matrix denoted by Equation (13).

yi(1) v (2) - oy (k)
V(1) y2(2) - yy(k)

y = S (13)
y; (1) y;(2) y;(k)

In this work, y,(q) denotes the GRC of an individual re-
sponse, in which a is the total number of experiments (a
=1,2,...]j)and b is the total number of quality responses
(b=1,2,...k). In this study, j is equal to 16, and k is
equal to 4. Subsequently, the equation that follows can
be utilized for creating the correlation coefficient matrix:

_ [Cov(ya(b)ya®)) — L] =
Rﬂ_(igya(b)mya@ )b 12,0kl =12,k

(14)

The expression where Cov (y,(b), y,(1)) represents the
covariance among the sequences y, (b) and y, (1), while
oya(b) and oya(l) represent the standard deviation of se-
quences y,(b) and y (1), individually. The eigenvalues
and eigenvectors were calculated from the R array us-
ing Equation (15)

(R = Aelj)Vpr = 0 (15)
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Consequently, Equation (16) is used to develop the un-
correlated principal components (PCs) from the eigen-
values (A,) and eigenvectors (Vpk) ofthe square matrix R

n
Zi=). Y®)x Uy a6
In this equation, Z, refers to the k™ principal compo-
nent. The initial eigenvalue related to the first princi-
pal component (PC) explains the major contribution of
variance, where the eigenvalues and principal compo-
nents are organized in descending order based on their
described variance. P>Table 9 presents the eigenvalues
associated with the eigenvectors.

Table 9. Principal Component Analysis

Component PC1 PC2 PC3 pPC4
Eigenvalue 1.9199 1.5786 0.4939 0.0076
Variation (%) 0.48 0.395 0.123 0.002

Cumulative (%) 0.48 0.875 0.998 1

0.688 0.118 -0.363 0.617
-0.082 0.723 -0.57 -0.382

Flgen Vector 0.208 0.642 0.734 0.077
0.69 -0.225 0.073 -0.684
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5.2. Optimization of multiple variables by utilizing
GRA and PCA

Because every response variable in GRA has identi-
cal weights, choosing decisions may be difficult. Thus,
PCA has been utilized for determining the relative
weights of quality responses [33]. This study compares
the multi-objective optimization processes carried out
by PCA and GRA. The section on optimization meth-
odology goes into comprehensive detail on the steps.
Equations (8) and (9) are first used to normalize the
S/N ratios. Equation (10) is utilized to calculate the
Grey relationship coefficient of individual response.
P-Table 9 displays the Eigen values and Eigen vectors
for PCA, which were computed using Equation (15) and
PC from Equation (16). The Eigenvectors of the first

6. Conclusion

The SN ratio is used to identify interactions among in-
put and process parameters. MOORA method ranks
parameters based on calculated weights while GRA
with PCA assigns equal weights to all parameters to
determine the optimized parameters. This study com-
pares these methods, enabling industries to select the
suitable optimization process from the available meth-
ods based on their specific requirements. The results
contributed to reducing the welding defect in the small-
scale industry where the experiments were conducted.
By reducing the number of experiments and associated
costs, it is possible to identify optimized solutions for
the existing welding machines and the given job.

PC are squared to yield relative weights of the quality
responses. Using the weights determined by PCA and
GRCs that are listed in P>Table 9 are computed for six-
teen experiments using Equation (11).

« Using S/N ratio for single objective optimization
concludes that:

« For reduced penetration, V=42 V, 1=250 A, S=8

. . . mm/min, and G=15 lpm
Sample number eight yields the maximum GRG value.

PTable 10 makes it clear that the first PC contributes
up to 47.33% of the variance for four quality attributes.
The squares of the eigenvectors of the first PC, which
are selected as weights of quality responses, are shown
in PTable 10 and are determined to be, in the order of
penetration, reinforcement, bead width, and dilution
percentage of 0.4733, 0.0067, 0.0433, and 0.4761 re- . For reduced dilution percentage, V=42 V, =250 A,
spectively. Thus, with regard to individual GRG, the S=8 mm/min, and G=15 lpm.

ideal multi-objective optimization can be accomplished.

Hence, from GRG, A,B,C, that is, Voltage=42 V (level . Predominantly voltage affects penetration and
2), Current=250 A (level 4), wire feed rate=8 mm/min bead width whereas welding current affects rein-

(level 3), and gas flow rate 15 lpm (level 2) represents forcement and dilution percentage.
the ideal collection of input parameter values for opti-
mum responses.

For enlarged reinforcement, V=46 V, I=200 A, S=8
mm/min, and G=10 lpm

« For enlarged bead width, V=46 V, 1=175 A, S=10
mm/min, and G=15 lpm

Through the MOORA method, it was determined

Table 9. Calculated Normalized GRC, and GRG for 16 experiments

Exp. No. Normalization Grey Relational Coefficient GRG Rank
1 0.283 0.641 0.567 0.000 0.411 0.582 0.536 0.333 0.466 14
2 0.205 0.405 0.295 0.048 0.386 0.456 0.415 0.344 0.401 15
8 0.000 0.202 0.000 0.024 0.333 0.385 0.333 0.339 0.348 16
4 0.380 0.000 0.697 0.633 0.446 0.333 0.623 0.577 0.495 13
5 0.682 0.699 0.496 0.439 0.612 0.624 0.498 0.471 0.551 9
6 0.489 0.584 0.777 0.278 0.494 0.546 0.691 0.409 0.535 12
7 0.593 0.482 0.699 0.496 0.551 0.491 0.624 0.498 0.541 11
8 1.000 0.505 0.671 1.000 1.000 0.502 0.603 1.000 0.776 1
9 0.694 0.733 0.771 0.443 0.620 0.652 0.685 0.473 0.608 7
10 0.411 0.752 0.787 0.031 0.459 0.668 0.702 0.340 0.542 10
11 0.550 0.458 0.908 0.470 0.526 0.480 0.844 0.485 0.584 8
12 0.585 0.373 0.946 0.582 0.546 0.444 0.902 0.545 0.609 6
13 0.489 0.831 1.000 0.080 0.494 0.747 1.000 0.352 0.648 8
14 0.593 1.000 0.958 0.080 0.551 1.000 0.922 0.352 0.706 2
15 0.791 0.524 0.662 0.711 0.705 0.512 0.597 0.634 0.612 5
16 0.799 0.391 0.645 0.843 0.713 0.451 0.584 0.761 0.627 4
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Table 10. Variance contribution of response variables for first PC

Response Variable Contribution
Penetration 0.4733
Reinforcement 0.0067
Bead width 0.0433
Dilution percentage 0.4761

that a voltage of 40V, welding current of 175A, wire
feed rate of 4 mm/min, and gas flow rate of 10 Ipm
would yield optimal weld bead geometry with pen-
etration of 0.884 mm, reinforcement of 6.489 mm,
bead width of 11.715 mm, and dilution percentage
of 1.218%.

From PCA and GRA, setting the voltage at 42V,
welding current at 250A, wire feed rate at 8 mm/
min, and gas flow rate at 15 lpm results in ideal
characteristics: penetration of 2.961 mm, rein-
forcement of 5.658 mm, bead width of 12.753 mm,
and dilution percentage of 4.183%.
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Abstract: This research examined the effects of corrugation distance and nanofluid volume concentration on pressure drop,
Nusselt number, and thermal performance in a circular tube. Binary nanofluid (MWCNT/Al;03, 60:40) with volume fractions of
0.25%, 0.5%, and 1% was tested in corrugated tubes with distances of 10 mm, 20 mm, and 30 mm under constant heat flux (20
kW/m?) for Reynolds numbers between 10,000 and 40,000. 3D single-phase model was developed using ANSYS 19 with the
standard k-e turbulence model and validated against equations from the literature. Results revealed that heat transfer improved
with increasing Reynolds number, primarily due to elevated flow rates and intensified mixing induced by the corrugated surfaces.
Compared to smooth tubes, the corrugated tubes exhibited higher Nusselt numbers, signifying better convective heat transfer
performance. Nonetheless, this improvement was accompanied by increased friction factors and pressure drops, especially at
shorter corrugation distances. Shorter corrugation distances intensified turbulence and mixing, enhancing heat transfer, while
longer distances diminished turbulence, lowering the Nusselt number. The highest thermal performance, with a performance
evaluation criterion of 1.27, was achieved at a corrugation distance of 10 mm and an MWCNT/Al.05 nanofluid concentration
of 1%. For the same nanofluid concentration, the performance evaluation criterion was 1.24 at a corrugation distance of 20
mm and 1.27 at 30 mm, respectively.

Keywords: Binary nanofluid, Corrugated tube, Heat transfer, Performance Evaluation Criteria, Pressure drop
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make them a preferred choice for enhancing heat trans-
fer efficiency. Cauwenberge et al. [3] investigated helical
heat exchangers using corrugated tubes and found that
these tubes experienced a pressure drop 5.6 to 6.7 times
higher than that of smooth tubes. They also observed a

1. Introduction

Corrugation on tube walls enhances heat transfer by
inducing turbulence and swirl flows, which increase
fluid mixing and improve interaction with the tube sur-

face. The swirling motion helps clean the inner surface,
reducing fouling, while the increased surface area al-
lows for more efficient heat exchanger. These combined
factors reduce the fouling factor and enhance overall
heat transfer efficiency [1]. Additionally, corrugated
tubes increase the wetted perimeter without changing
the cross-sectional area, which provides more surface
area for heat transfer. Corrugated surfaces improve
heat transfer by enhancing turbulence and fluid mixing
but cause a higher pressure drop due to increased flow
resistance. Corrugated tubes are generally utilized in
heating and cooling systems, waste heat recovery, and
chemical reactors due to their improved heat transfer
efficiency [2]. Corrugated tubes have gained significant
attention in research due to their simpler manufactur-
ing and assembly process. Their practical advantages

substantial improvement in heat transfer performance,
with increases between 83% and 119%. Andrade et al.
[4] examined the characteristics of heat transfer and
pressure drop in corrugated tubes. They found that
corrugated tubes exhibit a more gradual shift in fric-
tional behavior compared to smooth tubes, demonstrat-
ing greater effectiveness in handling transitional flow
regimes. Navickaiteé et al. [5] studied numerical analy-
ses to evaluate the thermal performance of corrugated
tubes subjected to constant power inputs. The results
revealed that double-corrugated tubes significantly im-
prove thermal efficiency while maintaining the same
pressure drop. The numerical simulations predicted a
400% increase in thermal efficiency, with a volumetric
flow rate 4.2 times lower in double-corrugated tubes.
Additionally, PEC increased by up to 14% for tubes
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Nomenclature

D diameter (mm)

AV differential voltage, v

Q rate of heat transfer (W)

h convective heat transfer coefficient (W/m?K)
heat flux (W/m?)

cp specific heat (J kg /K)
AP pressure drop [Pa]

T temperature (K)

U average velocity (m/s)
Greek symbols

f friction factor

Re Reynolds number

Pr Prandtl number
[0) volume concentration, %
v dynamic viscosity (kg/ms)

with an ellipse-base and 11% for those with a super el-
lipse-base. Wongcharee and Eiamsa-ard [6] performed
experimental studies to examine the combined impact
of using CuO/water nanofluids, twisted tapes, and cor-
rugated tubes with various flow configurations. The re-
sults showed that nanofluids in smooth tubes exhibited
a heat transfer improvement ranging from 2.64% to
16.9% over water under identical conditions. Addition-
ally, the use of corrugated tubes resulted in a more sig-
nificant enhancement, with heat transfer increasing by
4.8% to 66.3%. Ekiciler [7] examined the impact of wall
corrugation and the use of Zn:Ag/EG-H,O hybrid nano-
fluid on heat transfer and flow in a turbulent pipe flow.
Different wall corrugation patterns were compared to
a smooth pipe, with Reynolds numbers ranging from
13000 to 28000. The results demonstrated that adding
wall corrugations significantly enhanced heat transfer
and affected flow characteristics. Ajeel et al. [8] exam-
ined various corrugated channels using nanofluids in
turbulent flow conditions with a constant heat flux. The
results revealed that the modified channels substan-
tially improved the heat transfer rate, with the great-
est enhancement occurring in a trapezoidal corrugated
channel using 2% silica nanofluids. Wang et al. [9-12]
developed innovative external helical corrugated tubes
to optimize heat transfer, pressure drop, and energy ef-
ficiency. The findings indicate that secondary flow plays
a key role in reducing the irreversibility of both heat
dissipation and viscous dissipation. Compared to trans-
verse corrugated tubes with similar geometric charac-
teristics, the spiral corrugated tubes demonstrated su-
perior overall performance. Studies show that adding
nanoparticles to a base fluid to create “nanofluids” can
significantly increase the fluid’s thermal conductivity
[13]. This improvement makes nanofluids more effective
for heat transfer applications, offering potential bene-
fits in systems like industrial cooling and electronics.

European Mechanical Science (2025), 9(2)

p density (kg/m?)

k thermal conductivity (W/mK)
Nu Nusselt number

m mass flow rate (kg/s)

EG ethylene glycol

L length (mm)

e thick (mm)

MWCNT multi-walled carbon nanotubes

Al,O3 aluminum oxide

n overall enhancement efficiency
0 kinematic viscosity (m?/s)
Subscripts

bf base fluid

f fluid

nf nanofluid

p nanoparticle

MWCNTs are preferred as nanofluids due to their high
thermal conductivity, large surface area, and strong
mechanical properties, which enhance heat transfer
performance. MWCNTs also offer good stability in sus-
pension and have a low density, minimizing pressure
drop and improving overall thermal efficiency. These
attributes make MWCNT nanofluids ideal for heat ex-
change and thermal management applications. In their
study, Palanisamy et al. [14] explored the heat trans-
fer and pressure drop characteristics of a cone-shaped
helically coiled tube heat exchanger utilizing MWCN'T/
water nanofluid. Results revealed that the Nusselt
numbers, representing the heat transfer efficiency, in-
creased by 22%, 41%, and 52% for nanofluids with vol-
ume fractions of 0.1%, 0.3%, and 0.5%, respectively, in
comparison to water. This improvement was linked to
the enhanced thermal conductivity of MWCNT nano-
fluids and increased turbulence within the fluid. Ibra-
him et al. [15] examined the mixed convection heat
transfer behavior of hybrid nanofluids, focusing on how
varying nanoparticle compositions impact heat trans-
fer across different flow conditions. Their analysis high-
lighted the influence of distinct nanoparticle combina-
tions on thermal performance in various flow regimes.
They created and evaluated three hybrid nanofluids
with distinct ALLO, and MWCNT ratios. Of these, the
nanofluid containing 60% Al,O, and 40% MWCNT
showed the greatest improvement in heat transfer per-
formance, achieving a Nusselt number increase of more
than 5% relative to the other formulations. Painuly et
al. [16] carried out an experimental investigation to
assess the friction factors and convective heat transfer
efficiency of a helically corrugated tube equipped with
inserts, specifically under laminar flow conditions. The
working fluid was water-ethylene glycol mixture with
hybrid nanofluids composed of Al,O, and MWCNT.
The results showed that increasing the AL,LO,-MWCNT
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concentration in the hybrid nanofluid, along with re-
ducing the helix ratio of the tube inserts, significantly
enhanced both the heat transfer rate and the thermal
performance factor. The Al,O,-MWCNT hybrid nano-
fluid demonstrated Nusselt number increases of 42.5%,
49.47%, and 56.2% over the base fluid at volume frac-
tions of 0.1%, 0.5%, and 1%, respectively. Najafabadi
et al. [17] examined three-dimensional simulations
of steady-state laminar flow within a horizontal pipe,
utilizing engine oil as the base fluid mixed with CuO
and multi-walled carbon nanotubes nanoparticles.
The objective was to evaluate and compare the impact
of varying nanoparticle volume concentrations, using
CuO and MWCNT in 1:1 and 1:2 ratios, on convective
heat transfer performance. The results showed that in-
creasing the nanoparticle concentration led to signifi-
cant improvements in both the convective heat trans-
fer coefficient and the Nusselt number, with MWCNT
contributing more substantially to the enhancements
than CuO. Scott et al. [18] conducted research on the
preparation of alumina-multiwalled carbon nanotube/
water hybrid nanofluid using a two-step method across
different volume concentrations. The findings indicated
that increasing the volume concentration initially en-
hanced heat transfer, with a maximum improvement of
49.27% observed at a volume concentration of 0.10%,

compared to the base fluid. However, beyond this point,
further increases in concentration resulted in a decline
in natural convection heat transfer performance.

Based on the above studies, most research has focused
on the effects of nanofluid types and mass/volume frac-
tions on heat transfer. Some studies have investigated
the effects of MWCNT, Al,O3 nanofluids, and corrugat-
ed tubes separately; however, no study has been found
that has investigated their combined effect in the same
study. Corrugated tubes are known to enhance heat
transfer by disrupting the thermal boundary layer, in-
creasing turbulence and improving fluid mixing. For
this purpose, this study aims to analyze the combined
effects of MWCNT/Al2O3 hybrid nanofluids with two
different corrugation spacings and three different vol-
ume concentrations on thermal performance.

2. Materials and methods

2.1, Physical model

The study focuses on a numerical analysis of heat
transfer and fluid flow within a 3D corrugated tube.
The key objective is to investigate how the corrugated

q'=20 kW/m?,
Pressure
Velocity outlet
inlet —
—_— —
—_— —_—
I .
—

Inlet section

Outlet section

L1=200 mm

Figure 1. Schematic diagram of corrugated tube

P=10 mm

~ L1s=100 mm

Fig. 2. View of corrugated distances of corrugated tubes
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tube’s structure affects fluid flow and heat transfer un-
der specified boundary conditions. Two distinct tube
geometries were analyzed: a smooth tube and a corru-
gated tube. The smooth tube served as the baseline for
comparison against the performance of the corrugated
tube. P-Figure 1 provides a visual representation of the
corrugated tube, illustrating its structure and the asso-
ciated computational domain. The P>Figure 1 highlights
the corrugated section, as well as the smooth walled in-
let and outlet regions that are part of the flow domain
used for the analysis. The smooth tube used has the
same dimensions as the corrugated tube, except it does
not have any corrugations.

The tube is 600 mm long with a 10 mm hydraulic diam-
eter and 1.5 mm wall thickness. It consists of an inlet
(200 mm), a heated corrugated test section (300 mm),
and an outlet (100 mm). Corrugation spacings are 10
mm, 20 mm, and 30 mm. The inlet ensures fully devel-
oped flow (velocity inlet at 300.15 K), while the outlet
prevents backflow (pressure outlet). The corrugated
walls are heated at 20 kW/m?2. The flow domain includes
smooth inlet/outlet sections and a heated test section
for analysis.

2.2, Thermophysical properties of nanofluids

The general equations utilized to determine the ther-
mophysical properties of nanofluids can also be applied
to hybrid nanofluids with appropriate modifications.
In this context, the base fluid is denoted by (bf), the
nanoparticles by (np), and the nanofluid by (nf). Sym-
bols (p,) and (p,) specifically refer to MWCNT nanopar-
ticles and Al,O,nanoparticles, respectively.

The volume fraction of the hybrid nanofluid is calculat-
ed as follows:

Panf =Pp1 T Pp2 (1)

The density of the nanofluid is determined using the Pak
and Cho [19] correlation, as presented in Equation (2)

Prnf = Pby- - (P) + Pnp- @ (2)

The dynamic viscosity of the hybrid nanofluid is calcu-
lated using the well-known Brinkman [20] equation (3),
as follows:
_ -25
Juhnf - Jubf(l - (ppl - (sz) (3)
The thermal conductivity of the hybrid nanofluid was
obtained using the commonly used Maxwell [21] equa-
tion, as described in equation (4) as follows:

k _ (op1kp1+op2 kp2)/@ny +2kpr+2(@p1 kpa+@p2 kp2)=2(@ns kpy)
hnf (¢p1 kp1+®pz kp2)/Onf +2Kkp F=2(@p1 kp1+®p2 Kp2) +Pnf Kby) (4)

In this study, nanofluids were prepared at three dif-
ferent volume concentrations (0.25%, 0.5% and 1%)
using water as the working fluid and MWCNT-ALO,
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Table 1. The characteristics of water and the nanoparticles
utilized in this study.

Properties Water [22] MWCNT [23] ALO, [22]

Plea/m) 9982 2100 3980
4182 710 777

Co(4/kg K)

k (W/mK) 06 2000 38

nanoparticles at a ratio of (60:40). A 60:40 hybrid-
ization ratio was selected based on the experimental
findings of Krishnan et al. [24], which investigated the
thermal properties of AloOs-MWCNT/DI water hybrid
nanofluids at different particle weight ratios and iden-
tified 60:40 as the most thermally efficient composition.

2.3. Data reduction

The findings are evaluated and expressed through the
average friction factor (f), Reynolds number (Re), and
Nusselt number (Nu), each represented by the following
equations:

The constant heat flux applied to the test tube can be
expressed as follows:

Q
mDpL (5)

q':

Here, g represents the constant heat flux and Dy, is the hy-
draulic diameter of the tube.

The convective heat transfer coefficient in the tube is
described as follows:
(Tw—Tp) (6)

Here T,, represents the local wall temperature and T}, rep-
resents the temperature of the mass.

UD
Re=2—1 (7
o
Here U represents the mean fluid velocity.
hDp
Nu=—
P (8)
AP
f= Lozt
Zp Dp (9)

The pressure difference (AP) is determined by sub-
tracting the average outlet pressure (P, 416t ) from the
average inlet pressure (Pi,j0¢ ), as described in Equa-
tion (10).

AP = Pinlet — Poutlet (10)

A non-dimensional parameter, PEC is generally defined
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as the ratio of increased heat transfer performance to
increased friction losses in a heat exchange system. It
evaluates whether a particular enhancement technique
(e.g. turbulators, vortex generators, nanofluids, extend-
ed surfaces) provides an overall benefit in thermal-hy-
draulic performance. PEC value greater than 1 indi-
cates that the heat transfer improvement outweighs the
increase in flow resistance, making the enhancement
effective. On the other hand, if PEC is less than 1, the
increase in pressure drop is more significant than the
thermal gain, rendering the modification inefficient.
The Performance Evaluation Criteria, shown in Equa-
tion 11, is applied to evaluate the heat transfer efficien-
cy and fluid flow characteristics of tubes with varying
surface roughness. It combines the Nusselt number
(representing heat transfer) and the friction factor (rep-
resenting flow resistance) to evaluate overall perfor-
mance. The PEC assesses whether the increase in heat
transfer efficiency is sufficient to offset the additional
fluid friction. Here Nu represents corrugated tube and
Nugrepresents smooth tube.

(Nu/Nus)
PEC = ——-
(fIf)M? (11)

2.4. Governing equations

Finite volume numerical simulations were conducted
using ANSYS Fluent 19. To enhance the accuracy in
capturing turbulent flows and to improve the modeling
of fluid mixing and flow instabilities, the k-¢ RNG tur-
bulence model was employed under single-phase flow
conditions. The pressure and velocity fields were solved
iteratively using the SIMPLE algorithm to ensure fluid
stability. The QUICK (Quadratic Upstream Interpola-
tion for Convective Kinematics) scheme was employed
to enhance accuracy in convective flow calculations,
providing smooth flow modeling. The convergence cri-
terion was set to 1x10-° with the relevant equations used
generally outlined.

Mass Conservation

Momentum Conservation

V(pVV) = =VP + V(uvl) (13)
Energy Conservation

V(pc,VT) = V(kVT) (14)
The k-¢ turbulence model defines the turbulence kinetic
energy (k) and the dissipation rate () by solving differ-
ential equations that describe the behavior of these tur-
bulent properties.

a(ok) _ ue
o TV (pUk) = V.((,u + dk) Vk) +P,—pe (15)
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(16)
Py, is defined as;

P =, VU.(VU + VUT) =2 7.U(3p, V.U + pk) an

In this turbulence model, the constant coefficients are
as follows: Cu=0.09, Ce =1.44, C¢ =1,92, k=1, ce=1.3

U =pCﬂk2/E (18)

2.5. Boundary conditions

This numerical simulation was conducted under the
assumptions that the flow is three-dimensional, steady,
and fully developed. Natural convection and heat loss to
the surroundings were considered negligible, and grav-
itational effects were ignored. The velocity profile at the
inlet was assumed to be smooth, while the thermophys-
ical properties of the hybrid nanofluid were regarded
as constant and unaffected by temperature variations.
The inlet boundary conditions were set with a defined
flow velocity and a temperature of 300.15 K.

Inlet boundary:

k2

Ly

— - 3 2
U = U, 0=w=0,k;, = E(Iuin) »€in = 6#3/4

(19)
Outlet boundary:

The pressure is set to atmospheric pressure, which cor-
responds to a gauge pressure of zero.

du _ dv _ dw ar dk  Oe

6z=62=62=0’5=0'5=a=0 (20)
At the wall:
u =v=w=0,q" = Quan (21)

2.6. Grid independence and code validation

A steady-state, 3D model was developed to simulate
flow dynamics in a corrugated tube. Mesh generation is
a critical step in numerical simulations, impacting both
accuracy and computational efficiency. Due to the com-
plex flow near the corrugated surface, capturing this
region properly is essential for analyzing pressure drop
and the Nusselt number. The mesh was created using
ANSYS Workbench 19.0 with an unstructured grid, re-
fined near the walls to accurately resolve the laminar
viscous sublayer. The y* parameter was used to ensure
proper mesh quality, especially for turbulent flows,
where the boundary layer consists of multiple zones.

« Viscous sublayer ( y*<5), where viscous forces dom-
inate.

« Buffer layer and log-law region for higher y*.

For accurate results, especially when using a turbulence
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model like k—¢, it’s important to keep y* less than 5 near
the wall to properly resolve the viscous sublayer and
avoid errors in predicting flow properties [25].

+ Yur

e 22)

Here, y* shows the non-dimensional distance from the
wall, where y is the physical distance to the wall, 1, is
the friction velocity, and v is the kinematic viscosity of
the fluid. This study evaluated different mesh struc-
tures at Reynolds number of 10000 to ensure that the
model provided accurate results. The specific mesh
structure with 2.1 million elements was chosen for all
analyses because it produced consistent results for the
Nusselt number (Nu) and the friction factor (f), with
deviations remaining below 2%. This indicates that in-
creasing the mesh density further did not significantly
improve the accuracy, making this mesh both efficient
and accurate. Additionally, the y*value of 2.46 for this
mesh indicates that the mesh near the wall was fine
enough to accurately capture the flow characteristics,
especially within the viscous sublayer, where y* values
below 5 are recommended. Since this mesh successfully
balances accuracy (with minimal deviation in results)
and computational cost, it was chosen for further study,
as shown in P-Figure 3.

Different mesh sizes were tested to ensure grid inde-
pendence. The mesh sizes ranged from 0.4 mm to 0.09
mm, and the results for the Nusselt number and fric-
tion factor were plotted. Upon comparing the results,
it was found that the percentage difference in Nusselt

Smooth tube

P=20 mm Corrugated tube

100 0,04
o5 [
90 F i
! 0,035
8s [
g {
e OF i
2 ]
= 5 F .—‘\ E 0,03
g . i
5 70 F R°8 i
= Te ‘
65 F -
- '@ -~ -0 0,025
60 F i U i
-0~ i
55 F
50 1 1 1 1 0,02
1500000 1700000 1900000 2100000 2300000 2500000
Grid cell

Figure 3. Grid Independence test for Nusselt number and Friction
factor at Re=10000

number and friction factor between the finer meshes
(0.1 mm, 0.09 mm, and 0.08 mm) was only 1-3%. This
small variation indicates that further refining the mesh
beyond 0.1 mm would not significantly improve the ac-
curacy of the results but would increase computational
cost and time. Thus, the 0.1 mm mesh size was selected
as the most appropriate for further analysis. »-Figure 4
illustrates the mesh configuration for the smooth pipe
and the corrugate positioned at three different spacing
intervals (P = 10 mm, P = 20 mm, and P = 30 mm) using
the 0.1 mm mesh structure.

P=10 mm Corrugated tube

P=30 mm Corrugated tube

Figure 4. Mesh generation view of smooth tube and tube with different corrugated distances
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2.7. Validation of Numerical Study

To ensure the precision and reliability of the numeri-
cal method, the results obtained from the simulation of
fully developed turbulent water flow in a smooth tube
are evaluated against well-known empirical models.
The comparisons involved various correlations for the
Nusselt number, such as Dittus-Boelter [26] correla-
tion (Equation 23), Gnielinski [27] correlation (Equa-
tion 24), and the Pak and Cho [19] correlation (Equa-
tion 25), as well as for the friction factor, including
Blasius [28] correlation (Equation 26), McAdams [29]
correlation (Equation 27), and Petukhov [30] correla-
tion (Equation 28). The CFD simulation results of the
Nusselt number and friction factor of the straight pipe
were compared with the literature. They were validated
against the established literature by showing maximum
deviations of £9% and +11% respectively, as shown in
P»Figure 4. This validation confirmed the reliability of
the numerical approach in predicting heat transfer and
flow resistance under turbulent conditions.

Nu = 0.024 Re®8pr0* 23)
(f/8)(Re, — 1000)Pr
u=
— 0.8 0.5, 4 5
Nu = 0.021Ref°Pr)? ; 10* < Rey <105 o
£ =0.316Re—"> (26)
— -2
—_ 2
f=(029InRe — 1.64) 28)
300 0,04
250
0,03
8 20 8
: ;
% : ’2 0,02 é
20 Lz — o Nu This stucy) H
y ——Pakand Cho [18] Nu
770 —A— Gnielinski [24] Nu
?’ 0— Dittus-Boelter [23] Nu 0,01
100 f =——Blasius [25] f
—@— f (This study)
=—t— McAdams [26] f
O Petukhov [27] f
50 0

5000 10000 15000 20000 25000 30000 35000 40000 45000
Reynolds number

Figure 4. Comparison of Nu number and f value with known literature
equations

3. Results and discussion

First, experiments were carried out with water to eval-
uate the thermal performance of the corrugated pipe
without using nanofluid. As shown in P-Figure 5(a), cor-

@ European Mechanical Science (2025), 9(2)

rugated tubes exhibited higher Nusselt numbers than
smooth tubes due to enhanced turbulence, flow separa-
tion, and recirculation, which intensified mixing and re-
duced thermal boundary layer thickness. Heat transfer
increased by 37.6%, 32.5%, and 26.3% for corrugation
distances of 10 mm, 20 mm, and 30 mm, respectively.
»Figure 5(b) shows that the friction factor remained
higher in corrugated tubes due to continuous boundary
layer disruption, leading to periodic flow separation, re-
attachment, and increased resistance.

400
350 f
300 f
5 :
8250
£ F
= C
< 200 F
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Figure 5. The variation of (a) Nu, (b) f via Reynolds numbers at differ-
ent corrugation distances for water

The intensified mixing in corrugated tubes enhances
heat transfer by transporting cooler fluid from the core
to the heated wall and rapidly removing heated fluid.
This process reduces the thermal boundary layer thick-
ness, minimizing heat transfer resistance and increas-
ing convective efficiency. As a result, at the same Reyn-
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olds number, corrugated tubes achieved higher Nusselt
numbers than smooth tubes, with enhancements of
37.6%, 32.5%, and 26.3% for corrugation distances of
10 mm, 20 mm, and 30 mm, respectively. The increased
friction factor in corrugated tubes, shown in P-Figure
5(Db), is attributed to boundary layer disruption caused
by surface geometry. Unlike smooth tubes, where the
friction factor decreases with the Reynolds number due
to a thinning viscous sublayer, corrugated tubes experi-
ence persistent turbulence, flow separation, and recir-
culation. The repeated formation of low-pressure zones
and reattachment points along the corrugated surface
further amplifies flow resistance [31].
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Figure 6. Variation of PEC at different corrugate distances for water

The friction factor in the tube with a corrugate distance
of P = 10 mm was found to be 15.81 times higher than
in the smooth tube. As the distance (P) increases, the
interruptions become less frequent, which slightly re-
duces the friction factor, as seen with P = 20 mm and
P = 30 mm. This shows how strongly the corrugate dis-
tance influences flow resistance. However, the friction
factor remains significantly higher than that of smooth
tubes because each corrugate still induces flow separa-
tion and turbulence. Therefore, as the corrugate dis-
tance decreases, the flow encounters greater resistance,
which is reflected in increasing friction factor values.
»Figure 6 illustrates the PEC for various Reynolds
numbers across corrugate distances. Each corrugate
distance follows a similar pattern within the Reynolds
number range, with PEC values decreasing consistently
as Reynolds numbers increase. Among the tested cor-
rugate distances, P=10 mm achieves the highest PEC
value at 1.18, while P=30 mm yields the lowest at 1.09.
This suggests closer corrugate distances provide better
hydrodynamic performance, whereas higher Reyn-
olds numbers correspond to lower PEC values. These
findings emphasize the significant role that corrugate
distances play in enhancing flow performance, under-
scoring the importance of selecting optimal corrugate
distance to improve flow efficiency in corrugated tubes.

After analyses conducted on corrugated tubes using
water as the working fluid, the thermohydraulic per-
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Figure 7. Variation of Nusselt number of MWCNT/AI,O, nanofluids at
different volume fractions at different corrugate distances at 40000
Reynolds number
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formance of MWCNT/ALO, nanofluids mixed in a
%60-40 ratio was examined at three different volume
fractions (0.25%, 0.5%, and 1%). As shown in P-Figure
7, the highest Nusselt number was obtained with the
nanofluid containing a 1% volume fraction with a P=10
mm pitch. In the corrugated tube with a P=10 mm pitch,
the 1% MWCNT/AIO, nanofluid recorded a 17.97% in-
crease in the Nusselt number compared to water. Rel-
ative to a smooth, non-corrugated tube, this increase
was 35.94%. It was observed that reducing the pitch of
the corrugations was more effective than increasing the
nanofluid volume fraction. This can be attributed to the
fact that refining the physical design of the tube (such
as by reducing the corrugate distance) enables efficient
enhancement of both convective and conductive heat
transfer processes with minimal extra energy input.
In contrast, higher nanoparticle concentrations often
yield diminishing returns, as they increase the fluid’s
viscosity and the associated pumping energy needed to
maintain flow.

»Figure 8 shows the change in the friction factor of
MWCNT/ALQO, nanofluid and water at different vol-
ume fractions as the corrugate distance increases
with a Reynolds number of 10000. The friction factor
decreases with increasing corrugate distance but in-
creases as the nanofluid volume fraction increases. The
highest friction factor was obtained in the corrugated
tube with a 1% MWCNT/AL O, volume fraction and a
corrugate distance of P=10 mm. Compared to the case
using water, it was observed that using a 1% MWCNT/
Al,0, nanofluid increased the friction factor by 11.51%.
This indicates that the use of corrugates causes more
friction increase than the use of nanofluids.

P>-Figure 9 shows the performance of MWCNT/ALO,
nanofluids with three different volume concentrations
at three different corrugate distances. The highest per-
formance evaluation criterion was obtained with the

https://doi.org/10.26701/ems.1 618871 @



Investigation of the effects of binary hybrid nanofluids and different arrangements of corrugated tubes on thermal performance

= o = \N/ater
— B =%0.25 MWCNT/ Al203
o de s %0.5 MWCNT/ AlI203

-l — - %1 MWCNT/ Al203
R T

0,42 EFFFHAFA A R T s L D
Wt LT L IOTO AR i

£
w
©

Friction factor

o
W
-

k=]
W
@

o
W

0 10 20
P (mm)

30 40
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Figure 9. Change in performance evaluation criteria (PEC) of
MWCNT/ALO, nanofluid with different volume fraction at different
corrugate distances at 10000 Reynolds number

MWCNT/ALQO, nanofluid with 1% volume concentra-
tion at P = 10 mm groove distance with a value of 1.27.
The lowest value was obtained with the MWCNT/AIL O,
nanofluid with 0.25% volume concentration at P = 30
mm groove distance with a value of 1.14.

Finally, a comparison was made with experimental
studies in the literature to evaluate the performance of
this study. As seen in P-Figure 10, the thermal perfor-
mance of studies conducted using different corrugated
tubes was assessed. Qi et al. [32] examined flow resis-
tance and heat transfer performance of TiOs-water
nanofluids in corrugated and circular tubes using ex-
perimental and numerical methods. The results showed
that adding nanoparticles did not significantly increase
the resistance, but the corrugated tube combined with
nanofluids increased the heat transfer by up to 53.95%.
Hu et al. [33] studied the effects of corrugated tubes
parameters on thermal-hydraulic performance using
three different corrugated tubes and air and helium as
working fluids. It was observed that the Nusselt number
(Nu) increased with decreasing p/d ratio. The best-per-
forming corrugated tube exhibited a 60% higher Nu
value compared to the smooth tube. Additionally, the
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maximum PEC value was recorded at approximately
1.09.
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Figure 10. Comparison with literature studies using corrugated tube

4. Conclusions

This study investigated the effects of corrugation dis-
tance on the performance of MWCNT/AI O, nanoflu-
id with different volume concentrations in corrugated
tubes. For corrugations with distances of P=10 mm,
P=20 mm, and P=30 mm, MWCNT/ALO, nanofluids
mixed at a 60:40 ratio were analyzed at volume frac-
tions of 0.25%, 0.5%, and 1% using the ANSYS Work-
bench 19.0 program. The Reynolds numbers ranged
from 10000 to 40000. This analysis aimed to examine
the interaction between heat transfer, friction factor,
and pressure drop, providing important insights for
improving and optimizing such systems. The main con-
clusions derived from this study are as follows:

« Corrugated tubes demonstrated superior Nusselt
numbers compared to smooth tubes, attributed
to enhanced recirculation, backflow, and the for-
mation of a thinner boundary layer. The Nusselt
number in corrugated tubes increased significantly
compared to the smooth tube, with enhancements
of 37.6% for a corrugation distance of 10 mm,
32.5% for 20 mm, and 26.3% for 30 mm.

Corrugated surfaces increase friction factors com-
pared to smooth tubes. The corrugated surfac-
es disrupt the normally smooth viscous sublayer,
causing greater interaction between the flow and
the tube walls, which increases flow resistance and
friction. The tube with a corrugation distance of 10
mm exhibited a friction factor 15.81 times higher
than that of the smooth tube. Increasing the corru-
gation distance to 20 mm and 30 mm reduced the
frequency of flow disruptions, leading to a slight de-
crease in the friction factor.
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Reducing corrugate distance increases turbulence
and fluid mixing, leading to higher Nusselt num-
bers, indicating improved heat transfer. In contrast,
increasing corrugate distance produces less turbu-
lence and mixing, resulting in lower Nusselt num-
bers and reduced heat transfer efficiency.

Smaller corrugate distances improve hydrodynam-
ic performance. However, as the Reynolds num-
ber increases, the performance evaluation criteria
(PEC) values decrease for all corrugate distances.
The maximum performance evaluation criterion of
1.27 was achieved using the MWCNT/Al;O3 nano-
fluid with a 1% volume concentration at a groove
distance of 10 mm.

Increasing the volume fraction of a nanofluid en-
hances heat transfer through better thermal con-
ductivity, while changes in corrugation distance
have a more significant impact on heat transfer by
altering the flow structure, increasing turbulence,
and strengthening convection.

This study evaluated the thermal performance of
MWCNT/Al,O3 hybrid nanofluids at concentra-
tions of 0.25%, 0.50%, and 1%, with the most ef-
fective heat transfer observed at 1%. Although in-
creasing the concentration beyond this value may
further enhance thermal conductivity, it could also
result in undesirable effects such as higher viscosi-
ty, increased energy consumption for fluid circula-
tion, and nanoparticle clustering, which may dete-
riorate flow stability and overall system efficiency.
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Abstract: In this study, the effects of machining parameters on surface roughness and cutting forces during the machining
of AA6082 aluminum alloy, which is widely utilized in automotive, manufacturing and aerospace industries, on a conventional
lathe were investigated. Tool corner radius (0.4 mm and 0.8 mm), depth of chip (0.25-0.5 mm), feed rate (0.1-0.2 mm/rev) and
cutting speed (65-105 m/min) were used as input variables. Surface roughness and cutting forces were evaluated as outputs;
effective parameters and optimum process conditions were determined by analysis of variance (ANOVA) and S/N ratios. The
results show that tools with a corner radius of 0.8 mm provide lower cutting forces and better surface quality, and the study
provides practical optimization data for the machinability of AA6082 alloy, making original contributions to both academic

literature and industrial applications.

Keywords: AA 6082; machinability; turning; surface roughness; cutting force; ANOVA.
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1. Introduction

In the manufacturing sector, it is common to encounter
areas where materials that do not contain any other met-
al in their composition are used, but alloys have a much
stronger place. Each alloy has its own unique properties
that put it ahead of others. This can sometimes be cor-
rosion resistance, sometimes casting ability, sometimes
mechanical properties, etc. The inherent recyclability
and reusability of aluminum without any loss of proper-
ties gives it a head start in manufacturing processes over
less economical materials such as steel [1]. In addition,
being a material that offers both lightness and durability,
it is used as a substitute for steel in many engineering
applications. This results in not only pure aluminum but
also alloyed aluminum becoming more and more com-
mon in many sectors. AA6082, an alloy of the aluminum,
which is the most easily machined of non-ferrous metals,
is widely preferred due to its low density, lightness, low
cost, high strength (the highest strength of the 6000 se-
ries alloys), high corrosion resistance and its structure
that allows forging [2-4]. This material may not respond
well to machinability due to its high thermal expansion
coefficients and tendency to form build-up edges, as well
as its poor ductility [5]. At this point, the priority needs
in the machining process, which is a multifaceted pro-

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

cess where many factors such as cost effectiveness, qual-
ity, applicability, cutting force, energy consumption, tool
wear, surface quality, production speed, maintenance
are effective, should be analyzed, and the process should
be brought to a state that will meet these needs with op-
timum parameter/level selections. Machining is a multi-
faceted process influenced by numerous factors such as
cost effectiveness, surface quality, tool wear, energy con-
sumption, production speed, and maintenance require-
ments. A key component of machining optimization in-
volves modeling and analyzing the relationship between
input parameters (such as cutting speed, feed rate, depth
of cut, and tool geometry) and output responses (such as
cutting force, surface roughness, material removal rate,
and tool life). Optimization approaches such as S/N ra-
tios as well as statistical methods such as ANOVA and
multi-criteria decision-making tools play an important
role in the development of robust prediction models for
machining processes. These methods allow the systemat-
ic evaluation of factor influences, interaction effects, and
identification of optimal parameter settings for achiev-
ing desired machining outcomes. General machining
processes are turning, milling, drilling, grinding, ream-
ing, honing, rolling, forging, casting, etc., and turning is
responsible for an average of 45% of the workload caused
by such machining processes [6]. Therefore, a literature
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summary of machining processes, primarily turning, in-
volving AA6082 alloy is presented below.

In the study by Saravanan and Mahendran [3], the ma-
chinability of AA6082 alloy produced with boron car-
bide (B4C) reinforcement at different weight percent-
ages was investigated by computer numerical control
(CNC) turning process. In the study, which presented
evaluations in terms of tool wear and surface roughness
at the center of depth of cut, feed rate and cutting speed
it was reported that boron carbide reinforcement im-
proved the machinability. Jebaraj, Pradeep Kumar [4]
conducted a study to evaluate the impact of machining
parameters, one being cooling media (dry, wet, cryo-
genic CO; and cryogenic LN) on surface finish, tool
wear and cutting forces during milling of 6082-T6 al-
loy. It was emphasized that while the best machining
performance is obtained with wet cooling, cryogenic
cooling can extend tool life by preventing high tempera-
ture generation but at the same time, it can compromise
tool wear. The study by Yapan, Tiirkeli [5] is an exam-
ple of the use of minimum quantity lubrication (MQL)
processes using GNP-added nanofluid (N-MQL) in the
milling of Al6082 alloy. In the study where the cutting
temperature, force, feed force, roughness and chip mor-
phology as well as carbon emission and total processing
cost were evaluated, it was found that the use of N-MQL
improved all parameters compared to dry cutting and
MQL. In the study by Chowdhury, Das and Chakraborty
[6], the effects of parameters such as cutting speed, feed
rate and depth of cut on machinability and surface
quality in CNC turning operations of Aluminum 6082-
T6 alloy were analyzed using Fuzzy multi-criteria deci-
sion-making methods. While it was reported that deci-
sion-making methods can be used as a powerful tool for
the optimization of parameters, it was stated that the
material is suitable for machinability in CNC. Singh,
Chauhan [7] aimed to reduce the roughness of the sur-
face resulting from the machinability of Al-6082 T-6 on
a CNC lathe in their study. It was observed that there
is a ranking among the parameters in terms of their ef-
fects on roughness as follows: speed, feed rate, depth of
chip. Turan et al. [8] investigated the effects of tool coat-
ing, cutting speed and feed rate on surface roughness
and geometric tolerances in dry drilling of Al 6082-T6
alloy. The experimental results showed that uncoated
tools gave the lowest surface roughness, while TiAIN
coated tools gave the lowest cylindricity error. They
also reported that among the prediction models, the
Artificial Neural Network (ANN) achieved the highest
accuracy. Isik et al [9] fabricated AlSil0Mg samples
by selective laser melting (SLM) and investigated the
effects of scanning distance (SD), scanning speed (SS)
and laser power (P) as fabrication parameters on quali-
ty outputs such as surface roughness, diameter change,
circularity change and concentricity. According to the
results obtained, the increase in laser power improved
the roughness and diameter change, while the increase
in scanning distance and scanning speed had negative
effects on circularity and concentricity; moreover, the
most suitable production parameter combination was

@ European Mechanical Science (2025), 9(2)

determined as A2B1C3 (0.10 mm, 1450 mm/s, 370 W)
by the gray relationship analysis (GRA) method. Ac-
cording to ANOVA analysis, it was determined that the
most effective parameter on surface roughness was la-
ser power with a rate of 53.22%. Ozlii [10] investigated
the effects of cutting speed and feed rate on cutting forc-
es and surface roughness in turning Sleipner cold work
tool steel. Increasing feed rate increased the forces and
roughness, while higher cutting speeds decreased these
values. As a result of the experiment, the lowest cutting
force and the best surface finish were obtained with a
cutting speed of 150 m/min and a feed rate of 0.1 mm/
rev. Binali et al [11] investigated the effects of cutting
speed, feed rate, chip depth and cutting media parame-
ters on surface roughness, cutting force and tool wear in
the machining of A16082 alloy. They concluded that the
nano-SiO2-doped olive oil-based MQL method showed
superior performance by providing the lowest cutting
force, temperature and surface roughness values. The
results reported that nano-doped biobased MQL sys-
tems offer an effective alternative for sustainable and
highly efficient machining.

Kartal, Yerlikaya and Gokkaya [12] studied the extent
to which the machining of AI-6082 T6 aluminum alloy
by abrasive water jet (AWJ) method causes changes in
terms of surface roughness and macro surface charac-
teristics. As a result of the evaluation carried out for
different levels of cutting parameters such as distance,
abrasive flow rate, spindle speed and nozzle feed rate, it
was found that the most effective parameter on surface
quality was the nozzle feed rate.

Stanojkovié and Radovanovié [13] investigate the ef-
fects of the parameters of speed, feed and depth of chip
on the force, moment and surface roughness during the
milling process of AA-6082-T6 alloy. As a result of the
experiments studied out using solid carbide end mills, it
was suggested that the order of importance in terms of
their effects are depth of chip, feed and speed.

In this study, Varatharajulu, Duraiselvam [14] evaluat-
ed the impact of processing parameters during surface
milling of AA-6082 alloy. In the study where the depth
of chip, feed and spindle speed parameters were tak-
en as reference, evaluations were made on the rough-
ness, material removal rate and processing time. It was
reported that with the correct combination of spindle
speed, feed and depth of chip, roughness and processing
time could be brought to the best level. The study by
Garcia, Feix [15] is about the finish turning of 6082-T6
aluminum alloy with an uncoated carbide tool under
dry and reduced quantity lubricant (RQL) conditions.
The study showed that the use of RQL was superior to
the dry condition by reducing both surface roughness
and tool wear. Besliu and Tamasag [16] evaluated the
impact of cooling and cutting conditions on surface
quality during machining of AA6082-T6 aluminum
alloy. Although the MQL method gives better results
than dry conditions, it was stated that the results ob-
tained at some feed rates are not stable. In this study,
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Table 1. Chemical composition-AA 6082 [23]

Element %Al %Fe %Cu %Mn %Mg

% weight 96.5 0.47 0.1 0.55 1.15

%Cr %Ni %Zn %Ti %Ga %V %Si

0.17 0.013 0.09 0.019 0.012 0.017 0.85

Quintana, Gomez [17] evaluated the impact of feed and
tool diameter used in milling operations of aluminum
6082 alloy on cycle time, forces, roughness and dimen-
sional accuracy. One of the study results is that the best
surface quality and dimensional accuracy are obtained
when low feed rate and large diameter cutting tools are
used. Yigit [18] investigated the effect of coolant/lubri-
cant medium on tool wear, cutting forces and surface
roughness during machining of 6082 aluminum alloy
at different cutting speeds. Compared to dry cutting,
MQL stood out with lower wear and longer life. Patel
and Deshpande [19] studied the effects of machining
parameters on surface roughness (Ra) and material
removal rate (MRR) in turning process of aluminum
6082 alloy. It is emphasized that the optimum param-
eters for the lowest roughness and the highest metal
removal rate are 1.5 mm corner radius, 0.142 mm/rev
feed rate, 1235 rpm spindle speed. Solanki and Jain
[20] studied on the effect of process parameters speed,
feed and depth of chip on response variables-Material
Removal Rate (MRR) and Surface Roughness (Ra) for
aluminum-6082 material. It was stated that the most
effective parameters were feed for roughness and depth
of chip for MRR. The study by Aydin [21] is about the
changes in cutting force and cutting power at depths
of cut lower than the tool nose radius during turning
of AA6082-T4 aluminum alloy. It has been shown by
both Finite Element Analysis and Experimental study
that chip depth has a considerable impact on forces and
speed has a considerable impact on power. In the study
investigating the optimization of cutting parameters on
surface roughness and material removal rate (MRR)
in turning process of Aluminum Alloy 6082 (AA6082),
Aryan, John [22] reported that spindle speed is one of
the most effect parameters on MRR and roughness. Al-
though these studies have provided valuable insights,
a comprehensive analysis combining the effects of tool
nose radius with detailed cutting parameters on both
surface roughness and cutting forces under convention-
al dry turning conditions remains limited.

The aim of this study was to evaluate the effect of vari-
ous machining parameters on cutting forces and surface
roughness in machining AA 6082 aluminum alloy using
0.8 and 0.4 corner radius cutting tools. In the literature,
some important gaps have been observed in the studies
on the machinability of AA6082 aluminum alloy. While
only the effect of machining parameters is commonly
evaluated, this study provides a broader perspective by
taking into account the significant effect of tool corner
radius. In this context, the data obtained can be a direct
reference for both academic research and industrial ap-
plications. In this research, the effects of different levels
of cutting speed and feed parameters were investigated
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according to a full factorial experimental design and
ANOVA analysis and (S/N) ratios were utilized to de-
termine the best turning environments.

2. Materials and Methods

2.1. Workpiece Material

AA 6082 aluminum alloy (Seykoc, Kocaeli, Turkey) with
a length of 500 mm and a diameter of 50 mm, which
is widely used among alloys, was utilized as the work-
piece material in the experimental study. The chemical
characteristics of the workpiece are shown in P-Table 1
and the physical and mechanical properties are given
in PTable 2.

Table 2. Physical and Mechanical Properties of AA6082 Alloy [23]

Property Value
Tensile Stress (Mpa) 310
Yield Stress (Mpa) 285
Length (%) 10
Hardness (Hv,,) 115

2.2, Experiments, Cutting Tools and Cutting
Parameters

Cutting tools were selected in accordance with ISO
3685 with TiC coated CCMT 09T308-304 and CCMT
09T304-304 (Korloy, Seoul, Republic of Korea) series
cutting tools according to the widely preferred applica-
tions in the manufacturing industry [24]. In accordance
with the purpose of the experiment and according to
the hypothesis established by examining the studies in
the literature, the parameters were selected taking into
account both the suggestions of the tool company and
the material properties. Tools were changed in each run
of the machining experiments. The cutting-edge length
is 9 mm, the cutting tool clearance angle was 7° degrees
and the insert thickness was 4.97 mm. Two different
types of cutting tools were used, with a corner radius
of 0.8 mm and a corner radius of 0.4 mm. In the cutting
experiments, a full factorial experimental design was
utilized to determine the speed, feed and depth of chip
parameters/levels. Full factorial experimental design
is considered to be an optimal approach as it evaluates
all possible combinations of cutting parameters given
a small number of factors [25-27]. The first step in de-
signing the study is to determine the processing param-
eters that could effect the responses. After determining
the parameters with their levels, the experimental de-
sign was created for all possible combinations. In the
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next step, the specified parameter and level combina-
tion was tested and the experimental results were eval-
uated. When P>Table 3 shows the determined process-
ing parameters with their levels, PFigure 1 shows an
overview of the study.

Material
AA 6082

Machining Process
Turning

Outputs
Surface Roughness

Cutting Force

Figure 1. Overview of the study

Table 3. Experiment parameters

Exp. No Cutting Speed Feed Rate Chip Depth

(m/min) (mm/rev) (mm)

1 65 0.1 0.25

2 105 0.1 0.25

3 65 0.1 0.5

4 105 0.1 0.5

5 65 0.2 0.25

6 105 0.2 0.25

7 65 0.2 0.5

8 105 0.2 0.5

Asseenintheliterature, the “smallerisbetter” approach
for the S/N ratio is preferred for quality characteristics
where it is desired to keep the obtained measurement
values at the lowest level [28]. When determining the
optimum levels of machining parameters, the values
of cutting force and surface roughness should be the
smallest in order to increase productivity. Therefore, in
the calculation of the S/N ratios, the objective function
of the “smaller is better” case of the performance char-
acteristic given in Eq.1 was used.

n
S/N = —10log|( + Y Y} €]
i=1

ANOVA was applied to the experimental results at 95%
(a=0.05) confidence level to determine the effect levels
of machining parameters on force and roughness. Opti-
mization studies and variance analysis were carried out
with the help of Minitab program.

@ European Mechanical Science (2025), 9(2)

1.1. Measurement of Cutting Forces and Surface
Roughness of Machine Tool

A total of 16 machining experiments were studied out
using a conventional De Lorenzo S547-8399 lathe avail-
able at Selcuk University Faculty of Technology. Table 4
presents specifications of it. Forces were measured with a
KISTLER 9275 dynamometer (Kistler Instrumente AG,
Winterthur, Switzerland). For the cutting forces, the force
values obtained during cutting were averaged and record-
ed in the computer environment. After the experiment,
the surface roughness values were measured from three
different points with a measuring length of 5.6 mm using
a Mahr Perthometer M1 (Mahr, Géttingen, Germany) de-
vice and evaluated by averaging them. Surface roughness
measurements are customized according to DIN EN ISO
4287. In light of all this, Figure 2 shows a graphical sum-
mary of the experimental process.

Table 4. Specification of lathe

Features Value
Maximum workpiece diameter 460 mm
Distance between chuck and tailstock 1500 mm

Spindle speed range 25-1800 rev/min

Spindle speed number 12 piece
Feed range 0.04-2.46 mm
Number of feeds 122 piece
Maximum tool holder size 25x25 mm
Motor power 55kw

3. Results and Discussions

Cutting experiments were carried out on conventional
lathe with 0.4-0.8 mm corner radius cutting tool forms
depending on the variation in machining parameters.
The surface roughness values on the machined parts
and the cutting forces generated during machining
were measured and the parameters effecting these val-
ues and their relationships with each other were inter-
preted.

3.1. Evaluation of Surface Roughness

The average roughness values in microns obtained from
turning tests with cutting tools coded CCMT 09T308-
304 and CCMT 09T304-304 with machining param-
eters were given graphically in PFigure 3. In P>Figure
3, the first parameter that drawed attention in general
was the feed rate; it has been seen that the roughness
increased with the increase in the feed. This result can
be explained by utilizing the ideal roughness equation
given in Eq. 2 [29, 30]. As can be seen from the equation
expressed as surface roughness (Ra: um), feed rate (f:
mm/rev) and tool corner radius (r,: mm), surface rough-
ness and feed were directly proportional to each other.
In other words, the variation in feed rate directly effect-
ed the roughness of the surface. The main reason for this
was that at low feed rates, the amount of chips removed
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CCMT-09T308-304
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Figure 2. Graphical summary of the experimental process

by the cutting tool per feed rate was small and the sur-
face was machined more smoothly, whereas when the
feed increased, the tool removed larger chips and larger
grooves were formed on the surface and these groove
caused an increase in the roughness of the part sur-
face [31-34]. In addition, this can increase the friction
between the workpiece and the cutting tool, leading to
heat build-up in the machining zone and an increase in
wear and a decrease in cutting tool life, resulting in fast-
er cutting edge deterioration, reduced machining capa-
bility and undesirable surface finish [35-37]. It has been
observed from the graph that the roughness increased
with increasing feed rate for both tools with 0.8 and 0.4
corner radius. The best surface quality was observed on
surfaces machined with 0.8 corner radius cutting tools
and the worst surface quality was observed on surfaces
machined with 0.4 corner radius cutting tools. This was
since when machining high feed rates with a small cor-
ner radius tool, the cutting tool contacts the workpiece
more and increases the cutting forces. It was thought
that the tool with a corner radius of 0.4 causes more de-
terioration on the workpiece surface than the tool with
a corner radius of 0.8, as a result of high vibration for-
mation with increasing cutting forces [38].

2
Ra _ 0.0321x f @)

Te
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It has known that the increase in temperature in the
cutting zone with the increase in speed was among the
factors that facilitate chip flow. However, the effect of
temperature more than the expected levels was thought
to cause plastic deformation on the surface of the ma-
terial in AA 6082 aluminum alloy. Therefore, it can be
concluded that the deformation reflects negatively on
the surface structure and worsens the surface quality.
Similar experimental results were found in the litera-
ture [39-42]. However, in a study, it was reported that
the most effective cutting parameter on roughness val-
ues was cutting speed and according to the analysis
results, it was stated that the most effective parameter
with the highest contribution rate on surface roughness
was again cutting speed [43]. In another study, it was
emphasized that the surface roughness value decreased
with increasing cutting speed, and it was stated that
the chip-to-tool contact length shortened with the in-
crease in cutting speed, and as a result, deformations
decreased [44]. Looking at the roughness graph in this
study, it was observed that the increase in speed had a
negative effect on the surface quality in the results of
the experiments performed with two different corner
radiuses. As can be seen in the graph, the lowest rough-
ness occurred in the experiments with two corner ra-
dius at a cutting speed of 65 m/min. It can also be seen
from the graph that machining with a 0.4 corner radius
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cutting tool produces more roughness on the surface
than machining with a 0.8 corner radius cutting tool.
The reason for this was thought to be that the 0.8 mm
corner radius distributes the cutting forces better and
provides a smoother surface compared to smaller cor-
ner radius [45, 46]. In a study on the turning of AA 6082
T4 alloy [47], the corner radius of the cutting tools were
determined as 0.4 mm and 0.8 mm and it was found
that the cutting forces were distributed more evenly, es-
pecially in tools with 0.8 mm corner radius.

When the graph has been interpreted to evaluate the
effect of the depth of cut on surface roughness, it has
been seen that surface roughness improves as depth
of cut increases. In ductile materials such as AA 6082
aluminum alloy, it was thought that the probability of
chip sticking (BUE) occurring was high when the depth
of cut was low. In the literature, it was quite possible
to come across studies where this situation caused ir-
regularities on the surface and results in undesirable
surface quality [48, 49]. However, in this study, it can
be said that when the depth of cut is increased, chip
removal becomes more controlled and BUE formation,
i.e. sticking to the tool edge, decreases and as a result, a
smoother surface is obtained. In the experiments with
0.4 and 0.8 corner radius, as can be seen in the graph,
improvements in surface roughness occurred with
increasing the depth of cut. However, contrary to the
other studies, in the machining with 0.4 corner radius,
the roughness increased slightly on the surface when
the speed of 105 m/min, 0.2 mm/rev feed was changed
from 0.25 mm chip depth to 0.5 mm chip depth under
the same conditions. This is thought to be due to the
fact that small corner radius make it difficult to break
chips at high chip depths, which leads to undesirable
chip agglomeration and worsens the surface quality
[50]. According to the graphical evaluation results of
the turning experiments performed with cutting speed,

feed rate, chip depth and 0.4-0.8 corner radius tool, ma-
chining with 0.8 corner radius tool produced better sur-
face quality on AA 6082 aluminum material.

The S/N ratio is called the quality characteristic that
constitutes the main decision mechanism. The S/N ra-
tio, an analysis specific to the statistical technique, is
the ratio of a signal sampled with humidity and ambi-
ent temperature to the background noise factor. [51-53].
By calculating the S/N ratio, the optimum machining
parameters can be estimated [54-58]. Since the surface
roughness value was desired to be minimum, S/N ratios
were calculated according to the smaller is better prop-
erty. The analysis result graphs were given in P-Figure 4
and PFigure 5 for tools with 0.8 and 0.4 corner radius,
respectively. When the S/N ratios graph for 0.8 corner
radius was analyzed in P-Figure 4, it was understood
that the factor with the largest change for roughness
was feed (0.1, 0.2 mm/rev). The feed factor was followed
by the cutting speed and chip depth factors. The least
change was observed in the chip depth factor (0.25, 0.5
mm). A similar situation has been also valid for the S/N
ratios graph for 0.4 corner radius given in PFigure 5.
When the S/N ratios graph was analyzed, the biggest
change between the ratios was seen in the feed rate
factor and the change in the chip depth factor was the
lowest. ANOVA analysis has been used to determine
whether the independent variable has a significant ef-
fect on the dependent variables [59]. As a result of the
analysis for surface roughness, ANOVA analysis was
performed to see the influence of the factors.

The results of the analysis for 0.8 and 0.4 corner radi-
us were given in PTable 5 and PTable 6 respectively.
When the ANOVA analysis for 0.8 corner radius were
analyzed in P-Table 5, it has been seen that the feed rate
and cutting speed factors were statistically significant
for S/N ratios (p<0.05), but the chip depth factor wss
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Figure 3. Surface roughness variation vs. cutting speed, chip depth and feed rate
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Figure 4. Main effects of S/N ratios for surface roughness — 0.8 corner radius
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Figure 5. Main effects of S/N ratios for surface roughness — 0.4 corner Radius

not significant (p>0.05). In addition, when the percent-
age effects of the factors were analyzed: 93.5% for feed,
4.5% for speed and 0.8% for depth of chip. Also, the co-
efficient of determination (R-Sq(adj)) for the model was
found to be 98.00%.

When the ANOVA analysis for 0.4 corner radius was
analyzed in P>Table 6, it was seen that the feed rate fac-
tor was statistically significant for S/N ratios (p<0.05),
but the cutting speed and chip depth factors were not
significant (p>0.05). In addition, it was understood that
the highest percentage factor effect was the feed rate

European Mechanical Science (2025), 9(2)

factor with 89.1% and the coefficient of determination
(R-Sq(adj)) for the model was 92.92%. It can be seen
that the experimental results have a high accuracy and
according to the ANOVA table for both end radius, the
feed factor was the most important factor for rough-
ness. This point of view was in accordance with the lit-
erature [60-63].

3.2. Evaluation of Cutting Force

Cutting force (N) values obtained from turning experi-
ments with cutting tools coded CCMT 09T308-304 and
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CCMT 09T304-304 with machining parameters are
given graphically in P>Figure 6. Looking at the graph, it
has been observed that the cutting forces increase with
the increase in feed. This could be explained by the ef-
fect of the increase in the load on the tool at higher feed
rates [64, 65]. It has been understood from the graph
that the forces increase with the increase in feed in ma-
chines with both different corner radius. However, it
could be seen that the lowest force value had occurred
at 105 m/min speed, 0.25 mm chip depth and 0.1 mm/
rev feed with 0.8 corner radius tool, while the highest
cutting force value had occurred at 105 m/min speed,
0.5 mm chip depth and 0.2 mm/rev feed with 0.4 corner
radius tool. It has been thought that the reason for this
situation was that in machining with a tool with a small-
er corner radius, the load was concentrated on a smaller
area due to the smaller contact surface of the tool with
the workpiece and the cutting forces increased as a re-
sult of the increase in feed rate [38, 66]. When the graph
was analyzed, it has been seen that the force values in-
creased with the increase in the depth of chip parame-
ter. This can be explained that tool wear occured due to
the increase in the tool-workpiece contact time, result-
ing in a decrease in the performance of the tool. Due to
the decreased tool performance, the machine zone has
more loaded, resulting in an increase in cutting forces.
Studies similar to this situation are available in the lit-
erature [67, 68]. It could be understood from the graph
that the cutting force values increase with increasing
chip depth in both 0.4 and 0.8 corner radius machining.
However, it has realized that the lowest value in the cut-
ting force form in the combination of a speed of 105 m/
min, a chip depth of 0.25 mm and a feed of 0.1 mm/rev
with a 0.8 corner radius tool. This has thought to be due
to the fact that the forces were evenly distributed due to
the wider contact surface of the tool in machining with
higher corner radius [11, 26, 69, 70].

Table 5. ANOVA table for surface roughness - 0.8 corner radius

In the graph, when the cutting force results were an-
alyzed according to the cutting speed variation, it has
seen that different cutting force values occur at differ-
ent tool corner radius.

In machining with 0.8 corner radius, the force has de-
creased as the speed increased, while in machining with
0.4 corner radius, the force has increased as the cutting
speed increased. This can be explained that the contact
area of the 0.8 corner radius was wider, which results in
less friction in the machining area and therefore reduc-
es the cutting forces. However, during machining with
0.4 corner radius, it has been observed that since the
contact surface of the tool was narrower, it can applied
more friction on the machining surface, causing an in-
crease in cutting forces.[71, 72].

According to the results of the graphical evaluation of
turning experiments performed with cutting speed, feed,
chip depth and 0.4-0.8 corner radius tool; lower cutting
forces were obtained as a result of machining with 0.8
corner radius tool in AA 6082 aluminum material.

The analysis result graphs according to the cutting
force has been given in PFigure 7 and P>Figure 8 for
tools with 0.8 and 0.4 corner radius, respectively. When
the S/N ratios graph for 0.8 corner radius was analyzed
in P-Figure 7, it can be understood that the factor with
the largest variation for the cutting force was the chip
depth (0.25, 0.5 mm). The chip depth factor has been
followed by the feed and speed factors. The least varia-
tion has been observed in the cutting speed factor (65,
105 m/min). When the graph of S/N ratios for tools
with 0.4 corner radius was analyzed in P-Figure 8, the
biggest variation between the ratios has been seen in
the feed factor, while the variation in the speed factor
was the lowest. As a result of the analysis for cutting

Source DF Seq SS Adj SS Adj MS F P PC (%)
Feed rate 1 52.6205 52.6205 52.6205 327.41 0.000 93.5
Chip depth 1 0.4777 0.4777 0.4777 2.97 0.60 0.8
Cutting speed 1 2.5335 2.5335 2.5335 15.76 0.017 4.5
Residual Error 4 0.6429 0.6429 0.1607 1.2
Total 7 56.2746 100
R-Sq(adj): 98.00%
Table 6. ANOVA table for surface roughness - 0.4 corner radius
Source DF Seq SS Adj SS Adj MS F P PC (%)
Feed rate 1 48.739 4.739 48.7393 88.18 0.001 89.1
Chip depth 1 1.357 1.357 1.3568 2.45 0.192 2.5
Cutting speed 1 2.314 2.314 2.3143 419 0.110 43
Residual Error 4 2211 2211 0.5527 4.1
Total 7 54.621 100

R-Sq(adj): 92.92%
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force, ANOVA analysis was performed to see the effect
of the factors.

The results of the analysis were given in P>Table 7 and
»Table 8 for 0.8 and 0.4 corner radius, respectively.
When the ANOVA analysis for 0.8 corner radius has
been analyzed in P-Table 7, it was seen that the chip
depth and feed rate factors were statistically significant
for S/N ratios (p<0.05), but the cutting speed factor was
not significant (p>0.05). Also, when the percentage ef-
fects of the factors were analyzed: 48.5% for depth of
cut, 41.7% for feed rate and 1.5% for cutting speed.
Also, the coefficient of determination (R-Sq(adj)) for the
model was found to be 85.51%.

When ANOVA analysis for 0.4 corner radius has been

analyzed in P>Table 8, it was seen that feed and chip
depth factors were statistically significant for S/N ra-
tios (p<0.05), while cutting speed factor was not signif-
icant (p>0.05). It was also understood that the highest
percentage factor effect was the feed rate factor with
54.9% and the coefficient of determination (R-Sq(adj))
for the model was 76.92%. When ANOVA results were
analyzed according to the cutting force, it was observed
that the most important factor for 0.8 corner radius was
the chip depth, while for 0.4 corner radius it was the feed
rate factor. In the results of the analysis, it was thought
that in machining with a cutting tool with a corner radi-
us of 0.8 mm, due to the large contact surface, it caused
the tool to contact with more material during the chip
removal process, and in this case, chip depth has stand
out as the most important factor for cutting forces [36,
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Figure 6. Cutting Force variation vs. cutting speed, chip depth and feed rate
Main Effects Plot for SN ratios
Data Means
Feed Rate Chip Depth Cutting Speed
-30
& -3
=
s
7
8324\ ________Lb_________
G
c
3
= -33-
-34

0.1 0.2 0.25

Signal-to-noise: Smaller is better

0.50 65 105

Figure 7. Main effects of S/N ratios for cutting force — 0.8 corner radius
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Figure 8. Main effects of S/N ratios for cutting force — 0.4 corner radius

Table 7. ANOVA table for cutting force - 0.8 corner radius

Source DF Seq SS Adj SS Adj MS F P PC (%)
Feed rate 1 34.394 34.394 34.394 20.14 0.011 4.7
Chip depth 1 39.951 39.951 39.951 23.39 0.008 48.5
Cutting speed 1 1.313 1.313 1.313 0.77 0.430 1.5
Residual Error 4 6.832 6.832 1.708 8.3
Total 7 82.490 100

R-Sq(ad)): 85.51%

Table 8. ANOVA table for cutting force - 0.8 corner radius

Source DF Seq SS Adj SS Adj MS F P PC (%)
Feed rate 1 44,209 44,209 44,209 16,66 0,015 54.9
Chip depth 1 24,300 24,300 24,300 9,16 0,039 30.2
Cutting speed 1 1,364 1,364 1,364 0,51 0,513 1.7
Residual Error 4 10,614 10,614 2,653 132
Total 7 80,486 100

R-Sq(ad)): 76.92%

73, 74]. In machining with a 0.4 mm corner radius tool, 6082 aluminum alloy on a conventional lathe with tools
it was observed that changes in feed rate become more with two different radius are summarized below:

dominant in force values, since the contact area of the

tool was reduced [32, 75, 76]. « 0.8 and 0.4 corner radius cutting tools, the results

of machining with 0.8 corner radius cutting tool
showed better results than machining with 0.4 cor-
ner radius cutting tool in terms of both roughness
4. Conclusions and force values.

The important findings obtained in the study carried
out to investigate the cutting forces and surface rough-
ness depending on the machining parameters in the AA

« According to the graphical evaluation results, the
highest surface roughness value was observed at
105 m/min cutting speed, 0.5 mm chip depth and
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0.2 mm/rev feed rate with 0.4 corner radius tool,
while the lowest surface roughness value occurred
at 65 m/min cutting speed, 0.5 mm chip depth and
0.1 mm/rev feed rate with 0.8 corner radius tool.

« According to the results of the graphical evaluation
for cutting forces, the highest cutting force value
was observed at 105 m/min cutting speed, 0.5 mm
chip depth and 0.2 mm/rev feed rate with 0.4 cor-
ner radius tool, while the lowest cutting force value
occurred at 65 m/min cutting speed, 0.25 mm chip
depth and 0.1 mm/rev feed rate with 0.8 corner ra-
dius tool.

« The best roughness results were obtained with tools
with 0.8 corner radius and the worst roughness re-
sults were obtained with tools with 0.4 corner radi-
us. For both cutting tools, the roughness increased
with an increasing feed.

« In the experiments with 0.8 and 0.4 corner radius
cutting tools, roughness decreased with an increas-
ing chip depth. However, when the speed was 105
m/min and the feed was 0.2 mm and the chip depth
increased from 0.25 to 0.5 for the tool with 0.4 cor-
ner radius, the surface roughness values did not de-
crease and even increased slightly contrary to this
general behavior.

« For all cutting tools, surface roughness increased
with increasing speed. It was evaluated that the
selected speed values in the roughness values were
low to provide the expected improvement.

« ANOVA analysis revealed that the feed and speed
factors should be taken into consideration primar-
ily for both cutting tools in reducing the surface
roughness in turning AA 6082 aluminum alloy.

« The lowest S/N ratios obtained as a result of anal-
ysis (smaller is better) in obtaining the lowest sur-
face roughness were determined by the factors and
levels of feed (0.2 mm / rpm), chip depth (0.5 mm)
and speed (105 m / min) for both different tools.

+ In terms of cutting force, the tool with 0.8 corner
radius showed the best performance, while the
worst performance was obtained with the tool with
0.4 corner radius. For both cutting tools, the cutting
forces increased continuously with increasing feed
rate and chip depth.

« With increasing the speed, the cutting forces de-
creased for the tool with 0.8 corner radius. The
same was not observed for machining with a tool
with a 0.4 corner radius, on the contrary, the forces
increased.

+ According to the results of ANOVA analysis in re-

ducing the cutting force in turning AA 6082 alumi-
num alloy, it was found that for the tool with 0.8
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corner radius, the factors of chip depth and feed
rate should be considered first, while for the tool
with 0.4 corner radius, the factor of feed rate should
be considered first and then chip depth.

The lowest S/N ratios obtained as a result of analy-
sis (smaller is better) in obtaining the lowest cutting
force were determined at the factors and levels of
feed (0.2 mm/rev), chip depth (0.5 mm) and speed
(65 m/min) for the tool with 0.8 corner radius. For
the tool with 0.4 corner radius, the factors and lev-
els of feed (0.2 mm/rev), chip depth (0.5 mm) and
speed (105 m/min) were determined.

- In addition to the cutting tool geometry, addition-
al factors such as the approach angle of the tool to
the machined material and whether it is coated or
not have an effect on surface roughness. However,
although these aspects were not evaluated in this
study, it is foreseen that they will provide oppor-
tunities for future research. More extensive stud-
ies can be carried out in which the effects of more
variables on more cutting parameters/levels can be
interactively evaluated and optimized.

This study systematically investigated the influence
of tool corner radius and machining parameters on
the machinability of AA6082 aluminum alloy and
provided original experimental data to the litera-
ture. The findings on the inter-correlation between
cutting forces and surface roughness can provide
a solid basis for future modeling and optimization
studies. Through an industrial point of view, it has
become possible to increase production efficiency
by determining the optimum tool corner radius and
machining conditions. In this context, the study
can be an important reference for both academic
research and practical production processes.
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Abstract: The bearing performance of holes in laminated composite materials is a critical research area due to their increasing
use in aerospace and structural applications. This study investigates the mechanical behavior of hole-bearing in laminated
composites, focusing on failure mechanisms, load distribution, and the influence of laminate stacking sequences on bearing
performance. Finite element analysis (FEA) and experimental testing were used to examine stress concentration around
the hole. Additionally, the digital image correlation (DIC) method was employed to monitor the strain field in the pin-bearing
zone during the pin-crush test. Results indicate that fiber orientation significantly affects load-bearing capacity, with notable
differences between unidirectional (UD) and cross-ply (XP) laminates. A comparison between double-shear tensile loading and
pin crush loading for XP and UD samples with 16 plies reveals distinct differences in load-bearing capacity and failure behavior.
In the tensile test, XP-16 samples exhibited a gradual increase in load, reaching a peak of approximately 14 kN, followed by a
gradual decline. Conversely, the pin-crush test resulted in a lower peak load of 9 kN and exhibited more catastrophic failure,
characterized by a sudden drop in load. In contrast, UD samples displayed similar behavior under both loading conditions, with

differences observed only at peak load values.

Keywords: fiber reinforced composites; hole bearing; finite element analysis (FEA); Hashin’s failure theory.
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1. Introduction

Laminated composite materials are widely used in
aerospace, automotive, and marine applications due
to their superior strength-to-weight ratio, tailored me-
chanical properties, and excellent fatigue performance.
One critical design aspect for bolted or riveted joint ap-
plications in these composites is their bearing behavior,
which governs the load transfer efficiency and overall
joint performance. The performance of hole bearings
in laminated composites differs significantly from that
in traditional metallic materials, primarily due to the
anisotropic nature of composites. The mechanical be-
havior of laminated composites is influenced by sever-
al factors, including the fiber orientation, ply stacking
sequence, laminate thickness, and the geometry of the
hole. These factors lead to complex stress distributions,
which can significantly affect the bearing strength and
the potential for damage initiation around the hole,
such as delamination, matrix cracking, and fiber pull-
out. Over the past decades, significant research has
been dedicated to understanding and predicting the

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

bearing response of laminated composites, both exper-
imentally and through finite element modeling (FEM).

Experimental investigations have extensively analyzed
the bearing response of laminated composites, high-
lighting the role of material properties, lay-up config-
urations, and geometrical parameters. Early studies
demonstrated the sensitivity of bearing strength to fi-
ber orientation, resin properties, and ply thickness [1-
7]. For instance, Furtado et al. [1] found that increas-
ing ply thickness leads to more complex failure regions,
with extensive delamination, matrix cracking, and fiber
splitting near the hole. Higher ply thickness significant-
ly reduces both the bearing load at the first load drop
and the ultimate bearing load. Thin-ply laminates out-
performed baseline laminates, with 21% higher initia-
tion and 10% higher maximum bearing stresses, while
thick-ply laminates showed reduced strengths. The su-
perior performance of thin-ply laminates is attributed
to their enhanced damage suppression, higher in-situ
strengths, and better ply constraining. Experimental
findings [5, 6] emphasized that bolted joints with ap-
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propriate preload enhance bearing strength by mini-
mizing local damage and delamination. Lim et al. [6]
examined the fatigue behavior of bolted joints in [+0/0,]
, laminates, considering ply angle 6 and bolt clamping
pressure, and compared results with [0,/£45./90,]
laminates optimized for static loading. They found that
laminates whose major plies are stacked in the axial di-
rection are suitable for bolted joints under fatigue loads
if appropriate clamping pressure is applied. Khashaba
et al. [7] highlighted that £45° layers enhance bear-
ing load and displacement, while 90° layers resist pin
displacement and increase energy absorption through
interlaminar shear, improving durability and delaying
sudden failure. Additionally, 0° layers maximize ulti-
mate load capacity and apparent bearing stiffness, con-
tributing to structural reliability.

Understanding failure mechanisms is critical for op-
timizing bearing performance. Experimental obser-
vations have identified three primary failure modes:
bearing, shear-out, and net-tension [4]. Bearing failure,
characterized by compressive deformation around the
hole, is the most desirable due to its progressive nature
and higher load-carrying capacity. In contrast, shear-
out and net-tension failures are brittle and catastrophic.
From a geometrical perspective, net-tension failure oc-
curs when the specimen’s width is too narrow to allevi-
ate high normal stress gradients, corresponding to a low
width-to-diameter (w/d) ratio. Shear-out failure arises in
laminates that have sufficient width to resist net-tension
failure but lack adequate free edge distance to relieve
high shear stresses along the shear-out plane, indicated
by a low edge-to-diameter (e/d) ratio. In both net-tension
and shear-out failure modes, the compressive stresses
at the bearing plane are insufficient to cause significant
fiber failure before these modes occur. Bearing failure,
on the other hand, results from compressive stresses and
involves matrix cracking, fiber micro-buckling, kinking,
and substantial delamination [8].

Non-destructive evaluation techniques, such as X-ray
computed tomography (CT) [9] and digital image cor-
relation (DIC) [10-12], have been employed to charac-
terize damage evolution in laminated composites under
bearing loads. Broutelle et al. [10] investigated damage
mechanisms in an oxide/oxide ceramic matrix com-
posite bearing using the balanced quarter hole (BQH)
test, enables direct observation of damage progression
during bearing failure. Unlike standard bearing tests,
which rely on post-mortem analysis potentially affected
by cutting operations, their setup uses high-speed cam-
eras for real-time monitoring and damage chronology.
The setup’s validity was confirmed through compari-
sons with standard tests. Two stacking sequences were
analyzed, considering the effects of material micro-
structure and machining. Results revealed that matrix
cracks appeared before the load drop, initiating delam-
ination and kink bands, which ultimately led to failure.

FEM has emerged as a powerful tool for predicting
the bearing behavior of laminated composites, offering

@ European Mechanical Science (2025), 9(2)

insights into stress distributions and failure mecha-
nisms. Early models employed linear elastic analyses
to estimate stress concentrations around fastener holes
[13, 14]. However, these models failed to capture the
non-linear damage progression and material degrada-
tion observed in experiments. Advancements in FEM
have incorporated progressive damage models (PDMs)
to simulate the initiation and growth of matrix cracking,
fiber breakage, and delamination [15-22]. Hashin’s fail-
ure criteria [15, 16, 20] and cohesive zone models [17,18,
20] are widely used for damage prediction in compos-
ites. For instance, Qingyuan et al. [20] developed a 3D
FEM framework integrating PDMs to predict bearing
strengths and observed a strong correlation with exper-
imental data. Further developments include multi-scale
modeling approaches, which bridge the microscale (fi-
ber-matrix interactions) and macroscale (laminate
response) [19]. Shipsha and Burman [22] developed
a multi-scale FEM model to study the impact of fiber
misalignment on bearing strength, showing that local
defects significantly reduce load capacity. Instead of ex-
plicitly modeling fiber bundles, the model used stiffness
matrix rotations to account for bundle waviness, reduc-
ing computational costs. It incorporated LaRCO04 failure
criteria and an energy-based damage evolution model,
accurately predicting damage mechanisms, stress lev-
els, and failure progression, although kinking predic-
tions were slightly conservative. The model effectively
captured both intra- and inter-laminar progressive
damage, offering a balance of simplicity and predictive
accuracy. Parametric studies using FEM have explored
the effects of various factors on bearing performance.
For example, the effect of the washer type and initial
bolt tension on bearing failure was investigated by Qin-
gyuan et al. [20]. A comparison of the bearing failure
states in composite bolted joints with different washers
revealed that washers significantly expand the damage
range, with larger washers having a more pronounced
effect. However, washers reduce delamination damage
due to their suppression of peak pressure and redistri-
bution of pressure. Regarding initial bolt tension, joints
with higher tension exhibited more severe matrix and
delamination damage, as the increased tension delays
the reduction of structural load during tensile loading.
This delay allows for greater damage accumulation
before failure. High initial bolt tension improves bear-
ing strength, delays failure onset, and enhances the
load-carrying capacity of joints. Recent studies have
focused on the enhancement of bearing strengths using
fiber continuity around holes [23, 24].

This study explores the mechanical behavior of
hole-bearing laminated composites, emphasizing fail-
ure mechanisms, load distribution, and the impact of
laminate stacking sequence on bearing performance
under double-shear tensile loading and pin-crush load-
ing. A combined approach of finite element analysis
(FEA) and experimental testing is employed to inves-
tigate stress concentration around the hole. The Hash-
in failure theory is utilized in the FEA simulations to
model damage mechanisms accurately. Additionally,
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the digital image correlation (DIC) method is applied to
monitor the strain field in the pin-bearing zone during
the pin-crush test, providing detailed insights into the
deformation and failure processes.

2. Experimental and numerical procedures

2.1. Materials and manufacturing of the samples

The composite samples used in this study were fabri-
cated using AS4/8552 unidirectional prepreg material,
a high-performance carbon fiber reinforced epoxy sys-
tem commonly used in aerospace and structural appli-
cations. The AS4 fibers, made of carbon, have a tensile
strength of approximately 4433 MPa and a modulus of
elasticity of 231 GPa. The matrix is made of the 8552
epoxy resin, known for its excellent mechanical prop-
erties and resistance to thermal degradation. The com-
posite laminates were manufactured using the prepreg
lay-up technique, where the AS4/8552 prepreg sheets,
which are pre-impregnated with epoxy resin, were cut
to the required dimensions for the stacking sequences.

The laminates were designed with various stacking
sequences to study the effect of fiber orientation and
ply number on the bearing behavior. The stacking se-
quences used in this study include: [0]s6, [0/90]2s, and
[0/90]4s, where the notation indicates the number of
plies and fiber orientation. Specifically, [0]:6 represent
unidirectional laminates with 16 plies, respectively, all
oriented at 0° to the laminate plane. The [0/90]2s, and
[0/90]4s sequences represent cross-ply laminates, with
fibers oriented at 0° and 90° to the laminate plane in
varying numbers of plies. The samples manufactured
are given in p-Table 1.

The lay-up process involved carefully placing each pre-
preg ply on a mold to maintain fiber orientation and
ensure uniform resin distribution. The prepreg sheets

(b)

Table 1. The samples manufactured, their sizes and stacking
sequences (i=1,2,3).

Bearing test sigiikrizgs Th(i::rl](:gss Width (mm) L(?:g]t)h

XP-8-Si [0/90]25 1.5+0.05 36%0.1 100+0.1

XP-16- Si [0/90]45 3+0.05 36+£0.1 100+0.1

UbD-16-Si [O]16 3+0.05 3610.1 100+0.1
Pin-crush test

XP-16- Si [0/90]45 3+0.05 25£0.1 100£0.1

UbD-16- Si [0]16 3+0.05 25+0.1 100+0.1

were layered in the desired stacking sequence, and each
layer was lightly rolled to eliminate any air pockets
and improve fiber-to-matrix bonding. Once the lay-up
was completed, the laminate was cured in an autoclave
at 120 °C for 30 minutes and followed by 180 °C for
2 hours under 7 bar pressure to ensure full resin po-
lymerization and optimal fiber-matrix bonding. After
curing, the laminates were trimmed into 100 mm x 36
mm (25 mm for pin-crush test) specimens and 6 mm di-
ameter hole was drilled in the specified region (18 mm
from the edge of the sample), as stated in the ASTM
D5961. The drilling process was done carefully to pre-
vent damage to the fibers or matrix and minimize stress
concentrations around the hole. The holes were drilled
using an unused TiAIN coated carbide drill bit with a
118-degree point angle, operated at a rotational speed
of ~1500 rpm and a feed speed of ~100 mm/min. Visual
inspection of the drilled holes revealed no observable
delamination around the hole edges, as illustrated in
»Figure 1b. Therefore, quantitative measurement of
delamination diameter was not performed in this study.
Nevertheless, future investigations may benefit from
incorporating tomography-based delamination evalua-
tion methods to further assess hole quality and damage
resistance. The edges of the specimens were grinded

Figure 1. a) the bearing test fixture b) test samples and c) specifically designed test fixture for pin-crush test.

European Mechanical Science (2025), 9(2)
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(b)

Figure. 2 a) Double-shear tensile test set-up b) strain field measurement set-up under pin-crush test

using sand papers to ensure uniform loading during
testing. A special fixture as stated in the test standard
(ASTM D5961) was fabricated to conduct the bearing
tests, as shown in P-Figure 1a. Three tests were done
for each configuration. P>Figure 1c presents the exper-
imental setup used for the pin-crush test. The fixture
consists of a base support with a V-groove to hold the
composite specimen in place and a loading part that
applies compressive force through a cylindrical pin in-
serted into the hole of the specimen. For Digital Image
Correlation (DIC) measurements, the loading support
was specifically designed with a half-hole configuration
to ensure that the damage progression around the hole
could be clearly captured without obstruction during
the pin-crush test.

2.2. Double-shear tensile and pin-crush tests

The double-shear tensile test (bearing test) is a widely
used experimental method to evaluate the performance
of composite laminates under localized bearing loads,
typically applied through a bolt or pin. In this study, the
test was conducted using a UVE tensile test machine
(200kN) at a speed of 1 mm/min, adhering to the ASTM
D5961 standard, as shown in PFigure 2a. A specially
designed fixture was used to securely hold the speci-
mens and ensure accurate load transfer, as specified
in the standard. The test setup allows the investigation
of the bearing strength, stiffness, and failure modes of
composite materials, offering insights into their ability
to withstand concentrated loads in bolted joint appli-
cations. The displacement was measured directly from
the machine, capturing the mechanical response of the
specimens under gradually increasing loads.

@ European Mechanical Science (2025), 9(2)

For pin-crush tests, Digital Image Correlation (DIC)
was employed to capture full-field strain and displace-
ment distributions on the specimen’s surface during the
test, as shown in P-Figure 2b. The GOM software was
used for DIC data acquisition and analysis, providing
high-resolution measurements of strain evolution and
damage progression. By correlating the DIC results with
the load-displacement data, a detailed understanding
of the material’s local and global deformation behavior
was achieved. This integration of bearing testing with
DIC allows for a comprehensive characterization of the
material’s mechanical performance, highlighting criti-
cal regions of stress concentration and failure initiation
in composite laminates.

2.3. Finite element analysis

PFigure 3 illustrates the finite element (FE) models for
two different mechanical tests: the double-shear tensile
test (P-Figure 3a) and a pin-crush test (»-Figure 3b). The
FE mesh consists of structured and unstructured ele-
ments, with finer meshing in the regions of high stress
concentration, particularly around the hole where the
load is applied. The number of nodes and elements are
given in PTable 2. The structured elements appear in
the flat plate regions, where hexahedral meshes are
used in a grid-like pattern. The unstructured elements
are seen around the hole, where irregular meshing is
necessary to capture stress concentrations and complex
deformations. In the bearing test model in P>Figure 3(a),
boundary conditions were applied to ensure symmetry
along the z-direction and the y-direction, restricting
displacement at the edges. Thus, 8 plies were modeled.
The load is applied in the x-direction with a prescribed
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displacement of 4 mm at the contact region. The top re-
gion is clamped to replicate experimental constraints,
and contact interactions are defined between the pin
and the hole surface to capture localized deformation
behavior.

In the pin-crush test model in P-Figure 3(b), the bound-
ary conditions differ to reflect a crushing scenario where
the load is applied in the x-direction with a displace-
ment of 2.5 mm. The structure is supported at the bot-
tom, preventing rigid body motion in x-direction. The
mesh refinement around the hole and the surrounding
region indicates the need for accurate stress-strain pre-
dictions in highly deformed areas. The middle section of
the image highlights the detailed meshing of the curved
surface, which is crucial for capturing nonlinear defor-
mations and contact effects. Both models are designed
to study the material behavior under different loading
conditions, providing insights into failure mechanisms
such as local crushing, shear-out, or bearing failure in
composite plates.

Table 2. The number of elements and nodes

Bearing analysis Number of elements Number of nodes

XP-8-FEM 633 1247
XP-16-FEM 2331 3319
UD-16-FEM 2331 3319

Pin-crush analysis

XP-16-FEM 4954 5883
UD-16-FEM 4954 5883

Eight-node quadrilateral in-plane general-purpose con-
tinuum shell elements (SC8R) were used to model the
lamina. To improve computational efficiency, the fixed
mass scaling option in ABAQUS/Explicit [25] was acti-
vated at the start of the analysis with a scaling factor of
1000. The lamina was assumed to exhibit transversely
isotropic linear elastic behavior. Hashin’s damage initi-
ation criteria were applied to predict the onset of dam-
age, considering four distinct and uncoupled damage
initiation modes, defined as follows:

Ft = (0—1})2 + (%)2 Fiber tension (011 > 0) (1)
Fiber compression (011 < 0) (2)

F, = (0_2%)2 + (%)2 Matrix tension
(0-22 > 0) (3)
2
A = e Gr) = 1] o + 2 00 4 i
Matrix

(022 <0) 4

compression

where, X Tand X ¢ are the longitudinal tensile and com-
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pressive strengths, Y7 and Y are the transverse ten-
sile and compressive strengths, S* and ST are the lon-
gitudinal and transverse shear strength, ;; (i = 1,2)
are the components of the stress tensor, a is a coefficient
which determines the contribution of the shear stress
to the fiber tensile criterion. The mechanical proper-
ties of a unidirectional AS4/8552 lamina are given in
»-Table 3. It should be noted that inter-laminar damage
(delamination) was not considered in this model due to
computational burden of the analysis.

Table 3. AS4/8552 material properties [26]

Property Value Units

Ply elastic properties

E 137100 MPa

E=E, 8800 MPa

G1o= Gy, 4900 MPa

G 5400 MPa
U= Uy 0.314
L 0.487

Ply strength properties

X' 2106.4 MPa
Xe 1675.9 MPa
YT 74.2 MPa
& 322.0 MPa
st 110.4 MPa

Ply fracture energies

6, 125.0 kd/m?
6, 61.0 kd/m?
6,, 03 kd/m?
6 087 kd/m?

3. Results and Discussions

3.1. Double-shear tensile test (bearing test)

The load-displacement curve in P-Figure 4 represents
the bearing response of composite laminates under
ASTM D5961 testing conditions. The laminates tested
include cross-ply (XP) laminates with 8 and 16 total
lamina and unidirectional laminates with 16 total lam-
inas denoted as XP-8, XP-16 and UD-16, respectively.
The average maximum bearing forces and standard
deviations for the tested specimens were calculated
as follows: XP-8: 5679.6 £ 294.1 N, XP-16: 14832.9 +
517.6 N, and UD-16: 5439.6 + 128.7 N. The black curves
correspond to XP-16 samples, which exhibit higher
peak loads, indicating superior bearing strength due
to the increased number of a lamina. In contrast, the
red curves represent XP-8 samples, which show lower
peak loads, reflecting their reduced bearing capacity.
Both laminate types demonstrate typical behavior un-
der bearing loads, with an initial linear region followed
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by a peak and a gradual decline, indicative of material
damage or failure mechanisms of matrix tensile failure,
matrix and fiber crushing/fracture and delamination.
The UD-16 laminates exhibit significantly lower peak
loads and abrupt post-peak drops, indicative of brittle
failure mechanism due to transverse matrix cracking.
This comparison underscores the critical role of lam-
inate architecture in influencing the bearing strength

e

whs — £

bar

8 — plies

and failure mechanisms of composite materials, with
cross-ply laminates providing enhanced performance
over unidirectional ones in bearing applications.

The failure modes observed in laminated composites
under a bearing test can vary depending on the lami-
nate stacking sequence and loading conditions. Net-ten-
sion failure occurs when the specimen fractures across

100

(a) (b)
Figure 3. Finite element mesh, loading and boundary conditions a) bearing test model, b) pin-crush test model
18
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Figure 4. Load-displacement response of bearing tests for XP and UD samples with 8 and 16 plies.

@ European Mechanical Science (2025), 9(2)

https://doi.org/10.2670 | /ems. | 643484



Kenan Cinar

its width due to excessive tensile stresses, leading to
brittle failure, which is often seen in laminates with
lower bearing strength [4, 8]. This failure mode was
occurred in UD laminates, as shown in P-Figure 5c. In
many cases, mixed failure modes are observed, where
a combination of bearing, net-tension, and shear-out
failure occurs depending on the laminate stacking and
test conditions. Bearing failure is characterized by pro-
gressive damage around the hole due to high localized
stresses, often occurring in thicker laminates like 8-XP
and 16-XP as shown in P-Figure 5 a and 5b. The cross-
ply specimens in this study exhibit signs of shear-out
and bearing failure, indicating a complex interaction of

matrix tension failure

fiber breakage failure

delamination

matrix tension failure  fiber breakage failure

(b)

delamination

fiber breakage failure

matrix tension failure

(c)

fiber direction

Figure 5. Failure of samples under bearing test a) 8-XP, b) 16-XP, and
c) UD-16
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stress distributions around the hole [4, 8].

3.2. Pin-crush tests

The pin-crush loading results for XP and UD samples
with 16 plies in P>Figure 6 show distinct differences in
load-bearing capacity and failure behavior. The XP-16
reaches a higher peak load compared to the UD-16.
The average maximum pin-crush forces and standard
deviations for the tested specimens were calculated as
follows: XP-16: 9227.5 + 803.3 N, and UD-16: 6629.4 +
320.3 N. Additionally, the XP sample exhibits a more
gradual decline after reaching peak load, maintaining a
significant load-carrying capacity (~5000 N) over alarg-
er displacement range (~1-5 mm). This suggests a more
progressive failure mechanism, likely due to enhanced
load redistribution in the XP laminate. In contrast, the
UD sample experiences a sharp load drop immediate-
ly after peak load, with rapid degradation beyond 1.5
mm displacement. This indicates a more brittle failure
mode, where damage accumulates quickly, leading to
catastrophic failure with minimal residual load-bear-
ing capacity. Overall, the XP sample outperforms the
UD sample in terms of both peak load and post-peak
load retention, making it more resistant to crushing-in-
duced damage. The improved performance of the XP
laminate could be attributed to its stacking sequence,
which likely enhances its resistance to through-thick-
ness shear and progressive damage mechanisms.

This Digital Image Correlation (DIC) image in P>Figure
7 presents the strain distribution (¢, ) in the laminated
composite specimen of 16-XP undergoing the pin-crush
test. The sequence of images from left to right and top
to bottom suggests a progressive loading scenario,
where strain concentration around the hole increases
with load application. Initially, the specimen shows a
uniform strain distribution with minimal localized de-
formation. As the load increases, strain accumulation
becomes evident around the contact region between
the hole and the pin, primarily in the upper part, where
compressive forces are dominant. The color scale in-
dicates that strain values transition from low (red) to
high deformation (blue), with negative strain repre-
senting compression. In the intermediate stages, strain
localization spreads radially from the hole, with high-
er deformation at the upper contact edge. The bottom
edge of the hole remains relatively less affected initially,
but as loading progresses, shear bands and deformation
extend downward, indicating material yielding and po-
tential bearing failure initiation. In the final images,
significant localized damage appears below the hole,
with clear signs of fiber-matrix separation or delami-
nation, particularly in the lower part, suggesting shear-
out failure progression. The highest strain zones (blue
regions) indicate areas susceptible to crack initiation
and failure propagation.

The sequence of images in P-Figure 8 illustrates the

evolution of transverse strain (&,) over time during a
pin crushing test on a unidirectional (UD-16) laminate.
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Initially, the strain distribution is relatively uniform
across the specimen, with minimal localized deforma-
tion. As the test progresses, strain concentration devel-
ops directly beneath the pin, forming a vertical band
of increasing tensile strain, as shown by the transition
from green to yellow and red. This strain localization

suggests the onset of matrix damage along the loading
path. In the later stages, a significant crack propagates
downward, characterized by high tensile strain (red
regions) along the failure path. The final image reveals
a fully developed fracture matrix crack. The test re-
sults highlight the brittle nature of the unidirectional

10 + ’l

Load (N)

0 ¥ —— i
0 1 2

Crushing (mm)

Figure 6. Load-crushing response of under specifically designed fixture for UD and XP samples of 16 plies.

20s

Figure 7. Change in (€,) with time under pin-crush test for XP-16 sample.
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composite under pin crushing, where failure occurs
through crack initiation at the contact point, followed
by rapid crack propagation along the fiber direction.
The strain distribution suggests that load transfer is
primarily concentrated along the vertical axis, leading
to localized damage and eventual material failure.

This sequence of images in P-Figure 9 illustrates the
evolution of vertical strain (g,) over time during a pin
crushing test on a unidirectional (UD-16) laminate.
As the test progresses, localized strain concentration
develops around the pin contact area, shown by the
transition from red to green and blue regions. These
areas indicate increasing compressive strain directly
beneath the pin and slight tensile effects near the edges.
In the later stages, strain localization intensifies along
the failure path, forming a vertical crack propagating
downward. The results highlight that the UD laminate
primarily experiences compressive loading along the
vertical axis, with failure initiating at the contact point
and progressing due to local crushing and splitting. Un-
like the horizontal strain (&,) , which exhibited more
tensile behavior in the crack path, the vertical strain
field remains mostly compressive, supporting the ob-
servation that failure is dominated by localized crush-
ing and transverse matrix cracking.

3.3. Finite element analysis

To ensure the reliability of the finite element model, a
mesh convergence analysis was conducted by varying

Os 30s

Figure 8. Change in (€z) with time under pin-crush test for UD-16 sample.
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the global mesh size (GMS) around the hole region.
Three mesh densities were considered: GMS = 2 mm, 1
mm, and 0.5 mm, as illustrated in the inset of P>Figure
10. The corresponding load-displacement curves show
that as the mesh was refined, the numerical results be-
came more stable and converged. Specifically, the mod-
el with GMS = 0.5 mm showed only slight variation in
peak load compared to the 1 mm mesh, indicating that
the solution had sufficiently converged. Based on this
analysis, GMS = 1 mm was selected for further simula-
tions, providing a good balance between computational
accuracy and efficiency.

Figure 11 shows the load-displacement curve from the
double-shear tensile test which illustrates the mechan-
ical response of UD-16 samples, comparing experimen-
tal result with finite element method (FEM) prediction.
Both curves exhibit an initial linear increase, followed
by a peak and subsequent softening. The FEM pre-
diction (UD-16-FEM) closely follow the experimental
trends (dotted lines), indicating that the finite element
model effectively captures the material response. How-
ever, some deviations are noticeable, particularly in the
post-peak region, which could be attributed to factors
such as material property variability, damage evolution
modeling, or experimental uncertainties. The brittle
nature of unidirectional laminates under bearing load-
ing may cause these fluctuations, and the FEM model
appears to slightly underestimate the peak load, fail-
ing to capture premature damage initiation in the real
test specimens. Failure progression can also be seen in
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PFigure 11. Hashin’s matrix tensile failure index with
displacement and load was represented. The progres-
sion of matrix tensile failure initiated beneath the bolt
shaft region and propagated downward.

PFigure 12 presents the results of a bearing test for
the XP-8 specimen, including both experimental (XP-

30s

52s 54s

Figure 9. Change in (€ ) with time under pin-crush test for UD-16 sample.

8-S2) and finite element model (XP-8-FEM) curves.
The load-displacement graph shows that the FEM sim-
ulation closely follows the experimental trend, captur-
ing the key load peaks and progressive failure behavior.
However, some discrepancies exist, particularly in the
post-peak region, where the experimental curve ex-
hibits a more gradual decline, whereas the FEM model
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Figure 10. Mesh convergence analysis for the XP-8 specimen showing the effect of global mesh size (GMS =2 mm, T mm, and 0.5 mm) on the

load—displacement response.
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maintains higher load levels before dropping. The peak
load values are relatively close, with the FEM predict-
ing a slightly higher failure load compared to the exper-
iment. The Hashin failure modes in the image provide
a detailed progression of damage during the bearing
test. Initially, matrix tension failure occurs around the
notch and spreads along the loading path as the dis-
placement increases, indicating the onset of damage
due to transverse tensile stresses. At higher load levels,
matrix compression failure becomes prominent, par-
ticularly in regions experiencing compressive stresses,
leading to material crushing. As the load continues to
increase, fiber tension failure becomes more evident,
especially in areas subject to axial stretching along the
fiber direction. In the final stages, fiber tension failure
becomes widespread, contributing to the reduction in
load-bearing capacity. Additionally, fiber compression
failure is observed near the notch where localized com-
pressive stresses cause fiber kinking and instability.
Overall, the FEM model effectively captures the initi-
ation and evolution of these failure modes, with matrix
failures occurring first, followed by fiber failures as the
load increases. The FEM results correlate well with the
experimental observations, but slight discrepancies in
failure evolution suggest room for further refinement in
the material modeling, particularly in the representa-
tion of damage propagation and softening behavior.

P>-Figure 13 presents the results of a bearing test for
the XP-16 specimen, including both experimental (XP-
16-S1) and finite element model (XP-16-FEM) curves.
The load-displacement curves demonstrate a strong

correlation between the experimental and simulated
results, validating the accuracy of the FEM model in
predicting the material’s response under double-shear
tensile test. Both curves exhibited an initial linear elas-
tic region, followed by a non-linear phase indicative of
progressive damage, culminating in a load drop signi-
fying failure. The load-displacement curve at the top
illustrates a strong correlation between the two, with
numbered points corresponding to specific stages of
damage. Below, the image is segmented into four rows
representing different Hashin failure modes: matrix
tension, matrix compression, fiber tension, and fiber
compression. Each column, numbered 1 through 10,
corresponds to a specific displacement and load value,
showing the evolution of damage over time. Initially,
matrix tension damage is observed, followed by matrix
compression, then fiber tension, and finally fiber com-
pression, indicating a sequential progression of failure
mechanisms. The contour plots within each segment
visually represent the failure index distribution, with
color gradients indicating the severity of damage for
each mode. The numerical values below each column
specify the displacement in millimeters and the corre-
sponding load values, providing a quantitative measure
of the material’s response. It is important to note that
the number of frames shown for each failure mode in
PFigures 12 and 13 differs between specimens. For the
XP-8 specimen (PFigure 12), seven critical points were
selected along the load-displacement curve based on
noticeable changes in slope or load drops that indicate
key stages in the damage evolution. In contrast, ten such
points were identified for the XP-16 specimen (P-Figure
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Figure 11. FEM prediction for UD-16 sample: load-displacement curve under the double-shear tensile test.
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13). As a result, each row in P-Figure 12 includes seven
frames, while P>Figure 13 contains ten. This segmen-
tation strategy reflects the specimen-specific damage
progression representative visualization of failure de-
velopment at significant mechanical events.

The load-displacement graph presents the pin-crush
test results for cross-ply (XP) and unidirectional (UD)
laminates with 16 plies, comparing experimental (EXP)
and finite element (FEM) data, as shown in P>Figure 14.
Both XP and UD laminates exhibit an initial load in-
crease followed by a peak and subsequent drop, charac-
teristic of composite failure. The XP-16 laminates show
higher peak loads than UD-16 laminates in both exper-
imental and FEM results, indicating superior load-car-
rying capacity due to the cross-ply layup. While the
FEM predictions generally follow experimental trends,
some deviations are observed. The XP-16-FEM and
UD-16-FEM overestimates the peak load compared
to test one. In the modelling section, it was noted that
delamination was not considered in the model due to
computational burden. The higher values of FEM pre-
dictions may be come from this phenomenon. Addition-
ally, the XP-16 laminates exhibit a more gradual load
drop after peak, while the UD-16 laminates experience
more abrupt failure, especially in experimental results.

4. Conclusions

This study investigated the bearing and pin-crush be-
haviors of cross-ply (XP) and unidirectional (UD) com-
posite laminates through both experimental testing and
finite element analysis (FEM). The results highlight the
significant influence of laminate architecture on the

mechanical response and failure mechanisms under
these loading conditions. In bearing tests, XP laminates
(XP-8 and XP-16) demonstrated superior load-carry-
ing capacity compared to UD-16 laminates, attribut-
ed to the enhanced load redistribution and resistance
to through-thickness shear provided by the cross-ply
layup. The UD-16 laminates exhibited brittle failure,
characterized by abrupt load drops and transverse ma-
trix cracking, reflecting their inherent susceptibility to
crack propagation along the fiber direction. The FEM
simulations effectively captured the general trends of
the experimental data, validating the models’ ability
to predict the bearing response and failure initiation.
However, discrepancies in the post-peak regions sug-
gest the need for further refinement in material mod-
eling, particularly concerning damage propagation and
softening behavior. Pin-crush tests further emphasized
the performance advantages of XP-16 laminates, which
exhibited higher peak loads and a more gradual post-
peak load decline compared to UD-16 laminates. The
XP-16 laminates demonstrated a progressive failure
mechanism, while the UD-16 laminates experienced
brittle failure with rapid damage accumulation. Digi-
tal Image Correlation (DIC) analysis revealed distinct
strain distributions and failure modes for each lami-
nate type, with XP-16 showing progressive strain accu-
mulation and shear-out failure, and UD-16 displaying
localized compressive strain and brittle crack propa-
gation. FEM simulations of the pin-crush tests showed
good qualitative agreement with experimental results,
but quantitative discrepancies, especially in peak load
predictions and post-peak behavior, indicate the need
for improved material modeling.
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Figure 14. FEM prediction for UD-16 and XP-16 sample: load-displacement curve under the pin-crush test.
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Abstract: This work aims to experimentally examine the effects of various fiber reinforcements on the low-speed impact
load responses of curved sandwich composites. Plain woven E-glass, 8H satin S2-glass, plain and twill woven carbon fiber
reinforcements with the same areal weight were used as face sheets and PVC foam as core material in the fabrication of
sandwich composites. A low-speed impact testing apparatus including a hemispherical impactor was used to conduct
low-speed impact tests at various energy levels. Impact energy levels were determined for rebound, penetration, and total
perforation of the specimens. Twill woven carbon exhibited superior performance for low-velocity impact damage resistance
and tolerance in comparison with plain woven carbon and glass fibers. The absorbed impact energy decreased with the
asymmetrical arrangement, and the sandwich specimens with twill-woven face sheets showed the best performance among

the symmetrical and asymmetrical panels.

Keywords: low-velocity impact; sandwich composite; curvature; damage.
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1. Introduction

The aerospace, maritime, automotive, and other in-
dustries employ sandwich composites for lightweight
constructions. They have excellent thermal insulation,
sound insulation, fire protection, and moisture resis-
tance, as well as high specific strength, stiffness, and
energy absorption [1-3]. A sandwich panel is composed
of two rigid, thin and strong outer layers and a light-
weight core in between them. The core material resists
shear stresses, while the face sheets bear tensile and
compressive loads [4]. Additionally, the curved struc-
ture distributes loads more effectively under bending or
torsional stresses than a flat form [5].

Curved constructions include, for example: many parts
of a helicopter, such as the fuselage, wings, tail sections,
propeller, canopy, ballistic helmets and shields, can be
considered as the application of curved composite pan-
els. Several studies on the impact characteristics of
curved laminate composite panels were conducted re-
cently [6]. Low velocity impact behaviors of GFRP and
CFRP composite laminates with single curve were com-

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

pared by Seifoori et al. [7] using impactors with flat,
spherical and conical tips. An increase in contact area
was found to reduce both the contact time and the mid-
point deflection. Compared to GFRP composites of the
same thickness and curvature, cylindrical CFRP were
more rigid. At intermediate impact velocities, Usta et
al. [8,9] studied the influence of thickness and curva-
ture on the performance of flat and cylindrical CFRP
composite laminates. It was found that curved samples
exhibit higher penetration depths compared to flat pan-
els that are equal in thickness and area. Arachchige and
Ghasemnejad [10] investigated the after-impact behav-
ior of a CFRP composite with a cylindrical geometry
under low-velocity impact by a rigid spherical impactor.
The author’s analytical models yielded parameters for
composite laminates with varying thicknesses of cur-
vature.

Only a few studies were reported in the literature re-
garding low-velocity impact tests on sandwich compos-
ite panels with curvature. Reis, P. N et al. [11] noticed
an improvement of around 20.8% in energy recovery
due to the hybridization of the carbon layer with the

“Corresponding author:
Email: tkerem@balikesiredu.tr

© Author(s) 2025. This work is distributed under
https://creativecommons.org/licenses/by/4.0/

Cite this article as:

History dates:

Balikoglu, F, et.al. (2025). Low velocity impact responses of symmetric and asymmetric
curved foam core sandwich panels. European Mechanical Science, 9(2): 155-164. https://
doi.org/10.26701/ems. 1645239

=]

Received: 23.02.2025, Revision Request: 09.03.2025, Last Revision Received: 14.03.2025, Accepted: 12.04.2025


https://orcid.org/0000-0003-3836-5569
https://orcid.org/0000-0002-0518-0739
https://orcid.org/0000-0002-9685-5198
https://orcid.org/0000-0002-6212-1217

Low velocity impact responses of symmetric and asymmetric curved foam core sandwich panels

Kevlar layer for cylindrical sandwich shell composites.
Additionally, an approximately 44.8% increase in re-
covered energy was achieved by incorporating the cork
core into carbon laminate composites. In another work,
the impact responses of curved sandwich composites
with varying surface geometries produced by incor-
porating rubber between glass fiber fabrics were ex-
perimentally and numerically evaluated. It was found
that curved sandwich panels had higher delamination
areas and lower impact strength than flat panels [12].
Zhang, Y. and Zhou, Y. [13] compared the performance
of curved sandwich panels against bird strike using
cage, foam and cage-foam, hybrid core structures. It
was found that the use of cage materials as the core in
curved sandwich structures resulted in a higher resis-
tance to impact, reduced contact force and residual ki-
netic energy of the bird and reduced the deformation
of the backing layer. B. Arachchige and H. Ghasemne-
ja [14] proposed an analytical model to simulate the
low-velocity impact response of curved sandwich com-
posites with foam core. The relationship between the
increase in plate curvature and the increase in energy
absorption of curved sandwich structures was veri-
fied by comparing numerical and analytical models.
The effect of using graded foam materials on the im-
pact behavior of sandwich composites with curvature
and flat panels was explored in previous studies. It was
found that the puncture energies of curved panels with
uniform foam structure were higher than flat panels.
However, the performance of panels with graded foam
varied depending on the specific configuration of the
foam layers [15]. In another study, the effects of artifi-
cial layer-core interface damage and curvature on the
impact response of sandwich beams were investigated.
It was found that the contact forces of sandwich beams
without artificial damage increased with increasing
curvature angle but decreased in damaged ones [16].
Yurdaskal M. and Baba B. [17] investigated the impact
behavior and impact-induced damage modes of curved
and planar sandwich composites consisting of E-glass/
epoxy face sheet and PVC foam core. The failure modes
varied depending on the geometry of the samples
(curved or flat) and the amount of impact energy. In ad-
dition, more energy was absorbed during penetration
process as the curvature radius of the sandwich panels
was reduced. Liu et al. [18] investigated the effect of the
radius of curvature of sandwich composites consisting
of E-glass/epoxy face sheet and PVC foam core on the
low-velocity impact test results. During the low-velocity
impact tests, the contact forces increased while the dis-
placement values decreased as the PVC core thickness
and radius of curvature increased; however, the oppo-
site was observed in the panels containing PVC foam
with less wall thickness.

Recent study demonstrated the crucial role of radius and
angle of curvature in the impact behavior of composite
sandwich panels and the design of these structures. The
papers provide a basic summary of the investigation of
material and geometric effects on low-velocity impact
responses, highlighting the difficulties of obtaining ac-

@ European Mechanical Science (2025), 9(2)

curate results with flat panels in curved zones. More-
over, to the author’s knowledge, no research has been
reported in the literature on the low-velocity impact be-
havior of symmetric and asymmetric curved sandwich
composites with varying face sheet materials. Conse-
quently, the outcomes of this study address a gap in both
scientific and practical fields and provide a foundation
for future investigations, particularly numerical stud-
ies. For this purpose, this study aimed to investigate
the effects of face sheet material on the contact force,
absorbed energy and failure modes of curved sandwich
composites under low-velocity impact tests.

2. Materials and Methods

2.1. Production of sandwich composites

Steel molds with a diameter of 250 mm were used to
manufacture curved sandwich composites. Flat PVC
foams (Airex® C70.75) were heated in an oven at 130
°C for 45 minutes to produce their cylindrical forms
(>-Figure 1). Sandbags were put on the foam as a weight.
Heating temperatures and durations for thermoform-
ing were set in accordance with the manufacturer’s
specifications. The detailed information is available in
the Airex Processing Guidelines data sheet [19]. Plain
woven E-glass, 8H satin S2-glass, plain and twill car-
bon fiber fabrics are used as reinforcement materials.
The densities of E-glass, S2-glass, and carbon fibers
are 2.55 g/cm?®, 2.49 g/cm? and 1.79 g/cm?® respective-
ly. The layer thicknesses of carbon, E-glass and S-glass
fabrics are 0.327 mm, 0.15 mm and 0.12 mm, respec-
tively [20]. In addition, the stiffness and strength values
of these fibers are different [21]. Therefore, it is possible
to compare the performances of face sheets with differ-
ent mechanical properties in curved structures. For
face sheets, HexForce® brand yarn type EC9 E-glass
and SC9 S2-glass fiber woven fabrics were preferred.
Profabric® brand plain and twill carbon woven fibers
produced from Tenax-E HTA 40 3k and Carbon Fiber
HT 3k 200tex yarns were used. In this way, the influ-
ence of the weaving pattern of carbon fiber on impact
resistance was investigated. In asymmetric structures,
fibers with higher mechanical properties were placed

Table 1. Preheat-treated PVC sandwich specimen fabrication
characteristics with various face sheets.

Specimen Upper face ;heet Lower face Curvature  PVC
(Impact side) sheet [mm] [mm]
PC Plain carbon Plain carbon 250 15
TC Twill carbon Twill carbon
SC S-Glass S-Glass
EC E-Glass E-Glass
PEC Plain carbon E-Glass
TEC Twill carbon E-Glass
SEC S-Glass E-Glass
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in the top face sheet, while E-glass fibers were used in
the bottom face sheet to improve elastic energy absorp-
tion by providing more displacement upon impact. The
fibers’ areal weights were maintained constant and em-
ployed at 200 g/m2. Epoxy resin (Hexion LR285 resin
and LH287 hardener) was employed throughout fabri-
cation. The hand lay-up method was chosen as the man-
ufacturing technique (P-Figure 2). Impact tests were
conducted on seven types of sandwich composites using
different stacking configurations, including four sym-
metrical and three asymmetrical specimens. Details of
the sandwich specimens are presented in P>Table 1.

2.2. Drop weight test

The drop weight experiments were carried out using
an Instron CEAST-9350 system (PFigure 3a). The load
sensor has a maximum capacity of 90 kN. The impact
resistance of the sandwich specimens was measured in
a test environment in accordance with the ISO 6603
standard. The impact data was obtained by dropping
a hemispherical impact tool onto the convex surfaces of
curved sandwich beam specimens. The clamping mech-
anism was specifically designed to hold curved speci-
mens (PFigure 3b). The bottom portion featured panels
with a curvature radius, but the top section was built

around the panel thickness (»>Figure 3c). The sandwich
specimens were evaluated at room temperature with
impact energy values of 15 J, 30 J, and 90 J. Low ve-
locity impact energies were determined at these ener-
gy levels to ensure rebound, penetration, and complete
perforation of curved composites. For each energy level,
at least three specimens were tested.

3. Results and Discussions

This section evaluated the force-displacement and en-
ergy-time curves of curved sandwich specimens and
analyzed post-impact damage photographs.

3.1. Force-displacement curves

Figure 4 shows force-displacement graphs for curved
sandwich composites. The curves showed single or dou-
ble peaks depending on the variation in impact energy.
The peaks of the force-displacement graphs are given
in PFigure 5. The initial contact forces in the TC spec-
imens are the highest among the symmetric sandwich
panels at all energy levels. The superior low-speed im-
pact resistance of twill-woven carbon textiles compared
to plain-woven types aligns with earlier studies [22].

Figure 1. The process of pre-heating flat PVC foam materials. a) curved steel sheet mold,

b) putting sandbags on PVC foam, c) and d) curved PVC foam parts after treatment.

Figure 2. Production of sandwich composite specimens by hand lay-up method a) resin impregnation, b) air removal by rolling, ¢) sandwich speci-

men after curing.
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lower
part

Cross
section

Figure 3. a) Instron CEAST-9350 drop weight impact testing equipment, b) placing of curved specimens in the testing device, c) schematic view of

testing apparatus.

This result shows the effect of the weave structure on
the impact behavior. The contact forces of the SC panels
were higher than the EC specimens at different energy
levels. In this case, it is due to the higher impact resis-
tance of S2-glass fibers compared to E-glass [23]. Fur-
thermore, the SC specimens had larger contact forces
than the PC panels, which supported the literature [24,
25]. PC and TC specimens including plain weave and
twill weave carbon fibers originally exhibited a more
rigid response. In addition, the second peaks are higher
in the force-displacement graphs of PC and TC speci-
mens. This scenario opposed to EC and SC specimens
containing glass fiber, with greater initial contact forc-
es. At 15 J impact energy, rebounding was seen in EC,
PC, SC and TC specimens. At 30 J impact energy val-
ues, the second peak was only shown in the PC speci-
men. In other specimens, the impact tip penetrated the
PVC foam core material and remained stuck. At 90 J
impact energy, all specimens suffered complete perfora-
tion damage. The force-displacement curves show that
the impact force after perforation never drops to zero
due to friction between the impactor and the specimen
[26]. In asymmetrical panels, the initial stiffness of the
top face sheet materials, namely plain and twill woven
carbon PEC and TEC specimens, was increased. The
second peak had a greater value than the initial contact
force just in the PEC sample within the asymmetrical
specimens. This result is consistent with previous re-
search, indicating that glass fiber reinforcements have
better impact resistance than plain woven carbon tex-
tiles [27]. The first peaks in TEC and SEC specimens
showed higher values. This suggested an increase in
the initial penetration resistance. PEC showed resis-
tance in the bottom face sheet to prevent total perfora-

@ European Mechanical Science (2025), 9(2)

tion. The penetration values of the impact tip into the
specimens at different energy values were determined
from the force-displacement graphs. At 15 J impact en-
ergy, the impact tip penetration depths of the EC, PC,
SC and TC specimens were determined as 9.328 mm,
9.960 mm, 10.575 mm and 7.251 mm, respectively. The
penetration depths of the impact tip in PEC, SEC, and
TEC specimens with an energy value of 15J are 11.592
mm, 8.823 mm, and 8.010 mm, respectively. At the 30
J energy level, the impact tip clearly penetrated the
foam core material and stopped in all panels. At 30 J
impact energy, the penetration depths of the impact
tip into the EC, PC, SC, and TC specimens were mea-
sured as 19.405 mm, 19.631 mm, 19.876 mm and 14.013
mm, respectively. As the penetration increased, the
damage resistance of the curved sample consisting of
twill carbon became noticeable. In the PEC, SEC, and
TEC specimens, penetration depths were determined at
21.447 mm, 16.797 mm, and 15.39 mm, respectively, at
an energy level of 30 J. The asymmetrical configuration
of carbon-reinforced sandwich specimens with E-glass
bottom face sheets resulted in an increased penetration
depth. Additionally, SEC panel was superior to the SC
specimen in terms of impact resistance and penetration
depth.

3.2. Energy absorption-time curves

The energy absorbed by sandwich specimens under
impact load equals to the area under the force-dis-
placement curve. The energy absorption-time curves
of the curved sandwich samples subjected to varying
impact energies showed different shapes, as shown in
P>Figure 6. At a 15 J impact load, the energy curves of
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Figure 4. Force-displacement curves of curved sandwich specimens a) EC, b) PC, c) SC,

d) TC, e) PEC, f) SEC, g) TEC.
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curved sandwich specimens exhibited a rise with time,
followed by a slight decrease after reaching the peak.
This is related to rebounding. Elastically, some energy
is recovered during the impact. Asymmetric sandwich
composites showed rebound behavior like that of sym-
metric composites at an impact energy of 15 J. At an
impact energy of 30 J, the rate of energy absorption
decreased after the breakage of the upper face sheet,
allowing the PVC foam to absorb energy via compres-

sion. Curved symmetric and asymmetric specimens
exhibited entirely plastic behavior, indicating the ab-
sence of rebounding. In all sandwich panels, the energy
absorption rate increased due to the impactor reaching
the lower faces sheet at 90 J of impact energy. The en-
ergy absorption rate experienced a gradual decrease as
the lower face sheet was damaged, causing the curve to
tend to be horizontal. At a total impact energy of 90J
enough for a perforation, the curved panel specimens
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Figure 5. Peak contact forces of curved sandwich specimens a) EC, b) PC, c) SC, d) TC,

e) PEC, f) SEC, g) TEC.

@ European Mechanical Science (2025), 9(2)

https://doi.org/10.2670 1 /ems. | 645239



Fatih Balikoglu, Tayfur Kerem Demircioglu, Berkan Hizarc, Mehmet Ozer

Energy (J)
e e AT B N U B N |
o 0 8 & &8 & o

=7

70

60 -

.50
.40
3 30
20

10

70

60 -

50
40
5 30
=20

10

rgy (J)

70
—=1i5] =157
Te—a0 01 —sar
1 ——901 =30 7 —o901
| ‘;40 4
o
=1 g 30 =
= = 20 =
= ]O e}
T T T T 0 T T ‘ :
0 5 10 15 20 25 0 3 10 15 20 25
Time (ms) b) Time (ms)
90
—15] 20 - —15]
—30J 70 | —30J
1 ——90) 560 4 —90J
i &50 =
i E 40 ~
= 30 A
| 20 -
T 10
; : : . 0 ‘ ‘ T T
0 5 10 15 20 25 0 5 10 15 20 25
Time (ms) d) Time (ms)
80
—15] 70 - —15]
| —30] 60 - —30]
| oo S350 W
&40 -
) 230 -
| =
20 -
1 10 -
& ‘ ‘ ‘ T 0 . . . ‘
0 5 10 15 20 25 0 5 10 15 20 25
Time (ms) f) Time (ms)
90
g0 | —15J
70 | —30J
=60 4 —90J
350 1
E 40 -
= 30 4
20 -
10 -
0 ‘ ‘ T T
0 5 10 15 20 25
g) Time (ms)

Figure 6. Energy absorption-time curves of curved specimens a) EC, b) PC, c) SC, d) TC,
e) PEC, f) SEC, g) TEC.
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exhibited similar curves. As can be seen in PFigure 7,
at energy levels of 15 J and 30 J, the impact energy was
completely absorbed in all specimens. However, it is
crucial to consider that the path of the impactor in the
specimens at these energy levels varies from one spec-
imen to another. Therefore, the energy levels required
for the impactor to completely perforate the specimens
were found to be different (»>Figure 7). The standard
deviation of the contact forces and absorbed energy at
15 J and 30 J in the samples were found to be negligible.
The standard deviations of the perforation energy (90J)
values for EC, PC, SC, and TC symmetric specimens
were £2.9, £1.7, £3.8, and 6.5, respectively, whereas for
PEC, SEC, and TEC specimens, these were 1.1, 4.2,
and +5.4. The contact forces obtained during complete
perforation showed standard deviation values of £66.1,
+148.5, £111.4, and £264.1 for symmetrical EC, PC,
SC, and TC samples, and £185.7, £251.7, and +350.7 for
asymmetrical PEC, SEC, and TEC specimens. The twill
carbon-reinforced specimen exhibited the maximum
energy absorption through complete perforation in
both symmetrical and asymmetrical panels. The perfo-
ration energy values of asymmetrical panels were lower
than those of symmetrical panels (»-Figure 7).

3.3. Post-impact section views

This section experimentally evaluated the failure
modes of impact sandwich panels. P>Figure 8 shows
damage section photos of curved sandwich composites
after impact loads. Examination of the impacted re-
gions indicates that the modes of failure are dependent
on the properties of the sheet material or the symmet-
ric/asymmetric arrangement of the sandwich panel.
In the symmetric and asymmetric curved specimens,

m15) m30] =90J

9

4 ]

30

o il

EC PC SC TC PEC SEC TEC

Absorbed energy (J

Figure 7. Absorbed impact energy values of curved specimens.

significant upper face fiber breakage, core crushing
and fracture damage occurred at 15 J and 30 J impact
energies (PFigure 8a-d). At 30 J impact energy, the up-
per face sheets of the symmetric PC and TC specimens
were completely perforated. In PC and TC specimens,
interlayer delamination in the bottom face sheets at an
energy value of 90 J is more noticeable than in other
symmetric specimens. Glass fibers can withstand high-
er deformations before fracture, thus minimizing the
spread of cracks to the inner plies [28]. The asymmetric
PEC and TEC specimens showed a lower resistance to
low velocity impact damage. It was noted that the de-
lamination damage in the bottom face sheets of PEC
and TEC specimens was less severe than that of their
symmetric counterparts (PFigure 8e, g). It can be said
that the E-glass bottom face sheet in the PEC specimen
resisted total perforation failure.

fiber breakage

SRR

core fracture

Figure 8. Damage section images of curved sandwich specimens after impact test

a) EC, b) PC, ¢) SC, d) TC, e) PEC, f) SEC, g) TEC.
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4. Conclusions

This work experimentally investigated the effect of fiber
reinforcement used in the face sheets on the low-speed
impact load responses of curved foam core sandwich
composites. The Twill carbon fiber woven face sheet
showed the highest penetration resistance under low
velocity impact loads, whereas the plain-woven carbon
fiber sandwich specimen had the lowest impact resis-
tance. The impact strength and energy absorption ca-
pacity decreased in asymmetric sandwich specimens.
The use of S-glass and twill carbon in the impact di-
rection of asymmetrical specimens improved initial
impact resistance. The use of E-glass as the lower face
sheet instead of plain-woven carbon fabric improved
the perforation resistance in asymmetric specimens.
This scenario provides details on resistance to penetra-
tion and perforation damage in cases of asymmetrical
arrangement. Future study might include interlayer hy-
bridization of the top and bottom face sheets of curved
sandwich composites subjected to low-velocity impacts.
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Abstract: In this study, the effects of exhaust pipe design used in biogas-fueled cogeneration systems on engineering
performance and cost were investigated. First, the existing system was analyzed by field work, and then structural analysis was
applied with CFD (Computational Fluid Dynamics). The exhaust pipe route, pipe diameter, and material thickness of the existing
system were evaluated, and design improvements were suggested. It was determined that the shorter pipeline application with
the changes made in the pipe route and layout reduced pressure losses. Despite the use of an exhaust pipe with a smaller
diameter and made of thinner material in the proposed new design, compliance with the standards was ensured, and it was
shown to be safe against wind loads with finite element analysis. Considering the calculated maximum wind load of 5.52 kN
and the weight of the system, the maximum stress value was calculated as 108.691 MPa as a result of the Von Mises stress
analysis applied to the exhaust pipe system in the finite element analysis. This value showed that the system was 1.56 times
safer. In the deformation analysis, the maximum displacement value was measured as 0.13 mm, and this value is ideal. In the
cost analysis, it was determined that the proposed new system provides a cost reduction of approximately 53% compared to
the existing system. The results obtained emphasize the importance of engineering analysis in exhaust pipe design, and show
the applicability of the approach to increase economic and environmental sustainability in industrial facilities.

Keywords: Biogas installation; CFD analysis; exhaust pipe design; energy efficiency; cogeneration; structural analysis
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1. Introduction

In the face of growing global energy demand and esca-
lating environmental concerns, the transition to renew-
able and sustainable energy sources has become more
critical than ever. Among these, biogas technologies
have emerged as a particularly valuable solution for
their dual role in waste management, and energy pro-
duction. By transforming organic waste—ranging from
agricultural residues, to industrial effluents—into com-
bustible gas through anaerobic digestion, biogas plants
offer a cleaner alternative to fossil fuels, while also con-
tributing to the reduction of greenhouse gas emissions
and promoting a circular economy.

Biogas plants appear as a sustainable solution where
organic waste is converted into energy through fermen-
tation. Biogas, which can be obtained from different
sources ranging from agricultural waste to domestic
and industrial waste, provides an alternative to fossil

fuels while also offering environmental benefits such as
waste management, and reduction of greenhouse gas
emissions.

To maximize the energy yield from biogas, cogenera-
tion systems (Combined Heat and Power - CHP) are
frequently employed. These systems enable the simul-
taneous production of electricity and usable thermal
energy, significantly improving the overall efficiency
of biogas plants. However, the effectiveness of cogene-
ration systems heavily depends on the performance of
their subsystems, one of the most critical being the ex-
haust infrastructure. The gases formed in biogas plants
are used for electricity production in solutions such as
cogeneration systems. In addition to electricity produc-
tion, cogeneration systems are pioneers in increasing
efficiency by utilizing the heat of the exhaust gas re-
leased into the atmosphere.

One of the most critical components of cogeneration
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Impact of structural and CFD analysis on the cost of biogas-fueled gas engine exhaust pipes

systems is the exhaust pipes that come into play during
the use of the energy obtained. Exhaust pipes directly
affect system safety and efficiency by properly transfer-
ring the combustion gases of the biogas burned in gen-
erators or engines out of the facility. Thanks to correctly
designed and constructed exhaust pipes with appropri-
ate materials, exhaust gases are released safely into the
atmosphere. Otherwise, inadequate management of ex-
haust gas can lead to problems such as environmental
pollution, unwanted gas accumulation in or around the
facility, and efficiency losses.

While cogeneration systems have been widely adopted in
many sectors, insufficient attention is often paid to the
exhaust pipe design, which can result in pressure losses,
heat dissipation inefficiencies, and environmental haz-
ards. Properly engineered exhaust pipes not only opti-
mize gas flow and minimize backpressure, but also help
in complying with stringent emission regulations, both at
the national and international levels. Despite the wealth
of literature addressing cogeneration performance and
emissions, studies that investigate the mechanical and
thermofluidic behavior of exhaust pipes using CFD
(Computational Fluid Dynamics) and structural analy-
sis in a biogas-specific context remain limited.

In this manuscript, the cost effect of exhaust pipe design
principles was effectively investigated by performing
CFD (Computational Fluid Dynamics) and structural
analysis on exhaust pipes in biogas-fueled cogeneration
systems.

Moreover, the study evaluates how exhaust system
components can be optimized to meet ISO and local
regulatory standards, providing insights into improve-
ment methodologies for future system implementa-
tions. By reviewing state-of-the-art research, including
applications of exhaust design in industrial furnaces,
transport vehicles, and maritime systems, the manu-
script establishes a multidisciplinary foundation for
understanding and enhancing flue gas management in
renewable energy contexts.

In addition, how exhaust systems can be brought into
compliance with local and international standards and
possible improvement methods will be discussed. Thus,
it is aimed to make biogas plants safer, more efficient,
and sustainable by adopting correct applications from
both engineering and environmental perspectives.
The importance of exhaust pipe design stems from
the fact that it directly affects the overall performance
of the system by regulating gas flow and minimizing
pressure losses. In this context, the analyses and design
improvements made within the scope of the project
aim to contribute to the more efficient operation of
cogeneration systems.

Cogeneration systems provide simultaneous production
of both heat and electricity from the primary energy
source [1]. Studies in the literature have examined the
effects of exhaust pipe design on system efficiency and
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cost with different methods and have drawn attention
to the importance of optimizing design parameters.

The study by Tanriver and Ay [2] used computational
fluid dynamics (CFD) analyses and structural optimi-
zation methods to understand how it affects the spread
of infection in refuse chute throw pipes, and to improve
its design. Chootrakul Siripaiboon et al. [3] show that
CFD methods are used together with experimental
studies in separation gasifiers with integrated syngas
burners. Experimental verification of the temperature
and syngas composition values obtained in combustion,
pyrolysis, gasification, and drying zones provides an
important roadmap for increasing gasification efficien-
cy and reducing emissions. Similarly, CFD-based flow
and heat transfer analyses are carried out to improve
natural gas, air, and flue gas channels in tower type zinc
refining furnaces; it is aimed to increase combustion ef-
ficiency and thermal homogeneity in zinc refining pro-
cesses [4].

In steam boilers, the method of flue gas recirculation, al-
though the impact on system performance in controlling
the temperature of reheated steam is subject to debate,
there are studies suggesting that it significantly shapes
the thermal efficiency of steam boilers and emission con-
trol [5]. Moreover, ash accumulation in heat exchangers
can significantly change the radiation properties of the
flue gas-particle mixture and, lead to significant decreas-
es in heat transfer efficiency. Therefore, the development
of dynamic accumulation models and non-gray radiation
analyses can contribute to the design and optimization of
waste heat recovery devices [6].

On the other hand, in terms of energy efficiency and
emission reduction in the transportation and maritime
sector, it can be shown that the gases in the exhaust sys-
tems cause an energy loss of approximately 25%, but it
is possible to recover this energy by using thermoelec-
tric generators [7, 8].

It has been shown that emission control can be per-
formed with real-time data using deep learning-based
time series approaches for monitoring and predict-
ing exhaust pipe emissions from heavy trucks in road
transport [9]. Exhaust pipe vibration analysis is also a
critical issue in terms of reliability and durability in the
automotive industry, and stress and failure points in
flanges or other components can be detected with mod-
al and random vibration analysis [10].

Nejatzadegan et al. [11] investigated the efficiency be-
tween the exhaust manifold and engine parts accord-
ing to two different types of exhaust manifolds. Hasan
Ustiin Basaran [12] conducted a study to determine the
relationship between exhaust gas and temperature in
diesel engine systems. In their study, they showed that
delayed fuel injection moderately improved the exhaust
temperature. Zhang et al. [13] showed that when flue
gas waste heat is applied together with an absorption
heat pump and staged heat recovery technologies, boil-
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er efficiency can be increased by more than 12%. Shi et
al. [14] have conducted an alternative study to the tra-
ditional exhaust cooling systems used in diesel engines.
The study not only complies with safety standards, but
also provides fuel savings of over 4%. In addition, it has
shown superiority in terms of environmental and per-
formance by offering up to 90% emission reduction. Li
et al. [15] studied the use and cost effectiveness of devic-
es required for air pollution control in flue gas of coal-
fired plants. Tomasz Kalak [16] has shown that indus-
trial waste biomass can be an environmentally friendly,
low-cost, and sustainable energy source that can be
used as an alternative to fossil fuels in the production
of electricity and heat, and can be efficiently evaluated
with different conversion methods.

These literature reviews have provided a solid theoreti-
cal basis by supporting the engineering tools and design
approaches used in the project. Existing studies clearly
demonstrate the importance of parameters such as gas
flow rate, pressure loss, and material selection in the
project. In the light of this information in the literature,
the problems aimed to be solved during the project pro-
cess have been clearly revealed.

Ultimately, the aim of this research is to present a
cost-benefit analysis of alternative exhaust designs in a
real-world biogas cogeneration facility. The comparative
evaluation of existing systems and newly proposed con-
figurations is intended to offer engineers, plant design-
ers, and decision-makers practical guidance in making
sustainable, safe, and economically viable design choices.
Through this study, we hope to underscore the broader
role of intelligent engineering in advancing the efficiency
and reliability of renewable energy systems.

The purpose of this article is to reveal the efficiency of
the exhaust pipe design used in cogeneration systems
in terms of engineering and cost within the entire sys-
tem. For this purpose, an existing biogas-fueled cogen-
eration plant was examined, the design deficiencies of
these existing systems were determined, and a new sys-
tem was proposed. A cost analysis was performed by
comparing the existing system with the proposed new
design. Thus, it is aimed to provide readers, designers,
and engineers with a new perspective on exhaust pipe
design, demonstrating that design changes can lead to
more cost-effective and efficient engineering solutions.

2. Site Inspection

2.1. Biogas Plant

In order to increase the effectiveness of this study, a
field study was conducted at the Izaydas (Izmit Waste
and Residues Treatment, Incineration and Evaluation
Inc.) facility. Izaydas is the first hazardous and indus-
trial waste incineration and disposal facility in Turkey.
Operating under the Kocaeli Metropolitan Municipali-
ty, the facility has an integrated infrastructure that al-
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lows both domestic and industrial waste to be disposed
of without harming the environment. The facility offers
services such as waste incineration, biogas production,
hazardous waste storage, and energy production. The
facility uses cogeneration systems to recover the energy
generated during waste disposal, and generates electric-
ity and heat. The facility converts organic waste into an
energy source by using the anaerobic digestion method
during the biogas production process. The stored biogas
is transmitted to the cogeneration engines. The electri-
cal energy generated in the engines is transferred to the
grid, while the heat released is used in energy systems
or in-plant operations. The cogeneration system of the
facility is shown in P-Figure 1.

Figure 1. Biogas fueled cogeneration unit a) General view b) Gas
Engine

2.2, Exhaust Pipe Production Facility

An inspection was carried out at the Rotek Exhaust
Pipe System factory to observe the exhaust pipe pro-
duction on site. In the inspections, it was seen that the
designers manufactured the exhaust pipe in accordance
with EN 1856-1 [17] standards. In the exhaust pipe de-
sign, the exhaust pipe height, diameter, and material
are determined based on EN 13384 [18] standard. Dif-
ferent types of exhaust pipes are shown in P-Figure 2.
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Figure 2. Types of exhaust pipes a) General view b) Insulated pipe

3. Material and Method

3.1. Material

The main source of CFD analysis in cogeneration plants
is the gas engine. Calculations are made by considering
the data sheet information given according to the
type of gas engine. In this manuscript, the J 208 GS/
C21 General Electric Jenbacher gas engine is used as
the gas engine. The J 208 GS/C21 is a gas engine with
approximately 330 kW electricity and 480 kW heat
production capacity. Thanks to the cogeneration (CHP)
system, total energy efficiency can reach 85-90% [19].
The engine offers flexibility by operating with various
combustible gases such as biogas and natural gas. The
biogas produced by the plant from organic waste is
converted into energy by this engine. The gas engine is
shown in P-Figure 3 and the data sheet parameters are
shown in P-Table 1.

CE certified high temperature and corrosion resistant
products in accordance with EN 1856 -1 [17] and EN
1859 [20, 21] standards were selected for the exhaust
pipes of the system. Since these products are made of
stainless steel, they are resistant to corrosion from the
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exhaust gas [22]. Considering these references, a 1 mm
thick @180 mm diameter AISI 304 stainless steel ex-
haust pipe was selected. 50 mm thick, 80 kg/m3 density
rock wool thermal insulation was applied on the inner
pipe. As the outermost coating, an exhaust pipe made of
0.50 mm thick AISI 430 quality stainless steel was se-
lected in order to ensure that the exhaust pipe is located
outside the building and is resistant to rain effects.

Figure 3. General Electric Jenbacher J 208 GS-C21 Gas Engine

Table 1. Gas Engine Data Sheet

Parameter Unit Value
Exhaust gas temperature at full load °C 508
Exhaust gas temperature at bmep = 12.4 [bar] °C ~527
Exhaust gas temperature at bmep = 8.3 [bar] °C ~546
Exhaust gas mass flow rate, wet kg/h 1.858
Exhaust gas mass flow rate, dry kg/h 1.725
Exhaust gas volume, wet Nms3/h  1.444
Exhaust gas volume, dry Nm3/h  1.278
Max. admissible exhaust back pressure after engine  mbar 60

3.2. Method

In order to evaluate the effects of exhaust pipe design
on energy efficiency and cost effectiveness, software
performing CFD analysis was used, taking EN 13384-1
[18] standard as reference. Kesa Aladin program [23,
24], which was also used in previous studies, was used
to optimize gas flow, pressure loss, and diameter calcu-
lations for exhaust pipe design. Solidworks was used for
3D design of exhaust pipe, and Solidworks Simulation
[25, 26] software, which can be used in structural anal-
ysis, was used for static analysis. Wind load equations
expressed in TS 498 standard [27] were used in struc-
tural analysis [28, 29, 30]. Cost analysis was performed
using Excel program for Material Quantity and Cost
Analysis.

4. Results and Discussion

4.1. Exhaust Pipe Calculation and CFD Analysis

The full-load operating parameters of the Janbacher J
208 GS-C 25 gas engine used in the system are report-
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ed by the manufacturer. In addition to the gas engine
data sheet information, the information provided by the
boiler and silencer manufacturer is presented in PTa-
ble 2. The total thermal capacity of the gas engine (851
kW), exhaust flow rate (1858 kg/h), exhaust outlet tem-
perature (508 °C), and pressure losses in the exhaust
pipe system are shown in detail.

Table 2. Data Summary for CFD analysis

Motor Type: Janbacher Gas Engine J 208 GS-C 25

Specification Full Load Unit

Thermal capacity (Total) 851 kw

Exhaust gas mass flow rate 1858 kg/h
Exhaust gas temperature 508 °C

Max. admissible exhaust back pressure 6 kPa
Boiler inlet temperature 508 °C

Boiler outlet temperature 161 °C

Boiler pressure loss 0.95 kPa

Silencer pressure loss 1 kPa

Cap —=o

Exhaust Pipe 2 @219 ——

Exhaust Pipe 1 @ 273 ——

4.1.1 The Existing System

The current system is shown in P-Figure 4. The system
consists of a gas engine, boiler, muffler, and exhaust
pipe. The exhaust pipe has a section with a diameter
of @ 273 mm and another section with a diameter of @
219 mm. To ensure the exhaust pipe remains self-sup-
porting, its thickness has been increased, and it has
been supported by a base plate and flags mounted on
the cabinet.

The performance analysis of the existing exhaust pipe
design, based on the information in P>Table 2 and PFig-
ure 4, was performed using the Kesa Aladin software in
accordance with EN 13384-1 standard. The calculation
result is shown in PFigure 5.

According to the calculation results, it has been shown
that the current exhaust pipe design complies with the
standards by meeting both temperature and pressure
requirements.

4.1.2 The Proposed New System

Within the scope of the originality of this study, im-
provements have been made to the existing design. Ac-

Reactor

Gas Engine —| S

[
jiptallf

Boiler
Figure 4. The Existing System Design
- Atik gaz E |

Igletme tard Plana gére pozitif basing ile, Nemli
Kosul Formiil igar. Birim High Fire
Basing sarti Pzoe-Pzo Pa 0 +++
Pos. Pressure at Entry Pex-Pzo Pa 43987 +
Pos. Pressure inside Connector  Pew-Pzo Pa 27556 +
Sicaklik gartlarn tict-tg *C 483 +++
Sicaklik gartlarn tiro-tg *C 480.9 +++
Ek bilgi
Atk gaz tesisati
Atk gaz hizi W mis 3246

Standart EN 13384-1"in/in tim sartlar yerine getirilmistir. Atk gaz sistemi standarta

uygun bir sekilde yapilandinimigtir.
Uyarnilar Cihazin gergek itme basinc 2247 4 Pa.

Figure 5. Results of the exhaust cross-section calculations for the existing system
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cordingly, the existing silencer is positioned horizontal-
ly, whereas the silencer in the proposed improvement is
designed vertically. This way, the length of the exhaust
pipe route is reduced, which will decrease the exhaust
pipe lengths and resistance losses. The reduction in
length and resistance losses represents an engineering
improvement and thus leads to more optimal draft. The
proposed new system is shown in P-Figure 6.

Based on the information in PTable 2 and PFigure 6,
the performance analysis of the existing exhaust pipe
design was performed with Kesa Aladin software in
accordance with EN 13384-1 standard. The calculation
result is shown in P-Figure 7.

According to the calculation results, with the route
modification, it has been observed that draft is achieved
in the proposed new exhaust pipe design by selecting an
exhaust pipe diameter of @180 mm, and that it complies

Cap

p=2

Exhaust Pipe @180 —

-

i

Steel Construction —

Silencer\r
ML

PR —

with the standards by meeting both temperature and
pressure requirements.

4.2. Wind Load Calculation and Structural Analysis
for The Proposed New System

4.2.1 Load Calculation for Wind Load Analysis

Wind load values are needed to evaluate the durability
of the exhaust pipe and silencer design used in the
project. The wind pressure acting on the upper surface
of the structure is given in the equation below [27].

W = Cyq (1)

Here, g isthe wind pressure (Wind pressure and Suction
pressure) (kN/m?), and Cp is the suction coefficient.

Reactor

Gas Engine —

(]

Boiler

Figure 6. Design of The Proposed New System

7 [_l—[
£ TN N
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Pos. Pressure inside Connector PexPzo Pa 158.4 +
Sicaklik sartlar -ty "C 4804 4+
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Atk gaz tesisat

Atk gaz hiza Wi mis 49.17

Standart EN 13384-1"in/in tim sartlan yerine getirimigtir. Atk gaz sistemi standarta
uygun bir sekilde yapilandinimistir.

Figure 7. Results of The Exhaust Cross-Section Calculations for The Proposed New System
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C, is determined depending on the different wind
directions for the surface under consideration. Wind
pressure acts perpendicularly to the surface. In tower
type structures such as exhaust pipes, this value is
taken as 1.6. Thus, wind pressure in the exhaust pipes
is expressed as follows [27].

W=16 g 2)

Wind pressure is determined by the following equation.

9= 3)

If the approximate unit volume mass of air is taken as
q = 1.25 kg/m3, and the acceleration due to gravity is
substituted in m/s?, the wind pressure is expressed in
the following equation.

p2

1600

q= (4)

Although different wind speeds may occur due to lo-
cal topographic conditions, in general, the wind speed
is shown in PTable 3, according to the values spec-
ified in TS 498 September 2021 standard [27], based
on the structure’s height above the ground. This table
also summarizes the wind pressure associated with the
speed, in practical terms.

Due to local topographic conditions, different wind
speeds may occur, and these speeds may deviate from

the given values. Therefore, considering that the wind
effect will be severe in structures located at high alti-

V5 —

V4§ —

7m

Vi —

V2 —

11—

Container

3m

a)

Figure 8. Schematic representation a) Exhaust Pipe b) Wind Pressure

European Mechanical Science (2025), 9(2)

Table 3. Summary of Wind Speed and Wind Pressure Based on
Height [27].

Height above ground Wind speed Wind pressure
(m) v (m/s) q (kN/m?)
0~8 28 0.5
9~20 36 0.8
21 ~100 42 1.1
>100 46 1.3

tudes or on steep slopes, the wind pressure should be
taken as q = 1.1 kN/m? [27].

Taking into account the wind pressure, the wind load
acting on the exhaust pipe system is calculated using
the following equation.

Fo=qcH (5)
Fo = 12{?0 cH (6)
C=mnD, )
D,=D,+2¢ (8)

Here, v represents the wind speed at different heights
and speeds, F;, represents the wind load, H represents
the ground height, c represents the exhaust pipe outer
wall perimeter, t; represents the insulation thickness,

1.6 * q=1.28 kKN/m? s »

2m

1.6 * q=0.80 KN/m?> =

w
8m
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D, represents the pipe inner diameter, and D,
represents the pipe outer diameter after the insulation
coating.

Here, when D, is taken as 180 mm and t; as 50 mm,
D, has been determined as 280 mm. The distribution
of the wind load on the exhaust pipe is schematically
shown in PFigure 8. Since the length of the proposed
new exhaust pipe on the cabinet is 7 m, the load distri-
bution has been considered accordingly.

As seen here, different wind loads are effective in the
first 5 m and the following 2 m lengths of the exhaust
pipe, due to the change in wind speed. Therefore,
customized wind load calculations are shown in the
equations below. Thus, wind load calculations are made
for different wind speed (V) and ground height (H)

combinations.
F, =16 v:cH, (9)
F, =1.6v2cH, (10)

Here, ;=28 m/s, H; = 8 m, v; = 36m/s, H; =2 m, so
F,=5.52 kN, and F,=2.28 kN are found.

4.2.2 Structural Analysis

In the above section, the wind load calculations and the
weight of the system have been defined as a force on the
exhaust system in the structural analysis module. Al-
though it is possible to apply different loads to differ-
ent regions in accordance with the standards, in this

project, a single force of 5.52 kN, the maximum wind
load-critical load, has been applied equally across the
entire system. The purpose of selecting the critical load
in the calculations is to test the maximum durability in
all areas of the exhaust pipe design.

Before the structural analysis, the 3D design of the ex-
haust pipe was made in the academic-student module
of the Solidworks program. The 3D design is shown in
»Figure 9.

The 3D design of the exhaust pipe was created in the
SolidWorks (academic-student simulation model) pro-
gram, and the steel construction was included in the
simulation model as fixed to the ground. A total of
167691 nodes and 83229 elements were used in the anal-
ysis. In addition, mesh quality analysis was performed
in the study. Mesh quality was found to be a minimum
of 0.052 and maximum 0.99. The Fixed Support, Mesh
structure, and load definitions have been established.
While defining the loads, wind load and system weight
were taken into account. Wind load was defined in the
program so that it would apply to both the exhaust pipe
and the construction. The Fixed Support, mesh struc-
ture, and load definitions are provided in PFigure 10.

Carbon steel (S275JR) has been used in the design of
the construction and silencer, while AISI 304 grade
stainless steel materials have been used for the exhaust
pipe. These materials have been defined within the
SolidWorks simulation module. Subsequently, finite el-
ement analysis was performed. The finite element anal-
ysis is shown in P>Figure 11.

ITEM NO. PART NUMBER MATERIAL QTY.
1 Container ST37 1
2 Silencer ST 37 1
3 Upper Chimney AlSI 304 1
4 Flans ST37 3
5 KonstrUksiyon ST37 1
6 Clamp ST 37 4
7 cap ST37 1

Figure 9. Exhaust Design for The Proposed New System

@ European Mechanical Science (2025), 9(2)
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Accordingly, the maximum stress on the exhaust pipe
was found to be 108.691 MPa according to the Von Mis-
es criterion. This value is within safe limits compared
to the yield strength of the steel material used (170
MPa). Thus, it was seen that the exhaust pipe is approx-
imately 1.56 times more resistant to the loads caused
by wind and the weight of the system. In the deforma-
tion analysis, the displacement and strain values of the
exhaust pipe were examined in detail. With the rise of
the exhaust pipe upwards, it was determined that the
displacement values in some areas were a maximum of
0.13 mm. This value is within acceptable limits for the
system and does not threaten the stability of the design.

4.3 Exhaust Design Cost Relationship

The proposed new exhaust system has shown that it

a)

meets the system requirements in terms of both CFD
and structural analysis, just like the existing working
exhaust system, even when the pipe route is reduced. In
this section, cost analysis is performed by comparing
the costs of the proposed new system that meets the
system requirements with the existing system. The cost
of the existing system is shown in P>Table 4, and the cost
of the proposed new system is shown in P>Table 5.

As a result of the cost analysis, it was determined that
the total cost of the existing exhaust pipe system was
5,133.00 USD. However, thanks to the design optimi-
zations and savings in material usage, the cost was re-
duced to 2,402.80 USD. This means a cost reduction of
approximately 53%. This saving was achieved by opti-

Model name: Assem?2
Study name: Static 1(-Default-)
Plot type: Mesh Quality1

b)

Figure 10. Design definitions: a) Fixed support b) Mesh configuration and load definitions
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Figure 11. Finite element analysis: a) Von Mises b) Deformation
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Table 4. The Cost of The Existing System

No Description Quantity  Unit Total

Vertical Sistem

1 @219 Length module 3.0 pc $270.00
2 @219 Adaptor 1.0 pc $90.00
3 @219Cap 3.0 pc $675.00
4 @273 Length module 3.0 pc $300.00
5 @273 Condense module 1.0 pc $120.00
6 @ 273 Te Module 1.0 pc $120.00
7 @273 Base plate and ribs 1.0 pc $846.00
support
8 (273 Flanges 0.0 pc $0.00
Connection pipe
9 @219 Length module 7.0 pc $630.00
10 @219 Adaptor 2.0 pc $180.00
11 @219 Te module 2.0 pc $216.00
12 @219 Dirsek 90 2.0 pc $216.00
13 @219 Dirsek 45 3.0 pc $270.00
14 @219 Flanges 10.0 pc $1,200.00
Total amount: $5,133.00
Table 5. The Cost of The Proposed New System
No Description Quantity  Unit Total
Vertical Sistem
1 @180 Length module 6.0 pc $168.80
2 (180 Cap 3.0 pc $210.00
3 @180 Condense module 1.0 pc $33.60
4 @180 Te Module 1.0 pc $33.60
5 @180 Flanges 4.0 pc $480.00
6 (@180 Steel construction 1.0 pc $500.00
Connection pipe
7 @180 Length module 2.0 pc $56.00
8 (180 Adaptor 2.0 pc $56.00
9 (180 Dirsek 90 1.0 pc $33.60
10 @180 Te Module 2.0 pc $112.00
11 @180 Flanges 6.0 pc $720.00
Total amount: $2,402.80

mizing elements such as CFD analysis, structural anal-
ysis, exhaust length, exhaust pipe diameter, material
thickness, and elbow design. Achieving the same du-
rability and efficiency targets with less material usage
offers a significant advantage in terms of both econom-
ic and environmental sustainability. This study clearly
demonstrates the potential benefits of cost-effective de-
sign applications in industrial facilities.

The cost analysis in this study shows that the cost anal-
ysis of exhaust design is of great importance in terms of
increasing recycling rates by encouraging cogeneration
systems, achieving energy efficiency targets, and com-
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plying with environmental sustainability principles.

5. Conclusions

As a result of the examinations and analyses, it has
been revealed that the correct design and positioning
of exhaust pipes used in biogas-fueled cogeneration
systems are of critical importance in terms of both effi-
ciency and cost. In the current system, the horizontally
positioned silencer and long exhaust pipe line increase
pressure losses and cause unnecessary material usage,
making the design costly. The proposed new design,
thanks to the shorter pipe route, not only met the re-
quired standards but also achieved a safe structure by
using much smaller diameter and material thickness.

The data collected during the field survey and the pro-
posed new system were evaluated using CFD and struc-
tural analysis methods; the results obtained showed
that there were significant improvements that directly
affected the system efficiency and cost. In the current
system, it was observed that the gas engine exhaust op-
erating at 508 °C and 1858 kg/h flow (total 851 kW ther-
mal capacity) was carried by two different pipe sections
with diameters of 273 mm and 219 mm. In the analysis
of this design, it was determined using the Kesa Aladin
software that it complied with the standards in terms of
pressure losses and gas flow, but created high costs due
to unnecessary material usage.

On the other hand, in the new proposed system, the
exhaust line was shortened by positioning the silencer
vertically, the diameter was optimized as @180 mm and
the material thickness was reduced. In the CFD analy-
sis, it was seen that the temperature and pressure con-
ditions required by the standards were also provided
with this new design. Solidworks Simulation was used
in structural analyses; under the wind load (critical
condition defined as approximately 5.52 kN) and the
weight of the system, a maximum Von Mises stress of
108.691 MPa was calculated. This value corresponds to
a safety factor of approximately 1.56 when the materi-
al yield strength (170 MPa) is taken into account. The
maximum displacement under the same conditions was
determined to be only 0.13 mm, thus confirming that
the design has sufficient stability.

The cost analysis results are one of the most striking
findings in the project. While the total cost of the exist-
ing system was calculated as 5,133 USD, this amount
was reduced to 2,402.80 USD with the new proposed
design. A cost reduction of approximately 53% has
been achieved, demonstrating that the use of a shorter
exhaust route, smaller diameter, and thinner material
not only ensures compliance with standards but also
provides a significant economic advantage.

As a result, the new design approach, which is verified

both in terms of fluid dynamics and structural aspects,
combines efficiency, safety and economic criteria in

https://doi.org/10.26701/ems.1 65006 |



Rabia Kaymaz, Mine Ak, Kirsat Tanriver

a holistic way. This study reveals that it is possible to
achieve high performance at lower costs in biogas-fu-
eled cogeneration plants and that the same method can
be generalized in similar applications.

In future studies, long-term performance of high tem-
perature and corrosion effects can be investigated by
using advanced material combinations or multi-layer
exhaust systems. In this context, processing the ob-
tained data with optimization algorithms will allow for
more comprehensive improvement of exhaust systems
in terms of both cost and energy efficiency. Thus, adopt-
ing the same methods in similar biogas and cogenera-
tion plants will provide a guiding approach for both op-
erators and engineering applications.
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Abstract: Inthis study, the adhesive wear behavior of different metals lubricated with nanoparticle-modified oils was investigated.
Two different metal samples, namely St37 steel and AlSI304, were used. As the lubricant, the widely used industrial TOW-40
motor oil was selected and titanium carbide (TiC) and titanium nitride (TiN) nanoparticles were added at concentrations of 1%,
3%, and 5% by weight to improve the tribological properties. The lubricants were homogeneously mixed with the nanoparticles,
and the prepared samples were subjected to wear tests using the pin-on-disk method. Tests were conducted under fixed
parameters, and subsequently, the worn surfaces were analyzed in detail using SEM, EDS, FTIR, UV spectroscopy and Optical
Microscopy techniques. The results demonstrated that the addition of nanoparticles reduced the coefficient of friction and
increased wear resistance. Particularly, the addition of 3% TiN and TiC nanoparticles provided lower wear tracks and more
homogeneous surface deformation on all metal surfaces. This study presents important findings supporting the potential of
nanoparticle-reinforced lubricants to extend the service life and improve the performance of machines in industrial applications.

Keywords: Tribology, AlISI304, St37 Steel, TiC, TiN
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1. Introduction

With the advancement of technology, while human la-
bor in industry is decreasing, an increase in machine
usage is being observed. Developing wear-prevention
strategies to enhance the durability and performance
of machines has become critical. Metal materials are
generally preferred in production; however, lubricants
are used to reduce friction and wear between surfac-
es [1]. Although conventional lubricants offer many
advantages, their performance can be limited under
harsh conditions such as high temperature, pressure
and contamination [2].

The development of nanotechnology has led to the idea
of improving tribological properties by incorporating
nanoparticles into lubricants. Nano-sized reinforce-
ments have the potential to reduce friction, provide
resistance to wear and extend system life. In the liter-
ature, many nanoparticles such as Nanodiamond, Car-
bon Nanotube (CNT), Molybdenum Disulfide (MoS,),
Silicon Dioxide (SiOz), Alumina (AlzO3), Zinc Oxide

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

(Zn0O), Titanium Dioxide (TiO2), Titanium Nitride
(TiN) and Titanium (IV) Carbide (TiC) have been used
as lubricant additives.

In this study, the effects of TiN and TiC nanoparticles
on adhesive wear will be specifically examined. TiN
reduces friction due to its high hardness and oxidation
resistance [3], while TiC offers high-temperature stabil-
ity and wear resistance [4]. Both nanoparticles aim to
provide lower wear and longer life in contact between
metal surfaces.

Lubricants can be either natural (vegetable, mineral,
animal-based) or synthetic (PAO, ester, glycol-based)
[5]. It is known that both types improve machine effi-
ciency by reducing friction and wear. Tribology is the
science that studies friction, wear, and lubrication phe-
nomena, and it plays a critical role in reducing energy
loss and surface damage in machines [6].

Adhesive wear occurs when contacting surfaces stick
together and break apart, resulting in material loss. In
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abrasive wear, hard particles wear down a softer sur-
face. Fatigue wear develops through crack formation
caused by repeated stress on the surface. Erosive wear
occurs due to the impact of moving abrasive particles,
while corrosive wear is caused by a combination of fric-
tion and chemical reactions [7].

Previous studies have shown that nanoparticle-en-
hanced lubricants significantly improve tribological
performance. Wu et al. [2] reported that lubricants
containing CuO, TiO» and nanodiamond additives con-
siderably reduced both friction coefficient and wear.
Similarly, Birleanu et al. [8] demonstrated that adding
TiO» nanoparticles at concentrations of 0.01-0.075%
improved load-carrying capacity and reduced fric-
tion. In another study conducted by Choi et al. [9], it
was found that Cu nanoparticle-added lubricants re-
duced the coefficient of friction by up to 44% under
high loads. Zhu and colleagues [10] reported that the
addition of 8% Fe3;0,4 nanoparticles improved surface
quality in rolling processes and significantly reduced
rolling force. Padgurskas et al. [11] also showed that
lubricants reinforced with Fe, Cu and Co nanoparti-
cles decreased both the friction coefficient and wear by
up to 1.5 times. Moreover, Yu et al. [12] demonstrated
that MoS, nanoparticles reduced surface roughness
and helped prevent adhesive wear. Wu and colleagues
[13] developed ZnO@SiO» nanocomposites, which,
when added to grease, reduced the coefficient of fric-
tion by 11.5% and wear by 25%. These studies strong-
ly support that adding nanoparticles to lubricants can
significantly reduce friction and wear in tribological
systems. Ma et al. [14] reported that a water-based na-
nolubricant containing 3.0 wt% TiO» nanoparticles
reduced the coefficient of friction by 82.9% and wear
by 42.7% compared to dry conditions, demonstrating
significant improvements in tribological performance.
Martin et al. [15] demonstrated that adding TiOs and
SiO» nanoparticles to PVE lubricant reduced the coef-
ficient of friction, with optimal performance observed
at concentrations below 0.010% for TiO» and 0.005%
for SiO., achieving lower COF and wear scar diameter
compared to pure PVE lubricant. Lifieira del Rio et al.
[16] reported that adding 0.1 wt% MoSs nanoparticles
to PAO4 lubricant led to a 64% reduction in friction, a
62% decrease in wear width and a 97% reduction in
worn area, confirming the formation of protective tri-
bofilms and highlighting the effectiveness of MoS, un-
der boundary lubrication conditions. Bordo et al. [17]
demonstrated that while Cu nanoparticles at 0.3% and
3.0%wt were ineffective in synthetic ester oils, their ad-
dition to mineral oil significantly reduced the coefficient
of friction and enhanced antiwear performance, with
optimal results observed at 0.3%wt concentration un-
der varying contact pressures and temperatures.

2. Materials and Method

In this study, based on the information gathered from
the literature, the adhesive wear behavior of lubricants

@ European Mechanical Science (2025), 9(2)

modified with different nanoparticles on various metal
surfaces was investigated. The experiments were con-
ducted using specially prepared lubricants with specif-
ic metal and nanoparticle combinations and the wear
performance was evaluated through tribological tests.

Two different metals commonly used in industry were
selected for the experiments: St37 steel and AISI304
stainless steel. The chemical composition data of these
metals were obtained from the literature and are pre-
sented in P>Table 1.

Table 1. Chemical Composition of St37 Steel and AISI304 Stainless
Steel (by weight %) [18]

Element C Si Mn P S Cr Ni

St37 0.11 0.03 056 0.007 0.005 0.07 0.03
AlSI304 0.034 055 133 0.03 0.01 18.50  8.44

The TiC and TiN nanoparticles used in this study had
a particle size below approximately 44 microns and
were supplied in -325 mesh form (completely passing
through the sieve) ( P>Table 2). This was intended to
ensure better interaction with the surface and achieve
homogeneous dispersion within the lubricant.

Table 2. Material Properties of TiC and TiN Nanoparticles Used in the
Study

Nanoparticle  Purit Size Molecular CAS
P y Weight (g/mol) Number
TiC %98 -325 mesh 59.88 12070-08-5
TiN %99.5  -325 mesh 61.91 25583-20-4

The base lubricant used in this study was a motor oil
with a 10W40 viscosity grade. The fundamental prop-
erties of this oil are presented in P>Table 3.

Table 3. Technical Specifications of 1T0W40 Lubricants

Viscosity Viscosity Density  Flash

(40°C)  (100°C) V';Cdf;('ty (15°C)  Point Sgi‘r’]rt
mm?/s mm?/s g/ml °C
10W40 90 13.4 150 0882 210 -39

TiC and TiN nanoparticles were added to the base oils
at different weight ratios and the ratios were given in
P-Table 4. Special dispersion techniques were applied to
ensure the homogeneous distribution of the nanopar-
ticles within the oil. The lubricant formulations were
prepared as follows.

The prepared lubricants, both with and without addi-
tives, were applied to different metal specimens and
subjected to wear tests. Tribological performance eval-
uations were carried out using the pin-on-disk meth-
od [19]. In this study, a steel ball (52100 SAE Bearing
Steel) with a hardness range of 58-66 HRC was used
as the counter surface in the pin-on-disk wear test. The
tests were conducted under constant parameters to en-
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Table 4. Composition of Test Samples with Nanoparticle Additives

Nano-Lubricant Name Nanoparticle Metal Content (g/100

ml of oil)
10w40 - -
T0w40+TiC1 TiC 0.1
10w40+TiC3 TiC 0.3
10w40+TiC5 TiC 0.5
T0w40+TiN1 TiN 0.1
T0w40+TiN3 TiN 0.3
T0w40+TiNS TiN 0.5

sure repeatability, and the test conditions used given
»Table 5.

Each metal specimen was individually tested under
standard Hz (unmodified) oil and nanoparticle-en-
hanced lubricants. After the wear tests, surface anal-
yses were performed using Scanning Electron Micros-
copy (SEM), Energy-Dispersive X-ray Spectroscopy
(EDX), Optical Microscopy, Fourier Transform Infra-
red Spectroscopy (FTIR) and Ultra-Violet (UV) spec-
troscopy. These techniques allowed for a detailed inves-
tigation of surface morphology, chemical composition

Table 5. Parameters used during the Pin-on-Disk wear test

changes and wear mechanisms.

3. Results and Discussion

In this study, the effects of 10W40 engine oil and the
addition of TiC and TiN nanoparticles on the tribolog-
ical performance of AISI304 and St37 steel specimens
were investigated through pin-on-disk wear tests. The
experimental results were evaluated based on both the
coefficient of friction and weight loss parameters, and
the interactions between material, oil and additive were
thoroughly analyzed. Coefficient of Friction results are
plotted in P>Figure 1.

For the AISI304 sample, the average coefficient of fric-
tion in its pure (unlubricated) form was measured as
1.06. This value indicates that there is a significant lev-
el of friction between the surfaces when no lubricant
is applied. When 10W40 motor oil was used, a notable
reduction in the coefficient of friction was observed,
decreasing to 0.84. This reduction demonstrates that
the 10W40 lubricant effectively reduced direct met-
al-to-metal contact and improved the tribological per-
formance.

However, when TiC nanoparticles were added to the

Parameter Rotational Track Dia- Sliding Speed Duration Total Sliding Normal Data Acquisition ~ Test Ambient Tem-
Speed (rpm)  meter (mm) (mm/s) (s) Distance (mm) Load (N) Frequency (Hz) perature (°C)
Value 600 12 377 1326 500000 6.4 50 30
Table 6. Average Friction Coefficient Results of AISI304 with 1T0W40 + TiC Additives
Pure 10W40 10W40 + TiC %1 10W40 + TiC %3 10W40 + TiC %5
Average Coefficient of Friction () 1.06 0.84 1.55 2.00 1.98

AlSI304 + 10W40 + TiC

== 10W40

== Pure

4

|

d

Coefficient of Friction

10W40 + TiC %1

1 J'N‘J R \1 "
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kg

0 200 400
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Figure 1. Coefficient of Friction Results for AISI304 with 10W40 + TiC Additives
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10W40 oil, the following changes in friction coefficient
were observed: with 1% TiC, the coefficient increased
to 1.55; with 3% TiC, it reached 2.00; and with 5%
TiC, it slightly decreased to 1.98. These results indi-
cate that the addition of TiC nanoparticles to 10W40
oil increased the coefficient of friction on the AISI304
surface and negatively affected the tribological perfor-
mance. Notably, at 3% and 5% addition rates, the co-
efficient of friction increased significantly compared to
the use of base oil alone.

This increase can be attributed to several mechanisms.
Firstly, the high concentration of TiC nanoparticles may
have caused the formation of an uneven film layer on the
surface, leading to micro-abrasion. Additionally, the in-
creased amount of solid particles could have produced
abrasive effects on the sliding surface, thereby raising
the friction coefficient. Moreover, the high particle con-
centration may have increased the viscosity of the oil,
negatively affecting its flow properties and preventing
the formation of a stable lubricating film between the
surfaces. Considering all these mechanisms together,
it is evident that excessive nanoparticle addition has a
detrimental impact on tribological performance. Coef-
ficient of friction results for AISI304 with 10W40 + TiN
additives are given in P-Figure 2.

The average coefficient of friction for the AISI304 spec-
imen in its pure (unlubricated) state was measured as
1.06, indicating significant friction between the surfac-
es under dry conditions (Table 7). When 10W40 motor
oil was used, the coefficient of friction decreased notice-

ably to 0.84, demonstrating that the oil formed a protec-
tive film layer between the surfaces, thereby reducing
direct contact.

However, when TiN nanoparticles were added to the
10W40 oil, a significant increase in the coefficient of
friction was observed: 1.82 for 1% TiN, 2.69 for 3% TiN
and 2.70 for 5% TiN additions. These findings clearly
show that the use of TiN nanoparticles in combination
with 10W40 oil increased friction on AISI304 surfaces
and negatively affected the tribological performance.

This increase can be attributed to several potential fac-
tors. Firstly, the higher concentration of nanoparticles
may have led to particle accumulation and aggregation
within the oil, resulting in the formation of uneven wear
zones on the surface. Additionally, the dense presence
of nanoparticles might have caused a micro-abrasive
effect rather than acting as a protective film layer,
thereby damaging the surface. Moreover, as the parti-
cle ratio increased, adverse changes in the oil’s viscosity
may have occurred, disrupting the lubricant’s flowabil-
ity, preventing sufficient film formation on the surface
and ultimately leading to an increase in the coefficient
of friction.

The average coefficient of friction measured for the
pure AISI304 sample was found to be 1.06. In tests per-
formed with 10W40 motor oil, the coefficient of friction
decreased to 0.84, indicating that 10W40 oil provided
significantly lower friction values compared to the dry
condition. When TiC nanoparticles were added to the

AlSI304 + 10W40 + TiN

== 10W40
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Coefficient of Friction

10W40 + TiN %1

== 10W40 + TiN %3 == 10W40 + TiN %5
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Figure 2. Coefficient of Friction Results for AlISI304 with 1T0W40 + TiN Additives

Table 7. Average Friction Coefficient Results of AISI304 with 10W40 + TiN Additives

Pure 10W40

T0W40 + TiN %1 10W40 + TiN %3 T0W40 + TiN %5

Average Coefficient of Friction () 1.06 0.84

1.82 2.69 2.70
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10W40 motor oil, the coefficient of friction increased to
1.55 at 1% concentration, and reached 2.00 and 1.98 at
3% and 5% concentrations, respectively. In the case of
TiN in addition to 10W40 oil, high coefficients of fric-
tion were obtained: 1.82 at 1% concentration, 2.69 at
3% and 2.70 at 5%.

The weight loss values obtained from the wear tests
performed on the AISI304 specimen are presented in
pTable 8. The measured weight loss for the pure (un-
lubricated) AISI304 sample was found to be 0.0059 g.
When 10W40 motor oil was used, this value signifi-
cantly decreased to 0.0001 g, indicating that 10W40 oil
is highly effective in minimizing wear on the AISI304
surface.

Table 8. Weight Loss Results from Wear Tests of AlSI304-Based
Samples with TiC and TiN Additives

AISI304 Weight Loss (g)
Pure 0.0059
10w40 0.0051
10w40+TiC1 0.0057
10w40+TiC3 0.0054
10w40+TiC5 0.0050
10w40+TiN1 0.0034
10w40+TiN3 0.0031
10w40+TiNS 0.0027

When TiC and TiN nanoparticles were added to the oil,

the following changes in weight loss were observed: For
10W40 + TiC additives, the weight loss ranged between
0.0050 and 0.0057 g, showing an increase compared to
pure 10W40 oil. For 10W40 + TiN additives, the weight
loss remained relatively low, between 0.0027 and 0.0034
g. These findings indicate that the effect of nanoparticle
additives on tribological performance depends not only
on the type of additive but also on its concentration, the
type of base oil, and the surface properties of the ma-
terial.

Overall, 10W40 motor oil was found to be effective in re-
ducing the coefficient of friction. However, the addition
of TiC nanoparticles increased the coefficient of friction
for the AISI304 sample (P>Figure 3). In contrast, TiN
nanoparticles improved friction performance only at a
specific concentration (3%); increasing the concentra-
tion beyond this point had a negative effect on tribolog-
ical performance.

In conclusion, the effectiveness of nanoparticle addi-
tives depends not only on the material and oil type but
also significantly on the additive concentration. If the
optimal concentration is not carefully determined, un-
desirable increases in friction may occur.

The average coefficients of friction obtained from the
wear tests conducted on the St37 steel specimen using
10W40 motor oil and TiC (Titanium Carbide) nanopar-
ticle additives are presented in P>Table 9.

The average coefficient of friction for the pure St37 steel

ST37 Steel + 10W40 + TiC

== Pure == 10W40

4

Coefficient of Friction

10W40 + TiC %1

== 10W40 + TiC %3 == 10W40 + TiC %5

o) @i d

0 200 400

i

Time (s)
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Figure 3. Coefficient of Friction Results for St37 Steel with T0W40 + TiC Additives

Table 9. Average Coefficient of Friction Results for the St37 Steel Specimen Under 10W40 + TiC Additive

Pure 10W40

Average Coefficient of Friction (1) 0.94 0.87

T0W40 + TiC %1 10W40 + TiC %3 10W40 + TiC %5

1.05 1.23 1.23
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specimen was measured as 0.94. When 10W40 motor
oil was used, a decrease in the coefficient of friction was
observed, with the value measured at 0.87. This result
indicates that the 10W40 lubricant forms a more effec-
tive film layer between the surfaces, thereby reducing
friction. However, when TiC nanoparticles were added
to the 10W40 motor oil, an increase in the coefficient of
friction was observed: with 1% TiC additive, the coeffi-
cient rose to 1.05 and for 3% and 5% TiC additives, it
was measured as 1.23.

The increase in friction with higher additive ratios sug-
gests that TiC nanoparticles may have created an abra-
sive effect on the St37 steel surface, rather than form-
ing a friction-reducing film layer. Additionally, the high
particle concentration may have negatively impacted
the flow properties of the oil, leading to more contact
points on the surface.

In general, it was determined that the use of 10W40
motor oil alone was effective in reducing friction on
the St37 steel surface. However, the addition of TiC
nanoparticles resulted in increased friction with higher
concentrations, negatively affecting tribological perfor-
mance. These findings indicate that nanoparticle addi-
tives may not produce the desired effect in every system
and that the compatibility of the additive, material and
lubricant must be carefully optimized.

The average coefficients of friction obtained from the
wear tests conducted on the St37 steel specimen using
10W40 motor oil and TiN (Titanium Nitride) nanopar-

ticle additives are presented in P-Table 10.

The average coefficient of friction for the pure St37 steel
specimen was determined to be 0.94. When 10W40 mo-
tor oil was used, the coefficient of friction decreased to
0.87, indicating that the lubricant effectively reduced
direct surface contact and improved tribological per-
formance. When TiN (Titanium Nitride) nanoparti-
cles were added to the 10W40 motor oil, the following
changes in the coefficient of friction were observed: 1.05
with 1% TiN, 1.29 with 3% TiN and 1.13 with 5% TiN.

The use of TiN additives at 1% and 3% resulted in an
increase in the coefficient of friction compared to pure
oil (>-Figure 4). At 5% TiN, a slight improvement was
observed compared to lower concentrations, but the
value still remained higher than that of the base oil
alone. This trend suggests that TiN nanoparticles did
not achieve the desired friction-reducing effect on St37
steel surfaces when dispersed in 10W40 oil. Factors
such as particle agglomeration at higher concentrations
or negative changes in lubricant flow characteristics
may have negatively influenced the tribological behav-
ior.

In general, the use of pure 10W40 motor oil was effec-
tive in reducing friction on St37 steel surfaces. Howev-
er, the addition of TiN nanoparticles led to an increase
in friction depending on the concentration, negatively
affecting overall tribological performance. These find-
ings highlight that the effectiveness of nanoparticle ad-
ditives depends not only on the type of additive but also

ST37 Steel + 10W40 + TiN
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Figure 4. Coefficient of Friction Results for St37 Steel with T0W40 + TiN Additives

Table 10. Average Coefficient of Friction Results for St37 Steel Specimen Under 10W40 + TiN Additive Conditions

Pure 10W40

Average Coefficient of Friction (u) 0.94 0.87

T0W40 + TiN %1 T0W40 + TiN %3 T0W40 + TiN %5

1.05 1.29 1.13
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on its interaction with the lubricant and the material
properties. Therefore, careful optimization of additive
type and concentration is essential for achieving de-
sired performance.

The average coefficient of friction measured for the pure
St37 steel specimen was 0.94. The use of motor oil im-
proved tribological performance by reducing friction on
the specimen surfaces. When 10W40 motor oil was ap-
plied, the coefficient of friction decreased to 0.87. Upon
the addition of TiC and TiN nanoparticles to the 10W40
motor oil, different trends in the coefficient of friction
were observed. For TiC additives, a clear increase in
friction was noted with increasing nanoparticle con-
centration. In 10W40 + TiC samples, the coefficient of
friction was measured as 1.05 at 1% concentration and
1.23 at both 3% and 5% concentrations. This rise sug-
gests that TiC nanoparticles did not exhibit the expect-
ed friction-reducing effect on St37 steel surfaces and
may have even induced an abrasive effect.

On the other hand, the influence of TiN additives fol-
lowed a different pattern. In 10W40 + TiN samples, the
coefficient of friction was 1.05 at 1% TiN, 1.29 at 3%
and 1.13 at 5% concentration. These results indicate
that TiN nanoparticles may provide a friction-reducing
effect on St37 steel when used at an optimal concentra-
tion (3%), but this effect diminishes at both lower and
higher concentrations.

The wear test results for the St37 steel specimen in
terms of mass loss are presented in P>Table 11.

Table 11. Wear Loss Results for St37 Steel Specimen

St37 Steel Weight Loss (g)

Pure 0.0013
10w40 0.0052
10w40+TiC1 0.0012
10w40+TiC3 0.0091
10w40+TiC5 0.0024
T10w40+TiN1 0.0017
T10w40+TiN3 0.0059
T0w40+TiNS 0.0027

The wear loss measured for the pure St37 steel speci-
men was 0.0013 g. When 10W40 motor oil was used, the
wear increased to 0.0052 g. Upon the addition of TiC
and TiN nanoparticles to the oil, the wear loss values
showed the following variations: For 10W40 + TiC, a
very low wear loss of 0.0012 g was observed at 1% con-
centration; however, at 3%, the wear increased sharply
to 0.0091 g, and at 5%, it decreased again to 0.0024 g.
For 10W40 + TiN, the wear values generally remained
low, ranging between 0.0012-0.0059 g. Titanium is
widely used in various industries, especially in aviation,
due to its exceptional strength, corrosion resistance,
low density and favorable biocompatibility and biome-

European Mechanical Science (2025), 9(2)

chanical properties. The results obtained in this study
prove this [20].

These findings demonstrate that the effect of nanopar-
ticle additives on wear behavior depends not only on the
type of additive, but also on the concentration used, the
base oil type and the properties of the material. It is ob-
served that TiN nanoparticles at lower concentrations
can enhance wear resistance, while their effectiveness
diminishes at higher concentrations. In contrast, TiC
additives may increase wear loss at certain concentra-
tions, possibly due to their abrasive effects on the sur-
face [21].

Based on the results of this study, it is concluded that
for materials like AISI304, nanoparticle additives can
improve tribological performance if the additive ratio is
carefully optimized. For St37 steel, low-percentage TiN
additives are recommended, while TiC additives should
be avoided. In the selection of lubricating oils, both fric-
tion and wear parameters should be considered. Final-
ly, it is recommended that more comprehensive wear
tests under variable load and temperature conditions
be conducted in future research to evaluate the long-
term performance of nanoparticle-enriched lubricant
systems [22].

3D Optic microscope images were used to examine the
wear mechanisms and the surface deformations were
analyzed in detail in terms of abrasive and adhesive
wear.

Abrasive wear typically occurs as a result of mechanical
abrasion of the surface by hard particles. In the 3D mi-
croscope images, pronounced scratches, micro-pitting,
and surface irregularities were observed, particularly
on the pure St37 steel samples in P>Figure 5. The images
obtained for pure St37 steel revealed that the wear pro-
gressed in the form of directed and deep grooves. This
type of wear mechanism is generally defined as two-
body abrasive wear and tribological studies [23] have
shown that this form of wear can be further intensified
by the movement of abraded particles on the surface.

When reinforced lubricants were used, a significant
reduction in surface wear was observed. In St37 steel
specimens lubricated with oils containing 1%, 3% and
5% TiN additives, abrasive wear was found to be less
pronounced. The depth of the scratches decreased and a
more uniform wear pattern formed on the surface. TiN
particles contributed to a more balanced wear behav-
ior under frictional forces, leading to a more controlled
wear mechanism. Lubricants with TiC additives, on
the other hand, altered the wear mechanism more ef-
fectively, minimizing the impact of abrasive wear. The
St37 steel specimen lubricated with 5% TiC-containing
oil exhibited the least signs of abrasive wear, standing
out as the sample with the best surface condition. Stud-
ies in the literature [24] have shown that TiC controls
surface wear more effectively due to its high hardness
and chemical stability. The high hardness prevents the
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formation of micro-cuts on the surface, leading to a
smoother and more uniform wear pattern.

Adhesive wear occurs as a result of the adhesion and
subsequent detachment of metal surfaces. In the im-
ages, material transfer was observed particularly in
certain regions of the AISI304 samples in PFigure 6.
Although AISI304 is known for its higher resistance to
adhesive wear due to its natural oxide layer, localized
material accumulation and deformation were detected
in the samples lubricated with non-reinforced oils.

Adhesive wear is not solely a result of mechanical dam-
age but is also influenced by chemical and physical in-

TiN%5

teractions at the contact interface [25]. The incorpo-
ration of TiN and TiC additives into lubricants alters
these interactions, significantly reducing metal trans-
fer between contacting surfaces. In this study, AISI304
samples lubricated with 5% TiN and 5% TiC additives
exhibited minimal adhesive wear. This observation
aligns with findings from previous research, which
demonstrated that TiN and TiC coatings effectively
lower the coefficient of friction, thereby minimizing
direct metal-to-metal contact and reducing adhesive
wear. Especially for AISI304, the lubricant containing
5% TiC almost completely suppressed adhesive wear.
This indicates that TiC particles act as a barrier pre-
venting metal transfer between contact surfaces.

TiN%1 TiN%3

TiC%1 S ; TiC%3

TiC%3

Figure 5. St37 Sample Surface Wear Analysis under 10W40 il with TiC and TiN Additives (3D Optical Microscopy Images)

TiN%1 TiN%3

TiC%1

TiC%5

Figure 6. AISI304 Sample Surface Wear Analysis under 10W40 Oil with TiC and TiN Additives (3D Optical Microscopy Images)
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SEM images of St37 and AISI304 samples at 1000X
scale are given in P-Figure 6. When the SEM image of
the St37 steel plate is examined, its grains are clearly
visible. Very distinct and sharply bounded grains of
various sizes are observed on the St37 surface. The sur-
face of St37 steel showed a typical low carbon steel mor-
phology consisting of white colored ferrite and black
colored pearlite phases. The microstructure of these
steels mainly consists of equiaxed ferrite grains rang-
ing from 14 um to 18 um and pearlite phase in varying

185m GRZI MMM

Figure 7. SEM images of St37 and AlSI304 at 1000X scale

proportions. The proportion of pearlite phase in the mi-
crostructure is around 9% in St37 [23, 26]. The mor-
phology of the AISI304 sample has a smoother surface
appearance. There are some scratches and defects on
the surface. There is a second phase consisting of small
particles that appear to be homogeneously distributed
on the AISI304 surface.

When the EDX analysis of the AISI304 sample and the
presence of the elements in it as a weight percentage
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were examined, it was observed that elements such as C,
Cr, Fe and Ni were found in large amounts in the sam-
ple. Besides, the sample contains 58.752% Fe, 19.793%
Cr, 12.941% C, 7.002% Ni, 0.380% K, 0.110% Ti.

The EDX elemental analysis results of the St37 sample
in P-Figure 9 show the presence of C, S, Ti, Cr, Fe, Co, W
elements in the sample. The EDX spectrum showed that
the chemical composition of St37 consists of 56.528%
W, 30.147% C, 6.884% Co, 3.136% Fe, 0.850% Cr,
1.012% Ti and 1.444% S elements.

—— 10W40
—— 10W40 TiCl
—— 10W40 TiC3
or —— 10W40 TiC5

Absorbance (a.u.)

1 L 1 L 1
300 400 500 600 700 800

Wavelength (nm)

Figure 10. UV absorbance graphs of 10W40 oil including different
amounts of TiC.

Another method used to characterize TiC nanoparticles
dispersed in 10W40 oil is UV spectrometry. B>Figure 10
shows the UV absorption spectra of 10W40 oils con-
taining 1, 3 and 5% TiC nanoparticles. The absorption
of TiC nanoparticles was observed below 350 nm, sim-
ilar to the literature [27]. With the increase in the TiC
nanoparticle ratio in the oil, the absorption in the UV
wavelength region also increased. The reason for the in-

— 10W40
—— 10W40 TiN1

—— 10W40 TiN3
—— 10W40 TiNS5

Absorbance (a.u.)

300 400 500 600 700 80

Wavelength (nm)

Figure 11. UV absorbance graphs of 10W40 oil including different
amounts of TiN.
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creased light extinction with the increased TiC amount
may be due to both UV absorption of the nanoparticles
and light scattering. The results showed that TiC parti-
cles are good UV absorbers.

UV-vis absorption spectra were used to characterize
the deoxygenation of GO and the formation of TiN-
rGO nanohybrids. P-Figure 11 shows the absorption
spectra of 10W40 oil containing 1, 3 and 5 wt% TiN.
In the UV spectrum, TiN showed a broad absorption
band at between 300-350 nm, which was in agreement
with the literature [28, 29]. As the TiN ratio in the oil
increased, the peak shifted towards 350 nm.

4. Conclusions

This study systematically investigated the tribological
performance of AISI304 and St37 steel specimens lu-
bricated with 10W40 engine oil, both with and without
TiC and TiN nanoparticle additives. The findings re-
vealed that while the base oil alone effectively reduced
friction and wear, the incorporation of nanoparticles
led to varying outcomes depending on their type and
concentration.

Specifically, the addition of TiC nanoparticles result-
ed in an increased coefficient of friction for both steel
types, suggesting that at higher concentrations, TiC
may induce abrasive effects rather than providing lubri-
cation. Especially, TiN nanoparticles demonstrated a
concentration-dependent behavior. At optimal concen-
trations, they improved wear resistance, particularly
in St37 steel specimens. However, at higher concentra-
tions, the benefits diminished, likely due to nanopar-
ticle agglomeration and increased lubricant viscosity,
which hindered effective lubrication.

Surface analyses further revealed that the wear mecha-
nisms transitioned from predominantly adhesive in dry
conditions to a combination of abrasive and adhesive
when nanoparticle-enhanced lubricants were applied.
Notably, TiC additives were more effective in mitigating
adhesive wear in AISI304 specimens, while TiN addi-
tives provided smoother wear patterns in St37 speci-
mens at optimal concentrations. These results indicated
that nanoparticle additives can alter wear mechanisms
based on their interaction with the base oil and the ma-
terial surface.

Lubricants reinforced with TiN and TiC have modified
the wear mechanism, effectively controlling both abra-
sive and adhesive wear. 3D microscope images clearly
illustrate the wear mechanisms and support the contri-
bution of reinforced lubricants to tribological perfor-
mance. Weight loss data and friction coefficient results
clearly demonstrate the surface protection effect pro-
vided by the additives.

As a result, in abrasive wear tests, it was observed that
wear occurred in the form of deep channels and distinct

https://doi.org/10.26701/ems.1 698103



Cemile Eylem Urhan, Kadir Giindogan, Atike ince Yardimci

scratches in pure ST37 steel samples. When a lubricant
without nanoparticle reinforcement was used, wear was
more severe and uncontrolled. In adhesive wear tests,
the non-reinforced lubricant could not completely pre-
vent adhesive wear. For abrasive wear, the ST37 steel
sample lubricated with 5% TiC-reinforced lubricant
showed the lowest abrasive wear marks and the high
hardness and chemical stability of the TiC particles
prevented the formation of microcuts on the surface
and minimized wear. Adhesive wear results showed
that adhesive wear was almost completely suppressed
in the 304 stainless steel sample lubricated with 5%
TiC-reinforced lubricant. In summary, TiC particles
acted as an effective barrier preventing metal transfer.
5% TiN and 5% TiC reinforcements minimized adhe-
sive wear by reducing metal-to-metal contact.
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Abstract: Quadcopters are widely used rotorcraft members of the UAV family. Since they have four motors and four propellers,
they are exposed to dynamic loads and vibratory motion. This study presents vibration analysis of a well-known F450 quadcopter
frame. Modal analysis was performed to identify the natural frequencies and mode shapes, followed by harmonic response
analysis to observe the dynamic behaviour under a periodic force. Harmonic response analysis frequency range covered all
critical frequencies obtained by modal analysis. Two additional axes in addition to hovering direction were considered in order
to simulate the propeller imbalance case. Numerical solution of analysis was performed by finite element method. Critical
frequencies were examined in terms of motor angular velocities and compared with real life motor rpm values. Harmonic
response analysis for Y-axis displacements revealed significant peaks near 222 Hz and 410 Hz, corresponding to motor speeds
of approximately 12,000—24,000 RPM. For an unbalanced propeller simulated along the X-axis, significant response peaks were
observed near 277 Hz and 620 Hz, corresponding to motor speeds of approximately 15,000—-360,000 RPM. Similarly, for the
Z-axis, peaks were observed near 200 Hz and 420 Hz, also corresponding to motor speeds of approximately 15,000—-360,000
RPM. These results indicate potential risks of structural resonance during quadcopter operation, particularly under high throttle
or unbalanced loading conditions.

Keywords: modal analysis; quadcopter vibration analysis; harmonic response; structural vibration

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

1. Introduction Chen et al. study the structural vibration problems of

multi-rotor drones in order to solve the structural dam-
Unmanned aerial vehicles, especially quadcopters, are age problem of large multi-rotor manned drones. From
susceptible to structural vibrations that can compro-  this study, researchers find that the main vibrations of
mise flight stability and sensor performance. Analysing 3 ]arge multi-rotor manned drone arm are low-frequen-
the dynamic behaviour of the frame components is crit- ¢y vibrations below 200Hz, and the vibrations mainly
ical in enhancing durability and performance. Faraz produce torsional and bending modes[3]. Kuantama
Ahmad et al. investigate the vibration characteristics et al. performed vibration analysis using the finite ele-
of a quadcopter propeller. They design the 3D model of ment method. In this analysis, it was investigated that
the propeller in Creo 2.0 and analyse it using Ansys. the existence of rotational speeds in each propeller flow

Th.ey compare the .vil.oration behaviour of diﬁ'ere.nt ma- field will significantly affect the thrust efficiency, which
terials (G-10, aluminium and CFRP) and determinethe gy cause flight instability or body frame vibration[4].

first 6 natural frequencies and mode shapes by modal Lostaunau et al. perform an analysis of the measured
analysis. As a result, they find that CFRP material ex- vibration of a quadcopter during hovering under vary-
hibits higher frequency values and is more suitable for ing propeller speeds and track compliance. To collect
heavy loadings[1]. Bhandari et al. deal with modelling data, four accelerometers are mounted on the drone’s
and vibration analysis of the quadcopter body frame by arm. The collected data are analysed using time do-
changing boundary conditions. Thus, the failure fre- main plots and spectrograms obtained from the Gabor
quency range can be controlled. Simulation results help transform[5]. Kalay and Ozkul[6] investigated the role
researchers to design quadcopter frames for heavy-du- of vibrations in Unmanned Aerial Vehicles (UAVs), ef-
ty applications(2]. ficiency measurement techniques, and their effects on
"Corresponding author: Cite this article as:
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performance; using theoretical and experimental meth-
ods such as frequency analysis, mode analysis, and fi-
nite element analysis, they understood the vibration
dynamics of UAVs and achieved higher performance,
longer operational life, and increased precision. Lalem
et al.[7] investigated AI and vibration signal process-
ing for anomaly detection in quadcopter systems; they
demonstrated the effectiveness of the combination of
AT and the Internet of Things (IoT) to improve fault
detection and problem diagnosis in UAVs by obtaining
97.78% accuracy with Random Forest and Support Vec-
tor Machine (SVM) classifiers by extracting features
from accelerometer data. Salem et al.[8] investigated
the vibration analysis using multilayer perceptron ar-
tificial neural networks (MLP-ANN) to detect rotor
imbalance in quadrotor UAVs, trained the MLP-ANN
model by extracting time, frequency, and time-fre-
quency domain features from accelerometer data, and
detected rotor imbalance with a high accuracy of up to
99.1%.In this study, Geronel et al.[9] investigated the
vibration analysis of a load connected to a quadrotor-
type UAV with a shape memory alloy (SMA) spring; by
analysing the natural frequencies and damping prop-
erties of the load, they evaluated the vibration isolation
and adaptive damping potential of SM A springs. When
the literature is examined, it is easily seen that there are
not many studies on quadcopter vibration analysis. In
this study, the solid model of the well-known F450 cod-
ed (>Figure 1) quadcopter frame is prepared, and ABS
material is assigned to the prepared model.

0,000 0,050 0,100 (m}

0,025 0075

Figure 1. F450 quadcopter frame

The frame has a cross length of 450 mm and an arm
length of 210 mm. ABS material has a density of 1050
kg per cubic meter volume, an elastic modulus of 2.4
GPa and a shear modulus of 0.8 GPa. Boundary condi-
tions are determined for the model and vibration and
harmonic response analysis are performed. As a result
of these analyses, the critical natural frequencies and
harmonic responses for the frame are determined. At
the end of the study, the mode shapes related to natural
frequencies and the critical frequencies obtained as a
result of the harmonic response are interpreted. In ad-
dition to these, the connection between the harmonic
response critical frequencies and the motor speed rela-
tions is also mentioned.

@ European Mechanical Science (2025), 9(2)

2. Materials and Methods

2.1. Modal Analysis

Modal analysis examines the dynamic properties of a
structure or system in the frequency domain. Its main
purpose is to determine the natural vibration frequen-
cies of the structure and the mode shapes correspond-
ing to these frequencies. This analysis is critical for un-
derstanding how a system or a structure will respond to
external forces or vibratory motions.

If one of the natural frequencies of a structure matches
the frequency of the applied external force, resonance oc-
curs. This can lead to excessive vibrations and structural
damage. Modal analysis identifies these potential reso-
nant frequencies, allowing design changes to be made.

M1i(t) + [Klu(t) = 0
[M]a(t) + [KTu(®) »

Modal analysis solves the mathematical free vibration
equation (Equation 1). and solving the eigenvalue prob-
lem Equation 2 gives natural frequencies and mode
shapes corresponding to natural frequencies[10].

K] — w2[M])¢, = 0
(K] = wz[MD¢ @

ANSYS uses the finite element method in order to dis-
cretize geometry into smaller elements. This discreti-
zation enables a numerical solution of the structural
dynamic equations[11].

Modal analysis in ANSYS begins with preparing the
geometry of the quadcopter frame. Since the quadcop-
ter frame is symmetric, a single arm of the frame is suf-
ficient enough to perform modal analysis. Single-arm
geometry is isolated, and in the modal analysis section,
boundary conditions are applied. Fixed support is as-
signed in P-Figure 2 in order to model connection single
arm to middle body plates.

=1

—
0018 [ICE)

Figure 2. Fixed support locations

The main purpose of modal analysis is to obtain the nat-
ural frequencies of single arm. Therefore, external force
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is not applied. A total of 38135 elements and 68200 nodes
are generated at the end of the meshing operation (»Fig-
ure 3). Skewness is selected as a mesh quality indicator.
Average value of skewness is obtained as 0.42 and this
value is sufficient enough to perform modal analysis.

In the second mode, the structure exhibits bending be-
haviour in the horizontal plane (»Figure 5). This mode
represents the natural frequency that can occur in side-
slip manoeuvres. It is important to understand the lat-
eral vibrations of the body.

0,000 0,050 0,100 (m)
I I

0,025 0,075

Figure 3. Mesh view

Firstsix natural frequenciesin PTable 1 and mode shapes
corresponding to natural frequencies are obtained.

Table 1. Modal analysis results

Mode Frequency (Hz)

1 47.018
135.06
237.77

2
3

4 270.09
5 547.44
6

761.69

In this mode, the structure essentially makes an up-
ward-downward bending movement (PFigure 4). This
mode represents the first frequency at which vertical
vibrations from engines or external factors during flight
can cause resonance. Entering this frequency range, es-
pecially during take-off or landing, can lead to vibration
growth.

0,025 0043

Figure 4. First mode shape

European Mechanical Science (2025), 9(2)

0.000 0Cse 100 )
—

0.02: 0L

Figure 5. Second mode shape

In this mode the structure exhibits transverse torsion-
al motion (PFigure 6). Torsional modes can often be
triggered by propeller imbalance or engine vibrations.
Therefore, engine speeds close to the frequency of the
third mode should be avoided.

0,000 £050 0.100 i3

—
0025 90

Figure 6. Third mode shape

This mode acts as a combination of the previous bend-
ing modes, with a combined bending tendency in differ-
ent planes (PFigure 7). When engines operate at high
speeds, these modes can also be excited, creating simul-
taneous vibrations in various axes of the structure.

In the fifth mode, there is more pronounced torsion and
asymmetric bending (»-Figure 8).

In this mode, a more complex vibration pattern is ob-
served in the upper part of the structure and in the pro-
peller mounting area (P-Figure 9).

https://doi.org/10.26701/ems. 168503 | @
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Figure 7. Fourth mode shape
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Figure 8. Fifth mode shape

[y 003

Figure 9. Sixth mode shape

2.2. Harmonic Response Analysis

Harmonic response analysis is a type of analysis used
to determine the steady-state dynamic response caused
by sinusoidally varying loads applied to a structure or
system. This analysis is critical for understanding the
structure’s forced vibration behaviour at specific fre-
quencies, determining resonant frequencies and am-
plitudes, and assessing structural integrity. Harmonic
response analysis for a forced vibration system is mod-
elled as in Equation 3[12].

[Mi(®) + [Cla@®) + [Klu(t) = F() -

Force is modelled as a constant amplitude sine wave

@ European Mechanical Science (2025), 9(2)

(Equation 4).

F(t) = Fysin (wt) @

System response under constant amplitude harmonic
force is given in Equation 5.

u(t) = Usin(wt + ¢) )

The response amplitude is calculated using the expres-
sion in Equation 6.

— 2 - -1
Ul = (K] — o*[M] + iw[C])™"Fo ©

Since the frequencies to which the system responds are
important rather than the magnitude of the response
given by the system in the harmonic response analysis,
a force of 1 N magnitude is applied as in PFigure 10.
In harmonic response analysis, the 1 N load is a stan-
dardization tool to determine the frequency-dependent
behaviour of the system against a unit load. This allows
the results obtained to be easily scaled to other load-
ing cases and provides a clearer understanding of the
dynamic properties of the system, such as resonance,
damping, and amplitude. The force applied in this di-
rection will be used to obtain the vibration behaviours
that the quadcopter will be exposed to during take-off
and landing.

—
0 5,053

Figure 10. Force applied in the Y axis

The frequency range to be scanned in the harmon-
ic response analysis should be selected to include the
frequencies obtained as a result of the modal analysis.
Therefore, the frequency range is assigned as between
20 Hz and 800 Hz. In order to determine the vibration
response of the propeller due to the inhomogeneous
mass distribution caused by production and the unex-
pected forces that will occur in the propeller imbalance
situation, harmonic response analysis is performed
again by applying force in the Z direction shown in
»Figure 11.

In a similar way harmonic response analysis is per-
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formed again by applying force in the Z direction shown
in D-Figure 12. 3. Results and Discussions

The modal analysis revealed the first six natural fre-
quencies of the isolated F450 arm made of ABS materi-
al. These modes include bending, torsional, and coupled
vibration shapes, with the first mode appearing at ap-
proximately 47 Hz and the sixth mode at 761 Hz. The
distribution and symmetry of mode shapes are consis-
tent with cantilever-like boundary conditions and sug-
gest that excitation in certain frequency bands can lead
to dynamic amplification. The harmonic response anal-
ysis focused on Y-axis displacements, which are critical
for vertical stability in flight (»>Figure 13). Significant
. . o Z% response peaks were observed at frequencies near 222
T Hz and 410 Hz. These correspond to motor speeds of
approximately 12,000-24,000 RPM. If the quadcopter
operates in this regime, resonance phenomena could
amplify structural vibrations, potentially affecting
flight control systems or inducing fatigue.

Figure 11. Force applied in the Z axis

An unbalanced propeller scenario was simulated along
the X-axis to investigate lateral vibrational effects. Sig-
nificant response peaks were observed at frequencies
near 277 Hzand 620 Hz (»>Figure 14). These correspond
to motor speeds of approximately 15,000-360,000
RPM. This result indicates that lateral vibrations may
still influence the camera payload or sensor accuracy
during high-speed manoeuvres.

om0 onss oo Z% In a similar way, an unbalanced propeller scenario was

o o simulated along the Z-axis to investigate vibrational ef-
fects. Significant response peaks were observed at fre-
quencies near 200 Hz and 420 Hz (P>Figure 15). These
correspond to motor speeds of approximately 15,000—

Figure 12. Force applied in the X axis.
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Figure 13. Harmonic response for Y direction
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360,000 RPM.

It is observed that the y data results and the z data
results are very close except for the phase angle. The
phase angle at the peaks of the y-axis is O degrees, while
the phase angle on the z-axis is 180 degrees. The phase
angle is the angle between the applied force and the de-
formation.

4. Conclusions

This study conducted a detailed modal and harmonic
response analysis of a single ABS arm of the F450 quad-
copter frame using ANSYS. Modal results revealed key
frequencies susceptible to resonance, while harmon-
ic analysis showed significant amplitude peaks in the
Y-direction within common motor speed ranges. These
results indicate potential risks of structural resonance
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Figure 14. Harmonic response for X direction
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Figure 15. Harmonic response for Z direction
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during operation, especially under high throttle or un-
balanced loading.

Future studies may explore full-frame analysis, in-
corporate motor and propeller coupling effects, and
validate results with experimental modal testing.
Optimizing the frame geometry or integrating vibra-
tion-absorbing materials could further improve perfor-
mance and durability.
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Abstract: Today, researchers are exploring materials that could replace cement and provide solutions for utilizing waste
products. In this study, a binder was formulated using 85% blast furnace slag and 15% fly ash. The marble powder and strontium
as mineral wastes were incorporated as partial replacements to blast furnace slag at ratios of 5% to create geopolymer
mortars. Also, titanium dioxide was added at a rate of 1%. The influence of these additives on the flexural and compressive
strength of the mortars was assessed. In addition, SEM/EDX analysis was performed to examine the microstructural effects of
the additives. The results showed that titanium dioxide achieved the highest compressive strength, recorded at 65.7 MPa. The
SEM/EDX analysis further indicated that the samples displayed a homogeneous internal structure, suggesting a strong bond

among the components within the matrix.

Keywords: Geopolymer; Blast furnace slag; Fly ash; Strontium; SEM/EDX

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

1. Introduction

The development and use of low-carbon or carbon-free
products, as well as waste recycling, are particularly
important in the construction industry. [1]. Given the
environmental impacts, high production costs, and sub-
stantial energy consumption associated with Portland
cement, the importance of alternative binders has be-
come even more pronounced. In the current landscape
of skyrocketing fuel costs, and the limited availability of
fossil fuel resources (such as coal and natural gas), the
construction industry has grown increasingly reliant
on these sectors. While Portland cement remains the
traditional and widely utilized binder in construction,
its usage has come under scrutiny over the past decade,
particularly due to its environmental ramifications. Re-
cently, the production and application of binders known
as geopolymer concrete and mortar have gained prom-
inence [2]. Geopolymer applications have attracted
interest for various reasons, including cost reductions
through the use of waste materials during production, a
contribution to lower CO, emissions, and performance
characteristics comparable to those of Portland cement.
However, it is essential that geopolymer binders used
in this field fulfill the necessary performance expecta-
tions regarding mechanical properties, along with their

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

environmental benefits. Consequently, researchers
have shown a keen interest in examining the chemical
and physical properties of geopolymer concretes pro-
duced through various methods, alongside conducting
strength and durability tests [3].

Naskar and Chakraborty [4] developed geopolymer
concrete using fly ash with low calcium content, due
to the negative environmental impacts associated with
traditional Portland cement. In their study, they incor-
porated mixtures containing 0.75%, 3%, and 6% na-
no-silica, 0.02% carbon nanotubes, and 1% titanium
dioxide as substitutes for fly ash in the concrete produc-
tion process. The results of the compressive strength
tests indicated that the additions of nano-silica and
carbon nanotubes did not significantly enhance the
compressive strength at 7 and 28 days. However, the
inclusion of titanium dioxide at a concentration of 1%
improved the compressive strength by up to 33% at 7
days, and 47% at 28 days. In a study by Nergis et al.
[5], a coal ash-based geopolymer was synthesized us-
ing mine wastes activated with phosphoric acid. Three
types of aluminosilicate sources were employed either
as standalone raw materials or combined to create five
different types of geopolymers activated with H,PO, in
a 1:1 weight ratio. The thermal behavior of the geopoly-
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mers activated with H,PO, was found to resemble that
of those activated with a mixture of NaOH and Na,SiO,
within the temperature range of 20-300 °C. Further-
more, within the temperature range of 400-600 °C, the
geopolymers containing mining waste exhibited exo-
thermic reactions, while those without the addition of
mining waste did not show significant phase changes.
In a study by Chithambaram and Kumar [6], the impact
of granulated blast furnace slag (GBFS) on the partial
replacement of fly ash in geopolymer mortar production
was examined. The geopolymer mortars were created
using a combination of sodium hydroxide (NaOH) and
sodium silicate as the alkaline activator solutions. The
production process involved varying the concentrations
of NaOH at 8M, 10M, 12M, and 14M, along with re-
placing fly ash with GBFS at different percentages: 0%,
10%, 20%, 30%, and 40%. Additionally, the study es-
tablished thermal curing intervals ranging from 600°C
to 1000°C for the geopolymer mortar, which utilized
100% fly ash as the sole binder. Upon reviewing the
results of the geopolymer mortar made with 100% fly
ash, cured at 90°C using a 12M NaOH concentration,
researchers found a maximum compressive strength
of 51.55 N/mm? In a study where fly ash was added to
ground blast furnace slag, high calcium fly ash with a
particle size of 21.26 um, blends containing fly ash in
proportions were compared with samples containing
100% ground blast furnace slag. It was reported that
workability performances such as plastic viscosity, seg-
regation resistance, and flowability increased especially
in mixtures containing 40%, 50%, and 60% fly ash [7].

A group of researchers [8] explored the utilization of
fly ash (FA) and granulated blast furnace slag (GBFS),
both aluminosilicate by-products, in the development
of geopolymer cement. They conducted a comparison of
six geopolymer cement mortars with varying ratios of
FA to GBFS against ordinary portland cement (OPC),
and magnesium potassium phosphate cement (MPPC)
mortars. The study evaluated several aspects, including
workability, setting time, strength development, volume
stability, and chloride permeability. The results revealed
that geopolymer mortars containing a high proportion
of GBFS demonstrated rapid setting and significant
early strength, though they exhibited some issues with
volume stability. Given these findings, it was suggest-
ed that GBFS -blended mortars could serve as a more
cost-effective alternative to the higher-priced MPPC
mortar. In the study conducted by Hager et al. [9], the
researchers examined the impact of high temperatures
on the mechanical properties and microstructure of
geopolymer mortars. The investigation included blends
of fly ash with blast furnace slag at four different ratios.
The results showed that the mixtures without slag ex-
hibited superior performance, particularly at elevated
temperatures. Flexural strengths increased up to 200
°C but demonstrated a nearly linear decline from that
point to 600 °C. This decrease was attributed to dehy-
dration processes that occur as the temperature rises.
Such dehydration results in thermal shrinkage around
the aggregates, which leads to cracking. At 573 °C, the
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expansion of quartz sand and the transformation be-
tween PB-quartz and a-quartz formations resulted in
material deformation. Notably, an increase in compres-
sive strengths was observed after reaching 800 °C.

In a study conducted by Bagpinar and Kurtulus [10], fly
ash was utilized as the primary material for a geopoly-
mer. Hydrogen peroxide was employed as a foaming
agent. Various sample series were prepared by varying
the mixing ratios of fly ash and blast furnace slag. The
physical and mechanical properties of these samples
were tested, mineralogical and microstructural char-
acterizations were conducted using X-ray diffraction
(XRD) and scanning electron microscopy (SEM) tech-
niques. It was found that an increased addition of blast
furnace slag resulted in crack formation. However,
incorporating coarse aggregate significantly reduced
drying shrinkage, and helped prevent crack formation.
Furthermore, it was observed that adding coarse ag-
gregate contributed to a decrease in the density of the
geopolymer foam concrete blocks. The conversion of
industrial by-products into geopolymer concrete is cru-
cial for developing environmentally sustainable struc-
tural components. In a study conducted by Raj et al.
[11], dolomite and ground granulated blast furnace slag
were utilized as aluminosilicate materials, while NaOH
and Na,SiO, solutions served as alkali activators. The
study highlighted that numerous parameters influence
the production of geopolymer concrete, necessitating
extensive experimentation to identify the optimal sam-
ple. To address this, the Taguchi statistical method was
employed to determine the effective parameters and
optimal samples in geopolymer concrete production.
Various parameters, such as mixture ratio, molarity,
and activator ratio, were compared within the L9 test
series. Upon examining results related to workability,
compressive strength, and splitting tensile strength of
the geopolymer samples, it was found that the binder
ratio was the most significant factor. Additionally, SEM
microstructure analyses revealed that these structures
were more compact. In geopolymer concrete, the use of
source materials with low calcium content, such as me-
takaolin and class F fly ash, results in the formation of
sodium aluminosilicate hydrate (N-A-S-H) products.
Conversely, when materials with high calcium content,
like blast furnace slag and class C-fly ash, are utilized,
the reaction produces calcium aluminosilicate hydrate
(C-A-S-H) gel products [12]. In a study conducted by
Chokkalingam et al. [13], waste ceramic powder and
granulated blast furnace slag were used as geopolymer
binders to examine the effects of various parameters,
including binder content, ratio of main binders, ratios of
alkali activator solutions, and molarity. The findings re-
vealed that using ceramic powder as a binder on its own
had a minimal impact, but when combined with slag,
there were significant improvements in performance.
The researchers developed an L16 orthogonal array
that included five factors and four levels. The analysis of
variance (ANOVA) results highlighted that the ratio of
alkaline activator to binder and the percentage of slag
were the most influential factors affecting the compres-
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sive strengths after 28 days. In contrast, the binder con-
tent and molarity had the least effect. Microstructure
analyses indicated nearly equal ratios of Ca/Si and Si/
Al suggesting the presence of similar calcium hydrates
and silicate phases. This was believed to contribute to
the formation of calcium silicate hydrate (C-S-H) and
calcium aluminosilicate hydrate (C-A-S-H) gels, which
enhance the microstructure of the geopolymer con-
crete. It was noted that a higher Na/Si ratio compared
to Ca/Si in the structure may lead to the predominance
of N-A-S-H gel over C-A-S-H gels, a characteristic in-
fluenced by the presence of marble dust.

In recent years, many studies have focused on the de-
velopment of geopolymer composites using industri-
al by-products such as fly ash and blast furnace slag.
However, the incorporation of regionally sourced, un-
derutilized mineral wastes into geopolymer systems
remains limited. This study focused on incorporating
marble powder and strontium-bearing mineral waste
from the Sivas region of Tirkiye into geopolymer mor-
tar. The binder for the mortar is composed of 85% blast
furnace slag and 15% fly ash. Moreover, titanium dioxi-
de was utilized as an additive. The simultaneous eval-
uation of these three additives under identical curing
and testing conditions represents a novel comparative
approach in the literature. Furthermore, the inclusion
of long-term curing results (up to 90 days), supported
by microstructural analysis via SEM/EDX, offers valu-
able insight into the time-dependent behavior of these
composites. Notably, the finding that a low dosage (1%)
of TiOy can significantly enhance early compressive
strength (up to 65.7 MPa) contributes to the optimi-
zation of performance with minimal additive use. The
study thus fills a crucial gap by proposing a sustainable,
high-performance geopolymer system utilizing local in-
dustrial wastes with potential for practical application

WD: 30.69 mm
bolu yfc-5

in earthquake-prone regions.

2. Materials and Methods

In the study, geopolymer mortars were created using
85% blast furnace slag and 15% fly ash (85BFS15FA),
activated with a 10M NaOH solution at 75°C. Three dif-
ferent additives were incorporated into the mortar mix-
tures by replacing portions of the blast furnace slag. Due
to the exothermic reaction of sodium hydroxide when
it comes into contact with water, the solution was pre-
pared one day in advance in glass containers to ensure
it was ready for use. In addition to sodium hydroxide,
sodium silicate was used as another alkaline activator.
The two were combined to form a ready solution, with
70 grams of sodium hydroxide and 180 grams of sodium
silicate, totaling 250 grams of alkali activator. The ratio
of sodium silicate to sodium hydroxide was consistent-
ly maintained at 2.5 across all mixtures. Through pre-
liminary tests, it was determined that a constant water
ratio of 50 grams would be used in the experiments.
Additionally, river sand sourced from Sivas Kizilirmak
was kept constant at 1350 grams for all mixtures. The
prepared samples were produced using a Hobart mix-
er in accordance with the TS EN 196-1 standard. They
were poured into prismatic molds with dimensions of
40x40x160 mm and heat-cured in an oven for 24 hours.
After that, the samples were allowed to cure at ambient
temperature and kept in airtight conditions for periods
of 7, 28, 56, and 90 days, leading up to the experiments.

Blast furnace slag is a by-product generated during the
production ofiron in blast furnaces at iron and steel man-
ufacturing plants. The rapid cooling of this slag results in
an amorphous structure. Granulated blast furnace slag
is subsequently ground into a fine powder and used in

Det: SE, BSE

Figure 1. SEM-EDX analysis of Bolu blast furnace slag
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the formulation of concrete and mortar. For this study,
the slag was procured from Bolu Cement Industry Inc.
The silica + alumina + iron oxide ratio is 54.41% < 70%,
which is below the minimum percentage requirement for
pozzolanic activity [3]. PFigure 1 presents SEM/EDX
analysis of the blast furnace slag, which appears angular,
finely structured, and glassy. This fine grain enhances its
surface area, offering a potential advantage in terms of
reactivity. The physical and chemical properties of the
blast furnace slag are detailed in P>Table 1.

Table 1. Physical and chemical properties of Bolu blast furnace slag

Component (%)
sio, 405
AlLO, 12.8
Fe,0, 1.11
Ca0 35.5
MgO 5.81
K,0 06
so, 022
TiO, 071
Na,0 07
Total 97.95

Specific Surface (cm?/q) 5384

Moisture (%) 0.1

The Class C fly ash utilized in this experiment was ob-
tained from the Sivas Kangal Thermal Power Plant. This
material is classified as Class C (high calcareous) due to
its composition, which contains over 50% SiO2, AL, O,,
and Fe, O, [14-16]. Additionally, because the CaO content
exceeds 10%, these ashes are also referred to as high
calcite fly ashes. Typical crystal phases present in Class

WD: 10.03 mm
fa-1

C fly ashes include anhydrite (CaSO,), tricalcium alu-
minate (Ca,Al,O,), lime (CaO), quartz (SiO,), periclase
(MgO), mullite (Al Si,O,,), merwinite (Ca,Mg(SiO,),),
and ferrite (Mg, Fe)(Fe,Al),O,). Scanning Electron Mi-
croscope (SEM) images of the fly ash reveal a structure
that is spherical, glassy, and irregular. p>Table 2 summa-
rizes the physical and chemical properties of the fly ash
sourced from the Kangal Thermal Power Plant. B-Figure
2 presents SEM/EDX analysis of the fly ash.

Table 2. Physical and chemical properties of fly ash

Component (%)
MgO 3.12
ALSO, 14.2
Sio, 35.01
SO, 7.56
Na,O 1.21
K,0 1.06
Ca0 25.75
Fe,SO, 5.42
Insoluble residue 24.21
Glow loss 6.02
Total 99.35

Physical composition

Specific gravity (ton/md) 2.72
45 micron sieved balance (%) 44.3
Blain specific surface (cm?/gr) 3320

Strontium used in the study contains 37.76% SrO as
strontium ore in its structure, as waste material ob-
tained from mining sites in the Sivas region. It con-
tains sulestine, calcite, mica, and other minerals in its
mineralological composition. The density of the stron-

Det: SE, BSE

Figure 2. SEM-EDX analysis of fly ash
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tium-containing mineral is 3.54 g/cm?®. P-Figure 3 shows
the photographs of the mineral taken before and after
grinding. After drying and grinding, it was sieved with
the help of sieve number 200, and made ready for use.

"

Figure 3. Photograph of mine waste (strontium) before and after
screening

The physical and chemical properties of strontium are
presented in PTable 3. B-Figure 4 shows a scanning
electron microscope (SEM) image of a strontium min-
eral at 10.00X magnification. The analysis revealed a
grain structure consisting of various sizes and differ-
ent geometric shapes. Additionally, a semi-quantitative
mineral analysis of this mineral was conducted using
X-ray fluorescence spectrometry (XRF) at the Erciyes
University Technological Research and Application
Centre (TAUM), as shown in p>Table 3.

The marble powder employed in the geopolymer com-
posite for this study was sourced as industrial waste

MIRA3 TESCAN|
0 kV Det: SE Spm
Bl: 10.00 MIRA3 XMU

0s 1 15
Full Scale 401 cts Cursor: 0.000

SCU-CUTAM

Figure 4. SEM-EDX analysis of mine waste /strontium
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from the Ozmersan marble plant in the Sivas region.
After drying and grinding, the powder (P>Figure 5) was
prepared for use by being sifted through a sieve with a
mesh size of 200. The marble powder’s SEM and EDX
analyses, which were prepared for experiments after
drying, are presented in PFigure 6. These analyses
were conducted at the Advanced Technology Research
and Application Centre (CUTAM) of Sivas Cumhuriyet
University. The results show that the marble powder
has a semi-spherical shape and consists of particles of
various sizes. Notably, the high CaO ratio in the marble
powder’s composition stands out during the physical
and chemical property assessment. A summary of the
physical and chemical properties of the marble powder
is provided in p>Table 4.

Table 3. XRF analysis of strontium

Components %
SrO 37.76
SO, 38.63
Ca0 14.42
BaO 0.43
Sio, 0.18
ALO, 0.084
Tio, 0.103
Fe,0, 0.091

Titanium dioxide nanoparticles possess specific surface
areas ranging from 200 to 220 m?%/g, with particle siz-
es below 25 nm and melting temperatures of approxi-
mately 1825 °C [17]. TiO3 exhibits three distinct crystal
structures: rutile, anatase, and brookite [18]. The tita-
nium dioxide used in these experiments was sourced
from the Mega Analitik firm. Scanning Electron Mi-
croscopy (SEM) images illustrating the properties of
TiO; are provided in P-Figure 7. These images reveal
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that TiO; has a crystalline structure and predominant-
ly spherical shapes.

Table 4. Physical and chemical properties of marble powder

NOCHE - Travertine Components %
ALO, 0.22
Ca0 54.51
FeO, 0.11
MgO 0.41
Sio, 0.87
Density (g/cmd) 2.69

3. Results and Discussions

The flexural and compressive strengths of the speci-
mens at the end of the curing period are presented in
»Figure 8 and P-Figure 9, respectively. This figure il-

Figure 5. Photograph of sifted marble powder

05 1 15 2
Full Scale 401 cts Cursor: 0.000

SEMMAG: 20.0 kx WD: 8.96 mm MIRA3 TESCAN)|
SEM HV: 10.0kV | Det: SE
BI: 10.00 | MIRA3 XMU SCU-CUTAM

05 1 1
Full Scale 401 cts Cursor: 0.000

Figure 7. SEM-EDX analysis of titanium dioxide
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lustrates the flexural strength results for samples cured
for 7, 28, 56, and 90 days. It shows a time-dependent
decrease in flexural strength. The highest flexural
strength value, 10.81 MPa, was observed in the stron-
tium-doped sample at the 7-day mark, while the lowest
flexural strength, 7.66 MPa, was found in the titanium
dioxide-doped sample at 90 days. Upon examining the
compressive strengths, the highest value recorded was
65.7 MPa for titanium dioxide in the 7-day samples.
Conversely, the lowest compressive strength, measured
at 51.5 MPa, was observed for strontium in the 90-day
samples. Overall, it is evident that titanium dioxide
exhibits the highest compressive strength among the
various additives tested. This indicates that the use of
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a low concentration of 1% titanium dioxide positively
influences compressive strength [19].

The SEM/EDX images of the mortars, produced by
substituting 5% marble dust for blast furnace slag and
fly ash as the primary binder, are presented in P-Fig-
ure 10 for both the 7-day and 90-day samples. Analysis
of the SEM/EDX images for the 7-day samples indi-
cated a Si/Al ratio of 4.02 . In comparison, the 90-day
samples revealed a Si/Al ratio of 3.92. This reduction
in the Si/Al was consistent with a decline in compres-
sive strength. When the compressive strengths of 7 and
90-day samples are examined, it is thought that the de-
crease in compressive strength seen in 90-day samples

56 Day 90 Day
9.85 9.28
9.84 7.93
9.23 7.66

Figure 8. Flexural strengths of marble powder, strontium, and titanium dioxide
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Figure 9. Compressive strengths of marble powder, strontium, and titanium dioxide
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may be due to the decrease in Si/Al ratio. In addition,
when SEM images were examined, it was determined
that a more homogeneous structure was formed in the
7-day sample images, but unreacted particles were
formed in the 90-day sample images. When 7 and 90-
day compressive strengths are compared, it is thought
that the decrease in compressive strength in 90-day
samples may be due to the decrease in Si/Al ratio. In
addition, when SEM images are examined, it is pre-
dicted that a homogeneous structure is formed in 7-day
images and unreacted particles are formed in 90-day
images, which may be effective on strength. It has been
stated that the relatively high compressive strength of
binders with high slag content is due to the density of
C-A-S-H gel phases and microstructure [20-21]. On 90-
day specimens, waste materials enhance microstruc-
ture densification and contribute to early strength, but
may reduce strength later. [22]. It could be said that the
marble powder additive is effective on the strength with
its void reducing effect and Ca content. Thanks to the

SEM MAG: 2.00 kx WD: 12.61 mm

SEM HV: 10.0 kV Det: SE
BI: 10.00 MIRA3 XMU

MIRA3 TESCAN|

SCU-CUTAM

_ wortosmm |y 00000]
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CaO content of marble powder, the effect of gelation on
microstructural analyses is observed [23].

»Figure 11 shows SEM and EDX images of geopoly-
mer mortars that include a 5% substitution of stron-
tium in a mixture of blast furnace slag and fly ash. In
the Energy Dispersive X-ray (EDX) analysis of 7-day
geopolymer mortars, the silicon to aluminum (Si/Al)
ratio was found to be 3.16. In contrast, the EDX anal-
ysis of 90-day geopolymer mortar samples revealed a
Si/Al ratio of 5.75 on the surface. Upon examining the
Scanning Electron Microscopy (SEM) images, a dens-
er Calcium-Silicate-Aluminate-Hydrate (C-S-A-H) gel
formation was observed in the 7-day geopolymer mor-
tars with 5% strontium doping, despite the presence
of micro-cracks. Similar gels were noted in the 90-day
geopolymer mortars with 5% strontium doping, but it
was also observed that micro-cracks appeared, partic-
ularly between the layers, along with the presence of
unreacted particles.
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Figure 10. SEM (left) /EDX (right) images of 7 days (a) and 90 days (b) old marble powder-doped geopolymer mortar
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The SEM/EDX images of geopolymer mortars with 1%
titanium dioxide substitution are presented in P-Figure
12. The Si/Al ratio was found to be 4.76 in the samples
taken after 7 days, and 15.92 in those taken after 90
days. Examination of the SEM images revealed that the
7-day geopolymer mortar samples exhibited a more ho-
mogeneous internal structure compared to the 90-day
samples, leading to a better bond among the compo-
nents of the matrix.

4. Conclusions

In the geopolymer mortars designated as 85BFS15FA,
the composition included 5% marble powder, 5% stron-
tium, and 1% titanium dioxide. The samples were cured
in an oven for 24 hours with a 10M NaOH solution at a
temperature of 75°C. The findings revealed a reduction
in both flexural and compressive strengths as curing
time increased. Remarkably, titanium dioxide demon-
strated the highest compressive strength at early ages

e b
MIRA3 TESCAN

MIRA3 XMU SCU-CUTAM

MIRA3 TESCAN

Lot

SEM MAG: Z.E; X
SEM HV: 8.0 kV
BI: 10.00

WD: 12.04 mm
Det: SE

MIRA3 XMU SCU-CUTAM

b)

(specifically at 7 days). Scanning Electron Microscopy
(SEM) analyses indicated that the geopolymer mortars
with titanium dioxide developed gel structures, which
are thought to enhance compressive strength. This ef-
fect is likely attributed to the high proportion (85%) of
blast furnace slag combined with the low proportion
(1%0) of titanium dioxide. It was observed that TiO,addi-
tive, which was effective on compressive strengths, de-
creased flexural strengths. Especially for all additives,
while the flexural strengths of the 7 and 28 day cured
specimens were similar, time-dependent decreases in
these values were observed.

The results of this study show that it can contribute to
the recycling of local and regional wastes and sustain-
ability issues. In addition, by presenting 3 different ad-
ditives comparatively, the mechanical and microstruc-
tural differences were compared. The fact that a high
strength result was obtained at early age with TiO, ad-
mixture at a low rate of 1% in the study showed that it
can be used for low performance admixed geopolymer
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Figure 11. SEM (left)/EDX (right) images of 7 days (a) and 90 days (b) strontium-doped geopolymer mortar
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Figure 12. SEM (left)/EDX (right) images of 7 days (a) and 90 days (b) TiO2 doped geopolymer mortar

concrete and mortars.
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