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PREFACE

Journal RIESTech (p-ISSN: 2985-704X (print), e-ISSN: 2985-8321 (online); is a peer review journal
published by PT Mencerdaskan Bangsa Indonesia. The RiESTech journal is published four times a year
in January, April, July, and October. This journal provides direct open access to its content on the
principle that making research freely available to the public supports a greater global exchange of
knowledge within the engineering field. This journal aims to provide a place for academics,
researchers, and practitioners to publish original research articles or review articles. The scope of
articles published in this journal relates to various topics in the field of outcomes of research
activities.

The RiESTech journal publishes papers strictly following the RiESTech guidelines and
templates for manuscript preparation. All submitted manuscripts will go through a double-blind peer
review process. The paper is read by members of the editor (according to the area of specialization)
and will be screened by the Managing Editor to meet the criteria required for RiESTech publication.
Manuscripts will be sent to two reviewers based on their historical experience in reviewing
manuscripts or based on their areas of specialization. RiESTech has review forms to keep the same
item reviewed by two reviewers. Then the editorial board makes a decision on the comments or
suggestions of the reviewers.

Reviewers provide an assessment of originality, clarity of presentation, contribution to the
field/science. This journal publishes research articles, review articles/literature reviews, case reports
and concept/policy articles, in all fields of Computer Science, Informatics Engineering, Multimedia,
Arts. The article to be published is an original work and has never been published. Incoming articles
will be reviewed by the reviewer team.

The Editorial Board will try to continue to improve the quality of the journal so that it can
become an important reference in the development of engineering sciences. The greatest
appreciation and gratitude to Mitra Bestari along with members of the Editorial Board and all parties
involved in the publication of this journal. Complete writing instructions are displayed on the portal
of this journal.

Regards,
Chief Editor
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Abstract: This paper compares the electrical conductivity of LLDPE (Linear Low-Density
Polyethylene)-carbon composite materials, LLDPE-carbon-aluminum composites, and LLDPE-
carbon-copper composites. Doping with aluminum (Al) and copper (Cu) metal powders influences
electrical conductivity in carbon-based polymer composite materials. Adding metal powders as
secondary fillers to a mixture of conductive carbon powders and LLDPE can decrease electrical
conductivity. This is due to the agglomeration or clustering of metal powders within the polymer
matrix, which disrupts conductive pathways and diminishes the efficiency of electrical charge
transfer. The impact of filler type and quantity on electrical conductivity in composite materials was
examined, and the findings revealed that factors such as the filler's amount, shape, and dispersal
significantly affect the composite's electrical resistance properties. Increasing the amount of metal
powder filler raises the composite's viscosity, reducing adhesion between the metal and polymer
fillers while promoting metal-to-metal contacts.

Keywords: Copper powder doping; Aluminum powder doping; Polymer composite; Electrical
conductivity; LLDPE-carbon composite.

1. Introduction

This study reveals evidence that the addition of aluminum or copper metal increases
the electrical conductivity of Linear Low-Density Polyethylene (LLDPE) polymer compo-

sites, but not significantly compared to electrically conductive carbon fillers.

This study focuses on developing conductive polymer composite (CPC) materials
made from a blend of conductive organic carbon fillers as the primary filler and metal
powders as the secondary filler (doping), integrated into a thermoplastic polymer matrix
of LLDPE. The resulting hybrid composite combines three components to create a carbon-
based material with enhanced mechanical properties and sufficient electrical conductivity
to function as a raw material in electrical distribution systems. The hybrid composition

improves the performance of both the fillers and the polymer matrix.

A few years ago, electrically conductive polymer-carbon composites were
extensively researched. To improve the electrical conductivity properties of the polymer

composite, some studies added metal powder mixed with conductive carbon powder.

Recent in Engineering Science and Technology 2025, Vol. 03 No. 02

https://www.mbi-journals.com/index.php/riestech/index



Recent in Engineering Science and Technology 2025, Vol. 03 No. 02 | https://doi.org/10.59511/riestech.v3i02.95 2 of 14

Carbon fillers and metal powders enhance the composite's mechanical, functional,
physical, chemical, and conductive properties, while LLDPE provides excellent
thermoplastic performance. Incorporating 2% MWCNT (Multi-Walled Carbon
Nanotubes) into the polymer-carbon black composite significantly improves the electrical
conductivity of the carbon filler [1]. A hybrid carbon polymer composite consisting of
LLDPE (92%), Polypyrrole/PPY (2%), and Graphene Nanoplatelet/GnP filler (6%) exhibits
superior mechanical properties compared to a two-component LLDPE-GnP composite [2].
Hybrid composites are essentially modifications of two-component conductive polymer
composites (CPCs). CPC materials can be fabricated by engineering thermoplastic
polymers as the binding matrix mixed with conductive carbon fillers [3]. At a certain
composition level, conductive carbon fillers are interconnected through interfacial
bonding between carbon particles, forming a network of conductive channels through
which electrons can flow, creating an electrical current [4]. Electrically conductive
carbon allotropes are commonly used as fillers, yielding varying results. Carbon Black
(CB) filler at loadings of 5%, 10%, 15%, and 20% within an LLDPE matrix enhances the
surface hardness of the CB/LLDPE composite. However, tensile strength declines when
filler loading exceeds 5% due to particle agglomeration, which impairs the transfer and
distribution of tensile stress from the polymer chains to the clustered CB particles.
Similarly, due to percolation effects, electrical conductivity decreases beyond 5% filler
loading [5]. CNT (Carbon Nanotube) serves as a conductive filler in carbon polymer
composites. SWCNT (Single-Walled Carbon Nanotube) with its single-layered structure
has direct interaction with the polymer matrix, enhancing the mechanical properties and
electrical conductivity of the composite [6]. MWCNT (Multiwalled Carbon Nanotube)
is formed by several SWCNTs arranged in a complex matrix. This structure provides
higher mechanical strength compared to SWCNTs. MWCNTs exhibit good resistance to
pressure and strain, contributing to high load-bearing strength [7]. Graphite is used as a
conductive filler in combination with various types of thermoplastic polymers such as
ABS, PP, PE, and PET. This results in carbon polymer specimens with conductivity
ranging from 0.71 to 5.0 S/cm at the temperatures used in the 3D printing filament
manufacturing process [8]. The polymers used as matrices are quite effective in forming
conductive channels, especially for non-polar polymers such as Polypropylene (PP),
Polyethylene (PE), and Polyvinyl Chloride (PVC) [9]. This article explores the creation of
cost-effective thermoplastic composite filaments for 3D printing. These filaments employ
polypropylene (PP) as the polymer matrix and carbon black (CB) as the conductive filler.
The composite demonstrates stable electrical properties and has been successfully utilized
in 3D-printed applications such as plastic thermometers and flexible sensors [10]. In a
related study, a Polycaprolactone (PCL) polymer matrix was successfully converted into
an electrically conductive composite by incorporating 15% carbon black (CB) filler, which
was subsequently processed using a 3D printing (3DP) machine. The PCL/CB composite
was utilized to produce flexible sensors and 3D-printed gloves as demonstration
applications. However, filler loadings exceeding 15% were found to hinder the 3D

printing process, posing challenges in achieving consistent results [11]. This article
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examines polymer composites made from carbon black particles derived from apple wood
shells. Higher carbonization temperatures and filler content improve the carbon content,
tensile strength, and flexural strength of the composites. Scanning electron microscopy
(SEM) analyzes the filler-matrix bonding [12]. This article examines polymer composites
with nickel and copper fillers, offering metal-like electrical and plastic-like mechanical
properties. Electrical conductivity follows percolation theory, while thermal conductivity
is unaffected. Particle shape and packing factor are key to concentration dependence [13].
This study examines three types of fillers (Al Fe, Cu) with varying particle shapes and
sizes in HDPE. The relationship between filler percentage and the composite's tensile
properties and electrical resistivity is explored. Tensile properties are influenced by filler
shape, adhesion, and loading, while electrical resistivity depends on filler shape and
amount. Young's modulus increases with higher filler content, following the typical trend
in polymer composites [14]. The use of organic materials for conductive carbon has gained
attention due to sustainability concerns. However, achieving optimal conductivity often
requires high filler content, which can reduce toughness. Percolation theory shows that
higher conductivity can be achieved by increasing filler quantity and improving its
distribution [15]. A study with a 70/30 polymer/carbon composition achieved a
conductivity of 9.09 S/m using carbon from palm fruit bunches. SEM revealed uniform
carbon pore distribution in the longitudinal layers, with higher filler concentration in the
lower vertical layers [16]. This research develops conductive polymers (CPs) by blending
nylon with activated carbon. Electrical conductivity and activation energy were measured
at different activated carbon mass fractions. Results showed conductivity increased from
5.62x107 £ 1.89x1071° S/cm in pure nylon to 2.51x1078 + 2.87x1071° S/cm with 8% activated
carbon. Activation energy decreased as the carbon fraction increased [17]. This study
characterizes PAni/carbon composites from candlenut shells as capacitor electrodes.
Activated carbon was synthesized at various temperatures (300°C, 400°C, 500°C, and
600°C). Higher activation temperatures improved the composite's electrical conductivity,
reaching a maximum of 5.7 x 10 S/m. The composite activated at 600°C had more and
deeper pores, with the highest measured capacitance at 10.52 uF [18]. Conductive polymer
composites (CPCs) are being developed to enhance electrical conductivity and mechanical
properties. Metal powders are used as conductive fillers in CPCs. This research examines
the melt flow rate (MFR) of an aluminum (Al) and ABS polymer composite with a 10%
weight loading of Al filler. The results indicate an increase in MFR. This research holds
potential for the production of lightweight and customizable conductive structures [19],
improving the impact resistance [20]. At certain concentrations, it can reach a low
percolation threshold to obtain a conductive material [21]. In PP-based conductive
polymer composites (CPC) with carbon filler, copper enhances mechanical properties.
Research using compounding, remixing, hot blending, and hot-pressing processes
showed that adding copper with a conductivity of 5.80x10° S/cm to the PP/C composite
improved both conductivity and mechanical properties. Copper increased the composite's
density, reduced porosity, and enhanced tensile strength, flexural strength, tensile

modulus, flexural modulus, and elongation [22]. LLDPE polymer was used in this study
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because it is a suitable material for conducting polymer composites (CPC) due to its ease
of processing at its recrystallization temperature and its non-polar nature [9,23]. Several
studies have shown that LLDPE-based conductive polymer composites (CPC)
incorporating nano-sized carbon allotropes can achieve very low percolation thresholds
[6,8,24]. Significant advancements have been made in developing polymers with great
potential as alternative materials across industries. For example, Polyetheretherketone
(PEEK) can be used to create conductive polymer composites (CPC) with excellent
mechanical properties, particularly in fatigue resistance and impact strength [25]. PEEK is
a polymer with a very high processing temperature. Currently, there is no known
development of composite materials using electrically conductive carbon fillers from
organic materials in PEEK polymer. However, several composite materials have been
introduced as industrial materials, fabricated and processed from various components or
hybrids, with binders made from low-melting-point metal materials [26]. The research
shows that the prototype Extruder Head effectively stabilizes composite density. Higher
density resulted in a notable increase in electrical conductivity. These findings highlight
the successful development of a CPC material with improved conductivity, making it
ideal for high-carbon-loading composites [27]. The purpose of this study was to study the
characteristics of physical properties and electrically conductive properties of composites
fabricated from organic carbon materials (rice husks) and LLDPE [28]. This paper explores
the electrical and mechanical properties of filament materials made from biomass-derived
carbon particles in an LLDPE matrix. Filaments, slender threads or fibers, are used in
various fields such as textiles, plastic manufacturing, and more, including 3D printing.
The study aims to develop composites with electrically conductive carbon and LLDPE
polymer to enhance electrical conductivity [29]. This article discusses the engineering of
composite materials made from a mix of conductive organic carbon filler and LLDPE
polymer. Conductive micro carbon from rice husks was incorporated into an LLDPE
matrix using hot compaction. The composite varied in filler composition with carbon
loadings of 50%, 45%, and 40%, and mesh sizes of #150, #200, and #250 [30].

This article presents an experiment on fabricating composite materials using LLDPE
polymer as the binding matrix, enabling the formation process to occur at a low
temperature for easy shaping. Electrically conductive carbon from abundant organic
materials served as the primary filler, while aluminum (Al) and copper (Cu) metal

powders were used as secondary fillers to create a hybrid composite.
2. Materials and Experiment Methods
Carbonization

Conductive carbon is made from rice husk filler through carbonization at 950°C, with
a heating rate of 2°C per minute. The material is held at this temperature for 4 hours, then
cooled naturally. The resulting conductive carbon is milled and sieved to obtain carbon

particles with a mesh size of #200 (about 74 um).
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Metal powder filler

This study uses copper (Cu) and aluminum (Al) powders as conductive fillers,
known for their high conductivity and use in electrical equipment manufacturing. The Cu
powder has 99.90% purity, a mesh size of #200 (about 74 um), a conductivity of 5.96x107
S/m, and a density of 8.96 g/cm®. The Al powder has 96.00% purity, a mesh size of #300
(about 44 um), a conductivity of 3.5x107 S/m, and a density of 2.70 g/cm?, used in power

distribution.
Thermoplastic LLDPE

The plastic resin used in this research is LLDPE (Linear Low-Density Polyethylene),
specifically the ETILINAS LL3840UA grade. It has a white base color and a mesh size of
#40 (approximately 400 um). The resin's relative density to water ranges from 0.91 to 0.98,
and its MFR (Melt Flow Rate) is 4 g/10 min. The polymer melts at 124°C, with

crystallization occurring at 111°C.
Hot compaction

Heat compaction is carried out by a manual hydraulic machine with a power of 400
bar. The heat printing process is carried out at a pressure of gradually up to 100 bar while

being heated on a controlled electric heater.

The composite samples were fabricated using a high-precision digital scale with

weight fraction composition ratios. Five specimens were prepared for each ratio.

Table 1 shows the composition of LLDPE carbon composites without the addition of

metal powder.

Table 1. Composition of carbon-LLDPE

Sample Code HOA HOB HOC
LLDPE, % w 50 55 60
Carbon, % w 50 45 40
Metal doping, %w 0 0 0

Table 2 shows the composition of carbon-LLDPE composites with the addition of

aluminum powder, and the composition of aluminum powders with LLDPE, with carbon.

Table 3 shows the composite composition of carbon-LLDPE with the addition of

copper powder, and the composition of copper powder and LLDPE, with carbon.

Mixing all ingredients is done manually, compressing the heat gradually, and
pressing at a gradual pressure. The pressure gradually reaches 100 bar and is lowered to
50 bar at an initial temperature of 90°C. The temperature of the compass is raised to 130°C
and held for 20 minutes. The sample is degraded from the mold. The shape and

dimensions of the electrical and physical properties of the test sample are 10 x 10 x 5 mm.
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Table 2. Composition of Carbpn-LLDPE-Al powder

Sample code HAA HAB
LLDPE, %w 50 50
Carbon, %w 40 30
Al_powder, %w 10 20

Table 3. Composition of Carbon-LLDPE-Cu powder

Sample code HCA HCB
LLDPE, %w 50 50
Carbon, %w 40 30
Cu powder, %w 10 20

SEM-EDS testing

Carbon element and microstructure testing were conducted using the Hitachi SU
3500 SEM machine at the National Research and Innovation Agency (BRIN) Physics
Laboratory in Serpong, Indonesia. Microscopic imaging uses the Secondary Electron (SE)

and Backscattered Electron (BSE) techniques.
Electrical conductivity test

Electrical conductivity testing was conducted at the Physics Laboratory of the
National Research and Innovation Agency (BRIN) in Serpong, Indonesia, following the
ASTM D4496 standard. The four-point probe method used the Keithley Source Meter®
2450.

3. Results and Discussion

The composite specimens of only LLDPE and carbon, shown in Table 4, used
homogeneous blends of LLDPE polymer and micro carbon filler from rice husk in ratios
of 50:50, 55:45, and 60:40. These were used as a reference to measure the effect of adding

metal powders to the carbon polymer composite.

The LLDPE-carbon composite specimens will be compared to the characterization of
specimens using metal powder fillers as a substitute for conductive carbon. The specimens
with aluminum powder fillers are coded as HAA, HAB, HAC, and HAD, while the
specimens with copper powder fillers are coded as HCA, HCB, HCC, and HCD.

The specimens HOB and HOC also consist of a homogeneous mixture of LLDPE as

the binding matrix and microcarbon conductive filler from rice husk but in different
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ratios. The code HOB is used for the composite with a composition of LLDPE: C (55:45),
and the code HOC is used for the composite with a composition of LLDPE: C (60:40),

referring to the codification in Table 4.

The results of electrical conductivity testing for conductive carbon loading are in
Figure 1. Higher carbon content led to higher conductivity. The HOA composite with a
50:50 LLDPE: C ratio achieved the highest conductivity of 9.43E-04 S/cm. The HOC
composite with a 60:40 LLDPE: C ratio had the lowest conductivity of 1.35E-04 S/cm.
Lower carbon composition reduces the formation of conductive pathways, hindering

electron flow within the composite.

Table 4. Sample code and composition ratio

Sample Code HOA HOB HOC
LLDPE, % w 50 55 60
Carbon, % w 50 45 40
Metal doping, %w 0 0 0

Electrical Conductivities, S/cm  9.43E-04 3.47E-04 1.35E-04

The electrical conductivity performance can be supported by the conductive carbon
reinforcement composition. Research shows that using a combination of several carbon
allotropes in hybrid composites significantly enhances conductivity [22]. The very low
conductivity is due to the high LLDPE matrix composition. Its insulating properties cause
it to effectively insulate the carbon filler, hindering electricity flow in the HOC specimen.
This is further supported by using PP as a polymer in hybrid composites without metal
fillers [31]. The addition of carbon reinforcements successfully increased the electrical

conductivity value of the hybrid composite based on PP polymer [22].

£
S
Iy
000 XX )3 9 48E-{)
° QOOE-0 9 45E-04
g
£
“~
-]
E]
° ( )
“ 1 &) {
+ 3 52E-04
-
> ==
N O ===
HO-A HO-B HO-C

Sample code, without metal doping

Figure 1. Electrical conductivity of LLDPE-carbon composite

During the initial mixing and compaction, conductive carbon particles aggregate
within the polymer powder voids due to their smaller quantity and similar size to the

voids. With increased heat, these particles absorb the molten polymer, forming a thin layer



Recent in Engineering Science and Technology 2025, Vol. 03 No. 02 | https://doi.org/10.59511/riestech.v3i02.95 8 of 14

on their surfaces. The densely packed carbon clusters absorb the polymer layer initially

and diffuse into the polymer as the molten polymer equilibrium changes.

Under certain conditions, carbon particles aggregate in the polymer voids, forming
conductive channels that enhance the material's electrical conductivity. These
interconnected carbon aggregates create pathways for electron flow. More conductive

channels result in higher conductivity.
Electrical conductivity of metal filler LLDPE-carbon composite

To increase electrical, metal powders are added to the LLDPE/C carbon-polymer
composite. This is done by replacing microcarbon weight with an equal weight of metal

fillers like aluminum and copper powders, as metals are good conductors.

In the HAA specimen, 40% microcarbon and 10% aluminum powder by weight are
used, matching the 50% total filler weight in the HOA specimen. This substitution is used

to observe its effect on the hybrid composite's electrical conductivity.

Figure 2 shows the electrical conductivity graphs for LLDPE/C-Al and LLDPE/C-Cu
hybrid composites. Substituting 10% conductive carbon with aluminum (HAA) and
copper (HCA) did not improve conductivity compared to the HOA specimen without

metal powder.

4 98E-04 \]

4.69E-04

,/ i

4. 00E-04
2.23E-04
1.62E-04

)‘\

A @3

0.00E+00 X0

HA-A HA-B HC-A HC-B

Electrical conductivities, $/cm

Sample code, with metal doping

Figure 2. Electrical conductivity of hybrid composite

The distribution of metal fillers in HAA and HCA did not form sufficient conductive
channels. The HOA specimen with microcarbon filler mesh #200 (+74 pum) achieved 9.43E-
04 S/cm, while HAA (LLDPE/C-AI 10%) and HAB (LDPE/C-Al 20%) achieved 0.000223
S/cm and 0.000498S/cm, respectively, as showed at Table 5.

Table 5. Composition ratio LLDPE-carbon-Al

Sample code HAA HAB

LLDPE, %w 50 50

Carbon, %w 40 30
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Al powder, %w 10 20

Electrical Conductivities, S/cm 2.23E-04 4.98E-04

A 20% by-weight substitution of micro carbon in hybrid composites increases
electrical conductivity, as seen in HAB and HCB specimens, as shown in Figure 2, and
Table 5 and 6. However, adding too much metal powder to the LDPE/C carbon polymer
composite can decrease conductivity, likely due to metal powder agglomeration within
the polymer matrix. Compare the data in Figures 1 and 2, specifically between the HOA
(no doping metal), HAA (Al doping metal), and HCA (Cu doping metal) samples.

Table 6. Composition ratio LLDPE-carbon-Cu

Sample code HCA HCB
LLDPE, %w 50 50
Carbon, %w 40 30
Cu powder, %w 10 20
Electrical Conductivities, S/cm 1.62E-04 4.69E-04

Adding metal powder Al and Cu to the LLDPE/C carbon polymer composite affects
its flow behavior. Metal powders have higher densities than carbon and LLDPE,
increasing melt viscosity and reducing the flowability or rheology of LLDPE. This high
viscosity can lead to particle agglomeration within the polymer matrix. Metal powder
particles, along with microcarbon, act as nuclei for forming conductive pathways. If
pressure and thermal energy are insufficient, conductive pathways may not increase

during compaction and heating.

Uneven dispersion of conductive filler particles disrupts electrical pathways and
reduces charge transfer efficiency in the polymer matrix. Metal powder agglomeration
decreases contact between metal and carbon powders, lowering conductivity.
Additionally, agglomeration can reduce the composite's density, further decreasing

conductivity.
Microstructure dispersion of metal filler LLDPE-carbon composite

The explanation of the SEM test results directly points to the feature points that are
suspected to be carbon filler or porosity (voids) or cracks, or LLDPE matrix. Porosity or
voids are indicated by very dark images, compared to carbon fillers, and cracks are
indicated by irregularly elongated groove images, and usually occur at the interface

between the matrix and carbon filler.

In Figure 3, SEM images of the HOA specimen (LLDPE/C) show micro carbon

particles from rice husk bound by a polymer layer (LLDPE), forming micro carbon



Recent in Engineering Science and Technology 2025, Vol. 03 No. 02 | https://doi.org/10.59511/riestech.v3i02.95 10 of 14

channels in the matrix. These closely packed conductive channels facilitate electron

transfer, resulting in a conductivity of 9.43E-04 S/m.

In Figure 3, the SEM test results also show that a metal intrusion has been detected.
This intrusion is an impurity in the LLDPE-carbon composite. The detected metal was

accidentally included in the composite mixture.

In Figure 3, there is a difference in the contrast of appearance between the carbon
filler and the LLDPE matrix. The carbon filler looks darker than the plastic matrix in the
SEM image.

LLDPE-carbon and metal aluminum composites are shown in Figure 4 with the HAA
sample code. Figures 4 and 5 show SEM images comparing the microstructure of HAA
(LLDPE/C-Al) and HCA (LLDPE/C-Cu) specimens, each with a 10% by-weight metal
powder loading. The comparison reveals that these composites are more porous than the
HOA (LLDPE/C) specimen. In the HAA (LLDPE/C-Al; 50/40/10) and HCA (LLDPE/C-Cu;
50/40/10) specimens, adding 10% metal powder results in relatively good dispersion of
metal particles. However, this dispersion does not fully replace the lost conductive
microcarbon network. Consequently, the conductivity values of HAA (1.06E-04 S/cm) and
HCA (1.33E-04 S/cm) are significantly lower than HOA (9.43E-04 S/cm), which has no

metal filler.

LT
o -

Figure 3. SEM of HOA composite (LLDPE/C)

The composite's conductivity depends on the amount of conductive filler particles,
with higher metal content providing a larger surface area per unit volume. This larger
surface area improves metal-to-metal contacts and electrical conductivity. With a 20%
filler loading, the HAB (1.82E-04 S/cm) and HCB (3.54E-04 S/cm) specimens show the
highest conductivity values among the tested compositions. The HCB's conductivity is
approximately one-third of the HOA's (9.43E-04 S/cm). These results support the

hypothesis that a larger surface area-to-volume ratio of the filler influences conductive



Recent in Engineering Science and Technology 2025, Vol. 03 No. 02 | https://doi.org/10.59511/riestech.v3i02.95 11 of 14

channel formation. The HOA specimen has a larger surface area-to-volume ratio for the
filler, considering particle size and filler density. In contrast, the HCB specimen, with a

20% copper filler loading, shows higher conductivity than the HCA specimen.

In the LLDPE/C-Al hybrid composite, the aluminum (Al) element shows a decrease
in weight percentage at selected points, likely due to poor aggregation with other Al
metals or carbon, leading to Al-Polymer-Carbon agglomeration. For the hybrid composite
with copper (Cu) filler, the Cu element's weight percentage increases. The decrease in
electrical conductivity is suspected to be due to unevenly dispersed conductive
aggregates. The overall conductivity value drops significantly due to numerous

agglomerated areas with higher resistance.

1 1 :q.l 1
50.0um

Figure 5. SEM of HCA composite (LLDPE/C-Cu)
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SEM analysis of LLDPE/C-Al and LLDPE/C-Cu specimens indicates the occurrence
of oxidation on the metal particles within the composite, leading to material degradation
on the metal surfaces and resulting in increased contact resistance between metal fillers
or between metal fillers and carbon. In carbon polymer composites, metal particles are
dispersed throughout the carbon matrix. Exposure to oxygen and other reactive elements
leads to oxidation, forming metal oxides like CuO on copper and AI203 on aluminum.
Oxidation causes metals to lose electrical conductivity, as metal atoms lose electrons and
become ions. Metal oxides on particle surfaces decrease conductivity by impeding
electron movement and increasing surface roughness, affecting interfacial properties.

Copper is more reactive with oxygen than aluminum, making it more prone to oxidation.

In applications where the electrical conductivity of carbon polymer composites is
important, steps need to be taken to prevent or minimize the effects of oxidation on the
metal particles, such as using antioxidants in the carbon-metal composite mixture [22] or

storing the specimens under vacuum conditions [14] to minimize oxygen exposure.

Another factor that contributes to the decrease in electrical conductivity in
composites is the high concentration of metal fillers. It becomes more difficult for the

metal fillers to disperse effectively in the composite.

A study by Nurazreena et al. (2006) found that Metal-Filled HDPE Composites with
30% aluminum filler had lower electrical conductivity than those with 10%. Conductivity
is influenced by the amount and dispersion of conductive fillers and their shape. Regular-
shaped fillers tend to agglomerate, reducing adhesion between the metal filler and
polymer. Irregular-shaped fillers, like flakes, provide better conductivity due to a larger

interfacial contact area [32].

The significant decrease in electrical conductivity in LDPE/C-Al (HAC) and LDPE/C-Cu
(HCC) composites with 20% to 30% metal filler loading indicates inverse percolation. This
occurs when the conductive filler is not well dispersed or when non-conductive regions
hinder conductive pathways, resulting in disrupted pathways and decreased
conductivity. Inverse percolation often happens in composites where the filler
agglomerates or is poorly dispersed, or when there is a significant mismatch in electrical
properties between the filler and the polymer matrix. Further research is needed to

determine the specific point of this phenomenon.
4. Conclusion

Adding metal powder generally increases electrical conductivity in carbon polymer
composites by filling voids during formation. At low concentrations (<10%), metal fillers
disperse well, forming conductive channels. However, beyond 10% concentration, non-
uniform dispersion and agglomeration occur, forming high-concentration aggregates that
affect mechanical and electrical properties. Copper particles tend to agglomerate more
than aluminum due to higher surface energy and reactivity, forming stronger bonds and
aggregates. Additionally, copper's tendency to oxidize in air further contributes to

agglomeration.
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Abstract: Indonesia, as a tropical country with high humidity, faces corrosion challenges in the un-
derground infrastructure of the oil and gas industry, causing significant economic losses. This study
analyzed the effect of soil characteristics on the corrosion rate of carbon steel using the weight loss
and linear polarization methods. The weight loss method was used to determine the corrosion rate
based on the mass reduction of the sample, while the linear polarization method evaluated the cor-
rosion kinetics through icorr and polarization resistance values. The results showed that soil char-
acteristics, especially moisture and resistivity, had a significant effect on the corrosion rate. Pakis
Karawang beach sand soil with pH 5.2, humidity 87%, and resistivity 59.03 Q-cm had the highest
corrosion rate of 42.57 mpy and the lowest polarization resistance of 11.16 Q. In contrast, the UI
Native Forest Ravine soil showed the lowest corrosion rate of 16.89 mpy with the highest polariza-
tion resistance of 2,820.11 Q. These findings confirm that environmental factors, particularly soil
type, should be considered in corrosion mitigation strategies to improve the resilience of under-
ground infrastructure.

Keywords: Corrosion; Soil Moisture; Soil Resistivity; EIS Method; Soil Corrosion

1. Introduction

Indonesia as a tropical country has high levels of humidity and rainfall that affect soil
conditions. This affects the systematics of industries that operate underground and de-
pend on the environment, one of which is the oil and gas industry. The main challenge in
this industry is failure or unexpected costs stemming from corrosion issues. The produc-
tion process of this industry utilizes underground piping systems. Behind the ease of ac-
cess, there are challenges that are difficult to avoid, one of which is contact with the un-
derground environment [1,2]. The contact between the pipe material and its environment
will trigger a process of degradation of the material's ability to operate according to its

function, namely corrosion.

Corrosion is the process of deterioration of a metal material [3]. Corrosion in soil is a
type of corrosion that is often the cause of failure of underground piping installation sys-
tems. Electrochemical corrosion of metals buried in soil with high humidity causes corro-

sion cells to form from paired anodes and cathodes [4].
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Figure 1. [lustrasi mekanisme korosi pada pipa bawah tanah

Corrosion is influenced by soil aeration levels, acidity (soil pH), soil moisture, soil
content, oxygen content and resistivity values. Soil moisture content represents the
amount of water in the soil. High soil moisture can increase the corrosion rate of under-
ground piping systems. Different soil types can affect the corrosiveness of the soil to the
material being tested (5]. Acidity (soil pH) will affect the tendency for corrosion to occur
or not (6]. The chemical composition contained in the soil has a significant effect on the
soil resistivity value. And soil resistivity will affect the corrosion rate of materials exposed

to the soil environment.

Failure or unexpected costs allocated to corrosion aspects can be reduced by 15-35%
[7] by performing preventive methods so that corrosion does not occur, such as coating,
inhibition, cathodic protection and other types of methods that are deemed appropriate.
However, to determine the appropriate method, predictive analysis is needed related to
corrosion that may occur, in this study a predictive analysis will be carried out related to
the effect of soil on the corrosion resistance of carbon steel. Carbon steel is quite often used
as the main material for making pipes. The choice of carbon steel as a pipe material is
based on the suitability of the mechanical properties that can be produced, namely carbon
steel has good plastic properties and will facilitate the manufacturing and machining pro-
cess of pipe products [8]. Carbon steel also has a fairly good level of strength and is bal-

anced with good toughness in absorbing energy.

Based on the background, this study aims to evaluate the relationship of soil mois-
ture content to soil resistivity values, analyze how variations in soil resistivity affect the
corrosion resistance of carbon steel and explore the relationship between variations in soil
type to the composition and corrosion resistance of carbon steel under different environ-
mental conditions. It is hoped that the findings of this research will contribute to the de-
velopment of effective corrosion mitigation strategies for underground piping infrastruc-

ture in tropical countries such as Indonesia.
2. Materials and Experiment Methods
2.1 Sample Preparation

Carbon steel was divided into two sizes: 1 x 2.5 cm? for the weight loss method and 5 x 5
cm? for Electrochemical Impedance Spectroscopy (EIS) and linear polarization testing. The
steel surfaces were cleaned using sandpaper to SP2 [9], cleanliness level, washed with Al-

conox, dried, and then soaked in acetone before being buried in soil.
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2.2 Soil Preparation

The soil will serve as the electrolyte medium in direct contact with the carbon steel
material. The soils used are sourced from three different locations: the Department of
Metallurgy and Materials Engineering, the Ul Original Forest Ravine, and Pakis

Karawang Beach Sand.

(a) Plan of Soil Retrieval Area in the Department of  (b) Plan of Ravine Soil Retrieval Area in the UL

Metallurgy and Materials Engineering Original Forest

(c) Plan of the Karawang Pakis Beach Sand Retrieval Area
Figure 2. Plan of Soil Retrieval Area

The soil was tested before collection using a resistivity meter with the four-wenner
pin method, then stored in a soil storing box in the laboratory. The parameters measured

were moisture, pH, and temperature.
2.3 Testing Methods

* Weight Loss Method: Carbon steel samples (1x2.5 cm?) with a contact area of 1x1 cm?
were immersed in soil (2200 mL) for 7, 14, and 21 days. After immersion, the samples
were weighed before and after sanding to determine the weight lost and calculate the

corrosion rate using the ASTM G31-12a equation.

¢ Linear Polarization Method: Carbon steel samples (5x5 cm?) were placed in a flat cell
containing soil as the electrolyte medium. The electrodes used included carbon steel
(working electrode), carbon (counter electrode), and Cu/CuSO, and Ag/AgCl (reference
electrodes). After configuring the Nova Autolab device, the test began by measuring the
Open Circuit Potential (OCP) for 900 seconds, followed by Linear Polarization within a
potential range of -1V to 1V at a scan rate of 1 mV/s. The results were analyzed using the

Tafel Slope method to determine the corrosion kinetics.
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¢ EIS Method: Carbon steel samples (5x5 cm?) were placed in a flat cell containing soil as

the electrolyte medium. The electrodes used included carbon steel (working electrode),

carbon (counter electrode), and Cu/CuSO, and Ag/AgCl (reference electrodes). After

configuring the Nova Autolab device, the tests were conducted with a frequency range

of 102 to 105 Hz, where parameters such as scan rate and the number of reading points

could be adjusted. The data obtained were analyzed to evaluate the impedance

properties and corrosion mechanisms of carbon steel.

2.4 Characterization Methods

e XRF (X-Ray Fluorescence): to analyze the elemental composition of soil samples. The

sample is homogenized, divided into three containers, and then loaded into the XRF

apparatus. X-rays are fired to excite atoms, producing fluorescent X-rays that are de-

tected and analyzed based on their wavelength and intensity to determine the con-

stituent elements and their concentration.

e OES (Optical Emission Spectroscopy): analyzes elements in steel samples that have

been cleaned and sanded grit 80, 120, 240. The sample is placed on an OES electrode

and given a spark shot, causing the atoms to be excited and emit light. The wavelength

of the light is analyzed to identify the element, while its intensity determines the con-

centration.

3. Results and Discussion

3.1 Material Characterization Results

3.1.1Carbon Steel OES Characterization Results

Table 1. Composition Results using OES Method

Fe Mn C Cu Si
99,590% 0,179% 0,046% 0,036% | 0,025%
Al Cr Ni As P
0,025% 0,019% 0,018% 0,017% | 0,012%

Trace Elements

Fe.
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Table 2. Composition of Q235 Carbon Steel

C Si Mn P S

0,190% 0,105% 0,145% | 0,020% 0,020%

Based on the results in Table 1, the Optical Emission Spectroscopy (OES) analysis
shows that the carbon steel used has a carbon content (C) of 0.046%, classifying it as
low-carbon steel. This carbon steel composition is similar to that of Q235 steel, as
presented in Table 4.2, which is known for its good mechanical properties, particularly
in terms of ductility and weldability [10].

3.1.2 Results of Soil Characterization Analysis

Table 3. Characterization data of soil variation

Soil Characteristics
il Q

Soil Name o(Cem) Temperature | Humidity
(°C) (%) pH
Department of Metallurgical and Materi- | 4.577,17 29 65 6,6

als Engineering soil

Natural forest Universitas Indonesia’s soil | 21.772,70 26 51 59
Pakis Beach Karawang Sand 59,03 33 87 5,2

The soil of the Department of Metallurgical and Materials Engineering exhibits the
second highest resistivity (4,577.17 QQ-cm) and moisture content (65%). The soil in the
UI Original Forest Ravine has the highest resistivity (21,772.70 {)-cm) and a more acidic
pH (5.9), which contributes to better corrosion resistance. In contrast, Pakis Beach
Karawang Sand has the lowest resistivity (59.03 Q-cm) and the highest moisture

content (87%), making it the most corrosive environment for carbon steel.

These resistivity values align with existing literature regarding the relationship
between moisture content and resistivity. Specifically, as moisture content increases,
the resistivity value decreases, as higher water content in the soil facilitates the

movement of ions, thus lowering the resistivity.
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Table 4. Results of Soil Composition Using XRF Method

Department of Met- :
) Natural forest Uni-

allurgical and Mate- ) ) Pakis Beach

. ) . versitas Indonesia’s

Compotition | rials  Engineering soil Karawang Sand
soil (ppm)
(ppm)
(ppm)
C 94.700,00 95.060,00 96.630,00

14.290,09 12.626,09 7.423,06

Mn 493,65 357,63 146,36
Ba 78,94 80,49 35,64
IS N R
Ag 71,17 2,12 80,71
N I A N R,
v 45,19 41,85 18,65
Cu 40,20 9,60 23,25
Sn 30.53 17.20 23.31
Zn 38,17 14,28 8,02
Cr 14,06 9,59 17,51
P 0 0 40,30
Pb 13,90 1,43 8,76
Ni 14,05 4,44 4,37
Mo 4,63 3,06 2,61
S 0 0 47,35
Sb 0 0 20,92
Cd 0 0,75 6,15

In Table 4, the red-colored column will serve as a reference for considering several
elemental compositions that show significant differences and influence soil variables
as electrolyte media. The highest moisture content is observed in Pakis Beach

Karawang Sand, while the lowest moisture content is found in the Natural Forest
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Universitas Indonesia’s soil. The calcium (Ca) content in the soil can form a barrier
layer on the surface of carbon steel, inhibiting the diffusion of dissolved oxygen to the

metal surface and thereby reducing the corrosion rate [11].

Pakis Beach Karawang Sand has a high content of sodium (Na, 123.70 ppm) and
potassium (K, 617.30 ppm). Sodium can form NaCl, which increases soil conductivity
and accelerates metal corrosion [12, 13]. Soil conductivity and acidity (pH) are
influenced by the salt content, as well as aluminum (Al) and silicon (5i) levels. The
lower Al and Si concentrations in Pakis Beach Karawang Sand contribute to a lower
pH [14]. Iron (Fe) and carbon (C) elements in the soil play a role in maintaining pH
stability, where Fe promotes corrosion by forming an acidic environment, while C

helps neutralize acidity and reduce soil corrosivity [15, 16, 17].

3.2 Corrosion Resistance Test Results
3.2.1 Weight Loss Method

Table 5. Corrosion Rate Value using Weight Loss Method Based on Burial Duration

Corrotion Rate (mpy)
Soil Name
7 Days 14 Days 21 Days

Department of Metallurgical and 15,81 mpy 17,66 mpy 20,52 mpy
Materials Engineering soil

Natural forest Universitas Indo- 14,57 mpy 15,36 mpy 16,89 mpy
nesia’s soil

Pakis Beach Karawang Sand 33,12 mpy 36,56 mpy 42,57 mpy

The weight loss method measures the corrosion rate by calculating the mass of
material lost during the burial period. The test results indicate that the longer the burial
time, the greater the mass loss, leading to an increase in the corrosion rate (measured
in mils per year, mpy). The daily corrosion rate trend displayed linear values across all
soil types tested, with the Natural Forest Universitas Indonesia’s soil exhibiting the
lowest corrosion rate and Pakis Beach Karawang Sand showing the highest. Soil char-
acteristics, such as moisture content and resistivity, significantly affect the corrosion
rate. Soils with higher moisture content and lower resistivity, such as Pakis Beach Kara-

wang Sand, tend to be more corrosive.
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3.2.2 Linear Polarization Method
Table 6. Error Value vs Iccor (Linear Polarization Test Results by Soil Type)

(a) Tafel Slope Data of Carbon Steel in Department of Metallurgical and Materials Engi-

neering soil

Tafel Slope Data of Carbon Steel in Department of Metallurgical and

Materials Engineering soil

Components Day 0 Day 7 Day 14 Day 21
Ecorr, Calc (mV) -736.000 -673.350 -725.850 -635.620
icorr (uA/m?) 0.00617 0.40611 0.47674 0.45319

(b) Tafel Slope Data of Carbon Steel in Natural forest Universitas Indonesia’s soil

Tafel Slope Data of Carbon Steel in Natural forest Universitas Indonesia’s soil

Components Day 0 Day 7 Day 14 Day 21
Ecorr, Calc (mV) -739.410 -734.500 -671.840 -720.220
icorr (uA/m?) 0.28683 0.37888 0.17981 0.11903

(c) Tafel Slope Data of Carbon Steel in Pakis Beach Karawang Sand

Tafel Slope Data of Carbon Steel in Pakis Beach Karawang Sand

Components Day 0 Day 7 Day 14 Day 21
Ecorr, Calc (mV) -718.960 -747.790 -581.600 -728.260
icorr (uA/m?) 2.2478 2.2362 3.2244 4.1246

The highest corrosion current density (icorr) was observed for carbon steel buried

in Pakis Beach Karawang Sand, reaching 4.1246 uA/cm?, indicating high corrosion
activity. In contrast, the Natural Forest Universitas Indonesia’s soil exhibited the lowest
icorr value of 0.11903 pA/cm?, suggesting a less aggressive corrosion environment.
Meanwhile, the Department Metallurgical and Materials Engineering soil had an icorr

value of 0.45319 uA/cm?.
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(a) Linear Polarization Test Results of
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(b) Linear Polarization Test Results of
Natural forest Universitas Indone-
sia’s soil (@) Day 0 (@) Day 7 (@)

Day 14 () Day 21

(¢) Linear Polarization Test Results of Pakis Beach Karawang Sand

(®) Day 0 (@) Day 7 (@) Day 14 ( ) Day 21

Figure 3. Linear Polarization Test Results by Soil Type

Table 7. Error Value vs Iccor (Linear Polarization Time Range Test Results)

(a) Day 0 Tafel Slope Data

Tafel Slope Data of
Natural forest | Department Metallurgical
Pakis Beach
Components Universitas and Materials Engineer-
Karawang Sand

Indonesia’s soil ing soil
Ecorr, Calc (mV) -718.960 -739.410 -736.000
icorr (uA/m?) 2.2478 0.28683 0.0061759
Corrate (mm/yr) 0.02611 0.00333 0.00007
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(b) Day 7 Tafel Slope Data

Ecorr, Calc (mV) -747.790 -734.500 -673.350
icorr (uA/m?) 2.2362 0.3788 0.4061
Corrate (mm/yr) 0.02598 0.00440 0.00471

(c) Day 14 Tafel Slope Data

Ecorr, Calc (mV) -581.600 mV -671.840 mV -724.310 mV
icorr (uA/m?) 3.2244 pA/m2 0.1798 pHA/m2 0.4767 pA/m2
Corrate (mm/yr) 0.00374 0.00208 0.00553

(d) Day 21 Tafel Slope Data

Ecorr, Calc (mV) -718.960 -739.410 -736.000
icorr (uA/m?) 2.2478 0.28683 0.0061759
Corrate (mm/yr) 0.02611 0.00333 0.00007
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On day 0, carbon steel buried in Pakis Beach Karawang Sand exhibited the highest
corrosion current density (icorr) of 2.2478 uA/m? and the greatest corrosion rate of
0.0261 mmy/year, indicating a highly corrosive environment. In contrast, the
Department Metallurgical and Materials Engineering soil showed the lowest icorr

value (0.0061759 pA/m?), suggesting minimal corrosion activity.

By day 7, the icorr value for the Pakis Beach Karawang Sand remained the highest
at 2.2362 pA/m?, while the Department Metallurgical and Materials Engineering soil
experienced a notable increase in icorr to 0.4061 pA/m?2 Nevertheless, the highest

corrosion rate was still observed in the Pakis Beach Karawang Sand (0.02598 mm/year).

On day 14, the icorr of the Pakis Beach Karawang Sand increased significantly to
3.2244 pA/m?. Meanwhile, the icorr of the Natural Forest Universitas Indonesia’s soil
decreased, likely due to the formation of a protective rust layer. Interestingly, the
highest corrosion rate at this stage shifted to the Department Metallurgical and

Materials Engineering soil, reaching 0.00553 mm/year.

Finally, on day 21, the Pakis Beach Karawang Sand again recorded the highest
icorr and corrosion rate, with values of 4.1246 pA/m? and 0.04792 mm/year,
respectively, confirming that it remained the most corrosive environment compared to
the Natural Forest Universitas Indonesia’s soil and the Department Metallurgical and

Materials Engineering soil.

(a) Day 0 Linear Polarization Test Results, Pakis (b) Day 7 Linear Polarization Test Results,

Beach Karawang Sand, Natural forest Uni- Pakis Beach Karawang Sand, Natural for-
versitas Indonesia’s soil, and Department est Universitas Indonesia’s soil, and De-
Metallurgical and Materials Engineering soil partment Metallurgical and Materials Engi-

neering soil

(c) Day 14 Linear Polarization Test Results (&) Day 21 Linear Polarization Test Results,

Pakis Beach K: Sand, Natural for-
Pakis Beach Karawang Sand, Natural forest akis Beach harawang Sand, Natural for

. . . est Universitas Indonesia’s soil, and De-
Universitas Indonesia’s soil, and Department

. . L . rtment Metallurgical and Materials En-
Metallurgical and Materials Engineering soil partment Yetallurgical anc Viatena's &n

gineering soil

Figure 4. Linear Polarization Time Range Test Results
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3.2.3 Electrochemical Impedance Spectroscopy Method (EIS)

Table 7. Day 0 EIS Testing Data and Results

Soil Type Electrochemical-fit Plot Equivalent Circuit Model EIS Data Values
Department P m VA Y Chi-square (X"2) =7.3716
Metallurgical f :

and Materials

. . FIT1
Engineering
. Rs =-14.280 ohm

soil
Rp =439.640,11 ohm
CPE Y0 =39.1910 mF
CPE N =0.99718

Natural forest Ao AN el Chi-square (X"2) = 0.01265

Universitas In- ’

donesia’s soil
AT FIT 1

Rs =1.660 ohm
Rp=5.220,34 ohm
CPE Y0 =9.930 mF

CPE N =0.99675

FIT 2

Rs=6.604 ohm

Rp =501,94 ohm
CPE Y0 =31.7080 mF
CPE N =0.99733

YO W =1.10 mho

Pakis Beach g A - Chi-square (X*2) =0.0143

Karawang Sand T

FIT 1

Rs=158,400 ohm

Rp =15.745,13 ohm
CPE Y0 = 14.269 mF

CPE N =0.9952

Table 7 shows that differences in resistance mechanisms among the three soil types
are indicated by variations in curve shapes, with the Natural Forest Universitas
Indonesia’s soil displaying two reaction mechanisms characterized by a double
semicircle and the presence of a Warburg element. The polarization resistance (Rp)

values reflect the resistance of the electrolyte medium to corrosion, where the
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Department Metallurgical and Materials Engineering soil exhibits the highest
resistance, while the Natural Forest Universitas Indonesia’s soil and Pakis Beach
Karawang Sand are more susceptible to corrosion due to the presence of aggressive

ions and their specific chemical compositions.

The constant phase element (CPE) Y, values indicate the charge storage capacity
of the electrode, with the Department Metallurgical and Materials Engineering soil
showing the greatest capacity. In contrast, the Natural Forest Universitas Indonesia’s
soil and Pakis Beach Karawang Sand demonstrate more limited charge storage
capacities, influenced by environmental factors and ion diffusion characteristics. It is
also observed that there is a difference in the trends between the polarization method

and the EIS test results in evaluating the corrosion resistance of the different soil types.

Table 8. Day 7 EIS Testing Data and Results

Soil Type Electrochemical-fit Plot Equivalent Circuit Model EIS Data Values
Department e Al o oli]e Chi-square (X"2) = 0.4978
Metallurgical

and Materials

. . FIT 1
Engineering

. Rs =-634.57k ohm
soil

Rp =5.640,00 ohm

CPE YO =1.035 mF

CPE N =0.99541

FIT 2

Rs=5.070 ohm
Rp =2.090,00 ohm
CPE Y0 =11.176 mF
CPE N =0.99198

YOW=0.9 mho

Natural forest [ Ao Afo—afW]e Chi-square (X"2) = 0.38014
Universitas In-

donesia’s soil
FIT1

Rs =4.900 ohm
Rp=3.190,00 ohm
CPE Y0 =187.210 mF

CPE N =0.99234

FIT 2
Rs =4.74 k ohm

Rp = 586,20 ohm
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CPE Y0 =365.120 mF

CPE N =0.99169

YO W =90 mho
Pakis Beach e Afenlle Chi-square (X"2) = 0.00340
Karawang Sand ]
v ¥
FIT 1

Rs = 73,054 ohm
Rp =5,86 ohm
CPE Y0 =-55.8080 mF

CPE N =0.99776

FIT 2

Rs =79.580 ohm
Rp =7,36 ohm

CPE Y0 =30.482 mF
CPE N =0.99728

L =39.5uH

Table 8 shows that on the 7th day of testing, the corrosion mechanisms in all three
soil types involved a combination of charge transfer and mass transfer processes, as
indicated by the presence of double semicircles in the impedance curves. The
polarization resistance (Rp) values represent the resistance to electrochemical reactions,
where the Natural Forest Universitas Indonesia’s soil exhibits the lowest Rp value,

suggesting that charge transfer and mass transfer processes occur more rapidly.

The Warburg and inductance values reflect differences in ion diffusion
mechanisms among the soil types. The Department Metallurgical and Materials
Engineering soil demonstrates easier ion diffusion, while the Natural Forest Universitas
Indonesia’s soil shows higher diffusion resistance. Meanwhile, the Pakis Beach
Karawang Sand displays an ion inertia phenomenon that does not significantly impact

the corrosion rate.

The highest constant phase element (CPE) Y, value is found in the Natural Forest
Universitas Indonesia’s soil, indicating a higher level of reactivity or charge storage
capacity compared to the Department Metallurgical and Materials Engineering soil and
the Pakis Beach Karawang Sand. The phase-shift values (CPE n) close to 1 suggest that
the capacitive behavior is near ideal. Additionally, the corrosion resistance test results
on the 7th day show differing trends between the EIS and linear polarization methods

in evaluating the corrosion resistance of the different soil types



and Materials
Engineering

soil

Natural forest
Universitas In-

donesia’s soil

Pakis Beach

Karawang Sand
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Table 9. Day 14 EIS Testing Data and Results
Soil Type Electrochemical-fit Plot Equivalent Circuit Model EIS Data Values
Department 5 = Chi-square (X"2) = 0.0572
Metallurgical

FIT 1

Rs=3.487,2 ohm
Rp =730,20 ohm

CPE Y0 =-2.24200 mF

CPE N =0.9966

FIT 2

Rs = 4.230 ohm

Rp =996,49 ohm
CPE Y0 =58.6240 mF
CPE N =0.9957
YOW=1.15x

101 mho

YO W =0,00000842 Mho

Chi-square (X2) = 0.17635

FIT 1

Rs = 6.1250 ohm

Rp =2.108,00 ohm
CPE Y0 =109 mF

CPE N =0.99710

Chi-square (X"2) = 1.5574

FIT 1

Rs=131,550 ohm
Rp =23,71 ohm

CPE Y0 = 525.630 mF

CPE N =0.98811

FIT 2
Rs =162,090 ohm
Rp = 171,85 ohm

CPE Y0 =628.070 mF



Recent in Engineering Science and Technology 2025, Vol. 03 No. 02 | https://doi.org/10.59511/riestech.v3i2.100 30 of 34

CPE N =0.98972

YO W =0,00000842 Mho

Table 9 shows that on the 14th day of testing, differences in the shapes of the curves
and equivalent circuits were observed, indicating changes in the charge transfer
mechanisms in each type of soil used as the electrolyte medium. The polarization
resistance (Rp) value reflects the resistance of the electrolyte medium to electrochemical
reactions, with Pakis Beach Karawang Sand exhibiting the lowest Rp value, indicating
its more corrosive nature compared to the Department Metallurgical and Materials

Engineering soil and the Natural Forest Universitas Indonesia’s soil.

The Warburg impedance (Y,) value represents the ion diffusion resistance, where
Pakis Beach Karawang Sand shows high diffusion resistance, thus inhibiting ion
movement. In contrast, the Department Metallurgical and Materials Engineering soil
displays lower diffusion resistance, allowing corrosive ions to move more easily and
thereby accelerating the corrosion rate. The highest constant phase element (CPE) Y,
values were also found in the Pakis Beach Karawang Sand, indicating greater charge
storage capacity of the electrode and a higher degree of heterogeneity and irregularity

in current distribution, which facilitates diffusion processes.

Overall, the results show that the capacitive behavior of the system approaches
ideal conditions. The corrosion resistance of carbon steel is the lowest when buried in
Pakis Beach Karawang Sand, followed by the Department Metallurgical and Materials
Engineering soil, while the Natural Forest Universitas Indonesia’s soil provides the best

corrosion resistance, in accordance with the electrolyte characteristics of each soil type.

Table 10. Day 21 EIS Testing Data and Results

Soil Type Electrochemical-fit Plot Equivalent Circuit Model EIS Data Values
Department g 2 B ' G S Chi-square (X"2) = 0.13673
Metallurgical
and Materials % ey

b

. . FIT1

Engineering
. Rs =3.750 ohm
soil

Rp = 166,29 ohm
CPE Y0 =-36.791 mF

CPE N =0.98111

FIT 2

Rs =3.610 ohm

Rp = 956,80 ohm
CPE Y0 =12.689 mF
CPE N =0.99231

YO W =1,3 Mho
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Natural forest i . AR Ao aliWle Chi-square (X"2) = 0.26339
Universitas In-

donesia’s soil
P ] FIT 1

Rs=4.820 ohm
Rp = 6.820,00 ohm
CPE Y0 =582.270 mF

CPE N =0.99420

FIT 2

Rs =11.330 ohm

Rp =2.820,11 ohm
CPE Y0 =104.570 mF

CPE N =0.99479

YO0 W =7,8 Mho
Pakis Beach L AN Chi-square (X"2) = 0.026067
Karawang Sand =

FIT1

Rs = 106,190 ohm
Rp =11,16 ohm
CPE Y0 = 5.588 mF

CPE N =0.99547

Table 10 shows differences in the mechanisms of charge transfer and
electrochemical reactions on the 21st day of testing, as indicated by changes in the curve
shapes and the equivalent circuits for different types of soil used as the electrolyte
medium. The polarization resistance (Rp) value indicates the resistance to
electrochemical reactions, where Pakis Beach Karawang Sand exhibits the lowest Rp
value, making it the most corrosive medium. Meanwhile, the Department Metallurgical
and Materials Engineering soil shows a decrease in Rp on day 21, rendering it more

corrosive than the Natural Forest Universitas Indonesia’s soil.

The Warburg impedance Y, value indicates that the Natural Forest Universitas
Indonesia’s soil has higher diffusion resistance, meaning that ions experience greater
resistance to movement. The constant phase element (CPE) Y, value reflects the
electrode's charge storage capacity, with Pakis Beach Karawang Sand showing the
highest CPE magnitude, indicating a greater charge storage capability compared to the
Natural Forest Universitas Indonesia’s soil. Meanwhile, the CPE n value suggests that

the capacitive behavior of the system remains close to an ideal capacitor.

On the 21st day, the EIS and linear polarization method results show a similar
trend: carbon steel embedded in Pakis Beach Karawang Sand has the lowest resistance,

while carbon steel in the Natural Forest Universitas Indonesia’s soil demonstrates the
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highest resistance. These findings are consistent with the resistivity and moisture

content characteristics of each soil type.

3.3 Comparison of Carbon Steel Corrosion Resistance Research Data

Table 11. Comparison of Carbon Steel Corrosion Resistance Research Data

Moisture Corrosion Polarization
Resistivity icorr
Soil Name pH | Content Rate Resistance
. (Q.cm) (HA/m"2)
(%) (mpy) Q)
Department Met- | 6,6 65 457717 20,52 0,45 956,80
allurgical and
Materials  Engi-
neering soil
Natural forest | 5,9 51 21.772,70 16,89 0,11 2.820,11
Universitas Indo-
nesia’s soil
Pakis Beach | 5,2 87 59,03 42,57 4,12 11,16
Karawang Sand

Table 11 shows the comparison of the three evaluation methods used as
parameters of corrosion resistance of steel in the soil, namely corrosion rate, current
density, and polarization resistance. The relationship between the moisture content and
the resistivity value of the three soil variations shows the same trend: as the moisture

content increases, the soil resistivity value also increases.

The results of the three evaluation methods show the same overall trend, namely
that Pakis Beach Karawang Sand acts as a more corrosive electrolyte medium compared
to the Department Metallurgical and Materials Engineering soil or the Natural Forest
Universitas Indonesia’s soil. This is evidenced by Pakis Beach Karawang Sand having
the highest corrosion rate of 42.57 mpy, the highest current density (icorr) of 4.12 pA/m?,
the lowest polarization resistance of 11.16 (), and the lowest resistivity of 59.03 Q2-cm

with 87% moisture content.

Meanwhile, the Natural Forest Universitas Indonesia’s soil provided better
corrosion resistance results across all three evaluation methods. Carbon steel buried in
the Natural Forest Universitas Indonesia’s soil exhibited the lowest corrosion rate of
16.89 mpy, indicating less mass loss compared to the other two soil variations. The
Department Metallurgical and Materials Engineering soil showed the lowest current
density value at 0.11 pA/m?, suggesting that the amount of current able to pass through
the soil was much less than in the other two soil variations. This finding is further

supported by its high polarization resistance value of 2,820.11 €). The polarization
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resistance value reflects the soil’s ability to resist electrical conduction when in contact
with the carbon steel surface area. The polarization resistance and resistivity values for
the Natural Forest Universitas Indonesia’s soil show a consistently higher trend

compared to the other two soil variations, indicating a smaller likelihood of corrosion.
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Abstract: The use of large amounts of fossil fuels can pollute the air with significant amounts of
carbon monoxide. Proton Exchange Membrane Fuel Cell (PEMFC) is an attractive alternative be-
cause it is able to generate high current with low working temperature, fast start-up time, no pollu-
tion, and good durability. In PEMFC systems, bipolar plates are one of the main and important
components. This component facilitates the reactants to flow through the designed channel. This
study aims to modify the parallel-type flow field design on the bipolar plate using CFD simulation
in ANSYS, in order to improve the performance of PEMFC. While flowing through the bipolar plate,
the reactants diffuse through the gas diffusion layer, thus connecting with the catalyst layer to gen-
erate protons and electrons in the anode and water and heat in the cathode through chemical reac-
tions. The results of the study show that the variation of rib width and channel depth has a signifi-
cant effect on the pressure distribution and hydrogen flow distribution. These findings can contrib-

ute to the improvement of flow distribution efficiency and pressure reduction.

Keywords: PEMFC; Bipolar Plate; Rib Width; Channel Depth; Computation Fluid Dynamics (CFD)

1. Introduction

Fuel cells, especially Proton Exchange Membrane Fuel Cells (PEMFC), are increasing
in popularity in line with the global challenge of reducing greenhouse gas emissions and
dependence on fossil fuels. PEMFCs offer an efficient and environmentally friendly en-
ergy solution, with great potential for integration into a wide range of applications, from
transportation to large-scale energy storage. The technology is capable of generating elec-
tricity at high efficiency, even under flexible operating conditions, making it an attractive
option for a clean energy future. Furthermore, in the context of the accelerating global

energy transition, development and innovation in fuel cell design and optimization are
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critical to ensure that the technology can achieve better performance, lower costs, and

larger scale production[1].

PEMFC can convert chemical energy from hydrogen into electricity with high effi-
ciency and low environmental impact. PEMFCs can be used for a variety of purposes,
such as vehicle power sources, portable power, and backup generators. In addition, they
have many advantages, such as long-term stability, high energy density, and low operat-
ing temperature. Although the cost of fuel cells challenges commercialization, research
continues to improve the efficiency, durability, and cost of the membranes. This makes

PEMECs a promising source of clean energy in the future[2].

Bipolar plates must have certain characteristics, such as good mechanical strength,
corrosion resistance, and high electrical conductivity. Graphite, metals, such as stainless
steel and titanium, and composites consisting of polymers and conductive fillers, such as
carbon black or graphite, are very commonly used. The specific application and environ-

ment in which the PEMFC is used greatly influence the choice of materials[3].

Computational Fluid Dynamics (CFD) is a technique used to simulate fluid flow nu-
merically. By replacing differential equations with numbers, CFD allows for the analysis
of complex systems and aids in the visualization of fluid behavior and interactions with
solid boundaries. This technique has been used in many fields, such as determining chan-
nel rates, architecture, turbines, and automotive design, and will continue to evolve as

technology advances[4].

The journal written by Agyekum et al. (2022) PEMFC is updated with a focus on
performance improvement, material characterization, and publication growth. Efforts are
made to increase the voltage generated and reduce the weight of the cell through innova-
tive designs of flow plates, membranes, and catalysts. In addition, research focuses on the
development of membranes with improved ionic conductivity and thermal stability, and
has recorded significant growth in PEMFC research publications with an average annual
growth rate of 19.35% since 2000, indicating increasing interest in the application of this

technology to reduce carbon footprints in various industrial sectors|[5].

2. Materials and Experiment Methods

Type of experimental research with the aim of finding correlations between variables.
Using the Computer Fluid Dynamics (CFD) approach by simulating parameters through
ANSYS software to obtain optimal results from parameter simulations on ANSYS soft-
ware and direct field trials. The quantitative research method is research based on the
philosophy of positivism, which is used to research natural object conditions (as opposed
to experiments) where this research is a key instrument, data sampling is carried out pur-
posively and snowball, data collection techniques with triangulation (combination, data

analysis is inductive/qualitative)[6].

The object of this study is the bipolar plate in the PEMFC system, the bipolar plate is

one of the main and important components. However, the parallel groove pattern has a
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disadvantage, namely producing water droplets and the serpentine groove pattern with
four channels has been proven to improve cell performance and reduce the occurrence of
water droplets. The width and height of the channel affect the performance of the PEMFC.
Water discharge increases as the channel height decreases, but cell performance also de-
creases. Cell performance decreases as the channel width increases because lower gas ve-
locities result in less water discharge. This shows better cell performance in smaller chan-

nel cross-sectional areas, because it has a higher gas velocity[7].

The sampling method is carried out through CFD simulations carried out 9 times
from 9 alternative designs. Then, it will be analyzed based on pressure drop and velocity
and one of the most optimal designs will be obtained. In this study uses secondary data.
Secondary data is data that has been collected for purposes other than solving the problem
being faced from literature, articles, journals, and websites related to the research subject.
Statistical analysis is used in this technique to analyze the data and identify relationships
between variables. In the case of flow field design in PEMFC, statistical analysis can be
used to evaluate the impact of flow line design modifications on the performance of the

material. This includes the impact on pressure, flow, and temperature[8].

This study uses a Simulation Method with modeling and algorithms to predict sys-
tem performance and analyze the impact of design modifications on PEMFC performance.
Simulation can be used to evaluate the impact of design modifications on the flow path,
pressure, and temperature of the PEMFC. This study uses a CFD approach to simulate
hydrogen flow performance. CFD simulations are carried out using ANSYS software. The
ANSYS software used in this study is ANSYS 2021 R2. Before performing the simulation,

there are several settings for adjustment. Here are the steps to perform a CFD simulation:

Run the ANSYS software, namely Workbench 2021 R2.
In the Toolbox, double click on Fluid Flow (Fluent).
In the Fluid Flow (Fluent) table, there are Geometry, Mesh, Setup, Solution, and
Results.
4. Geometry:
e Right-click on Geometry and select Import Geometry.
e Then, browse and select the PFF modification design to be simulated (p1-p9).
5. Mesh:

¢ Right-click on Mesh and select Edit

¢ Inthe Detail of “Mesh” section Defaults, change the Element Order to Program
Controlled and the Element Size to 0.1 mm. The changes of both elements are
to determine the accuracy and efficiency of the numerical simulation.

e In the Quality section, change the Mesh Metric to Skewness which aims to
evaluate the quality of the mesh. This metric is very 27 important because the
quality of the mesh greatly affects the accuracy and stability of the numerical
solution in CFD simulations.

¢  On the Mesh Tab, select Face Meshing

o  Select Mesh type then select Inflation and enter the boundary effect as follows
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o Layer thickness 0.01
o Maxlayer

o Expansion ratio 10: 1.2

o Then create a name for each part such as inlet, walls, and electrode

¢ Go to Setup

¢ In the Fluent software settings (Fluent Launcher), change the Solver Processes

value to 2 and click Start. These settings affect the performance of the ongoing

simulation.

¢ In the Fluent software Setup section, there are several settings, namely:

o Models

o Energy (On)

o Species Transport (On)
¢ Boundary condition:

o Inlet velocity 10 m/s
¢ Initialization

e Run Calculation

Analysis of the influence of parameters such as rib width and channel depth is very

important to optimize the design of parallel flow fields in PEMFCs. Minitab is a statistical

program that can be used to analyze data and measure how certain parameters affect fuel

cell performance. In this study 28, two Channel Width and Channel Depth were used in

the 3x3 factorial design method. Each factor has three levels with different values. There-

fore, it can be classified as a variable that is not affected by these factors. The following

table shows the 3x3 factorial design method:

Table 1. Factorial Design of 3x3 Rib Width and Channel Depth

0.6 0.8 1
1.1 1.1and 0.6 (p1) 1.1 and 0.8 (p1) 1.1and 1 (p1)
1.3 1.3 and 0.6 (p2) 1.3 and 0.8 (p2) 1.3and 1 (p2)
1.5 1.5and 0.6 (p2) 1.5and 0.8 (p2) 1.5and 1 (p2)

3. Results and Discussion

Subheadings may be used to divide this section. It should provide a concise and pre-

cise description of the experimental results, their interpretation, and possible experi-

mental conclusions. The authors should discuss the findings and how they can be inter-

preted considering previous research and the working hypotheses. The findings and im-

plications should be discussed in the broadest possible context. Future research directions

may be highlighted as well.
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3.1. Design Results p1-p9

P1 P2 P3 P4

P5 Pe6 P7 P8

P9

Figure 1. Result of Design P1-P9

Based on Figure 1, the design shown is the result of the application of the 3x3 factorial
design method, resulting in 9 combinations or 9 alternative designs by varying the Rib
Width and Channel Depth. By setting the Channel Width to Imm, but the length of the
channel from the inlet to the outlet varies. This difference is caused by the variation in the
rib width in each design. This variation provides an opportunity to evaluate the perfor-
mance of each design under different conditions, so that the most optimal design can be

selected for the desired application.

Rib width and channel depth greatly affect the pressure drop and flow velocity in
Proton Exchange Membrane Fuel Cell (PEMFC) design. Increasing rib width reduces the
flow cross-sectional area, causing increased local flow velocity and pressure drop due to
higher wall friction. Conversely, increasing channel depth enlarges the space for flow,

which reduces flow resistance and lowers pressure drop.
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Table 2. Alternative Design Parameters.

Rib Width  Channel Depth Channel Fillet Radius

Tipe .
(mm) (mm) Width (mm) (mm)
P1 1.1 0.6 1 0.5
P2 1.1 0.8 1 0.5
P3 1.1 1 1 0.5
P4 1.3 0.6 1 0.5
P5 1.3 0.8 1 0.5
P6 1.3 1 1 0.5
P7 1.5 0.6 1 0.5
P8 1.5 0.8 1 0.5
P9 1.5 1 1 0.5

But can reduce the flow velocity due to a more even flow distribution. Overall, the
right combination of rib width and channel depth is very important to optimize PEMFC

performance, because both directly affect the flow distribution and system efficiency[9].

3.1.1. Pressure Drop Calculation

Will be compared with the simulation process in ANSYS software, which will auto-
matically calculate the pressure drop value generated in the geometry model that has been
entered. The fluent module will be used for simulation to evaluate the fluid flow that oc-
curs. In the calculation process, reference values are needed as a basis for normal condi-
tions that are entered manually. Reference values include gravity of 9.81 m/s2, pressure
of 1 atm, fluid viscosity of 0.8411 (hydrogen gas), and operating temperature of 300K. This
process is carried out with 200 iterations until convergent results are obtained. There are
anumber of data. There are several research variable data that will be used as parameters
in calculations with different geometry models as shown in Table 2 The parameters used
consist of 3 variations of channel depth and 3 rib width, and this simulation is performed
9 times according to the existing parameters. The researchers used the serpentine line
channel type to change 3 different depths and channel lengths[10]. This study uses the
parallel channel type because, according to Spiegel's research (2008), the serpentine chan-
nel type has a greater pressure drop compared to the parallel flow type[11]. The simula-
tion results will be validated manually by performing theoretical calculations to obtain a

pressure drop value that is close to the theory or with a small error rate.

3.2. Simulation and Analysis Results

The simulation results were created using ANSYS 2021 R2 software. This simulation
aims to evaluate the design performance in terms of flow distribution and pressure drop.
The results obtained will be analyzed and compared with other alternative designs to as-

sess the effectiveness of the changes made.



Recent in Engineering Science and Technology 2025, Vol. 03 No. 02 | https://doi.org/10.59511/riestech.v3i02.107 41 of 48

Figure 2. Pressure drop simulation result P1-P9

From the simulation data provided, it can be seen that when the Rib Width increases,
the pressure drop also increases. This is especially in the comparison between Rib Width

1.1 mm and 1.5 mm for the same Channel Depth:

¢ At Channel Depth 0.6mm: Increasing Rib Width from 1.1 mm to 1.5 mm causes an

increase in pressure drop from 162 Pa to 186 Pa.

¢ At Channel Depth 1.0 mm: Increasing Rib Width from 1.1 mm to 1.5 mm increases
the pressure drop from 102 Pa to 117 Pa. Increasing Rib Width reduces the effective flow
area within the channel, which increases the resistance to fluid flow. With a smaller area,
the flow becomes more obstructed, thus causing an increase in pressure drop. However,
this can also lead to a more even flow distribution along the channel, although with the

penalty of increased pressure drop.

¢ At Rib Width 1.Imm: Increasing Channel Depth from 0.6 mm to 1.0 mm reduces
pressure drop from 162 Pa to 102 Pa.

¢ At Rib Width 1.5mm: Increasing Channel Depth from 0.6 mm to 1.0 mm reduces
pressure drop from 186 Pa to 117 Pa.

As channel depth increases, the volume of the flow chamber increases, which reduces
the resistance to flow. This results in a decrease in pressure drop because the fluid can

flow more easily through the deeper channel.
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3.2.1. Plot Pressure Factorial Results and Analysis

Rin Width Channel Depih

Mean of Pressure
E E §&
»

g

.

" 1 18 oe o8 10

Figure 3. Factorial Plot Pressure

Based on Figure 3 these results show that the difference in Rib Width and Channel

Depth factors will greatly affect the pressure drop. At 1.1mm Rib Width the pressure drop

rate is relatively low and stable, and for 1.3mm there is a slight decrease in pressure drop

compared to 1.1 mm, but it is almost the same. While the Rib Width is 1.5mm Results in a

significant increase in pressure drop.

Increased rib width from 1.1 mm to 1.5 mm leads to increased pressure drop. This is

due to the decrease in effective flow area when the rib width is larger, increasing fluid

flow resistance and cause an increase in pressure drop. At 0.6mm Channel Depth Indicates

pressure drop highest, and at 0.8mm there is a significant drop in pressure. Meanwhile,

at Imm the lowest pressure drop can be seen.

The larger the channel depth, the smaller the pressure drop produced. This can be

explained by the increased flow volume that allows the fluid to flow more freely, reduce

the resistance and pressure required to move the flow through the channel. The conclu-

sion of the plot is that the 1.1 mm and 1.3 mm rib widths produce a lower and more stable

pressure drop compared to the 1.5 mm rib width. and Increase channel depth from 0.6

mm to 1.0 mm significantly reduce pressure drop.

3.3. Simulation and Velocity Analysis Results

Flow rate distribution is an important parameter in bipolar plate performance anal-

ysis in PEMFC. A high flow rate can ensure that the reactants are distributed efficiently to

the entire surface of the electrode, increasing the effectiveness of the reaction electro-

chemical. The results of the simulation using ANSYS show hydrogen flow velocity profile

in a parallel flow channel has been modified.

P1 P2 P3

P4
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Figure 4. Velocity simulation result P1-P9

From the data provided, we can analyze how the Rib changes Width and Channel
Depth affect the flow rate within the channel.

1. Effect of Rib Width

At a Rib Width of 1.Imm and a Channel Depth of 0.6mm, the flow speed is 18.9 m/s
while at Channel Depth Imm the flow speed is increased to 19.6 m/s. While at a Rib Width
of 1.3mm with Channel Depth 0.6mm flow rate is 19.4 m/s and at Channel Depth 1mm
flow speed increased to 19.9 m/s. And at a Rib Width of 1.5m with a Channel Depth of
0.6mm of flow speed is 19.6 m/s, while with a Channel Depth of Imm speed The flow
increased again to 19.8 m/s. From the simulation data, it shows an increase in ribs width,
there is an increase in the flow rate. The following occurs due to the fact that larger rib
widths tend to narrow effective area within the channel, which results in increased speed
flow to maintain a constant mass flow. However, the change in The flow rate was not very
significant between the different rib width variations, suggesting that the rib width had a

limited influence at the flow rate in this design.
2. Influence of Channel Depth

At a Rib Width of 1.1mm, an increase in Channel Depth from 0.6 mm to 1.0 mm led to
an increase in flow speed from 18.9 m/s to 19.6 m/s produces 0.7 m/s difference increase

and achieves a percentage an increase of 3.7%.

Based on the results of the data, Increased channel depth generally increase the flow
speed, mainly due to the increase in Channel depth reduces flow resistance. More flow
speed high is required to maintain a steady flow of fluid inside deeper channels. Optimal
combination of rib width and channel The depth that provides the highest flow speed is
found at the rib width 1.3 mm and Channel Depth 1.0 mm, with a flow speed of 19.9 m/s.
This indicates that in this design, the channel depth increase has a more significant influ-
ence on the flow speed compared to the increased rib width. So that conclusions can be

drawn The effect of increasing Channel Depth is more effective in increasing speed flow
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compared to Rib Width and Design with a Channel Depth that is larger and larger Rib
width can provide excellent performance optimal in terms of flow speed, which is im-

portant for efficiency gas transportation in PEMFC.

Rib Width Channel Depth
198

3
&
.

195

Mean of Velocity

Figure 5. Factorial Plot Pressure

Based on Figure 5 the factorial results of the plot shows when the width of the rib in-
creases from 1.1 mm to 1.3 mm. there is a significant increase in flow velocity. However,
when the rib width increases from 1.3 mm to 1.5 mm, the increase in velocity becomes
more moderate. This shows that increasing the rib width up to 1.3 mm can effectively
increase the flow velocity, but further increases have a smaller impact. Meanwhile, the
influence of Channel Depth from the graph shows that increasing the channel depth from
0.6 mm to 1.0 mm causes a significant increase in flow velocity. Larger channel depths
(from 0.6 mm to 1.0 mm) tend to provide wider flow paths, thereby increasing the flow
velocity. Increasing the rib width from 1.1 mm to 1.5 mm shows that the flow velocity
increases, but not as much as the influence of channel depth. Larger rib widths reduce the
flow path area, which tends to increase velocity, but the impact is not significant after a
certain point. On the other hand, increasing the channel depth from 0.6 mm to 1.0 mm
causes a greater increase in flow velocity, because the deeper channel volume allows more
fluid to flow with lower resistance. The combination of the two shows that channel depth

has a dominant effect in increasing flow velocity compared to rib width.
3.4. Results of Analysis of Variance (ANOVA)

Table 3. Information of Factor.

Factor Type Levels Value
Rib Width (mm) Fixed 3 11;13;15
Channel Depth
Fixed 3 06;08;1

(mm)
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Based on Table 3 shows information about the factors that used for analysis, particu-
larly on experiments involving variations in Rib Width and Channel Depth in the design
of parallel flow areas. This information includes two factors, each with three different lev-

els of value. The value is a fixed value if it is categorized as a value remain.

3.4.1 ANOVA based on Pressure

Table 4. Analysis of Variance by Pressure.

Sources DF Adj SS Adj MS F-Value P-Value
Rib Width (mm) 2 821.56 410.78 46.80 0.002
Channel Depth 345.35 0.000
2 6062.89 3031.44
(mm)
Error 4 35.11 8.78
Total 8 6919.56

The very small P-Value (0.002), far below the significance level of 0.05, indicates that
rib width has no significant impact on pressure response, as shown by the ANOVA results
shown in Table 4. The F-Value of 46.80 indicates that variations in Rib Width are a con-
tributing component but with no significant effect on the simulated system pressure
changes. In addition, Channel Depth has a more significant effect on pressure; has a P-
Value of 0.000, which indicates a high level of statistical significance, the F-Value of 356.02

indicates that Channel Depth has a more significant effect on pressure.

Table 5. Summary Model by Pressure.

S R-sq R-sq (adj) R-sq (pred)
2.96273 99.49% 98.99% 97.43%

Based on the model summary results in Table 5, this model has proven to be very good
at explaining data variations, with an R-sq value reaching 99.49% and an R-sq(adj) of
98.99%. This means that almost all variations in the pressure response can be explained
by a model involving channel depth and rib width as factors. In addition, the R-sq(pred)
value of 97.43% shows that this model is very effective in predicting pressure for new data.
The S value of 2.96273, which is the residual standard deviation, shows that the difference
between the observed and predicted values by the model is very small, so the prediction

accuracy of this model is very high.
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3.4.2 ANOVA based on Velocity

Table 6. Analysis of Variance.

Sources DF Adj SS Adj MS F-Value P-Value
Rib Width (mm) 2 0.2156 0.10778 3.66 0.0125
Channel Depth 5.58 0.070
2 0.3289 0.16444
(mm)
Error 4 0.1178 0.02944
Total 8 0.6622

Based on the ANOVA results in Table 6, it can be seen that Rib Width has a significant
effect on the flow velocity response. This is evidenced by the very small P-Value (0.000),
far below the significance limit of 0.05. The F-Value of 3.66 confirms that variation in Rib
Width is the main factor that significantly affects the velocity changes in the simulated
system. In addition, rib width also has a significant impact on flow velocity, with a P-
Value of 0.000, indicating a high level of statistical significance. Although its influence is
not as large as the channel width, the F-Value of 356.02 indicates that rib width still pro-

vides an important contribution to flow velocity variations.

Table 7. Summary Model by Velocity.

S R-sq R-sq (adj) R-sq (pred)
0.171594 82.21% 64.43% 9.6%

Summary Model in Table 7 shows that this model has a very good performance in
explaining data variation, with an R-sq value of 82.21% and an R-sq(adj) of 64.43%. This
means that almost all variations in speed can be explained by the model that considers rib
width and channel depth as factors. However, the R-sq(pred) value of 9.6% indicates that
this model is less accurate in predicting speed for new data. In addition, the S value of
0.171594, which is the residual standard deviation, indicates that the difference between
the observed value and the predicted value by the model is very small, indicating that the

model's prediction is very accurate.
3. Conclusions

Based on the variation of rib width and channel depth in the design of parallel bipolar
plates in PEMFC, it has a significant effect on the pressure drop e (pressure drop) and flow
velocity. From this, it can be concluded that:

a. Modifications to rib width and channel depth significantly affect hydrogen flow

and pressure drop in PEMFC, but channel depth has a greater effect on pressure

and velocity compared to rib width. In the development of fuel cell systems for
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electric vehicles, modification of rib width and channel depth can be optimized to
improve hydrogen flow efficiency. In energy storage applications, as well as in in-
dustrial applications requiring high power, modification of the bipolar plate de-
sign with deeper channel depth can reduce the pressure required for hydrogen
flow.

b. From the simulation results, the design with a rib width of 1.3 mm and a channel
depth of 1 (p6) mm provides the best balance between high flow velocity (19.9 m/s)
and low pressure drop (101 Pa), so it can be considered as the most optimal design
for single stack PEMFC applications. The bipolar plate design with 1.3 mm rib
width and 1 mm channel depth is ideal for applications requiring a balance be-
tween high flow rates and low pressure drop, making it an ideal solution for a
wide range of fuel cell applications in the automotive, commercial and heavy
equipment industries.

c. The relationship between pressure and channel depth in a Proton Exchange Mem-
brane Fuel Cell (PEMFC) can be summarized as follows is Inverse Relationship, As
the channel depth increases, the pressure drop across the channel decreases. This
is because a deeper channel provides a larger volume for the fluid to flow through,
which reduces flow resistance so increasing the channel depth generally leads to a
decrease in pressure drop, facilitating better fluid dynamics within the fuel cell
system. And The effect of increasing Channel Depth is more effective in increasing
speed flow compared to Rib Width and Design with a Channel Depth that is larger
and larger Rib width can provide excellent performance optimal in terms of flow

speed, So which is important for efficiency gas transportation in PEMFC.
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Abstract: This study analyzes the latest developments and trends in the field of Mobile Ad-Hoc
Networks (MANET) through a bibliometric approach using a metadata dataset from publications
taken from Scopus between 2021 and 2024. By utilizing VOSviewer to visualize the data, the study

identified key keywords that dominated the MANET literature, such as "security”, "routing proto-
cols", "mobility", and "5G". The visualization results show several important clusters, including top-
ics related to network security, vehicle networks (VANET), and the application of advanced tech-
nologies such as machine learning in network management. Despite the decline in the number of
publications in 2023 and 2024, collaboration between authors continues to show a strong trend. The
research also highlights various challenges that are still open problems, such as the development of
efficient routing protocols, improving network security, and managing resources in a dynamic MA-
NET environment. In addition to the VOSviewer analysis, further exploration was carried out using
the built-in visualization tools from the Scopus web platform to enrich the interpretation of emerg-
ing topics and research connections. This was followed by a deeper conceptual mapping using Sco-
pus Al which provided a visual breakdown of interconnected themes such as security issues, rout-
ing protocols, and different network types like VANET and FANET. To complement and validate
the findings, the study also incorporated evidence-based summaries retrieved from Consensus.app,
offering additional insights from Al-driven scientific consensus. This multi-platform approach en-
hances the reliability of the analysis and provides a more comprehensive view of current and future
research directions in the MANET domain.

Keywords: Bibliometrics; MANET; Scopus; Vosviewer; Visualization

1. Introduction

This study discusses the latest developments of the Mobile Ad-Hoc Network (MANET)
method through bibliometric analysis using metadata datasets from Scopus in the period
2021 to 2024. MANET is a dynamic, self-contained, wireless network that does not require
fixed infrastructure, making it an essential solution for communication in situations such
as disasters, military, and rural environments. As technology develops, the methods used

in MANET continue to undergo innovation to improve network performance, security,
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and communication efficiency. In this study, bibliometric analysis techniques were applied
to map research trends and scientific developments in the field of MANET. The dataset
collected from Scopus includes scientific publications from relevant journals, conferences,
and other papers. The analysis process was carried out using VOSviewer software to vis-
ualize the relationship between keywords, collaboration between researchers, and publi-
cation patterns over the past four years. This analysis is expected to provide a comprehen-

sive overview of current research focuses and identify areas of rapid growth [1], [2], [3].

The results of this bibliometric analysis show a significant increase in research related
to routing protocols, network security, energy efficiency, and the application of MANET
in IoT (Internet of Things) environments. Visualization with VOSviewer allows the identi-
fication of dominant research clusters as well as demonstrating global collaboration be-
tween institutions and researchers in this field. In addition, trends in technological devel-
opments such as integration with 5G networks and the implementation of artificial intelli-
gence (Al) for network optimization are also in the main spotlight. This research also iden-
tifies several challenges that are still faced in the development of MANET, such as data
security issues, network stability in dynamic conditions, and limited device resources.
Through this analysis, recommendations for future research were prepared, including the
exploration of hybrid routing methods, improved security using cutting-edge cryptog-
raphy techniques, and the integration of MANET with future network technologies [4], [5],
[6]. Figure 1 below contains an illustration of the Concept of MANET.

Mobile Ad Hoc Network

www.educba.com

Figure 1. Concept of MANET

As such, the study makes an important contribution to researchers, technology devel-
opers, and policymakers in understanding MANET's developments and challenges. The

results of this bibliometric analysis can be a strategic guide to direct MANET research
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and development to be more effective in responding to the evolving needs of wireless

communication in this digital era [7], [8], [9].

2. Methodology

The dataset used in this study was obtained from Scopus, one of the largest databases
of abstracts and citations for academic literature covering a wide range of disciplines,
including science, technology, medicine, social sciences, arts, and humanities. This da-
taset includes metadata of publications related to the Mobile Ad-Hoc Network (MANET)
published between 2021 and 2024, with information such as document title, author, au-
thor affiliation, year of publication, number of citations, keywords, and cited references.
The data collection process is carried out using the query: TITLE-ABS-KEY ( mobile AND
ad-hoc AND network ) AND ( LIMIT-TO (PUBYEAR, 2021 ) OR LIMIT-TO (PUBYEAR,
2022 ) OR LIMIT-TO ( PUBYEAR, 2023 ) OR LIMIT-TO ( PUBYEAR , 2024 ) ), which
ensures the results include a study of mobile networks that can form dynamic and self-
sufficient connections without fixed infrastructure. Restrictions based on the year of pub-
lication (2021-2024) make the results more relevant to the latest research, covering the
latest technological developments, challenges, and innovations related to MANET. This

dataset is then downloaded in CSV format for easy further analysis [10], [11], [12].

The query is designed to filter out the latest publications relevant to the Mobile Ad-
Hoc Network (MANET) in the period 2021 to 2024. After conducting a search, 4,685 doc-
uments were obtained which included journal articles, conference papers, and scientific
reviews. The data is then exported in CSV format, which includes important information
such as title, abstract, author, institution, keyword, and year of publication. The initial
step of analysis is carried out by utilizing the standard visualization features provided
by the Scopus web platform. This visualization includes the distribution of publications
by year, document type, country of origin of the researcher, and the most frequently used
keywords. Scopus' built-in visualization feature provides an early overview of research
trends, the dominance of certain topics, and the geographic distribution of scientific con-
tributions in the field of MANET. These results serve as a basis to understand the general

research pattern before conducting a more in-depth analysis [13], [14], [15].

Furthermore, bibliometric analysis continued using the VOSviewer software to obtain
more detailed and interactive visualization. The CSV data obtained from Scopus is im-
ported into VOSviewer, and the mapping process is done based on keywords, citations,
and author collaboration. This technique allows the identification of interrelated research
clusters, relationships between topics, and the evolution of research trends in the period
analyzed. Visualization with VOSviewer includes network visualization, overlay visual-
ization, and density visualization to provide comprehensive insights. In the analysis us-
ing VOSviewer, various parameters are selected to ensure accurate and informative vis-
ualization results. One of them is determining the minimum number of keyword occur-

rences to filter out significant terms. In addition, co-occurrence analysis is used to see
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how often two keywords appear together in a publication, so that the pattern of relation-
ships between concepts can be clearly seen. Visualization of collaboration between re-
searchers and institutions was also carried out to understand the dynamics of global co-
operation in the field of MANET [16], [17], [18].

Scopus Al

mobile ad-hoc network
Hide Copitot steps A
@ Crecting a plan to enswer your query
@ Performing natural language search:
* What are mobile ad-hoc networks and their applications?

@ Performing keyword search:

o (*mobile od-hoc networks® OR *MANET* OR *od hoc" OR "wireless networks®| AND {'routing" OR "protocol” OR "communication” OR
‘connectivity') AND (“performance" OR "efficiency” OR “throughput’ OR 'latency’) AND ('security” OR "privacy” OR *encryption” OR
"guthentication™] AND {"topology” OR "network design” OR "architecture” OR "configuration®] AND [*mobility” OR "dynomic® OR “movement”
OR *node")

© Generating summary

Figure 2. Copilot steps in Scopus-Al

After processing the dataset obtained from the Scopus database using VOSviewer to
identify key themes and research clusters, further analysis was conducted by examining
the built-in visualizations available on the Scopus web platform. This was followed by
an exploration using Scopus Al to generate a concept map highlighting the interconnec-
tions between core topics such as security issues, routing protocols, and types of net-
works within the Mobile Ad-Hoc Networks (MANETSs) research domain. To enrich the
analysis and gain broader insight, the findings were also cross-validated and expanded
using results from Consensus.app, which provided Al-driven evidence-based summar-
ies from scientific literature [19]. The results of this methodology provide an in-depth
understanding of the development of MANET research over the past four years. The re-
sulting visualization shows key topics, emerging research trends, and networks of col-
laboration between researchers. With a combination of preliminary analysis from Scopus
and advanced mapping using VOSviewer, this study was able to provide a comprehen-
sive picture that can be used as a basis for further studies or future MANET technology
development policies [20], [21], [22]. Figure 2 contains information on Copilot steps in

Scopus-AlL
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3. Results and Discussion

Applications in MANET bibliometric analysis include various types of analysis, such
as co-authorship analysis to look at author collaboration networks, co-occurrence analy-
sis to identify trends in research topics, and citation analysis to understand the influence
of certain publications in MANET's field. In terms of counting methods, fractional count-
ing is more suitable to get a proportional picture of the contributions of each author or
institution, while full counting can be used to focus on the total number of collaborations
or appearances. By using authors, organizations, and keywords as units of analysis, it is
possible to obtain comprehensive insights into the parties involved in the MANET re-

search, the origin of the institution, and the main topics being researched [23], [24].

Table 1 contains a list of some of the built-in visualizations available in Scopus Web,
designed to help users analyze and understand research data effectively. These visuali-
zations include a variety of tools such as publication trend graphs that illustrate the
growth of research over time, a map of collaboration between countries or institutions,
as well as a graph of author networks that show relationships between collaborators. In
addition, there is a keyword analysis feature to identify key research topics, as well as
citation charts to assess the influence of a particular publication. With this visualization,
Scopus Web makes it easier for researchers to dig important insights from bibliometric
data [25], [26], [27].

Table 1. Some built-in visualizations from Scopus Web

Component | Visualization

Scopus An-

Documents by year
alyze Year

- —%

Documents

a2 2023 2024

Year
Copyngnt © 2024 Elsevier B.V. Al nghts reserved. Scopus® i a registered ademark of Elsewer BV,




Recent in Engineering Science and Technology 2025, Vol. 03 No. 02 | https://doi.org/10.59511/riestech.v3i02.108

54 of 74

Scopus An-

alyze Au-

thor

Documents per year by source Scopus
alyze Campan 1ha dotamant toums 1ar up 1o 10 curtes Compan « NuScam. SR ana SR dat
Source &
0
[ 0
:
0
g 0
10
o
2021 2022 2022 we4
Year
8= Leciue Notes In Netwarks And Systoms == VWireiezs Pecsonal Communicatisrs 4 |EEE Access
=4 Lechrn Nolos b Elecircal Engreerrg - |EEE Transachora On Viahiculsr Technology
Copyngnt © 2024 Elsavier B.V. Al ngits reserved. Scopus® 15 2 registersd frodemark of Elsewver BV,
Scopus An-
p Documents by author Scopus

Campant e dotmant touma 101 u) 1 15 authans

Rujram. A

§
3

Qur, VK
Skeh R

Venkstasubramartan, &

>
]
)

Azor, MA.

Jubai, MA

Likh DAL

Paroy, P

o
"

Copyngnt © 2024 Elsavier B.V. Al ngihts reserved. Scopus® 15 2 registered frodemark of Elsewver BV,

12

Documents

-
@
®
5
3
&
&
=
[

Scopus An-
alyze Affili-

ation

Documents by affiliation

Campant 1ha dotmant touma 10 u) s 15

KL Dewred 1o be Univesity

SRM kst of Scence and Technology

Savnetha Echool of Engineereg
Savcctns Instiuts of Madical snd Toech

Panmasla Enyresrng Collegs

Arva Univeesity

Ve! Tech Rangarsjan Dr.Sagunthals R,

Coakars Unreirshy, Punjas

Chancigarh University

Battyabama Instiluls of Sciancs and Te

Copyngnt © 2024 Elsevier B.V. Al ngits reserved. Scopus® 15 2 regiztered frademark of Elseveer BV,

ambanns

Scopus

,
s
i
e
<

4.0 %0
Documents

g
-
3




Recent in Engineering Science and Technology 2025, Vol. 03 No. 02 | https://doi.org/10.59511/riestech.v3i02.108 55 of 74

Scopus An-

Documents by country or territory ——
alyze Coun- |

try India

Chisa

HELANANE Lo 101 Up 115 15 COLIINREnd

Urited Stalos

Sauci Aratia

Iraq

Unitee Kirgeon

South Korea

Pavstan

Carcas

Malaysis

,
5
s
&
g
&
g

a0 1000 1200 1900 e 1800 200 200

Documents
Copyngnt © 2024 Elsavier B.V. Al ngits reserved. Scopus® 15 2 registered frodemark of Elsever BV,

Scopus An- | Documents by subject area Scopus
alyze Sub-
ject

Other (4.0%)

Business, Manag... (0.8%)
Medicine (1.7%)
Segal Sciencos- (1.9%) " Computer Scienc... (38.3%)
Energy (2.4%)
Materials Scien... (3.0%)
Physics and Ast... (5.2%)

Decision Scienc... (6.3%)

Mathematics (9.3%)

Engineering (27.1%)

Copyright © 2024 Elsevier B.V. All rights reserved. Si s® is a regi of Elsevier B.V.
Scopus An- )
p Documents by funding sponsor Scopus
a]yze Fund- |  comes i dcmunt couts b i 165 g spovsars

ing Sponsor

Ministry of Scierce and Tecoclogy ot ... [
Natoral Key Reseoicn e Oeveioorns. [N
s Comrvore [T
Notenal scerce Feuncation [T
Naicnal Rotoarch Feuncation ofkoess [N
Fundamertal Reseach Funds tor e Co . [ TR
snistry of Sciance. 1CT and Futurs P | AR
Horizan 2020 Framewark Brogeamma —
Degartment of Scence and Techeciogy.... [N

0 25 0 75 100 125 150 175 200 2% W

Documents
Copyngnt © 2024 Elsavier B.V. Al ngits reserved. Scopus® 15 2 registered drodemark of Elsever BV,




Recent in Engineering Science and Technology 2025, Vol. 03 No. 02 | https://doi.org/10.59511/riestech.v3i02.108 56 of 74

Here are the steps to use VOSviewer: first, set up and enter the dataset to be analyzed
into VOSviewer. Next, select the appropriate type of analysis, such as co-authorship, co-
occurrence, citation, or bibliographic coupling. After that, determine the counting
method, whether to use full counting or fractional counting, depending on the purpose
of the analysis. Then, select the relevant unit of analysis, such as authors, organizations,
or keywords. Once all the parameters are defined, run the analysis to get the visualization
results in the form of a network map or other graph. Details of each step and the results

of the visualization can be seen in some of Figure 3 below [28], [29].
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Figure 3. Steps to use Visviewer

Here are all the results of the visualization generated using the VOSviewer software,
which displays the network of relationships between keywords based on several anal-
yses of relevant studies. This visualization consists of multiple clusters identified through
color differences, with each cluster representing an interrelated group of research topics
or themes. The size of the circle describes the level of frequency of a keyword in the data,

while the connecting lines and proximity between the circles reflect the co-emergence
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relationship between keywords. These visualizations provide a comprehensive overview
of the structure, trends, and key focuses within the research area, facilitating analysis of
specific areas of study and identifying potential collaborations or further exploration of
topics [30], [31].
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Figure 4. Visualization of Co-occurrenceence - All Keywords

The VOSviewer visualization in Figure 4 illustrates a bibliometric network map of
research topics centered around “mobile ad hoc networks” (MANETSs). Each node repre-
sents a keyword or term from scientific literature, where the size of the node indicates its
frequency, and the lines between them reflect co-occurrence relationships. The term “mo-
bile ad hoc networks” is positioned at the center, suggesting it is the primary focus across
the dataset. Terms in proximity and connected by stronger links indicate more frequent
joint appearances in the literature. The map is divided into color-coded clusters, each
representing thematically related subfields within the broader research domain. The red
cluster primarily focuses on vehicular communications and mobility-centric technologies,
including “vehicular ad hoc networks,” “5G,” “mobile edge computing,” and “intelligent
transport.” This reflects an increasing interest in integrating MANETs into intelligent
transportation systems and modern mobile communication frameworks. The green clus-
ter complements this by emphasizing applications related to smart highways, vehicle
safety, and on-board units, signifying an alignment between MANET research and the
development of intelligent vehicle ecosystems. Meanwhile, the blue and yellow clusters

emphasize technical and security aspects of MANETSs. The blue cluster covers “network
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oy s

security,” “intrusion detection,” “trust management,” and “machine learning,” indicat-
ing active research addressing vulnerabilities in mobile networks. The yellow and purple
clusters center on routing and optimization, with terms like “routing algorithms,” “ad
hoc on-demand distance vector,” and “load balancing,” which highlight the ongoing ex-
ploration of efficient data transmission methods. Collectively, this visualization reveals
the diverse and interdisciplinary nature of MANET research, spanning from communi-

cation protocols and vehicular applications to cybersecurity and optimization techniques

[7], [32].
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Figure 5. Visualization of Co-occurrence - index keywords

Figure 5. display a map of the keyword network in the research related to Mobile Ad-
Hoc Networks (MANET) based on the publication dataset from 2021 to 2024. The key-
words "mobile ad hoc networks" and "vehicular ad hoc networks" emerged as the main
centers of the research, with large sizes indicating a high frequency of occurrence. The

different colors indicate various research clusters, such as green clusters that focus on
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internet protocols, data transfer, and routing protocols, as well as red clusters that high-
light topics such as 5G, medium access control, and resource allocation. The blue cluster
highlights the concepts of vehicular networks, intelligent transportation systems, and in-
telligent vehicle highway systems, while the purple cluster emphasizes aspects of net-
work security and public key cryptography. The connecting lines between keywords in-
dicate the degree of interconnectedness or co-occurrence, reflecting how these concepts
are often researched together. This visualization provides in-depth insights into MA-
NET's research focus and trends, as well as potential collaboration areas and ongoing
challenges [16], [33].
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Figure 6. Visualization of Co-occurrence - Author Keyword

Figure 6. shows a bibliometric network map related to Mobile Ad-Hoc Network (MA-
NET) research based on the most frequently published keywords between 2021 and 2024.
Each point represents a keyword, where the size of the point describes the frequency

"non "o

with which it appears in the dataset. Key keywords such as "manet", "security”, "vanet",

and "mobility" emerged dominantly, indicating the research focus on aspects of security,
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vehicle networks (VANET), and node movement within MANET. The different colors
represent interrelated research clusters; for example, the red cluster shows the relation-
ship between 5G technology, edge computing, and vehicular networks, while the green
cluster is related to security and intrusion detection. The connecting lines between key-
words describe the degree of co-occurrence, indicating concepts that are often researched
together. These visualizations help understand research trends, emerging topics, and po-
tential areas of collaboration in MANET studies [34], [35].
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Figure 7. Visualization of Cocitation - Author

The VOSviewer visualization in Figure 7 represents a co-authorship network, where
each node corresponds to an author involved in research related to a particular academic
domain, likely mobile ad hoc networks based on context. The size of each node reflects
the number of publications or the author’s prominence, while the lines (or links) denote
collaborative relationships between authors. The visualization is grouped into different
colored clusters, each representing a group of closely connected authors who frequently

collaborate. Central figures such as “Wang,” “Zhang Y.,” “Zhang H.,” and “Kumar S.”



Recent in Engineering Science and Technology 2025, Vol. 03 No. 02 | https://doi.org/10.59511/riestech.v3i02.108 61 of 74

indicate prolific contributors with widespread collaborations across multiple clusters.
The spatial arrangement reveals collaboration patterns within the research community.
The dense clustering in the left portion of the map suggests strong intra-group collabo-
ration among authors, especially within the red, yellow, and green clusters. These clus-
ters are tightly packed, showing intensive co-authorship, possibly from research institu-
tions or regional collaborations. In contrast, the blue cluster, especially on the right-hand
side with names like “Hassan M.H.” and “Habelalmateen M.I.,” appears more peripheral
and loosely connected, suggesting either emerging authors or groups working in relative
isolation or within niche topics. Overall, this visualization highlights the structure of sci-

entific collaboration and the key players driving research in the domain [24], [36].
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Figure 8. Visualization of Bibliographic Couping - Author

Figure 8 describes a bibliographic network based on couplings between authors using
VOSviewer. In this graph, groups of authors are grouped based on their degree of simi-
larity or bibliographic relationship, which is indicated by the color and proximity of the
positions between the nodes. Authors such as Pandey P., Singh R., and Murase T. appear
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to be in a dense group, suggesting a strong bibliographic connection. Meanwhile, some
authors such as Chache F.M., Maxon S., and Narayan are more detached, reflecting
weaker relationships or different specializations. The size of the text indicates the au-

thor's contribution or involvement in the network being analyzed [37], [38].
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Figure 9. Visualization of Citation - Author

The VOSviewer visualization illustrates a co-authorship network characterized by
sparse collaboration among researchers. Each node represents an individual author,
while the distance and connectivity (or lack thereof) between nodes highlight the extent
of their collaborative efforts. Unlike the previous dense networks, this visualization
shows minimal interconnectedness, with most authors appearing as isolated or loosely
associated entities. The relatively small node sizes and limited clustering indicate that
these researchers are either early in their publication journey or are contributing inde-
pendently without forming strong collaborative ties. A few minor clusters are visible,
such as around authors like "Pandey P." and "Singh R.," who show some degree of co-
authorship, but overall, the network lacks central figures or dominant collaborative

groups. The scattered nature of the visualization implies that the topic under analysis
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might be relatively new or niche, leading to fragmented contributions from various iso-
lated researchers. Additionally, the low density suggests opportunities for increased col-
laboration and network formation in the future, especially if the field continues to grow

and attract interdisciplinary research [39], [40].

palestine

trinidad and tobago

‘ VOSviewer

Figure 10. Visualization of Country

Figure 10 is a network map that displays relationships between countries using
VOSviewer software. In this visualization, countries such as India, Israel, and the Czech
Republic are seen to be in one closely interconnected group, indicated by their stacks in
a circle. Meanwhile, countries such as Palestine, Trinidad and Tobago, and Croatia are
separate, showing weaker ties or a lack of connection with the main group. The size and
position of the text on this map reflect the level of involvement or connection of the coun-
try in the network being analyzed [41], [42]. Here’s the comparison table of MANET rout-
ing protocols based on performance metrics and bibliometric impact (citations, trends,

etc.).
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Table 2. MANET routing protocols based on performance metrics and bibliometric impact
. Technical Perfor- Citation Count /
Routing Protocol Type Strengths Weaknesses
mance Trend (2021-2024)
AODYV (Ad hoc | Reactive i Very frequently Routes are created . .
. Low latency on active ) . Initial delay in
On-Demand Dis-|| (On-De- = cited (stable high only when needed, .
routes, energy-efficient . . route discovery
tance Vector) mand) trend) saving bandwidth
Good for small net- o ) ) Header over-
. o Declining trend; still|| No need for routing .
DSR (Dynamic ) works; routing infor- ] ) ) head increases
. Reactive } oo cited for high-den- || tables, highly adap- || .
Source Routing) mation carried in . . in large net-
sity networks tive
packet headers works
DSDV (Destina- || Proactive . . Routes always availa-|| High control
) Regular routing table ||Less cited compared ) T
tion-Sequenced (Table- . ble without initial de-|| overhead even
. . updates; good stability|| to AODV/DSR ) )
Distance-Vector) || driven) lay in low traffic
ZIR (Zone-based| Hybrid || Optimized routing by ||Emerging trend; cur- High imple-

Location Rout-

(Proactive +

dividing network into

rently fewer cita-

Efficient for large-

mentation com-

. . . scale MANETs ]
ing) Reactive) zones tions plexity
SPSR (Secure | Proactive || Emphasizes secure , . . Cryptographic
. . . Emerging (trend ris- || Secure against route .
Path Selection || (Security- || routing; tolerant to at- ) ) . . processing
] ing but minor) manipulation attacks
Routing) focused) tacks overhead
End-to-end authentica-|{| Moderate; often ref- ) .|| Requires accu-
Secure Re- || | i . i . Protects against vari- i
ARIADNE . tion using symmetric || erenced in security . rate time syn-
active ous routing attacks L
keys research chronization
Strengthens AODV o ) Resilient to black- Digital signa-
SAODYV (Secure || Secure Re- . ) Rising trend in secu-
) against attacks (with || . hole/wormhole at- || ture adds com-
AQODV) active L rity-related studies .
digital signatures) tacks putational load
MOSAODYV || Enhanced Optimization of Very recent topic, L More complex
o Minimizes delay and
(Modified Secure SAODV; faster packet few citations yet head than standard
overhea
SAODV) Routing delivery (niche area) SAODV

This study provides a detailed bibliometric overview of research trends in the field of
Mobile Ad-Hoc Networks (MANET) from 2021 to 2024. Using data visualization tools
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such as VOSviewer and Scopus, key aspects of MANET research were identified, includ-

ing the most frequently occurring keywords, the most active authors, and the country’s

leading contributions to the field. Table 3 highlights the dominant research topics and

technological focuses, such as security, mobility, and integration with emerging technol-

ogies like 5G. Table 4 presents the authors with the highest collaboration and publication

activity, showcasing key figures who are driving advancements in MANET studies.

Meanwhile, Table 5 illustrates the geographical distribution of research efforts, empha-

sizing the countries that have made significant contributions to MANET development.

Together, these tables offer a comprehensive snapshot of the global research landscape
surrounding MANETSs [38], [42], [43].

Table 3. Top 10 Keywords in MANET Research (2021-2024)

Rank Keyword Frequency Level
1 mobile ad hoc networks Very High
2 security High
3 || vehicular ad hoc networks (VANET) High
4 mobility High
5 5G Medium-High
6 network security Medium-High
7 intrusion detection Medium
8 routing algorithms Medium
9 load balancing Medium
10 edge computing Medium
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Table 4. Top 10 Authors by Publication or Collaboration

Rank Author Name Collaboration/Citation Notes
1 Wang Very Active
2 Zhang Y. Very Active
3 Zhang H. Very Active
4 Kumar S. Active
5 Hassan M.H. Moderately Active
6 || Habelalmateen M.L Moderately Active
7 Pandey P. Active
8 Singh R. Active
9 Murase T. Active
10 Chache F.M. Moderately Involved

Table 5. Top 10 Countries by Research Involvement

Rank Country Notes
1 India Highly Dominant
2 Israel Dominant
3 Czech Republic Dominant
4 Palestine Moderate
5 Trinidad and Tobago Moderate
6 Croatia Moderate
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Rank Country Notes
7 China Highly Contributing
8 United States (USA) Highly Contributing
9 Malaysia Fairly Contributing
10 Pakistan Fairly Contributing

Additional studies from consensus.app are as follows [44]. Mobile Ad Hoc Networks
(MANETSs) are decentralized, self-organized wireless networks where devices communi-
cate without relying on fixed infrastructure. Their dynamic topology presents unique
challenges in network configuration, routing, and security. Traditional methods like
DHCP are unsuitable due to the distributed nature of MANETS, prompting the develop-
ment of novel approaches such as extended IPv6 stateless autoconfiguration and binary
split methods for IP allocation. These strategies address issues like network partitioning
and merging. Routing is equally complex, with protocols like DSDV (proactive), DSR
and AODV (reactive), and secure versions such as SAODV and ARIANDE being de-
signed to adapt to frequent topological changes. Among them, DSR performs well in
high-density networks, while ARIANDE shows strength in securing communication [45],
[46].

Security and Quality of Service (QoS) are critical concerns in MANETs. Their open
nature makes them vulnerable to attacks like blackholes, leading to the development of
enhanced protocols such as MOSAODYV, which strengthens AODV by improving packet
delivery with minimal delay and overhead. Other innovative solutions include cellular
automata for node authentication and secure transmission. On the QoS front, ensuring
stable performance is difficult without centralized control, making admission control es-
sential to manage bandwidth and session allocation. Techniques like HELLO packet ad-
vertisements and channel state differentiation have been proposed for better resource
estimation. Simulation tools play a key role in testing these solutions—while NS-3 sup-
ports heterogeneous MANET environments, newer platforms incorporating SDN de-
vices are helping researchers explore even broader scenarios. As MANETSs continue to
evolve, ongoing research is essential to develop robust, adaptive, and secure communi-

cation protocols for increasingly mobile and decentralized environments [47], [48].
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Figure 11. Concept map from Scopus Al [49]

The results of the study from Scopus-Al are as follows [50]. A Mobile Ad-Hoc Net-
work (MANET) is a decentralized, self-configuring wireless network that operates with-
out fixed infrastructure or centralized administration. Key characteristics of MANETSs
include dynamic topology due to node mobility, multi-hop communication where nodes
relay data for one another, and support for heterogeneous devices such as laptops,
smartphones, and sensors. These networks are especially useful in scenarios like emer-
gency and disaster response, military operations, and civilian applications such as mobile
classrooms and personal networking. Routing protocols commonly used in MANETS in-
clude AODV, DSR, DSDV, ZLR, and SPSR, each offering different strategies to manage
communication in dynamic environments [51], [52]. Despite their flexibility and wide
range of applications, MANETs face significant challenges, particularly in terms of secu-
rity and technical constraints. Their open architecture and rapidly changing topology
make them vulnerable to various attacks and complicated the maintenance of secure
routes. Additionally, limited resources such as battery life and processing power pose
operational challenges. Solutions to these issues include multi-fence security frameworks,
cluster-based security schemes, and multi-path routing techniques aimed at improving
data confidentiality and reliability. Overall, MANETSs present a robust networking solu-
tion in infrastructure-less settings, but ongoing research is necessary to address their

routing, security, and scalability issues [53], [54].

The diagram generated by Scopus Al in Figure 11 presents a conceptual map of re-
search themes related to Mobile Ad-Hoc Networks (MANETS). It categorizes the main
areas of scholarly focus into three major branches: Security Issues, Routing Protocols, and
Types of Networks. Under "Security Issues," key topics include Mobile Security, Worm-

hole Attack, and Network Security, indicating an emphasis on the vulnerabilities and
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threats faced by MANETSs and the need for robust protective measures. This branch re-
flects ongoing research into safeguarding data transmission and preventing malicious
activities within the network [55]. The "Routing Protocols" section highlights specific
strategies for managing data flow in MANETS, such as AODV (Ad hoc On-Demand Dis-
tance Vector) and concepts like Load-Balancing, which are essential for efficient and re-
liable communication. The "Types of Networks" branch further classifies ad-hoc net-
works into subtypes like FANET (Flying Ad Hoc Networks), VANET (Vehicular Ad Hoc
Networks), and MANET, suggesting diversification in the application of ad-hoc network
models based on mobility environments (air, land, etc.). Overall, this visualization helps
illustrate the multidimensional research landscape surrounding MANETSs, encompass-
ing both technical and security challenges as well as application-specific developments
[46], [56].

Conclusion

The conclusions of this bibliometric analysis show that research on Mobile Ad-Hoc
Networks (MANET) fluctuated in the period 2021 to 2024, with a significant decrease in
the number of publications from 2022 to 2024. Despite the decline in the number of pub-
lications, the topics covered remain relevant and include technical, security, and appli-
cation aspects of MANET in various fields. The visualization generated through
VOSviewer shows the dominance of keywords such as "MANET", "security”, "vanet",
and "mobility", indicating a major focus on the development of security solutions, vehicle
connectivity, and dynamic movement within the network. The clustering seen in the key-
word network map illustrates the interconnectedness between various topics, such as 5G,
edge computing, and vehicle networks, as well as security aspects such as intrusion de-
tection and attack detection. The authors' collaborative analysis shows that there is a
strong interaction between different groups of scientists who focus their research on the
latest technological innovations and the challenges faced in the implementation of MA-
NET. Overall, despite the decline in the number of publications from 2022 to 2024, the
study still highlights key trends in MANET research involving the development of more
efficient routing protocols, the implementation of machine learning, and improvements
in service quality and network security. The collaboration between authors identified in
the collaboration visualization shows that there is significant synergy between research-
ers from different institutions around the world, which accelerates progress in this field.
By leveraging VOSviewer for bibliometric mapping, the study provides deeper insights
into current research developments, dominating topics, and areas that require further
attention, especially in the face of complex technical and security challenges in real-world
MANET applications. To strengthen the paper’s conceptual contribution, we have iden-
tified several underexplored areas in MANET research, such as the development of Al-
driven hybrid routing protocols and blockchain-based security mechanisms. Addition-

ally, we propose a new conceptual framework classifying MANET research into three
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major domains: routing optimization, resource management, and network security en-
hancement. This framework aims to map current research focuses and highlight new di-

rections for future technological innovations in MANETS.

Although research on Mobile Ad-Hoc Networks (MANET) continues to grow, there
are still some open problems that need to be addressed to advance this field. One of the
key challenges is improving the efficiency and scalability of routing protocols in dynamic
and resource-constrained network conditions. In addition, security issues, such as pro-
tection against blackhole, wormholes, and sybil attacks, are still major issues that hinder
the implementation of MANET in the real world, especially in critical applications such
as vehicle communications or the Internet of Things (IoT). The use of new technologies
such as machine learning and 5G offers potential solutions, but the integration and ap-
plication of these technologies in highly dynamic networks and without fixed infrastruc-
ture still requires further research. On the other hand, the management of resources, such
as energy and bandwidth, as well as the implementation of more efficient network man-
agement in high-density environments, are also issues that need more attention in future

research.
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Abstract: This study investigates the technical feasibility and environmental sustainability of R-32
refrigerant in one-shot vapor compression gas storage medium in residential air conditioning sys-
tems. R-32 stands out for its low global warming potential (GWP 675), zero ozone depletion poten-
tial, and higher energy efficiency compared to traditional refrigerants such as R-410A, making it a
leading choice for eco-friendly HVAC applications. The research highlights that, while R-32 enables
improved heat transfer and reduced refrigerant charge, its elevated discharge temperatures-reach-
ing up to 30°C-pose operational challenges that demand advanced compressor innovations, such as
liquid injection, to ensure system reliability and longevity. Experimental results from cold storage
scenarios demonstrate that R-32 systems can achieve evaporator temperatures between 28°C and
31°C under hybrid energy conditions, indicating adaptability to typical residential cooling require-
ments. The findings underscore the importance of integrating robust data logging and compressor
technology advancements to fully leverage R-32’s benefits while addressing its thermodynamic
challenges. Overall, the study supports R-32 as a technically viable and sustainable solution for
modern residential air conditioning, provided that system design prioritizes both performance
monitoring and compressor reliability.

Keywords: R-32; HVAC; Energy Storage System

1. Introduction

Difluoromethane (CH,F,), commonly known as Refrigerant R-32, is a modern refriger-
ant increasingly used in cooling and HVAC systems due to its superior energy efficiency
and lower environmental impact compared to older refrigerants such as R-410A and R-
22.[1].

The research aims to demonstrate the feasibility of an air conditioning system using
refrigerant type R-32 by deactivating the compressor element. Generally, the compressor
is a vital component in an air conditioning system and is often the most frequently
damaged part due to its critical role in reliable operation [2].Using R-32 refrigerant, which
is known for its high latent heat and excellent heat transfer capabilities [3], can improve

cooling efficiency and reduce energy consumption compared to older refrigerants. R-32
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also has a lower global warming potential and zero ozone depletion potential, making it

environmentally friendlier than refrigerants like R-410A or R-22[4].

Since the compressor is responsible for compressing and circulating the refrigerant to
maintain the cooling cycle, disabling it challenges the conventional operation of the AC
system. This study explores whether the system can maintain acceptable performance
without the compressor active, leveraging the efficient thermodynamic properties of R-
32. In summary, the research investigates the innovative approach of operating an R-32-
based air conditioning system without compressor activation, which could potentially
reduce mechanical failures and energy consumption [5], given the compressor's usual role

as the most failure-prone and energy-intensive component in AC systems [6]
2. Materials and Experiment Methods

The method used in this research consists of observation and experimentation. The
experimental setup includes one storage tank, a % PK air conditioning unit with indoor
and outdoor elements, manual valves, and pressure gauges to measure pressure. To rec-
ord temperature data when the compressor is not operating, a MAX6675 sensor is em-
ployed as the measuring indicator, connected to a 1.25-meter Type K thermocouple as the
measurement medium [7]. The temperature data is displayed via serial monitor on Ar-

duino IDE software version 2.2.1.

This approach allows precise monitoring of temperature changes in the system during
compressor inactivity, enabling analysis of system performance under these conditions.
The combination of pressure measurement and temperature sensing provides compre-
hensive data to evaluate the feasibility of operating an R-32 refrigerant air conditioning

system without compressor activation.
3. Results and Discussion
This study analyzes the system’s condition using two methods:

e Conventional Method
Operating the air conditioning system normally with the compressor active to
compress and circulate the refrigerant, as in a standard AC setup.

e Compressor-Off Method
Deactivating the compressor and utilizing the refrigerant stored in a storage
tank, which contains compressed Freon accumulated during the system’s

normal operation.

Temperature changes within the air conditioning system are recorded at 5-second

intervals to monitor and compare the performance between these two operational modes.

This dual-method approach allows for a comprehensive evaluation of the system’s

behavior both under typical compressor-driven conditions and during compressor
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inactivity, providing insights into the feasibility of maintaining cooling performance

using stored refrigerant alone.

3.1. Materials Use

These materials and instruments enabled direct observation of the refrigeration sys-

tem’s condition under two operational methods: the conventional compressor-driven

method and the compressor-off method utilizing stored refrigerant in the tank.

3.

Compressor
Condeser

Evaporator

Mechanical refrigerations part lists look such as:

Gas storage
Pressure gauge

Valve
Pipe
Tee and Nepple

2. Data Record Method

Using the MAX6675 sensor in combination with an Arduino Uno board and a Type K

thermocouple [8], the temperature measurement system operates as follows based on re-

search setup below:

MAX6675 Sensor

Type K thermocouple

Arduino Uno

The MAX6675 module interfaces with the Arduino Uno via
SPI communication, requiring three main signal connec-
tions: Serial Clock (SCK), Chip Select (CS), and Serial Out
(SO). Typical pin connections are SCK to Arduino pin 8, CS
to pin 9, and SO to pin 10, along with power (3.3V or 5V)
and ground connections.[9]

Connected to the MAX6675, measures temperature by gen-
erating a voltage proportional to the temperature differ-
ence, which the MAX6675 converts into a digital tempera-
ture reading

The Arduino Uno reads the digital temperature data from
the MAX6675 module using a dedicated library (such as the
Adafruit MAX6675 library), which simplifies communica-
tion and data retrieval.

Temperature data is sampled at regular intervals (e.g.,
every 5 seconds as in this research) and transmitted to the
Arduino IDE serial monitor for real-time monitoring and
recording
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3.2.1 Data Record Code for Serial Reading

#include <Thermocouple.h>
#include <MAX6675_Thermocouple.h>

#define SCK_PIN 8
#define CS_PIN 9
#define SO_PIN 10

Thermocouple* thermocouple;

/1 the setup function runs once when you press reset or power the board

void setup() {

}

Serial.begin(9600);

thermocouple = new MAX6675_Thermocouple(SCK_PIN, CS_PIN, SO_PIN);

/1 the loop function runs over and over again forever

void loop() {

}

/I Reads temperature
const double celsius = thermocouple->readCelsius();

const double kelvin = thermocouple->readKelvin();

const double fahrenheit = thermocouple->readFahrenheit();

/I Output of information
Serial.print(" Temperature: ”);
Serial.print(celsius);
Serial.print(” C, ”);
Serial.print(kelvin);
Serial.print(" K, ");
Serial.print(fahrenheit);
Serial.println(” F”);

delay(500); // optionally, only to delay the output of information in the example.
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3.3 Schemes

Operate the AC system normally with the compressor active. Record temperature
and pressure data at 5-second intervals throughout the testing period to establish base-

line system performance.

D= l
P}

CONDENSER
——_ﬁ. EVAPDRATOR [ /\J » &
S
ot

Figure 1. Ilustrasion of First Method

In this scheme, the refrigerant system operates according to its intended function.
However, an additional component is introduced: a storage tank. Normally, the refriger-
ant flows directly from the condenser to the evaporator, but in this setup, a portion of the
refrigerant is routed through the storage tank. This allows the refrigerant to be utilized

during the switching to the second method, where the compressor is inactive.

Table 1. This is a table of 5 second data collect from first method

No. Time Temperature °C
1 10.30 23,5
2 10.31 24
3 10.32 23,75
4 10.33 23,50
5 10.34 23,75

The data presented in Table 1 were recorded at 5-second intervals as the average of the

experiments, with the air conditioning temperature set to 20°C.

Table 2. This is a table of 5 second data collect from second method

No. Time Temperature °C
1 10.48 28,25
2 10.49 28,25
3 10.50 28,5
4 10.51 30,25
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Temperature °C Temperature °C
25 32
30 —
23 26
10.30 1031 10.32 10.33 10.34 10.48 10.49 10.50 10.51 | 10.52
1 2 3 4 5 1 2 3 4 5
Figure 1 : With active compressor Figure 2 : Using freon from storage tank
5 10.52 31,5

Table 2 was recorded 5 second as same with table 1, the data shown that without using

the compressor, the temperature cannot be stabilized.

The data shown in Figure 2, which corresponds to the scheme without the compressor
as the main component, indicate that the temperature remains stable only during the first

2 seconds. After this initial period, the temperature continuously rises significantly.

In contrast, with the method using the compressor, the data show stable temperatures

maintained below 24 degrees Celsius.
4. Conclusions

This study investigated the performance of an air conditioning system using R-32
refrigerant under two operational methods: with the compressor active and without using
compressor (the compressor deactivated while utilizing stored refrigerant in a storage
tank). The experimental data shows that when the compressor was turned off, the system
was unable to maintain a stable temperature, with temperature rising significantly after
an initial short period of stability. Conversely, when the compressor are were operated,
the system maintained a stable temperature below 24°C, indicating effective cooling

performance.

These results confirm the critical role of the compressor in sustaining the refrigeration
cycle and ensuring consistent cooling. While the concept of using stored refrigerant
without compressor activity presents an interesting approach, it proved insufficient to
maintain desired temperature stability in this study. Therefore, the compressor remains

an essential component for reliable and efficient air conditioning operation.

Future research could explore alternative methods to enhance cooling performance
without continuous compressor operation, potentially improving energy efficiency and

reducing mechanical wear[10], [11].
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