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PREFACE

The author gives thanks to Allah for bestowing His blessing and direction, allowing the
Metalurgi Journal Volume 39, Edition 1, 2024 to be successfully published.

The first article results from Soesaptri Oediyani and colleagues research activities on The Added
Value of Copper and Silver Metal from Printed Circuit Boards Waste Using Davis Tube with
Variations of Size and Magnetic Intensity. Vita Astini and colleagues presented the second
article, Influence of Electrolyte Molarity and Applied Voltage on the Purification of Ferronickel
by Electrolysis Method. Haviz Aulia and colleagues reviewed Surface Modification of
Composite Coating for Marine Application: A Short Review in the following article. For the
fourth article, Rahadian Nopriantoko reviewed Green Approaches to Extractive Metallurgy: A
Novel Synthesis of Sustainable Practices. The fifth article by Fadhli Muhammad and his
colleagues discussed Microstructural Stability and High-Temperature Oxidation Behavior of
Alo2sCoCrCuFeNi High Entropy Alloy.

The publication of this volume in Metalurgi Journal will benefit the advancement of
research in Indonesia.

EDITORIAL
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Soesaptri Oediyani, Rahman Faiz Suwandana, Tiara Triana, Dewi Kusumaningtyas, Adjie Pradana,
Zuhrainis Syaifara (Department of Metallurgy, Sultan Ageng Tirtayasa University)

Metalurgi, Vol. 39 No. 1, 2024

The Added Value of Copper and Silver Metal from Printed Circuit Boards Waste using Davis Tube with
Variations of Size and Magnetic Intensity

The widespread use of electronic devices has led to a significant increase in electronic waste, including
PCB (printed circuit board) waste. PCBs contain valuable metals like copper and silver, which can be
reclaimed and reused. Recently, there has been a growing demand for urban mining processes to extract
electronic waste PCB FR-2 (Flame Retardant-2) from laptops and computers. During the urban mining
process, PCB FR-2 waste undergoes various physical treatments such as dismantling, crushing, and
concentration processes. One of the concentration processes involves magnetic separation using a Davis
tube. This study aims to investigate the effects of size and magnetic intensity variations on the recovery of
copper and silver levels in FR-2 PCB waste. The magnetic concentration process was carried out using
different size ranges (-63+100#, -100+150#, -150#) and magnetic intensities (1000 G, 2000 G, 3000 G).
The results indicated that the most effective size for separating copper and silver is -63+100# and the
optimal magnetic intensity is 1000 G. This resulted in copper and silver content of 45.66% and 0.162%,
with recoveries of 80.135% and 62.505% respectively.

Keywords: Davis tube, electronic waste, magnetic separation, PCB FR-2, recovery
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Soedarsono?, Anne Zulfia® @Department of Metallurgy and Materials Engineering, University of Indonesia;
bDepartment of Mining Engineering, Sembilanbelas November University)

Metalurgi, Vol. 39 No. 1, 2024

Influence of Electrolyte Molarity and Applied Voltage on the Purification of Ferronickel by Electrolysis
Method

The current advancements in the automotive industry highlight the critical need for electric vehicles, which
require a reliable supply of nickel for battery production. A potential nickel source is Ferronickel's local
content, which can be used as a secondary resource. However, research on converting smelted Ferronickel
into electrolytic nickel is still limited. This study aims to examine the effects of electrolyte molarity and
applied voltage during the electrolysis process for refining Ferronickel. The molarities of HCI employed in
this research are 0.1, 0.25, 0.5, 0.75, and 1 M for 2 hours. Additionally, the molarities of HCI are set at 2,
3, and 4 M for 6 hours. Further experiments were performed using varying voltages of 1, 2, 4, 6, and 8 V
while keeping the solution concentration constant at 1 M and maintaining an electrolysis duration of 2
hours. The electrolysis solution was subsequently analyzed using the AAS (atomic absorption
spectrophotometry) test. The results indicated that higher molarity levels were associated with increased
current, resulting in faster reaction rates and greater solubilization of nickel metal. The Ni concentration
rose with higher molarity, increasing from 76.50 mg/L in .25 M HCI to 91.88 mg/L in 1 M HCI. In contrast,
the Fe concentration remained nearly constant across various molarity levels, ranging from 11.81 mg/L in
.25 M HCl to 11.95 mg/L in 1 M HCI, suggesting a minimal influence of molarity below 1 M. Fe exhibited
a strong positive correlation with increasing electrolyte molarity, showing a significant rise in
concentration from 49.06 g/L at 2 M to 90.17 g/L at 4 M. Ni showed a more modest response to elevated
molarity, with concentrations increasing from 11.95 g/L at 2 M to 22.70 g/L at 4 M. The Ni concentration
increased with the applied voltage up to 6 V, reaching 95.57 mg/L, but then decreased to 77.67 mg/L at 8
V, indicating that the optimum voltage is 6 V. The Fe concentration displayed slight fluctuations but
remained relatively stable across different voltage levels, measuring 11.81 mg/L at 1 V and 12.28 mg/L at
8V, indicating that the applied voltage does not significantly influence Fe concentration in the solution.

Keywords: Ferronickel, electrolysis, molarity, applied voltage, concentration
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Hafiz Aulia, Rini Riastuti, Rizal Tresna Ramdhani (Department of Metallurgical and Materials Engineering,
University of Indonesia)

Metalurgi, Vol. 39 No. 1, 2024

Surface Modification of Composite Coating for Marine Application: A Short Review

Corrosion is a prevalent phenomenon that significantly contributes to the deterioration of materials in
offshore applications. The aggressive nature of marine corrosion is primarily attributed to the high salt
content and the low electrical resistivity of seawater. While corrosion cannot be entirely eliminated, its
reaction can be slowed down. Applying protective coatings is an effective and widely utilized method to
protect metal surfaces from corrosion. These coatings act as a protective barrier that separates the metal
from its surrounding environment, effectively retarding the corrosion rate. According to ISO 12944, the
most commonly used generic coating systems for marine service include alkyd, acrylic, ethyl silicate, epoxy,
vinyl ester, polyurethane, polyaspartic, and polysiloxane. The latest innovations in marine coatings still
employ a layer-by-layer coating method, involving primer coats, intermediate coats, and top coats,
depending on the desired thickness. Marine structures exposed to atmospheric conditions are commonly
coated with one or two layers of epoxy. For enhanced performance, a more expensive system involving a
layer of zinc-rich primer, followed by epoxy and aliphatic polyurethane coatings, may be utilized. Coating
systems for atmospheric conditions are frequently employed in intertidal and splash zones. On the other
hand, immersion zones of marine structures are typically coated with one or two layers of 100% solid epoxy
or three layers of solvent-borne epoxy. The use of a single polymer as a generic coating has limitations.
Incorporating fillers is a widely employed technique to enhance the characteristics of polymers, thereby
transforming them into composites. In marine coatings, fillers are still limited to glass flakes and powder.
Poor dispersion and agglomeration might reduce the effectiveness of fillers in the matrix, which decreases
the adhesion properties. The fillers must be surface-modified before application. This review provides a
comprehensive and critical analysis of the current research status of composite coatings that serve as
candidates to be used in marine coating applications.

Keywords: Corrosion, marine coating, composite, surface modification
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Rahadian Nopriantoko (Mechanical Engineering, Krisnadwipayana University)

Metalurgi, Vol. 39 No. 1, 2024

Green Approaches to Extractive Metallurgy: A Novel Synthesis of Sustainable Practices

The realm of extractive metallurgy, a cornerstone for diverse industrial applications, has traditionally
grappled with environmental challenges stemming from conventional extraction methods. This thorough
literature review delves into the realm of innovative green approaches within extractive metallurgy, with
the overarching goal of synthesizing sustainable practices. The introduction casts a spotlight on the
environmental quandaries associated with traditional metallurgical practices, underscoring the imperative
for ecologically friendly alternatives. The research methodology meticulously entails a comprehensive
review of peer-reviewed literature, applying stringent criteria to handpick studies that delve into sustainable
metallurgical practices. The results and discussion section intricately categorizes and dissects an array of
green approaches in metal extraction, including bioleaching, ionic liquids, supercritical fluid extraction,
green hydrometallurgy, electrochemical methods, and hybrid processes, providing nuanced insights into
their efficacy and sustainability. Through the lens of case studies, the study sheds light on recent strides
made by industries that have wholeheartedly embraced these sustainable practices, with a keen focus on
unraveling their consequential environmental and economic impacts. Moreover, the study conscientiously
addresses the challenges encountered in the adoption of green metallurgy and adeptly identifies latent
opportunities for further development in this transformative field. The findings resonate with a resounding
call for the widespread adoption of sustainable practices within extractive metallurgy, emphasizing their
profound implications for both industrial application and the trajectory of future research endeavors. This
expanded exploration underscores the pivotal role of environmentally conscious approaches in reshaping
the landscape of extractive metallurgy, paving the way for a more sustainable and responsible future.

Keywords:Green, extraction, metallurgy, eco-friendly, sustainability
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Metalurgi, Vol. 39 No. 1, 2024

Microstructural Stability and High Temperature Oxidation Behavior of Al0.25CoCrCuFeNi High Entropy
Alloy

Alo2sCoCrCuFeNi is a high-entropy alloy composed of transition metals, specifically designed for high-
temperature applications owing to its favorable mechanical properties, high melting point, and excellent
high-temperature resistance. This alloy has been identified as a promising material for space exploration,
particularly in the fabrication of combustion chambers and rocket nozzles by the National Aeronautics and
Space Agency. Ongoing alloy development involves modifying the elemental composition. This study
reduced aluminum content in the equiatomic AICoCrCuFeNi alloy to Aly2sCoCrCuFeNi, followed by
isothermal oxidation treatments at 800, 900, and 1000°C. A series of experiments were conducted to
investigate the microstructure stability and oxidation behavior of the Aly2sCoCrCuFeNi alloy. The alloying
elements were melted using a single DC electric arc furnace, followed by homogenization at 1100°C for 10
hours in an inert atmosphere. Subsequently, samples were cut into coupons for isothermal oxidation testing
at the desired temperatures for 2, 16, 40, and 168 hours. The oxidized samples were characterized using
XRD (x-ray diffraction), SEM (scanning electron microscopy) equipped with EDS (energy-dispersive X-ray
spectroscopy), optical microscopy, and Vickers hardness testing. The as-homogenized alloy consisted of
two constituent phases: an FCC (face-centered cubic) phase in the dendritic region and a copper-rich FCC
phase in the inter-dendritic region. The oxides formed during the oxidation process included Al;O3, Cr203,
Fe304, CoO, CuO, NiO, and spinel oxides (Co, Ni, Cu)(Al, Cr, Fe).0a4), with distinct formation mechanisms
at each temperature.

Keywords: High-entropy alloy, isothermal oxidation, FCC structure, high temperature, phase stability
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Abstract

The widespread use of electronic devices has led to a significant increase in electronic waste, including PCB (printed
circuit board) waste. PCBs contain valuable metals like copper and silver, which can be reclaimed and reused.
Recently, there has been a growing demand for urban mining processes to extract electronic waste PCB Flame
Retardant-2 (FR-2) from laptops and computers. During the urban mining process, PCB FR-2 waste undergoes
various physical treatments such as dismantling, crushing, and concentration processes. One of the concentration
processes involves magnetic separation using a Davis tube. This study aims to investigate the effects of size and
magnetic intensity variations on the recovery of copper and silver levels in FR-2 PCB waste. The magnetic
concentration process was carried out using different size ranges (-63+100#, -100+150#, -150#) and magnetic
intensities (1000 G, 2000 G, 3000 G). The results indicated that the most effective size for separating copper and
silver is -63+100# and the optimal magnetic intensity is 1000 G. This resulted in copper and silver content of 45.66%
and 0.162%, with recoveries of 80.135% and 62.505% respectively.

Keywords: Davis tube, electronic waste, magnetic separation, PCB FR-2, recovery

One part of an electronic device that contributes
about 3% of all electronic waste is PCB (printed
circuit board). PCB is a circuit board in a variety
of electronic devices such as cell phones,
computers, and televisions. The components on
the PCB are made of polymer, metal, ceramic,
and glass-based materials. PCB contains about
40% metal in all its components. Based on this,
PCB is considered to have high economic value,

1. INTRODUCTION

Advances in technology have led to an
increase in the need for electronic equipment
among the public so the production process of
electronic devices is continuously in demand.
However, this electronic equipment has a usage
time limit which can cause e-waste to increase
[1]. In 2016, global production of e-waste
reached around 44.7 tons, while in 2021 the

number increased by 17%, which is around 52.2
million tons and it can be estimated that by the
end of 2030, total e-waste in the world could
reach 74.7 million tons [2]-[3]. Things that can
be done to take advantage of the ever-increasing
amount of electronic waste can be reprocessing
or urban mining. Many studies have been carried
out to treat electronic waste, to obtain valuable
metals contained in it such as gold and silver [2].

DOI: 10.55981/metalurgi.2024.747

so it is considered for reprocessing [2]. PCBs
were included in electronic waste which contains
the metal elements of Cu by 10-14.3% and Fe by
4.5-28% [4].

The three main stages applied to the process
of extracting precious metals from PCBs are
dismantling concentration, and purification.
Magnetic separation was the commonly
employed concentration process. Magnetic
separation is carried out with two variables, i.e.,

© 2024 Author(s). This is an open access article under the CC BY-SA license (https://creativecommons.org/licenses/by-sa/4.0/)
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particle size and gauss/magnetic intensity. The
use of the magnetic concentration method
(magnetic separation) was effective in the
process of extracting precious metals from PCBs
because magnets can separate metals with
different magnetic properties [5]. Particle size is
critical in PCB waste treatment, influencing the
distribution of metal content across various size
fractions [4]. The finer the PCB sample size
used, the higher the valuable metal content
obtained.

2. MATERIALS AND METHODS

The material used in this research was FR-2
PCB (printed circuit board) waste from
computers and laptops. In this study, the
dismantling was carried out which was then
followed by comminution and magnetic
separation. In the dismantling process, the
electrical components were separated manually
using a screwdriver, pliers, and a hammer.
Furthermore, the comminution process consists
of two stages, crushing and grinding to reduce
PCB size. In the crushing process, a hammer mill
was used up to 18# PCB size. In the grinding
process, a pulverizer mill was used to reduce the
PCB size. Then the sieving process is carried out
with sizes -63+150#, -100+150#, and -150#. The
XRD (x-ray diffraction) and XRF (x-ray
fluorescence) analyses were also carried out for
initial sample characterization. The next process
was magnetic separation using a Davis tube with
a magnetic intensity of 1000 G, 2000 G, and
3000 G and variations in size -63+100#, -
100+150#, and -150#. The recovered samples
from the Davis tube were further analyzed by
XRF.

3. RESULT AND DISCUSSION
3.1 Sieve Analysis of FR-2 PCB Waste

Sieve analysis was conducted in a dry state,
and a graph in Fig. 1 shows the relationship
between particle size in micrometers and the
cumulative percentage pass. This sieve analysis
aims to ensure that 80% of the passing particles
are of the desired size.

=)

y=0.9103x - 0.6349
R?=0.9771

5
15 /

1

=
n

Cumulative Percent Passed

=)
>

24 26 28
Particle Size (Micrometer)

Figure 1. Graph of particle size against cumulative passage

Based on the graph, it appears that 80% of the
initial samples did not pass through the 63#,
1004, and 150# sieves. Therefore, it is necessary
to regrind the samples using a pulverizer mill.

3.2 XRD Characterization

The FR-2 PCB (printed circuit board) sample
was tested using XRD (x-ray diffraction)
characterization, and the results were obtained in
Fig. 2. In Figure 2, it can be seen, that the
dominant phases in the PCB used consist of
copper and tin. The result is also supported by
Anshu Priya's 2018 research which identified
copper as the dominant metal element in PCB
FR-2 [6]. On the other hand, tin is the main metal
in the soldering process on PCBs, so the Sn
content is also high [7].

1,000

Cu,Si, Au,CuSn,, Sn
900 ® AICu,, Sn
A FeCu,, AlCu,,
800 Cu;Sn, Cu,Si. Cu
700 CuBr, Sn

W FeCu,, AICu,, Cu
600 FeCuy, AICY,

Au,CUgSN,. Cu

500

400

Intensity (a.u)

300

200 -
100 I \ i

20 40 60 80
2 Theta (degree)

Figure 2. The constituents contained in PCBs

3.3 XRF Characterization

The results of the XRF (x-ray fluorescence)
characterization test can be seen in Table 1
which depicts the highest elements content, such
as copper, silicon, bromine, calcium, and
aluminum.

Table 1. XRF characterization result of FR-2 PCB waste

Component  Grade (%) Component G('(;Z?e
Cu 54.03 Pb 0.71
Si 17.83 S 0.44
Br 8.57 Ag 0.24
Ca 7.44 Zn 0.17
Al 6.38 Ni 0.07
Sn 2.77 Sr 0.02
Fe 1.07 Sh 0.02

Copper | is the most dominant metal in PCBs
because it has good electrical conductivity [8].
While silicon and calcium are non-metallic
elements found in PCBs. Both elements were
used as fiberglass materials for PCB parts [9].
Bromine was an element used in PCB boards
such as paint, rubber, or PVC electrical
insulation. Bromine has the function of reducing
the flammability of PCB boards [8]. Silver and

2 | Metalurgi, V. 39.1.2024, P-ISSN 0126-3188, E-ISSN 2443-3926/ 1-6



tin were used in solder to suppress the use of
toxic lead [8]. Iron and nickel were used as
construction elements for contact transformer
magnetic cores [8].

3.4 Effect of Size Variation on Copper
Content in Non-Magnetic Materials

The particle size is one of the factors that can
affect the concentration in the magnetic
separation process [10]. Figure 3 shows the
effect of sample size on copper and silver
content. The copper content is increased when it
reaches the size of -100+150# at the magnetic
intensity of 2000 and 3000 G. However, at this
size, the copper content decreased at 1000 G.
According to Wills, the finer the materials, the
easier to separate them from impurities [10].
Deviations from expected results observed at
size fractions between -100+150# under 1000 G,
particularly in the context of decreased copper
content, might be attributed to suboptimal
release efficiencies caused by copper adhesion to
the solder holding layer. The solder holding
layer on the PCB is a permanent epoxy resin-
based coating applied to the PCB shaping
process. The copper was still attached or locked
with other materials (gangue) which can only be
separated with further comminution [11]. These
results were also supported by Otsuki et al, who
stated that on PCB boards there was a high
probability of metal bonding with other
materials such as metal, plastic, fiberglass, or
resin in different particle sizes. In coarser sizes,
metals are prone to bonding with other materials,
whereas in finer sizes, the possibility of a metal
still bonding with other materials is low [12].
Further comminution is also needed because
based on the ductile nature of copper, it shows
low grind-ability [13]. Therefore, to liberate
copper with other components and increase its
levels, it is necessary to carry out further
comminution.

Table 2. Copper and silver content in magnetic materials

Magnet Particle Copper Silver
Intensity (G) Size (#) (%) (%)

2000 -150 36.97 0.144

3000 47.89 0.133

The reduction in copper content at a specific
size during the magnetic concentration process
using a Davis tube is influenced by various
factors. These include the degree of release and
forces such as magnetic intensity, gravity, and
friction acting on the Davis tube. These forces
can impact the outcome of the concentration
process. [14]. The larger copper particles can get
stuck in the magnetic material at the center of the

tube, causing them to be trapped among the
magnetic elements. Svoboda [15] suggests that
at higher concentrations, fluid forces are less
effective for larger copper particles, so they
cannot push the copper to the non-magnetic
output. The metal content was increased at -150#
with conditions of 1000 and 2000 G, whereas at
this size with a magnetic intensity of 3000 G, the
content was decreased. The increase of copper
content at -150# is supported by Wills, that fine-
size samples will get higher levels [10]. The finer
particles can cause a degree of liberation
increase and the valuable minerals will be easily
separated from the impurities [10]. The size
reduction process carried out to be a finer size
can optimize the degree of liberation of copper
from impurities (gangue) such as epoxy resin
[11]. The increase in copper content at fine sizes
can also be affected by the fluid flow during this
magnetic separation. The finer the particle size,
can cause the fluid push to become stronger than
the working magnetic force [15]. In finer size,
copper is easily carried away by fluid flow.
During the concentration process, small metal
particles were carried by the fluid flow and
deposited into a non-magnetic container.
Anomalous findings at size -150# under a 3000
G magnetic intensity condition may result from
copper becoming trapped by the magnet and
entering the magnetic output due to the strong
magnetic intensity. This is further confirmed by
the significant copper content in the magnetic
output, as indicated in Table 2, at 47.89%.
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Figure 3. Effect of particle size on copper and silver metal
content in non-magnetic materials
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3.5 Effect of Size Variation on Silver Metal
Content in Non-Magnetic Materials

The silver content obtained from this study
can be seen in Fig. 3. The silver content
continues to increase with the finer particles. The
research by Wills [10] stated that the finer the
size, the more valuable minerals will be free
from impurities. The increased content of silver

Process to Increase the Added Value of Copper and Silver from.../ Soesaptri Oediyani | 3



at a fine size was also caused by silver on the
PCB board which is in the form of a thin layer
[16]. Apart from this, the low content of silver
facilitates the process of reducing the size of
silver in PCB FR-2 waste [13]. The results of this
study can be caused by the influence of the fluid
used during the wet magnetic separation process.
The fine size can cause the fluid force to be
greater than the working magnetic force [15].
This is because silver with a smooth size and a
flat shape on the PCB is easier to push by the
fluid flow and not attracted by the intensity of
the magnet which will then go to a non-magnetic
material container.

3.6 Effect of Magnetic Intensity on Copper
and Silver Content in Non-Magnetic
Materials

In Figure 4 it can be seen the effect of the
magnetic intensity on the levels of copper and
silver. Copper and silver levels were concluded
as fluctuating results. This is because the levels
of copper and silver increase at a magnetic

intensity of 2000 G and then decrease at a

magnetic intensity of 3000 G. The increased

levels of copper and silver in non-magnetic

materials with a magnetic intensity of 2000 G

can be caused by the dominance of low magnetic

(diamagnetic) metals on FR-2 PCB waste

samples. The dominance of low magnetic metals

will cause impurities resulting from the magnetic
concentration process. These impurities can be
in the form of high-diamagnetic material at both
outputs from the magnetic concentration process

[10]. This is supported by the high levels of

copper and silver in magnetic materials. The

predominance of diamagnetic metals on FR-2

PCBs, for example, copper, tin, zinc, and silver,

can be seen in Table 1.
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Figure 4. Effect of magnetic intensity on copper and silver
content in non-magnetic materials
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The decreased levels of copper and silver at a
magnetic intensity of 3000 G can be caused by a

high magnetic intensity. The high intensity of the
magnet can increase the strength of the magnet
to attract materials with low magnetic properties
into the magnetic material output. This causes a
decrease in weakly magnetic metals in the output
of non-magnetic materials [10]. In other words,
it can be concluded that with a magnetic
intensity of 3000 G, a lot of copper and silver are
attracted to the magnet and become a magnetic
material output. The following research by
Yamato [17] that the higher the magnetic
intensity used, the material with low magnetic
properties will be carried over to the magnetic
material output.

The varying levels of copper and silver
obtained could be due to clumping during the
concentration process. Clumping prevents the
material from coming into contact with the
magnet during the magnetic concentration
process. Clumping may occur because the PCB
FR-2 material is hydrophobic, causing it to
clump when dissolved in water [18].

3.7 Copper and Silver Recovery in Non-
Magnetic Materials Using Davis Tube

The highest recovery of copper (80.135%)
and silver (62.505%) was achieved at a magnetic
intensity of 1000 G. While the documented
prevalence of these key elements in FR-2 PCBs,
as highlighted by Anshu Priya [6], may indeed
facilitate their recovery, it appears that an
alternative mechanism is in operation in this
context.
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110 4 [ Recovery Cu (-100+150#)

[_IRecovery Cu (-150#)
100

[ IRecovery Ag (-63+100#)
an [_1Recovery Ag (-100+1508)
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Figure 5. Copper and silver recovery in non-magnetic
materials

Despite the hypothesis that strong magnetic
attraction is needed to achieve high recovery of
these weakly magnetic metals, the high recovery
at 1000 G seems to be due to their repulsion from
the magnet and subsequent settling in the non-
magnetic container. This is consistent with the
observation that high magnetic intensity can
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impede the recovery of non-magnetic materials
[17].

The ideal magnetic intensity of 1000 G for the
recovery of copper and silver is likely due to a
balance between maximizing the capture of the
main elements in the PCB and minimizing the
repulsive effects of the magnet on these weak
magnetic metals. Although this intensity is close
to achieving the theoretical maximum recovery
of 100% [19], further research is necessary to
fully comprehend the connection between
magnetic intensity, metal properties, and
recovery efficiency in this separation process.

4. CONCLUSION

The size of particles influences how quickly
valuable minerals are separated from impurities.
During magnetic concentration, the highest
levels of copper and silver were obtained at
particle sizes of -63+100# and -150#
respectively. The strength of the magnetic field
affects the separation of materials based on their
magnetic properties. The highest levels of
copper and silver were found at a magnetic
intensity of 1000 G, with levels of 45.66% and
0.162% respectively. The recovery of metals is
impacted by the metal content and the mass of
valuable minerals obtained. The best recoveries
of copper and silver are 80.135% and 62.505%
at a magnetic intensity of 1000 G.
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Abstract

The current advancements in the automotive industry highlight the critical need for electric vehicles, which require
a reliable supply of nickel for battery production. A potential nickel source is Ferronickel's local content, which
can be used as a secondary resource. However, research on converting smelted Ferronickel into electrolytic nickel
is still limited. This study aims to examine the effects of electrolyte molarity and applied voltage during the
electrolysis process for refining Ferronickel. The molarities of HCI employed in this research are 0.1, 0.25, 0.5,
0.75, and 1 M for 2 hours. Additionally, the molarities of HCI are set at 2, 3, and 4 M for 6 hours. Further
experiments were performed using varying voltages of 1, 2, 4, 6, and 8 V while keeping the solution concentration
constant at 1 M and maintaining an electrolysis duration of 2 hours. The electrolysis solution was subsequently
analyzed using the AAS (atomic absorption spectrophotometry) test. The results indicated that higher molarity
levels were associated with increased current, resulting in faster reaction rates and greater solubilization of nickel
metal. The Ni concentration rose with higher molarity, increasing from 76.50 mg/L in .25 M HCI to 91.88 mg/L in
1 M HCI. In contrast, the Fe concentration remained nearly constant across various molarity levels, ranging from
11.81 mg/L in .25 M HCI to 11.95 mg/L in 1 M HCI, suggesting a minimal influence of molarity below 1 M. Fe
exhibited a strong positive correlation with increasing electrolyte molarity, showing a significant rise in
concentration from 49.06 g/L at 2 M to 90.17 g/L at 4 M. Ni showed a more modest response to elevated molarity,
with concentrations increasing from 11.95 g/L at 2 M to 22.70 g/L at 4 M. The Ni concentration increased with the
applied voltage up to 6 V, reaching 95.57 mg/L, but then decreased to 77.67 mg/L at 8 V, indicating that the
optimum voltage is 6 V. The Fe concentration displayed slight fluctuations but remained relatively stable across
different voltage levels, measuring 11.81 mg/L at 1 V and 12.28 mg/L at 8 V, indicating that the applied voltage
does not significantly influence Fe concentration in the solution.

Keywords: Ferronickel, electrolysis, molarity, applied voltage, concentration

1. INTRODUCTION limited. Itis primarily used as a raw material
A substantial supply of nickel is required as for stainless steel production. To date,

a battery raw material to support the ferronickel has not been effectively utilized for

government's  domestic  electric  vehicle other purposes [1]-[4].

production initiative. One potential source of According to United States Patent No.

nickel is local-content ferronickel (FeNi), 3,755,113 [4] and findings published by

Moussoulos [5], the production process of

which can be utilized as a secondary resource. | ) -
electrolytic nickel from ferronickel

However, FeNi applications are currently
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demonstrates that ferronickel products with a
nickel content of 80-85% can be purified to
99.95% Ni through the electrorefining method.
This process can significantly expand the
market potential of ferronickel, which is
currently predominantly utilized in stainless
steel manufacturing. However, there are
limitations, including the requirement that a
Feni anode with a minimum Ni content of 80%
be used to obtain high nickel with high purity
by electrorefining.

Feni extracted from Ni laterite ore with a
pyrometallurgical process has a Ni content of
around + 20%. So, in both studies, the anode
from Feni was not used; it made its anode
material with a composition of Ni above 80%.
Therefore, a precise method is needed to
convert Feni into Ni electrolytic with the
available Feni Anode.

Several studies have been conducted [6-9]
to separate Ni from other metals. Chen et al.[6]
Crushed and calcined the battery and dissolved
it with acetic acid and water. Ni and Cd dissolve
as Ni(CHCOO) and Cd(CHCOO), while
Fe(CHCOO)OH is insoluble in water. So, that
method can be used to separate Ni and Fe.

The ferronickel refining process using the
electrolysis method uses an electrolyte solution
as a conductor medium to conduct electric
current between the anode and the cathode. The
electrolyte solution can also be a catalyst to
accelerate the reaction rate. The molarity of the
electrolyte solution used can affect the process
that occurs in electrolysis and the quality of the
results obtained.

This study utilized HCI (hydrochloric acid)
as the electrolyte solution. HCI was chosen due
to its strong acid properties, which allow
complete ionization in solution. This
characteristic makes HCI an effective catalyst
within the electrolyte solution, facilitating a
rapid reaction rate through enhanced ionic
conductivity and efficient electrochemical
kinetics [10].

This study focuses on the influence of
electrolyte molarity and applied voltage in the
electrolysis process for refining ferronickel
(FeNi). The electrolyte solution's concentration
and applied voltage can significantly impact
electrolysis. Thus, when employing electrolysis
methods in ferronickel refining, it is crucial to
consider the effects of electrolyte molarity and
applied voltage to achieve optimal refining
results.

2. MATERIALS AND METHODS
2.1 Sample and Electrolyte Preparation
This research aims to obtain secondary
nickel (Ni) and cobalt (Co) resources through
the electrorefining of ferronickel shot.
Ferronickel shot from PT Antam Tbk. is
available in two composition variations: LCS
(low carbon shot) and HCS (high carbon shot).
Based on XRF (x-ray fluorescence) analysis,
the composition of the HCS samples is in Table
1.

Tabel 1. Composition of ferronickel shot

Element Composition (wt.%)
Fe 77.369
C 1.140
Ni 18.490
Co 0.340

Mn 0.040
Cr 0.890
Si 0.430
P 0.017
S 1.275
Cu 0.009

Ferronickel was cast into blocks with 11 x 1
x 0.5 cm dimensions to use as the anode in the
electrolysis process (Fig. 1). The cast
ferronickel samples were cutinto  pieces
according to predetermined dimensions.
Subsequently, the samples were cleaned of
impurities using a grinding machine and
weighed to determine their mass before the
electrolysis reaction.

Figure 1. Ferronickel anode

Electrodes serve as conductive media that
allow electric current to flow from one medium
to another. Typically made from metals like
copper, silver, tin, or zinc, electrodes can also
be composed of non-metallic conductive
materials like graphite[11]. In this study,
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graphite was used as the cathode, while the
ferronickel block was used as the anode. The
cathode uses graphite (C) as a cylinder with a
length of 11 cm and a diameter of 1 cm.

The electrolyte solution was prepared by
diluting 37% HCI in distilled water. HCI, a
strong acid commonly used in industry, is an
effective electrolyte in solution [12]. The
molarities of HCI used in this research are 0.1,
0.25,0.5,0.75,and 1 M.

2.2 Electrolysis Process

Various concentrations of HCI were
employed to investigate the influence of
electrolyte molarity on the electrolysis process.
The electrolysis was conducted in a 250 ml
glass beaker containing 200 ml of the prepared
electrolyte solution. A ferronickel block served
as the anode, while graphite was used as the
cathode, both immersed in the electrolyte. The
HCI molarities studied were 0.1, 0.25, 0.5, 0.75,
and 1 M. The anode and cathode were
connected to the positive and negative terminals
of a Dekko PS-3030Q rectifier, respectively,
with an applied voltage of 1 V. The electrolysis
was carried out for 2 hours. Additional
experiments were conducted using higher HCI
molarities of 2, 3, and 4 M, with an applied
voltage of 2 V and an extended electrolysis
duration of 6 hours.

Subsequent experiments were performed at
varying voltages of 1, 2, 4, 6, and 8 V to
elucidate the effect of applied voltage on
electrolysis while maintaining a constant HCI
concentration of 1 M and an electrolysis
duration of 2 hours.

2.3 Quantitative Determination of Chemical

Element

AAS (atomic absorption
spectrophotometry) is a chemical analysis
instrument that uses the principle of energy
absorbed by atoms to analyze the concentration
of analytes in a sample. By absorbing energy,
electrons in the atom are quickly excited to a
higher orbital [13].

The parameters varied in this research
include the concentration of the HCI electrolyte
solution, precisely 0.1, 0.25, 0.5, 0.75, and 1 M,
and the applied voltage that is 1, 2, 4, 6, and 8V.
After electrolysis, the solution was filtered
using filter paper to separate it from impurities.
The filtered solution was then transferred to a
100 ml bottle for analysis using AAS to
determine its elemental composition.

For the experiments conducted with higher
HCI molarities of 2, 3, and 4 M under an

applied voltage of 2 V and an electrolysis
duration of 6 hours, the electrolyte was
characterized using a 725 ICP-OES
(inductively coupled plasma optical emission
spectroscopy) instrument.

3 RESULT AND DISCUSSION
3.1 The Effect of Electrolyte Molarity

The electrolysis results for each sample
varied according to the concentration levels
used. The electrolyte solutions are depicted in
Fig. 2. Observations indicate that higher
molarity levels correspond to increased current.
Consequently, the electric current in each
sample varied with the molarity concentration,
leading to a faster reaction rate and increased
solubilization of nickel metal.

Figure 2. Electrolysis solution

Based on the standard reduction potential at
25 °C, the Ni reaction in Equation 1 and for Fe
oxidation reaction in Equation 2 [14].

Ni*+2e'@Ni  E°=-0.250 V (1)
Fe**+2eBFe E°=-0.440V (2)

The relationship between the standard
reduction potentials of Ni and Fe and the rate of
electrolysis at an anode composed of Fe and Ni
with a graphite cathode is governed by the
relative tendencies of these metals to undergo
oxidation. Iron, having a more negative
standard reduction potential (-0.44 V)
compared to nickel (-0.25 V), is more
susceptible to oxidation. Consequently, during
the electrolytic process, the oxidation of iron at
the anode typically proceeds faster than that of
nickel under equivalent conditions.

Figure 3 shows dissolved Ni and Fe resulting
from electrolysis at a 1 V voltage measured
using AAS based on differences in electrolyte
molarity. Fe concentration remains almost
constant across different molarity levels, with
only slight fluctuations. In 0.25 M HCI, it is
11.81 mg/l, and in 1 M HCI, it is 11.95 mg/l.
This stability suggests that the electrolyte's
molarity does not significantly influence the Fe
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concentration if the concentration of HCI is
below 1 M.

The apparent increase in Ni concentration
with higher molarity levels suggests that Ni ions
are more readily dissolving into the solution as
the molarity increases. The lowest Ni
concentration is 76.50 mg/L in 0.25 M HCL;
the highest is 91.88 mg/L in 1 M
HCI. This could indicate that higher molarity
electrolytes enhance the solubility of Ni or that
Ni ions are being more effectively released into
the solution due to stronger electrolyte
interactions. Higher molarity electrolytes can
play a crucial role in enhancing the solubility of
nickel ions or facilitating the more effective
release of nickel ions into a solution due to more
robust interactions with the electrolyte [15]-
[17].
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Figure 3. Dissolved Ni and Fe resulting from electrolysis
atalV for 2 h voltage were measured using AAS based
on differences in electrolyte molarity

Passivation of iron in weak acid media greatly
lowers the reaction rates due to the protective
oxide layer that develops on the iron surface.
This layer prevents further electrochemical
activity, hence reducing the dissolution of iron.

—— Nj
100 —e—Fe

80
60

40

20- ///"

Composition (g/L)

0 T T T
2M 3M 4M

Molarity of Electrolyte

Figure 4. Dissolved Ni and Fe resulting from electrolysis
at 2 V for 6 h were measured using 725 ICP-OES based
on differences in electrolyte molarity

In contrast, the same acid environment is
less aggressive for nickel since it does not form
any protective passive layer under these
conditions. Consequently, nickel becomes more
sensitive to oxidation and dissolution during
electrolysis; hence, its higher concentration in
solution [18]-[19].

Figure 4 describes the effect of electrolyte
molarity on the composition of Ni and Fe in the
solution, measured in grams per liter (g/L). The
data demonstrate distinct responses of Ni and
Fe to changes in the molarity of the electrolyte.
For Fe, a positive correlation is observed
between the molarity of the electrolyte and the
Fe concentration in the solution. Specifically, at
2 M molarity, the Fe concentration is
approximately 49.06 g/L.

This concentration increases to about 79.31
g/L at 3 M and 90.17 g/L at 4 M molarity. The
trend suggests a linear relationship between the
electrolyte molarity and the Fe concentration,
indicating that higher molarity levels facilitate
more significant dissolution or deposition of Fe
in the solution. This phenomenon could be
attributed to enhanced ionization or increased
availability of Fe ions in higher molarity
conditions [20]-[21].

The Ni concentration shows a more modest
increase with the electrolyte molarity. At 2 M
molarity, the Ni concentration is around 11.95
g/L. The increases to approximately 18.82 g/L
at 3 M molarity and to about 22.70 g/L at 4 M.
The increment is relatively smaller than Fe,
suggesting that Ni is less sensitive to changes in
electrolyte molarity. This behavior might be
due to the intrinsic electrochemical properties
of Ni, such as its standard electrode potential,
and because the anode contains almost four
times higher percentation of Fe than Ni.

3.2 The Effect of Applied Voltage

The Fe concentration shows slight fluctuations
but remains relatively stable across different
voltage levels (Fig. 5). In 1V, it is 11.81 mg/L,
and in 8V, it is 12.28 mg/L, indicating that the
applied voltage does not heavily influence the
concentration of Fe in the
solution. This suggests that voltage changes do
not significantly impact Fe ions solubility in 1
M HCI and 2 H electrolysis.

The Ni concentration increases with the
applied voltage up to 6V, after which it
decreases at 8V. In6 V, it is 95.57 mg/L, and in
8 V, it is 77.67 mg/L. This indicates a more
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complex relationship between Ni concentration
and applied voltage in 1 M HCI and 2 H
electrolysis. The initial increase suggests that
higher voltage enhances the solubility or release
of Ni ions into the solution [22]-[ 23]. However,
the decrease at 8V may imply a too-rapid
reaction because of a too-high voltage, affecting
Ni ion concentration at higher voltages [24].
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Figure 5. Dissolved Ni and Fe resulting from
electrolysis at 1 M HCI for 2 h were measured using
AAS based on differences in applied voltage

3.2 Precipitation with NaOH

After the electrolysis process, a filtrate
containing metal ions such as Ni?+, Fe+
Co2+, and others is obtained. The deposition
experiment commences with the oxidation of
the filtrate solution using hydrogen peroxide
(H20,).
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Figure 6. XRD patterns illustrate the precipitates generated
at a consistent pH of 4 with reaction temperatures of 50°C,
resulting from electrolysis in 2 M HCl at 2 V for 11 hours,
with oxidation by H202 measured using XRD

This oxidation step, crucial for converting
Fe?+ ions to Fe®+, is carefully controlled over
approximately 1 hour. Following oxidation, the
filtrate is subjected to precipitation by adding

NaOH and adjusting the pH to approximately 4.
Subsequent filtration is then performed to
separate the filtrate enriched with Ni%+ and Co?+
ions from the Fe residue. At 50°C precipitation
temperature (Fig. 6), the residue exhibits peaks,
indicating a mixed-phase composition. Peaks
labeled b, ¢, and d suggest the presence of FeO,,
Fe304, and Fe,03, with Fe,O3 being the dominant
phase. Also, there is a small peak of NiO.

Controlling pH and temperature is very
important to separate Ni from Fe and other metals
that are contained in ferronickel.

4. CONCLUSION

In this investigation, higher molarity levels
were associated with increased current, which
resulted in faster reaction rates and increased
nickel metal solubilization. Ni concentrations
increased with increasing molarity, from 76.50
mg/L in 0.25 M HCI to 91.88 mg/L in 1 M HCI.
In contrast, Fe content remained fairly constant
across multiple molarity levels, ranging from
11.81 mg/Lin0.25M HCIto 11.95mg/Lin1 M
HCI, demonstrating that molarity has no effect
below 1 M. Fe concentration increases
significantly as electrolyte molarity increases,
from 49.06 g/L at 2 M to 90.17 g/L at 4 M. Ni
responds more modestly to changes in high
molarity, with concentrations increasing from
11.95 g/L at 2 M to 22.70 g/L at 4 M. The less
obvious increase in Ni concentration can be
attributed to its intrinsic electrochemical features,
such as standard electrode potential, as well as the
anode's nearly four-fold higher Fe percentage
than Ni. The Ni concentration rises with the
applied voltage up to 6 V, reaching 95.57 mg/L,
but drops to 77.67 mg/L at 8 V. The initial
increase indicates that increased voltage
improves the solubility or release of Ni ions into
the solution. However, the decline at 8 V could
indicate that a high voltage induces an extremely
quick response, affecting Ni ion concentration at
higher voltages. So, the ideal voltage is 6 volts.
The Fe content changes somewhat but remains
very consistent across voltage levels.
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Abstract

Corrosion is a prevalent phenomenon that significantly contributes to the deterioration of materials in offshore
applications. The aggressive nature of marine corrosion is primarily attributed to the high salt content and the low
electrical resistivity of seawater. While corrosion cannot be entirely eliminated, its reaction can be slowed down.
Applying protective coatings is an effective and widely utilized method to protect metal surfaces from corrosion. These
coatings act as a protective barrier that separates the metal from its surrounding environment, effectively retarding
the corrosion rate. According to 1SO 12944, the most commonly used generic coating systems for marine service
include alkyd, acrylic, ethyl silicate, epoxy, vinyl ester, polyurethane, polyaspartic, and polysiloxane. The latest
innovations in marine coatings still employ a layer-by-layer coating method, involving primer coats, intermediate
coats, and top coats, depending on the desired thickness. Marine structures exposed to atmospheric conditions are
commonly coated with one or two layers of epoxy. For enhanced performance, a more expensive system involving a
layer of zinc-rich primer, followed by epoxy and aliphatic polyurethane coatings, may be utilized. Coating systems
for atmospheric conditions are frequently employed in intertidal and splash zones. On the other hand, immersion
zones of marine structures are typically coated with one or two layers of 100% solid epoxy, or three layers of solvent-
borne epoxy. The use of a single polymer as a generic coating has limitations. Incorporating fillers is a widely
employed technique to enhance the characteristics of polymers, thereby transforming them into composites. In marine
coatings, fillers are still limited to glass flakes and powder. Poor dispersion and agglomeration might reduce the
effectiveness of fillers in the matrix, which decreases the adhesion properties. The fillers must be surface-modified
before application. This review provides a comprehensive and critical analysis of the current research status of
composite coatings that serve as candidates to be used in marine coating applications.

Keywords: Corrosion, marine coating, composite, surface modification

1. INTRODUCTION allows for the identification of its unique
Metal is the primary raw material utilized in properties, facilitating a better understanding of its
product design and construction structure within potential uses. Steel is classified based on various
the manufacturing industry, where material factors, including composition, manufacturing
processing techniques play a crucial role. It is techniques, finishing methods, microstructure,
important to conduct a thorough study of metallic strength, heat treatment, and product form [2].
materials before they are used in industrial The ocean-based economy encompasses a
applications, to maximize their efficiency and diverse array of industries, including fishing,
effectiveness [1]. Steel and alloys are commonly coastal tourism, shipping, offshore energy, marine
employed materials in marine construction, manufacturing, maritime mfrastructure,. and
playing a crucial role in the fabrication of marine ocean-related services [3]. Among these diverse
structures. Steel undergoes classification to ensure activities, the offshore energy and mineral
its appropriateness for specific applications in the resources sectors stand out as the largest industries

marine environment. The classification of steel
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that heavily rely on metal for constructing
platform structures, docks, pipelines, and ships.

Energy is one of the elements needed to realize
a prosperous country. Energy is also a determinant
of a country's sustainable development. Therefore,
the need for energy is a must, and its sustainability
must be maintained [4]. The utilization of offshore
structures is paramount for the energy and
economic sectors of multiple countries, as these
structures primarily serve as drilling platforms to
extract precious oil and gas reserves from beneath
the ocean floor [5].

Materials, particularly metals, often encounter
environments that induce deterioration. This
process, known as corrosion, occurs when metals
react with their surrounding environment, leading
to changes in their properties and a significant
reduction in performance [6]. The damage
inflicted by corrosion on offshore structures is
influenced by various factors. Statistical data
shows that marine corrosion is responsible for
approximately 30% of failures in ships and marine
machinery, resulting in annual costs surpassing
$1.8 trillion [7]. The marine environment's high
salinity and low electrical resistance exacerbate its
corrosive nature [8]. The presence of chloride in
seawater can cause the depassivation of several
metals and alloys, including stainless steel,
aluminum alloys, and titanium alloys, even in the
absence of oxygen. Furthermore, chloride can also
be found in the marine atmosphere, posing a risk
of corrosion to materials and structures that are not
submerged [9]. Corrosion occurs when a material,
typically a metal or alloy, undergoes a chemical or
electrochemical reaction with its surroundings,
resulting in the deterioration of the material and its
properties. This degradation can be categorized as
either chemical or electrochemical, depending on
the environmental factors involved. Additionally,
corrosion can be classified based on the surface
morphology of the affected material or the
underlying causes that contribute to the corrosion
process. The two most prevalent types of
corrosion are uniform corrosion, which affects the
entire surface uniformly, and localized corrosion,
which occurs in specific areas [10]. Corrosion is a
thermodynamic system of metal and its
environment, which strives to reach equilibrium.
The system is in equilibrium when the metal has
formed oxides or other more stable chemical
compounds [11]. Corrosion cannot be stopped
completely, but the reaction can be slowed down.
Various methods can be employed to prevent
corrosion, such as treating the metal surface,
modifying the corrosive environment, regulating
the electrochemical reaction that triggers
corrosion, attacking corrosion with corrosion,

applying protective coatings to the metal, and
alloying the metal [2]. However, corrosion
prevention methods using coatings are widely
used and popular to protect metals from corrosion
[12]. Coating serves as an effective strategy for
corrosion protection by establishing a barrier that
effectively isolates the metal from its surrounding
environment [13]. This specialized layer is
specifically designed to hinder any interactions
between the substrate and  destructive
environments such as moisture, water, and other
chemical compounds [14]. Safeguarding crucial
infrastructure against the ravages of corrosion is a
paramount concern in numerous industries. In the
marine, pipelines and structure platforms face
relentless challenges from harsh conditions and
persistent exposure to corrosive elements, leaving
them highly susceptible to the destructive forces
of corrosion [15]. Applying protective coatings to
these structures doesn't just stop leaks, it also
extends their useful life and keeps them
structurally sound. Coatings that guard against
corrosion are essential in the maritime industry
[16]. The salty ocean environment poses a
constant threat to the durability of ships,
platforms, and other marine structures. The
constant contact with corrosive seawater causes
these vessels and facilities to degrade at a faster
rate compared to structures in less harsh
conditions. This relentless exposure to the
corrosive nature of the marine environment
accelerates the corrosion process, leading to the
need for more frequent maintenance and repair
[17]. A protective coating is essential for
preserving assets from corrosive surroundings,
extending their useful life, lowering maintenance
costs, and guaranteeing operational safety [18].
These protective layers effectively shield
structures in diverse marine environments, such as
atmospheric, submerged, splash, and tidal zones
[12].

The protection against corrosion s
accomplished through several processes, such as
the shielding effect, providing a sacrificial layer,
and the ability to repair itself. The shielding effect
develops a protective covering that isolates metals
from external conditions, blocking any direct
contact or interaction between the metal and
corrosive agent [18]. Creating a protective layer
will obstruct impurities and other damaging
elements into the underlying substrate [19].
Sacrificial protection works by adding a metal
with a higher electrochemical potential than the
metal protected into the coating [20]. Due to their
high reactivity, they are designed to be corroded
before the metal they protect. The self-healing
properties are activated through the addition of

16 | Metalurgi, V. 39.1.2024, P-ISSN 0126-3188, E-ISSN 2443-3926/ 15-36



additives or materials that have the ability to mend
themselves when faced with minor damage or
scratches occurring [21].

Corrosion poses a significant challenge to the
long-term economic success and environmental
responsibility of a wide variety of industries, and
the associated economic impacts, safety risks, and
environmental damage highlight the urgent need
to develop effective corrosion prevention
methods. Protective coatings serve as an important
primary protection mechanism, safeguarding
materials, infrastructure, and ecosystems from the
harmful effects of corrosion.

To tackle these obstacles, a range of technigques
have been devised. The main aim of these methods
is to improve particular characteristics like
corrosion tolerance, wear tolerance, surface
hardness, electrical insulation, thermal insulation,
water repellency, and wettability [22]. These
methods offer different approaches for applying
coatings onto different substrates. Vapor-based
chemical deposition is a process where gaseous
materials interact to form a solid coating on a
surface. This involves the chemical reactions of
vapor-phase components, which culminate in the
creation of a solid layer on the substrate. Physical
Vapor Deposition employs physical processes like
evaporation or sputtering to deposit a thin layer
onto the substrate. Microarc Oxidation generates a
ceramic coating through the electrochemical
oxidation of metal. Thermal spraying entails
projecting a liquid or semi-liquid material onto the
substrate's surface. The sol-gel technique forms a
layer through the hydrolysis and condensation of
a precursor solution. The polymer coating is first
applied in a liquid state, and then undergoes a
hardening process to become a solid protective
layer [23]-[24]. This text explores techniques used
to alter the surface properties of fillers, aiming to
strengthen the bond between fillers and matrices.
The impact of surface modification techniques on
the effectiveness of composite coatings was
investigated.

2. GENERIC IN MARINE COATING
The marine environment is characterized by a
higher presence of corrosive elements compared
to natural conditions [24]. The high concentration
of chloride particles in ocean water is the main
factor behind this phenomenon. These chloride
ions can penetrate and weaken the protective layer
that shields the substrate, making them susceptible
to localized corrosion, such as pitting [26]-[27].
Reliability and durability are critical for steel
structures that are exposed to environmental
attacks, particularly those situated close to the
coast or off-shore (marine environments). It is

therefore vital that the protective coating applied
can provide protection from harmful elements.
ISO 12944 is a set of instructions and
recommendations on the various types of paints
and protective coatings suitable for safeguarding
steel structures. This international standard
outlines the essential requirements and best
practices for selecting, applying, and maintaining
effective anti-corrosion systems for steel-based
constructions. The extent to which the steel
structure is exposed to corrosive conditions
determines the level of protection required and the
paint or coating system that is recommended for
use [27].

Coating formulations typically consist of
solvent, resin, pigment, filler, and additives. Once
administered onto the base metal, these
formulations create a seamless, uniform coating
that safeguards against cracking and structural
deterioration caused by stress, water infiltration,
and natural wear and tear. For protective coatings
to be deemed effective, they must exhibit minimal
permeability, excellent corrosion resistance, and
high adhesive to warrant their performance [28].

The Society for Protective Coatings serves as
the preeminent authority and resource in the
protective coatings industry, providing essential
knowledge and guidance on preparing surfaces,
choosing the right coatings, applying, and
following environmental and safety rules. Within
the marine coatings sector, manufacturers offer a
diverse range of generic coating options tailored to
the specific requirements of various marine
applications [29]. This short article only discusses
coating selection and application.

Sailors navigating on the wide sea often rely on
protective coatings to shield their vessels from the
sun's harsh rays and the corrosive marine
environment. These coatings commonly feature
single or double-layer epoxy, with the number of
layers determined by the desired thickness of the
protective barrier. Additionally, an aliphatic
polyurethane layer is added to shield the epoxy
from the harmful ultraviolet rays of the sun. In
cases where the structure is not subjected to direct
sunlight, two or more layers of epoxy may be
employed. Alternatively, a slightly more
expensive system comprising a zinc-rich primer
coat, an epoxy coat, and an aliphatic polyurethane
coat could provide enhanced performance in
harsher environments.

Protective coatings intended for exposure to
atmospheric conditions are often applied in areas
where water regularly contacts the surface, like the
shoreline and areas subject to splashing, to shield
against deterioration. Within these specific
regions, it is common practice to employ a flake-
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filled epoxy coating to enhance resistance to
impacts and abrasions. Furthermore, the
application of Monel coating, which extends
around 20 feet beneath the water's surface, serves
the purpose of inhibiting the growth of marine
fouling organisms and preventing corrosion on the
steel substrate.

Marine structures often have immersion areas
that are protected by either a single, double, or
three layers of solid epoxy. Epoxy coatings that
have been cured with polymeric amide solvent are
renowned for their exceptional resistance to water
and their capability to withstand partially cleaned
steel surfaces. Coal tar epoxy coatings, which are
renowned for their superior water resistance, are
commonly used in a single or double-layer coating
system for surfaces that are submerged [29].

According to 1SO 12944, the marine setting is
classified as having the most severe level of
corrosiveness, denoted as Cx extreme. To shield
structures from deterioration in this setting, it's
crucial to use a coating that boasts robust
mechanical attributes, endurance against abrasion,
insulating capabilities, and chemical resilience.
Commonly utilized materials for marine coatings
include epoxy, polyurethanes, vinyl esters, and
alkyds [27]. The latest innovations in marine
coatings still use a layer-by-layer coating method
(primer coats, intermediate coats, and top coats)
depending on thickness. In marine coatings, fillers
are still limited to glass flakes and powder [30]-
[31]

Epoxy resins are renowned for their remarkable
ability to offer effective barrier protection in
various environments [31]. The hydrophilic nature
of epoxy, attributed to the presence of polar epoxy
groups, can be influenced by the combination of
hydrophilic or hydrophobic polymers, thereby
affecting the equilibrium properties of the
resulting polymer [32]. The efficacy of epoxy as a
coating is influenced by the presence of water,
consequently impacting the overall performance
on coating performance [33]. Epoxy is a highly
popular thermosetting resin that finds extensive
use due to its exceptional physical and chemical
characteristics. These qualities encompass the lack
of volatile components throughout the curing
stage, the capacity to cure across a broad
temperature spectrum, and the potential to attain
regulated cross-linking. In the past century, epoxy
has become a staple in the coatings industry or
structural applications. This is largely due to their
exceptional capabilities, which are further
enhanced when paired with aliphatic amine curing
agents [34]. Epoxy is widely acknowledged as the
most extensively utilized anti-corrosion coating
due to its exceptional mechanical characteristics,

wear resistance, insulating capabilities, and
stability in both acidic and alkaline environments
[35]-[36]. These qualities make epoxy a preferred
choice for various applications, as it can withstand
extreme conditions. However, epoxy coatings do
possess certain limitations, when cured coating
can create tiny holes, weakening the coating.
Additionally, these coatings may not withstand
environmental factors well, becoming less durable
and adhering poorly over time, potentially leading
to deterioration [37]-[38]. Improving the
effectiveness of coatings is essential in resolving
the difficulties at hand. Ensuring these coatings
operate optimally is key to addressing the
prevailing concerns. Several methods can be
employed to improve epoxy properties, such as
polymer synthesis, incorporating additives, and
utilizing new curing agents [39]. The
incorporation of fillers has also emerged as a
common technique to enhance polymer properties
and transform them into composites [40]. In the
realm of marine coatings, fillers are currently
limited to glass flakes and powder [29]-[30].
Incorporating supplementary fillers enhances both
the frictional and structural attributes of composite
coatings [41]. GO, CNT, and nanoparticles are
commonly used as fillers to reinforce these layers.
The improvements in properties are credited to the
interactions between the filler substances and the
surrounding material, which involve covalent,
hydrogen, and physical bonds [42]. The enhanced
mechanical characteristics of composite coatings
play a crucial role in their ability to inhibit the
formation and spread of cracks, ultimately leading
to improved coating performance [43]. However,
the filler must be uniformly dispersed within the
polymer matrix to achieve these improved
properties. In cases where the dispersion is
inadequate, agglomeration occurs, weakening the
bond and causing separation between the filler and
matrix, a phenomenon known as particle
debonding. The effectiveness of the coating is
significantly  influenced by its adhesive
characteristics. The quality of the coating is
determined by the connection between the coating
and the underlying surface. When the coating and
the surface integrate seamlessly, it indicates strong
adhesion, resulting in a smooth transition.
Conversely, poor adhesion is reflected in a rough
transition between the coating and the surface
[42].

3. SURFACE MODIFICATION
Determining the effectiveness of modifying the
filler's surface can be accurately done by studying
how well it interacts with the surrounding matrix
material. Improving the filler's ability to blend
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seamlessly with the matrix is crucial for enhancing
the corrosion resistance of the composite.
Analyzing the WCA (water contact angle) and
surface energy provides important insights into the
hydrophilic (water-attracting) nature of the fillers
[44]. Several existing surface modification
techniques are available.

3.1 Physical Vapor Deposition

Applying thin film coatings is achieved
through a method called PVD. This process
involves the manipulation of materials at the
atomic level within a vacuum environment. While
PVD shares similarities with CVD (chemical
vapor deposition), there are notable distinctions
between the two methods. In PVD, solid
precursors or materials are utilized for the
deposition process, whereas CVD introduces the
precursor in a gaseous form into the reaction
chamber [44]-[45]. PVD presents numerous
benefits. It enables the application of extremely
thin layers of materials, generating coatings with
visually appealing characteristics. Additionally,
these coatings demonstrate improved resistance
against deterioration from corrosion and physical
wear [46]-[47].

3.2 Chemical Vapor Deposition

Chemical processes happen right on or close to
the surface of a hot material in a method called
CVD. The vapor transforms and solidifies,
creating a physical substance that settles out of the
gaseous state. The resulting solid materials can
exhibit diverse structures, such as single crystals
or thin layers. Through careful control of different
factors, such as the composition and temperature
of the underlying surface, the setup of the gas
mixture fueling the reaction, and the speed at
which the gas flows, it becomes achievable to
design materials with a wide range of physical,
friction-related, and chemical characteristics [48]-
[49].

CVD offers several notable benefits, such as its
capacity to enhance corrosion and wear resistance.
Additionally, it enables the deposition of diverse
materials  with  distinct ~ microstructures.
Furthermore, CVD can be conducted under low
and ambient pressures [50]-[51]. However, there
are certain limitations associated with this
process. It requires the use of a heat-resistant
substrate and an ultra-high vacuum environment.
Additionally, there is a tendency for some wastage
of the coating material during the CVD process
[50]-[52].

3.3 Micro-Arc Oxidation

MAO is an innovative electrochemical
technique that utilizes rapid micro-arc discharges
to create porous ceramic coatings on various
transition metals and their alloys, including
aluminum, titanium, magnesium, and zirconium.
This process involves subjecting the metal surface
to high-voltage electrical discharges in an
electrolyte solution, resulting in the formation of a
ceramic layer with unique properties [53]-[56].
When the applied voltage exceeds the dielectric
breakdown voltage of the ceramic/oxide layer, a
micro-arc discharge is initiated. This phenomenon
occurs due to the high voltage causing the
breakdown of the dielectric material, leading to
the discharge of electrical energy in the form of a
micro-arc [57]-[60]. The distinctive feature of
MAO lies in its ability to provide a porous
substrate-based oxide layer, which cannot be
achieved through conventional manufacturing
techniques. This unique characteristic sets MAO
apart from other traditional methods, offering a
specialized oxide layer that enhances the
material's properties and performance in various
applications [62].

3.4 Electrodeposition

Electrodeposition coating is an electrochemical
process that allows for the formation of a uniform
metallic coating with an even thickness
distribution on a conductive substrate. The
selection of the substrate and deposition material
is crucial as they serve as the cathode and anode
within the electrochemical cell [63].

3.5 Sol-gel

The sol-gel technique is a commonly employed
method for the deposition of thin layers, typically
less than 10 millimeters in thickness. This
approach, in contrast to conventional thin film
fabrication techniques, offers enhanced control
over the  chemical  composition  and
microstructural properties of the deposited layers.
Additionally, the sol-gel method facilitates the
production of uniform films, reduces the
solidification temperature requirements, and
provides the advantage of utilizing simpler and
more cost-effective equipment [64].

3.6 Thermal spray

Thermal spray coating is a technique where
manufacturers liquefy specially designed parts by
applying intense heat like plasma, electricity, or
burning chemicals. This transforms the materials
into a protective layer. These layers are created by
melting specific components through the
application of heat from sources [64]-[66]. The
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thermal spray coatings can be classified into five
main sections based on the different energy
sources utilized during the procedure. These
categories encompass energy derived from
flammable gases, the power of motion, electrical
sparks, radiation, and liquid fuels. Each of these
energy forms holds a pivotal part in shaping the
overall efficiency and excellence of the thermal
spray coating procedure.

Thermal coating can generate layers with
diverse thicknesses, ranging from a mere 20
micrometers to several millimeters. This method
stands out for its ability to achieve high deposition
rates over large surface areas, surpassing other
coating processes. Researchers have investigated
an assortment of covering substances. The chosen
coating substance is carefully heated until it
transforms into a semi-liquid or molten form,
ready to be applied. The metal arrives in

powdered, bar-shaped, or wire-like forms, and is
then rapidly accelerated, typically at speeds
between 100 and 1500 meters per second, towards
the target surface. This high-speed motion causes
the metal to break apart into tiny droplets, which
then cling to the target, building up the desired
coating layer [68].

Diverse methods have been engineered to
modify the characteristics of material surfaces,
including PVD, CVD, sol-gel processing, MAO,
electroplating techniques, thermal spraying, and
several additional approaches. These techniques
offer various benefits, such as enhanced protection
against corrosion and wear, increased hardness,
the ability to insulate electricity and heat, water-
repelling properties, and improved wetting
characteristics [22]. Each of these surface
modification techniques has its characteristics
depending on the application.

Table 1. Advantages and disadvantages of various surface modification techniques

Method Advantages Disadvantages Ref
PVD e Adjusting corrosion and visual High vacuum conditions are [45], [46],
appeal, while also boosting necessary, as abrasion can [47], [48]
durability and applying a thin compromise the corrosion
protective layer, can be resistance of materials in polymer
effectively ~ achieved  and deposition applications, making
modified. damage control a challenging task.
CVvD e Shielding against wear and tear, A high level of vacuum is required, [49], [50],
blending various substances along with a substrate that can [51], [52],
with unique inner structures, withstand high temperatures, and [53]
and operating in both low and minimal wastage of the coating
standard air pressures are material is necessary for this
critical factors in  many process.
industrial endeavors and uses.
MAO e Exceptional hardness and Primarily associated with valve [54], [55],
outstanding corrosion metals such as aluminum, titanium, [56], [57],
resistance, combined with a tungsten, chromium, and others. [58], [59],
porous framework that is well- [60], [61],
suited for use in biological [62]
settings, as well as a diverse
array of porosity levels
spanning the entirety of the
material's thickness.
ELD e Applications for ornamentation, The effectiveness is heightened [63]
resistance to corrosion, high- when paired with conductive
temperature  resistance, and metals.
abrasion.
Sol-gel e Affordable. Manage the thickness and slow [64]
cycle time.

Plasma e Restoration of  polymers,
spray rubber, metals, and engineered
fibers through surface repair.
Enhanced substrate adhesion,
corrosion and wear resistance,
and non-stick coating. Eco-
friendly method for fiber

Low-temperature techniques [69]
involving substrate surface
modification necessitating heat
energy are used on stuff unreactive
at natural pressure. Extended
exposure to plasma results in fiber
damage through the creation of

20 | Metalurgi, V. 39.1.2024, P-ISSN 0126-3188, E-ISSN 2443-3926/ 15-36



surface modification without
environmental pollution.

In contrast to alternative
thermal spraying techniques,
this method is both
straightforward and  cost-
effective.

Cold spray

Arc wire e A protective coating on the
spray internal surface of the engine
block ensures resistance against

wear and corrosion.

Warm spray e ldeal for substances prone to
oxidation when exposed to
elevated temperatures or for
heat-vulnerable.

Nano- e The filler's surface remains
particle undamaged by the process. The
growth high ratio of length to thickness

leads to enhanced shear

resistance. The performance
gets better, and corrosion
resistance is increased due to
the exfoliated filler.

deeper holes on the fiber surface.
Procedures at low temperatures
induce alterations on the substrate
surface, necessitating a heat source,
and are employed for substances
unreactive  under  atmospheric
natural pressure.

Not particularly useful in extreme [66]
conditions.

Limited to utilizing conductive [67]
materials and wires for coating
purposes.

Exceedingly severe settings offer no [65]
value.

The process of filler growth can [70], [71],
incur significant Ccosts. [72], [73],
Agglomeration of filler material is a [74], [75],
potential issue that may arise. The [76]. [77]

maintenance of a high vacuum
poses challenges and can be costly,
particularly for certain types of
fillers that necessitate surface
modification.

4. CoMPOSITE COATING
According to 1SO 12944, the most commonly
used generic coating systems in marine
applications include AK (alkyd), AY (acrylic),
ESI (ethyl silicate), EP (epoxy), PUR
(polyurethane), PAS (polyaspartic), and PS
(polysiloxane) [27]. Single-polymer coating
systems are inherently limited in their applications
due to certain constraints. To enhance the sliding
and strength characteristics and tackle these
drawbacks, extra materials like fillers are blended
into the coating compositions. However, polymer
films exhibit permeability to O, and H.O over
time, with instances where the rate of H,O and O;
diffusion on layers exceeds the threshold
necessary to trigger the corrosion of a metal
substrate [78]. Incorporating inorganic fillers is a
viable approach to enhancing the anti-corrosion
characteristics of organic coatings [79]. Fillers
come in various forms, from carbonous to a
combination of monomers, ceramics, light metals,
silicate minerals, TMS, and nanofillers [80].
Polymer composites incorporate various
types of filler materials that serve distinct
purposes. There are two primary categories:
reinforcing  fillers and lubricant fillers.
Reinforcing fillers are materials that possess

greater strength and modulus in comparison to the
plastic base material, thereby enhancing
mechanical properties. Fibers and nanofillers have
been extensively utilized as reinforcing fillers in
various  studies. Common examples of
conventional reinforcing fibers include carbon
fiber, glass fiber, and silica fiber [80]-[81].
Additionally, CNTs have exceptional properties
which are highly suitable for enhancing the
strength of polymer composite materials,
primarily due to their unique one-dimensional
structure and remarkable strength [80]-[82].
Montmorillonite, a type of two-dimensional
nanoclay, is also widely employed to strengthen
the physical properties of polymers. This clay-like
substance helps improve the durability and
performance of a wide range of plastic-based
products [84]. Furthermore, a wide range of
nanofillers, such as aluminium oxide, silicon
dioxide, zinc oxide, silicon carbide, and copper are
suitable for serving as strengthening components
in polymer-based composites. Lubricant additives
are substances that are designed to reduce the
friction between the components in polymer-
based materials. Some common examples of these
lubricant additives include Teflon, carbon, MoS,,
phosphorene, Au, and Cu. These materials work
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by lowering the resistance between the moving
parts, which helps to improve the overall
performance and efficiency of the composite
materials [84-86]. The incorporation of certain
reinforcing fillers can enhance the composite
performance. This is illustrated by the improved
properties of epoxy resin when silicon dioxide and
carbon are added [88].

CNTs offer advantages because of their capacity
to diminish friction and offer anti-corrosion
characteristics, in addition to their pivotal role in
diverse tribological applications. Fullerene,
graphene, carbon nanotubes, and nanodiamonds
are four prominent types of carbon nanomaterials
that have been employed in coating applications
[88]-[89].

Certain  silicon-based minerals, such as
montmorillonite and kaolin, possess thin, layered
structures with high aspect ratios and substantial
interfacial areas. These minerals can be
chemically bonded to polymers, enhancing the
rigidity and resistance to deformation of the
polymer matrix [83],[90]-[91]. Silicon dioxide has
been extensively utilized as a filler in various
polymer systems, both in synthetic and natural
forms. The addition of silica enhances the
polymer's stiffness and resistance to deformation,
owing to its remarkable stability under
temperature changes and its inherent structural
strength. However, unlike talc or mica particles,
which have a low aspect ratio and form flakes or
plates, silica filler particles do not share this
characteristic. Consequently, unless the silica
particles are minuscule, adding them to the
polymer leads to a comparatively small surface
coverage to interact. As a result, the reinforcement
provided by silica filler is less significant
compared to platy fillers. Nevertheless, when the
size of the filler particles is reduced to sub-micron
dimensions, the composite resin exhibits
exceptional and desirable properties. While sub-
micron silica and barium sulfate have been
employed as nanofillers, organically modified
clay-based nanofillers offer the most remarkable
properties at a relatively low cost. This is primarily
due to their extremely high aspect ratios, which
exceed 1000, in contrast to the aspect ratios of
common fillers, which are typically 100 or less.
This high length-to-diameter ratio of clay particles
contributes to improved dimensional stability
compared to conventional microfillers. However,
a significant challenge arises in the dispersion of

nanofiller particles, as their complete dispersion
within the polymer matrix during melt processing
is difficult or even impossible to achieve.
Consequently, the actual properties of
nanocomposites may only partially realize their
potential or theoretical properties. To overcome
this issue, a common approach involves
modifying the surface of the clay particles with
quats or other. This surface modification process
facilitates the desired exfoliation of the clay
particles, resulting in the creation of delicate
layers with nanometer-scale thickness in the
polymer matrix [93].

Ceramic nanoparticles, including SiOa, SisNa,
SiC, TiO2, and Al:O;, demonstrate superior
mechanical  characteristics  under  various
temperature conditions. Consequently, they are
frequently utilized as reinforcing components to
improve matrix performance [93]-[97].

The enhancement properties of the composite
layer are heavily associated with the filler phase.
This is  accomplished through  various
characteristics, including their arrangement,
dimensions, form, permeability, and surface
modification on the fillers. The bonding between
matrix and filler is vital in boosting the protective
film. Numerous research approaches have been
dedicated to enhancing the performance of resin
composites by investigating the correlation
between organic resins and inorganic fillers.
Typically, fillers in composite materials are
treated with chemical agents resulting in strong
chemical bonds between separate components and
improving water resistance. The hydrophobic or
hydrophilic nature of a coating holds significant
importance as it allows for the evaluation reaction
between surface layers and surroundings. This
interaction is vital in improving mechanical
properties, wear resistance, and retarding the
degradation process. Furthermore, it facilitates the
transition of stress from a more flexible organic
matrix to a highly rigid inorganic filler [98]-[99].

The filler was modified not only as a linkage
and to minimize stress development during
polymerization but also to enhance hydrophobic
or super hydrophobic properties. Here, the use of
various fillers synthesized with a surface
modification method is considered. Therefore, this
part will recap the development of composite
coatings with generic materials commonly applied
in marine coatings.

Table 2. Summary effects of filler addition and modification method on corrosion resistance of composite coatings

Modification
method

Generics Fillers

Environment

Achievements Ref
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Epoxy

Epoxy

Epoxy

Epoxy

Alkyd

Epoxy

Polyur
ethane

ZrO; particle
size 15 nm

Mixing ZrO;
nanoparticle
and Cloisite

30B particle

size 13 pm

Mixing ZrO;
particle size
15 nm with
Closite

30B particle
size 2-13 um

Mixing GO

particle size

300 pm with
cloisite 15A
particle size

13 um

Clay based
on MMT
particle size
of 7-9 um

Mixing
bentonite
with TiO;

Mixing
silica
particle size
14 nm with
carbon
particle size
595 pum

Sol-gel
APS
propyl
trimethoxy
silane)

Ternary
ammonium
salts

ZrO, with
APS, Closite
30B with
ternary
ammonium
salt

Nanoclay

modified with

quaternary
alkyl
ammonium
salt

Dimethyl

dehydrogenate

d tallow
ammonium
chloride

CTAB (cetyl
trimethyl
ammonium
bromide)

Unmodified

with
(amino

Immersed
3.5wt.% NacCl

Immersed
3.5wt.% NaCl

Neutral salt
spray test

Immersed
3.5wt.% NacCl

Immersed
3wt.% NacCl

Without
corrosion test

Salt spray test

The inclusion of 2-3% zirconium dioxide
nanoparticles significantly improved the
corrosion resistance. This enhancement
was due to the improved barrier properties
and ionic resistance.

The addition of zirconium oxide and
nanoparticles to the coating systems
enhances the coating's anti-corrosion
properties. The nanoparticles enhance the
coating's barrier and electrical resistance,
resulting in better corrosion protection.

The addition of nano zirconia slightly
improves the mechanical properties of the
epoxy coating. This is due to the formation
of clay clumps that slow down the curing
process and reduce the density of polymer
crosslinks. The creation of nano-scale
voids around the clay buildup also
contributes to the enhancement.

The coating showed very high electrical
resistance, over 10'° ohm-cm?, even after
being immersion for 18 weeks. This shows
the coating is very stable. Other tests like
salt spray, pulling, and electrical tests also
showed the coating performed better when
the clay in it was mixed in better.

The Scanning Electron Microscopy and
AFM analysis showed that the nanoclay
particles were well-dispersed in the
coating. The AFM images confirmed the
coating's nanoscale stability, even after
prolonged exposure to salt water. This
suggests the composite coating had
enhanced stability. The Electrochemical
Impedance Spectroscopy results also
demonstrated that the composite coating
provided better corrosion protection
compared to other barrier coatings. This
improvement is attributed to the flat
montmorillonite sheets in the coating,
which prevented defects and reduced the
transport of water and corrosive
substances.

The addition of a 5% filler component, at a
concentration of 0.1 M CTAB, led to an
improvement  in  the  mechanical
characteristics of the material.
Additionally, the water absorption test
demonstrated a direct correlation between
the increase in filler content and the
material's water absorption capacity.

Increasing the carbon and silica content of
a material can improve its corrosion
resistance, as demonstrated by various
analytical techniques like FTIR, TGA
analysis, optical observations, and salt
spray testing. These methods have
consistently shown that a higher ratio of
carbon to silica results in enhanced
resistance against corrosion.
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[103]
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[106]

[107]

Surface Modification of Composite Coating.../Hafiz Aulia | 23



Polyani
line

Epoxy

Polyani
line

Epoxy

Polyur
ethane

Epoxy

Epoxy

Epoxy

SiO2

Metalloam

rGo
(reduced
graphene
oxide)

ZnO particle

sizes 910.6
nm and
189.3 nm

Mixing 2D
MXene
nanosheets
with ZnO
QDs
(quantum
dots)

Nano-
alumina

Graphene
oxide

Unmodified NaCl 1M

Unmodified 5wt.% NaCl
Salt spray test

Unmodified Potentio
dynamic
polarization
with I (iodide)
/ 15 (tri-iodide)
based
electrolyte

Stearic acid Immersed
3.5wt.% NacCl

Sol-gel Immersed
Catecholamin ~ 3.5wt.% NaCl
e

ATPES Immersed
(3aminno 3.5wt.% NaCl
propyl

triethoxy

silane)

Doped  with Immersed
PB 3.5wt.% NaCl
(polybenzopyr

role)

Doped  with  Salt-mist
GPTMS

Adding a 10% SiO; guarantees the highest
corrosion resistance. The initial corrosion
rate is 0.00896 mm/year, but it drops to
0.00024408 mm/year after exposure.

Metalloam addition did not significantly
impact corrosion resistance. However,
adding 15% metalloam increased adhesion
by 22.5%

The addition of reduced rGO (graphene
oxide) to PANi (polyaniline) coatings
significantly reduces the corrosion rate.
The PANI/rGO coating with the highest
rGO concentration 8wt.% had the lowest
corrosion rate at 0.2 mm/year and a
protection efficiency of 80.3%. This high
performance is due to the passivation
effect, which blocks corrosive ions from
reaching the substrate surface.

9% filler provides optimal results.
Modification of the ZnO filler using stearic
acid was increase water contact angle.
Effect protection coating through barrier
effect and hydrophobic effect. Micropores
in epoxy composite coatings will be filled
by ZnO fillers. Surface modification of the
ZnO filler reduces the corrosion rate due to
the hydrophobic nature of stearic acid, so
the electrolyte tends not to make contact
with the modified filler.

The addition of catecholamines to a sol-gel
coating improved its corrosion resistance
and adhesion to a waterborne polyurethane
layer. The adhesive strength increased from
1.74 MPa to 2.75 MPa. After 120 days of
immersion, the coating's resistance to
corrosion also improved significantly, as
shown by a large increase in the charge
transfer resistance from 4.9 x 10* Q-cm? to
1.7 x 107 Q-cm?.

The coating made with a mixture of F-
MXene@ZnO and a water-based epoxy
polymer is very good at preventing
corrosion. When 0.50% of this mixture was
added to the water-based epoxy, the
coating was able to resist corrosion much
better than the neat epoxy. Even after being
immersed for 30 days, the coated surface
was still 3 times better at preventing
corrosion compared to the neat epoxy.

The PB/AN@ZE 0.25% film is very good
at protecting against corrosion. Tests
showed it was able to protect 97.14% of the
surface after being submerged for 24 days.
The film also stayed strong, with an
impedance value of 1.48x10° Q.cm? even
after 24 hours submerged. This means the
film is excellent at preventing corrosion
and holding up well in water.

The f-GO-epoxy coated samples were
tested and showed they are very good at
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Vinyl
ester

Epoxy

Epoxy

Epoxy

Epoxy

Two-
dimensional
MXene
nanosheets

Two-
dimensional
lamellar
MXene
nanosheets

ZIF-67
containing
2_
mercatobenz
othiazole

Micro/nano-
sized silica

Basalt

MPS (3metha
acryloxy
propyl
trimethoxy
silane)

One-step
dopamine-
triggered with
polyethylenei
mine

PFTS
(perfluoroocta
ne  trethoxy
silane)

Sol-gel  with
ZIF-8 (2-
methylimidaz
ole zinc salt)

Grafting ZnO

Immersed
3.5wt.% NacCl

Immersed
3.5wt.% NacCl

Immersed
5wt.% NacCl

Immersed
3.5wt.% NaCl

Immersed
3.5wt.% NaCl

protecting against corrosion. The tests used
electrical measurements to check how well
the coating resisted corrosion. They also
did a pull-off test to see how well the
coating stuck to the surface. The results
showed the f-GO-epoxy coating was very
effective at preventing corrosion.

The materials in the composite layer work
well together. The different parts are
connected in a strong way, which makes
the layer better at preventing corrosion.
The materials are mixed nicely, which
makes it harder for harmful things to get
through to the surface underneath. This
helps the composite layer be more resistant
to corrosion.

The WEP coating is very good at
preventing corrosion. This is because the
coating has special fillers that are spread
out well, it creates a strong barrier, and it
works well with the surface it is on. Even
after being submerged for 30 days, the
WEP coating with a small amount of
MXene was still able to stop corrosion very
well. The coating was only about 55
micrometers thick, but it was able to stop
corrosion twice as well as the regular WEP
coating without the MXene.

The PHBN-ZIF@MBT composite material
showed strong barrier properties and the
ability to release corrosion inhibitors. After
immersion, the coating became much more
hydrophobic, with the contact angle
increasing from 78.35° to 116.8°. The
adhesion strength also improved by 82.6%.
Electrochemical Impedance Spectroscopy
analysis indicated the composite layer
maintained high impedance values even
after 28 days submerged, demonstrating
effective long-term corrosion protection.

The ZIF-8@SiO2/APTES/EP coating is
very good at preventing rust and corrosion.
In a saltwater solution, it was able to stop
99.99% of the corrosion. Even after being
in the water for 72 hours, it continued to
work very well at preventing corrosion.
Tests showed that this material formed a
thick protective layer on the metal surface.
This layer is very resistant to corrosion and
is also very stable chemically.

The special coating is very good at killing
bacteria. This is because the zinc oxide
(Zn0) layer in the coating has a very tight
structure and sticks very well to the surface.
The ZnO layer also makes it harder for the
base layer to move around in the resin. This
helps the base layer spread out evenly,
which makes the coating better at
preventing corrosion.
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Vinyl
ester-
Epoxy

Polyur
ethane

Epoxy

Epoxy

Epoxy-
PES

Epoxy

Polyur
ethane

GO
(graphene
oxide)

MMT
(montmorill
onite)

Graphene

Glass fibers

CNPs grain
size 30nm

Hexagonal
boron nitride

Cerium
oxide and
graphene
oxide
particle size
0.2-10 pm

Grafting
vanillin
silicon

and

TA
acid)

(tannic

Solution
intercalation
technique

Modified with
3-Triethoxy
silyl  propyl
amine and
grafting with
phytic  acid
and Zn?*

Unmodified

Triple-
functional
filler enhances

Straight
forward
spraying
method

Immersed
3.5wt.% NacCl

Immersed
3.5wt.% NacCl

Immersed
3.5wt.% NacCl

Immersed
3.5wt.% NaCl

NIR laser
irradiation
testing

Immersed
3.5wt.% NaCl
and Salt Spray
Test

Immersed
3.5wt.% NaCl

The composite material achieved its best
performance when 0.1% more of a certain
component was added. While the electrical
conductivity was still low enough to be
considered an insulator, the material saw a
38% increase in breaking strength, a 65.7%
increase in contact angle, and 99.03% anti-
corrosion efficiency.

The coating on this material keeps its
strong protection even after being
immersed for 50 days. The coating is about
3 times better at protecting the material
than the original uncoated material. The
coating can also repair small physical
damage to itself by using a special
chemical reaction when heated. This means
the coating is very good at preventing
corrosion and lasting a long time.

Adding 1% graphene improves the
polymer coating's protective abilities. This
is due to the graphene nanoparticles being
well-dispersed and distributed. Increasing
graphene from 0.5-3% boosts the contact
angle and reduces water absorption. But
higher concentrations lead to graphene
clumping, which decreases corrosion
resistance.

The PA-Zn?*-m-GF/WEP coating is very
good at stopping wear and corrosion when
it has 20% of a special material added to it.
After being used for 1000 times, the
coating only got about 30% thinner. Even
after being immersed for 144 hours, it was
still very good at stopping corrosion, with
a high electrical resistance.

The PES/EP-CuS coating exhibited an
impressive ability to prevent corrosion and
restore the integrity of the material while in
use, thus highlighting its resilient self-
repairing  capacity.  This  coating
demonstrated remarkable efficacy,
underscoring its capability to withstand
corrosion and repair any resulting damage.

The Ce**&PANI/h-BN composite coating
was found to be very good at preventing
corrosion. It was 55.5% and 89.67%
effective at stopping corrosion. After being
immersed for 40 days and salt spray test,
the composite coating was 13 times better
at blocking electrical signals than the neat
epoxy coating. This shows the composite
coating had much better anti-corrosion
protection than the neat epoxy coating.

Fixes any small holes or problems in the
coating, so the metal is fully protected from
corrosion. The CeO; also releases special
ions that create a new layer that protects
against corrosion even more. This makes
the coating very strong against corrosion.
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Epoxy

Epoxy

Epoxy

Epoxy

Epoxy

Alkyd

Polyur
ethane

rGO and
BTA@HMS

Chitin &
Chitosan
nanoparticle

TisC»
MXene 2D
materials

Nano silicon
dioxide

Graphene

PANI -FEZO?,

Graphene

CTAB (cetyl
trimethyl
ammonium
bromide)

Unmodified

Dopamine and
loading
corrosion
inhibitor

PFDTES via
facile spray-
coating

MAO coating
and spin
coating EP

Unmodified

N-Methyl-2-
pyrrolidone
via ultra
sonication

Immersed
3.5wt.% NaCl

Immersed
3.5wt.% NacCl

Immersed in
saline media

Immersed
3.5wt.% NacCl

Immersed
3.5wt.% NaCl

Immersed
3.5wt.% NaCl
and 1M HCI

Immersed
3wt.% NaCl
and salt spray

Even after being immersed for 27 days, the
coating is still working very well.

The coating made of different materials is
4 times better at stopping corrosion than
just neat epoxy. BTA@HMS in the coating
helps fix any damage to the coating. This
makes the coating much better at protecting
the surface underneath from corrosion. The
protection against corrosion is much
stronger, going from 60 KQ-cm? to 3410
KQ-cm?.

The coating that had 2% chitin
nanoparticles in it was stronger and better
at sticking to things. Tests also showed that
the coating with 2% chitin and chitosan
nanoparticles rusted less, was better at
holding heavy things, and could hold twice
as much weight before breaking.

The tests showed that coatings with special
ingredients to prevent rust and corrosion
worked better than regular epoxy coatings
without those ingredients. The coatings
with the special anti-corrosion ingredients
performed better in the tests.

The self-repairing coating demonstrates
remarkable corrosion resistance, as
evidenced by an almost eightfold increase
in Rct (charge transfer resistance) when
compared to untreated Q235 carbon steel
substrates. This indicates a significant
enhancement in the coating's ability to
prevent corrosion. Furthermore, the
coating exhibits excellent sustainability in
corrosion protection, as it effectively
restores its original anti-corrosion ability,
ensuring long-lasting protection against
corrosion.

The test results showed that the composite
layer had a very high corrosion resistance.
After being soaked in liquid for 40 days,
the layer had a low-frequency modulus of
6.76x10%° Q-cm?. This is about 100 times
higher than the resistance of a normal
epoxy coating. This means the composite
coating is much better at preventing
corrosion compared to a neat coating.

The coating made of polyaniline-iron oxide
and alkyd resin is better at protecting mild
steel from rust compared to just using the
neat alkyd. This is because the polyaniline-
iron oxide in the coating helps to create a
protective layer on the steel and also fills in
gaps, making it harder for rust to form.
Studies have shown that this special
coating is more effective at preventing
corrosion than the neat alkyd coating.

The coating made of PU (polyurethane)
with 1% graphene flakes had stronger
sticking power, about 2.3 MPa, compared
to neat PU. The coating with 2% graphene
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oxane
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silicate

Polysil
oxane

Vinyl
ester

Graphene
nanoplatelet
s

Silica
nanoparticle
and PS-
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Nickel oxide
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2D MXene
nanosheets

HT-PDMS
(hydroxyl-
terminated
polydimethyls
iloxane)

HDTMS
(hexadecyl
trimethoxy
silane)

Zinc-rich

PFDTMS
(perfluoro
decyltrimetho
xysilane)

Unmodified

test 5wt.%
NaCl

Water contact
angle and
surface
adhesion test

Acid and
alkali
resistance test

Immersed
3.5wt.% NaCl

Immersed
3.5wt.% NaCl
and Water
contact angle
test

Immersed 3.5
wt.% NacCl

had very good protection against corrosion.
After being immersed for 150 days or
exposed to salty air for 2500 hours, it still
had a high resistance of 2.7 x 10™° Ohm-
cm?, which means it was very good at
preventing corrosion.

The coating with 1% graphene had the
highest water contact angle of 99.75
degrees, meaning it was very water-
resistant. Adding graphene to the coating
made it degrade at a lower temperature.
More graphene also meant the coating had
less cross-linking, which made it perform a
bit worse. This was likely because the
graphene particles clumped together in the
coating.

Inclusion of silica within the composition
of the coating results in heightened surface
roughness and a significant enhancement in
its hydrophobic properties. Following a
rigorous abrasion test consisting of 90
cycles, the water contact angle on the
coating can surpass 150°. Moreover, this
particular coating demonstrates
exceptional durability against the corrosive
effects of both acids and alkalis.

The coating with 3% nickel oxide had
much less corrosion and wear compared to
the neat ethyl silicate coating. It also was
much better at preventing corrosion, going
from 3069 to 16482 ohm-square
centimeters. This is because the tiny NiO
particles in the coating can slow down the
dissolving of the zinc and make the coating
stronger by filling in small holes and
creating complex paths that are hard for
corrosion to get through.

The incorporation of SiO, nanoparticles
made the surface of the coating very water-
resistant, or "superhydrophobic”. The
water didn't stick to the surface at all. When
measured, the water made a very high angle
of 165.3° £ 1.5° on the surface. And the
water just rolled off the surface at a very
low angle of only 22° =+ 0.7°
Electrochemical Impedance Spectroscopy
tests showed the coating was almost 4
times better at preventing corrosion
compared to neat polysiloxane coating. The
addition of SiO2 particles made the surface
very water-resistant and much better at
preventing corrosion.

The incorporation of a 0.1wt.% MXene
into vinyl ester significantly improved the
layer resistance and apparent impedance,
with increases reaching 330%. The
hydrophobic MXene nanosheets acted as a
protective  shield,  obstructing the
penetration of harmful electrolytes and
creating a more complex diffusion
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pathway, thereby enhancing the overall
corrosion protection performance.

By blending 8wt.% DFHMA with 3wt.%

B-SisN4, the resulting nanocomposite
coating exhibited effective corrosion
protection and desirable hydrophobic

characteristics.

The addition of filler additives to VER
films helps disperse cobalt, improves the
crystal structure, and boosts corrosion
resistance. This is due to the creation of
IPNs within the substance. Incorporating a
TiO, and G hybrid reinforcement into the
VER matrix also significantly enhances the
corrosion  resistance and  adhesion
properties of the final film.

The original PVB/EP coating had a
corrosion resistance of 84.03% and a
contact angle of 60.43 degrees. After
adding 0.89% GO (graphene oxide), the
corrosion resistance improved to 92.57% -
an 8.54% increase. The contact angle also
increased significantly to 114.66 degrees,
indicating a major change in the coating's
surface properties.

The composite coating showed excellent
corrosion resistance, maintaining very high
electrical impedance even after 28 days
submerged. This coating also had the
ability to self-heal when exposed to light,
fully recovering within just 3 hours.

Incorporating amorphous alloys has
significantly improved the corrosion
resistance of coatings. An analysis found
that a 50% Zr-based amorphous alloy
composition showed the best performance
in reducing corrosion, outperforming the
other compositions tested.

Adding 0.75% graphene oxide to
polyurethane  coatings  significantly
improved their anti-corrosion properties.
The coatings had very high electrical
impedance that didn't decrease even after
self-healing from scratches. The coatings
also showed excellent corrosion resistance,
withstanding a 20-day salt spray test
without any visible signs of corrosion.

Enhanced protection against corrosion can
be observed in copper coated with EPMC
when subjected to a sodium chloride
solution. The incorporation of 5% MMT
clay content in the EPMC coating further
enhances the level of protection, resulting
in the highest level of resistance to
corrosion.

Epoxy's corrosion resistance can be
improved by adding a specific amount of
APTES to modify nano ZrO,. The
composite layer with 2% nano ZrO, by
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mass has an impressive impedance of
around 1.0 x 10™ Q.cm? resulting in
superior corrosion resistance.

Adding ZIF-67@DTMS nanoparticles to
epoxy coatings improves their corrosion
resistance and adhesion. The nanoparticles
form strong bonds with the epoxy and fill
in any gaps, creating a better barrier against
harmful substances. This enhances the
overall anti-corrosion performance of the
coating.

The addition of fillers significantly
enhances the corrosion resistance of epoxy
coatings. This improved protection comes
from the combined effects of passive and
active corrosion-fighting mechanisms. The
PPy@ZIF-8 particles act as passive
nanofillers that shield the surface, plus they
can self-heal by generating a protective
iron oxide and zinc hydroxide layer on the
steel.

The coating modified with FG had better
mechanical properties, more resistance to
wear, and longer-lasting protection against
corrosion compared to the unmodified EP
coating. However, the limited
compatibility between FG and the resins
made it difficult to significantly improve
the corrosion resistance.

The addition of 0.3% M-GO into a water-
based epoxy coating provided excellent
anti-corrosion properties. After being
submerged for 96 hours, the composite
coating showed very high impedance,
extremely low corrosion current, and
nearly 99.9% protection efficiency against
corrosion

The addition of BPCT nanosheets to
waterborne EP coatings improves the
coatings' ability to block harmful
substances and self-heal any defects. This
results in exceptional corrosion resistance
for the coated materials.
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5. CONCLUSION

Marine  environments  exhibit  unique
characteristics that differentiate them from other
natural conditions. These environments are
known to possess elevated levels of corrosive
elements, such as extreme humidity and
aggressive atmospheres. This makes alloys
susceptible to localized corrosion. The Society
for Protective Coatings provides valuable
recommendations on coating selection and
application.

The traditional marine coating approach
involves a layer-by-layer application of primer,
intermediate, and top coatings. The selection of
these coatings is determined by the desired
thickness required for the marine structures. For
atmospheric protection, a common practice is to
apply single or double layers of epoxy. For
enhanced performance, a more expensive system
using zinc-rich primer, epoxy, and polyurethane
can be used. Coating systems specifically
designed for atmospheric conditions are
generally utilized in intertidal and splash zones.
Submerged areas are typically coated with
single, double, or triple-layer solid epoxy.

The limitations of using single polymers as
generic coatings have led to the widespread
adoption of incorporating fillers to enhance their
characteristics and transform them into
composites. In the realm of marine coatings, the
options for fillers are currently restricted to glass
flakes and powders. The primary concern
regarding heavy-duty marine coatings is their
adhesive properties. Even the best coating
materials are useless if they don't stick well to the
surface. That's why it's crucial to carefully
formulate the entire coating system to ensure
strong adhesion. In the production of composite
coatings, the filler material must be uniformly
dispersed into the matrix. Insufficient dispersion
of fillers can result in agglomeration, impeding
the matrix from fully bonding with other fillers
and consequently diminishing the adhesion
properties. The remedy for this predicament lies
in modifying the filler with a coupling agent. For
instance, the inclusion of 2D fillers like nanoclay
can enhance the barrier effect and mechanical
properties of polymers. However, a limitation
associated with nanoclay is its layered silica
structure, which requires modification with
quaternary ammonium compounds or other
coupling agents to achieve intercalated or
exfoliated nanocomposites.

The incorporation of fillers into polymers
serves a pivotal role in augmenting their
characteristics, particularly with respect to

DOI : 10.55981/metalurgi.2024.746

corrosion resistance, in comparison to unfilled
polymers. However, it is paramount to
meticulously evaluate the filler type, particle
size, and composition. Certain fillers may
necessitate surface modification prior to
incorporation. By reducing the filler particle size
to the submicron range, the composite material
can exhibit enhanced and distinctive properties.
Conversely, an excessive filler composition
could result in agglomeration issues before the
polymer is fully cured.

This review provides a thorough and critical
examination of the development of composite
coatings and their potential use for marine
applications. The purpose of this concise review
is to contribute to exploring new filler materials
and surface modification techniques that could
improve the performance of composite coatings.
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Abstract

The realm of extractive metallurgy, a cornerstone for diverse industrial applications, has traditionally grappled
with environmental challenges stemming from conventional extraction methods. This thorough literature review
delves into the realm of innovative green approaches within extractive metallurgy, with the overarching goal of
synthesizing sustainable practices. The introduction casts a spotlight on the environmental quandaries associated
with traditional metallurgical practices, underscoring the imperative for ecologically friendly alternatives. The
research methodology meticulously entails a comprehensive review of peer-reviewed literature, applying stringent
criteria to handpick studies that delve into sustainable metallurgical practices. The results and discussion section
intricately categorizes and dissects an array of green approaches in metal extraction, including bioleaching, ionic
liquids, supercritical fluid extraction, green hydrometallurgy, electrochemical methods, and hybrid processes,
providing nuanced insights into their efficacy and sustainability. Through the lens of case studies, the study sheds
light on recent strides made by industries that have wholeheartedly embraced these sustainable practices, with a
keen focus on unraveling their consequential environmental and economic impacts. Moreover, the study
conscientiously addresses the challenges encountered in the adoption of green metallurgy and adeptly identifies
latent opportunities for further development in this transformative field. The findings resonate with a resounding
call for the widespread adoption of sustainable practices within extractive metallurgy, emphasizing their profound
implications for both industrial application and the trajectory of future research endeavors. This expanded
exploration underscores the pivotal role of environmentally conscious approaches in reshaping the landscape of
extractive metallurgy, paving the way for a more sustainable and responsible future.

Keywords: Green, extraction, metallurgy, eco-friendly, sustainability

1. INTRODUCTION extraction while remaining economically viable

The extraction of metals, a crucial process in
various industries, has historically relied on
methods  with  significant  environmental
challenges. Conventional techniques like
pyrometallurgy and hydrometallurgy involve
hazardous chemicals, high energy consumption,
and substantial waste generation, contributing to
environmental degradation. The escalating
concerns about the ecological footprint of
extractive metallurgy have led to a paradigm shift
towards green approaches. Green metallurgy,
integrating sustainable practices, aims to
minimize the environmental impact of metal

DOI: 10.55981/metalurgi.2024.748

[1].

The primary objective of this study is to
systematically explore and evaluate innovative
green approaches within the domain of extractive
metallurgy. The specific aims are as follows: To
assess and delineate the environmental
challenges associated with conventional methods
of metal extraction, including the ecological
impact on soil, water, and air quality. To conduct
a comprehensive review of peer-reviewed
literature, focusing on recent advancements and
emerging practices in green metallurgy. To
categorize and analyze various green approaches
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in metal extraction, evaluating their effectiveness
in terms of metal recovery and sustainability in
mitigating environmental impact. To present and
analyze case studies of industries that have
successfully  adopted green  metallurgical
practices, emphasizing both environmental and
economic outcomes. To identify and discuss
challenges encountered in implementing green
approaches and to explore opportunities for
further development and optimization of
sustainable metallurgical practices. To contribute
insights to the academic and industrial
communities by synthesizing current knowledge
on green approaches in extractive metallurgy, and
to propose avenues for future research and
innovation in the field. By achieving these
objectives, this research aims to provide a
comprehensive understanding of the current state
of green metallurgy, emphasizing its potential to
revolutionize extractive metallurgical practices
toward sustainability.

The literature  review  addresses  the
environmental ~ drawbacks of traditional
extractive metallurgy methods, emphasizing the
need for sustainable practices aligned with green
energy and thermal engineering principles [2]. It
aims to provide valuable insights to both
academic and industrial communities by
reviewing recent advancements, exploring
environmentally  friendly approaches, and
suggesting future research and innovation
opportunities in the field. The conceptual
framework is grounded in dimensions such as
understanding environmental challenges,
embracing green principles, exploring alternative
solvents, assessing  energy  efficiency,
considering economic viability, examining case
studies, and addressing implementation
challenges. Through these dimensions, the study
seeks to provide a comprehensive understanding
of the current state of green metallurgy and
contribute to the development of novel,
sustainable practices in extractive metallurgy [3].

2. MATERIALS AND METHODS

The research design involves a systematic
literature review to investigate and synthesize
green approaches in extractive metallurgy. Key
components include a thorough search of
databases, inclusion criteria focusing on
sustainability, data extraction, quality evaluation,
categorization based on themes, and thematic
synthesis. The design also includes an in-depth
analysis of case studies, considering both
environmental and economic perspectives. The
findings will be comprehensively discussed,
leading to conclusions and implications for

industry and future research. The research design
prioritizes recent, peer-reviewed literature,
diverse methodologies, innovative practices, and
a global perspective to compile a reliable body of
knowledge on sustainable practices in extractive
metallurgy.

A comprehensive discussion of the findings,
including the effectiveness and challenges of
green approaches in extractive metallurgy.
Formulation of conclusions based on the
synthesized knowledge, highlighting
implications for industry and future research
directions. The research design is structured to
provide a robust foundation for understanding
and evaluating the current landscape of
sustainable practices in extractive metallurgy,
with a focus on innovative and green
methodologies. Inclusion of literature directly
related to green approaches in extractive
metallurgy, focusing on sustainable practices,
environmentally friendly methodologies, and
innovations aimed at reducing the ecological
footprint of metal extraction.

3. RESULTS AND DISCUSSION
3.1 Eco-Friendly Metal Extraction Methods
The exploration of eco-friendly metal extraction
methods represents a pivotal shift in the field of
extractive metallurgy, addressing the ecological
concerns  associated  with  conventional
techniques. Several innovative approaches have
emerged, each aiming to minimize environmental
impact while ensuring efficient metal recovery.
Bioleaching involves the use of microorganisms
to extract metals from ores [4]-[7]. The flow
diagrams for bioleaching as shown in Fig. 1, is
environmentally friendly as it eliminates the need
for harsh chemicals traditionally used in
metallurgical processes. Microorganisms, such
as bacteria and fungi, catalyze the dissolution of
metals, offering a sustainable alternative with
lower energy requirements. Bioleaching has
proven effective in extracting metals from
various ores, especially for low-grade deposits.
The use of microbial activity reduces the need for
harsh chemicals, making it an eco-friendly
alternative. The bioleaching reactors use
acidophilic bacteria or fungi that oxidize the
mineral sulfides and help solubilize the metals
into the leaching solution. This is an
environmentally  friendly  alternative  to
conventional acid leaching.  Bioleaching
demonstrates sustainability by promoting the use
of natural processes and minimizing the
environmental impact associated with traditional
leaching methods. However, challenges include
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the specificity of microbial strains and the need
for optimization in large-scale applications.
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Figure 1. Bioleaching flow diagrams

The use of ionic liquids as alternative solvents
in metal extraction has gained prominence [8]-
[11], as shown in Fig. 2. lonic liquids are molten
salts at low temperatures and exhibit unique
properties, including low volatility and high
thermal stability.
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Figure 2. lonic liquids in metal extraction

Their application in metal extraction reduces
the environmental impact associated with
conventional solvents, contributing to a greener
approach. lonic liquids exhibit high metal
solubility and selectivity, making them effective
in extracting metals. Their unique properties
contribute to improved efficiency compared to
conventional solvents. While ionic liquids offer
a greener alternative to traditional solvents,

concerns related to toxicity and recyclability
need to be addressed. Ongoing research focuses
on developing more sustainable ionic liquid
formulations.

Supercritical fluid extraction, as shown in Fig.
3, involves the use of supercritical fluids to
extract metals from ores. Operating under
specific temperature and pressure conditions,
supercritical  fluids offer enhanced metal
selectivity and reduced environmental footprint
compared to conventional extraction methods
that use organic solvents [12]-[16]. Supercritical
fluid extraction enhances metal selectivity and
offers advantages in terms of reduced solvent
usage. The method is effective for certain metal
types and is especially promising for applications
requiring high purity. The use of supercritical
fluids aligns with green principles, but
challenges include high operating pressures and
the energy-intensive nature of the process.
Continued research aims to improve energy
efficiency and reduce environmental impact.
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Green hydrometallurgical processes as shown
in Fig. 4, utilize environmentally benign leaching
agents, such as water and organic acids, to extract
metals [17]-[20]. These processes avoid the use
of toxic reagents, minimizing environmental
contamination in the leaching process uses
H>SO. (sulfuric acid) and HCI (hydrochloric
acid) as reagents, resulting in the formation of
sulfate and chloride salts as separation products.
The separation products from using organic acid
leachants would typically be metal salts of those
organic acids, such as metal citrates or oxalates,
rather than metal sulfates or chlorides produced
from mineral acids. Additionally, the recovery of
valuable metals from electronic waste through
hydrometallurgical ~ routes  contributes to
sustainable  resource management.  Green
hydrometallurgical processes, utilizing benign
leaching agents, effectively extract metals from
ores and electronic waste. These processes often
achieve comparable or improved metal recovery
rates. By avoiding  toxic  reagents,
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hydrometallurgical processes contribute to
sustainability. However, considerations include
the need for process optimization, water usage,
and the management of leachate solutions to
minimize environmental impact.
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Figure 4. Green hydrometallurgical processes

Electrochemical methods as shown in Fig. 5,
such as electro-winning and electro-deposition,
provide energy-efficient alternatives for metal
recovery [21]-[24]. The electrowinning process
involves feeding a metal-bearing solution into an
electrowinning cell, where an inert anode and an
electrolyte solution facilitate the flow of ions. At
the cathode, metal ions from the solution are
reduced and plated onto the cathode surface. The
plated metal is then periodically stripped from
the cathode, yielding pure metal products.
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Figure 5. Electrochemical method

These processes often  require  lower
temperatures and can be powered by renewable
energy sources, aligning with the principles of
green chemistry and reducing the overall carbon
footprint  of  metallurgical operations.
Electrochemical methods provide energy-
efficient metal recovery with high purity. These
methods are effective for certain metals and can
be integrated into existing processes. The energy
efficiency of electrochemical methods aligns
with sustainability goals. However, challenges
include the selection of suitable electrode
materials and addressing the environmental
impact of electrode position waste.

Hybrid processes as shown in Fig. 6 combine
multiple environmentally friendly techniques to
optimize metal extraction [25]-[28]. For
example, integrating bioleaching with ion
exchange or coupling ionic liquids with

supercritical fluid extraction can enhance metal
recovery rates and reduce the overall
environmental impact. While these methods
exhibit promise in terms of environmental
sustainability, their practical implementation
faces challenges. Issues such as scalability,
economic feasibility, and process optimization
need further exploration. However, the reviewed
methods collectively represent a paradigm shift
toward greener practices in  extractive
metallurgy, providing a foundation for more
sustainable and responsible metal production.
Hybrid processes that combine multiple green
approaches often lead to improved metal
recovery rates and process efficiency. Synergies
between different methods contribute to
improved overall effectiveness. The
sustainability of hybrid processes depends on the
specific combination of methods employed.
Challenges include optimizing the integration of
different processes and addressing potential
trade-offs in terms of environmental impact.
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Figure 6. Hybrid processes

Each green metallurgical approach demonstrates
varying  degrees of effectiveness and
sustainability. The choice of method should
consider factors such as metal type, ore
characteristics, and process scalability. Further
research and innovation are essential to address
challenges and enhance the overall sustainability
of these green approaches in extractive
metallurgy.

3.2 Conventional Extraction Processes and
Transitioning to Green Extraction
Processes

Multitudes of different traditional metal
extraction processes have been implemented on
an industrial scale. Pyrometallurgy and
hydrometallurgy have been most commonly used
in industrial-scale metal recovery due to them
being effective and well-established. However,
these methods are often associated with the use
of hazardous reagents, substantial energy
consumption and waste generation, and other
significant environmental issues.
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Pyrometallurgical processes, which involve
high-temperature treatment of ores or ore
concentrations, are high-energy-consuming and
produce large amounts of greenhouse gases. In
addition, significant amounts of sulfur dioxide
and particulate matter can be emitted into the
atmosphere.

While hydrometallurgical processes work
with lower temperatures, they often include
harmful chemicals such as cyanide, acids, and
organic solvents. If not properly managed, such
chemicals get into water bodies, negatively
impacting human health and the environments.
The application of conventional extraction
processes also has a detrimental impact on the
environment outside the operational stages. The
disposal of tailings and waste streams results in
soil and water pollution, destruction of habitats,
and loss of biodiversity.

To mitigate the environmental impact of
metal extraction, a paradigm shift towards green
approaches is essential. Green extraction
processes prioritize the principles of green
chemistry, such as atom economy, waste
minimization, and the use of environmentally
benign substances. The following sections will
discuss various green approaches in metal
extraction, highlighting their advantages over
conventional processes and providing data to
support their environmental and economic
benefits.

Energy Efficiency Comparison

One of the key advantages of green extraction
processes is their potential for energy savings
compared to conventional methods. Figure 7
illustrates a comparison of energy requirements
between a conventional pyrometallurgical
process and a green bioleaching process for
copper extraction. As shown in the figure, the
green bioleaching process exhibits significantly
lower energy requirements compared to the
conventional pyrometallurgical process across
various levels of copper extraction [29]. This
energy efficiency can translate into reduced
greenhouse gas emissions and operational costs,
contributing to environmental sustainability and
economic viability. It is important to note that the
energy savings and environmental benefits of
green extraction processes may vary depending
on the specific metal, ore characteristics, and
process parameters. However, the general trend
suggests that green approaches offer a promising
avenue for mitigating the environmental impact
of metal extraction while maintaining economic
feasibility.
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Figure 7. Energy requirements efficiency comparison

In addition to energy efficiency, green
extraction processes often involve the use of
environmentally benign substances and generate
less hazardous waste compared to conventional
methods. Table 1 provides a comparison of
chemical usage and waste generation between a
conventional hydrometallurgical process and a
green ionic liquid-based extraction process for
the REEs (recovery of rare earth elements). As
shown in the table, the green ionic liquid-based
extraction process avoids the use of hazardous
acids and organic solvents, instead utilizing ionic
liquids, which are generally less toxic and can be
recycled [30]. Consequently, this green approach
generates significantly less hazardous waste
compared to the conventional hydrometallurgical
process. These examples illustrate the potential
advantages of green extraction processes in terms
of energ\-effisienay chemieal usage, and waste
minimization. However, it is crucial to conduct
comprehensive life cycle assessments and
techno-economic analyses to evaluate the overall
sustainability and economic viability of these
approaches for specific applications.

Table 1. Comparison of chemical usage and waste
generation

. Hazardous
Chemical
Process usage waste
generated
High  (acidic

Conventional Acids, organic

hydrometallurgy ~ solvents and  organic

waste streams)

- Low (ionic
Green ionic T S
o - lonic liquids liquids can be
liquid extraction
recycled)
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3.3 Research and Innovation Findings

Recent research in extractive metallurgy
emphasizes green approaches for sustainable
metal extraction [31], including innovations in
alloy production to reduce carbon emissions and
closed-loop recycling systems [32]-[33] for
efficient metal recovery. Biomimicry-inspired
metallurgical processes [34]-[35] and the
adoption of circular economy models are gaining
traction, emphasizing resource efficiency, waste
reduction, and energy-efficient  smelting
technologies. Urban mining initiatives focus on
recovering valuable metals from electronic
waste, utilizing advanced separation and
extraction technologies to contribute to resource
conservation and waste reduction. The
development and application of green solvents,
such as ionic liquids and bio-based alternatives
[36]-[37], mark a significant innovation in
replacing environmentally harmful chemicals in
metallurgical processes. A holistic approach to
sustainability involves engaging with local
communities,  collaborative  efforts, and
transparent metallurgical practices [38], [39],
demonstrating a paradigm shift towards greener
practices.  Green  metallurgical  practices
substantially reduce the environmental footprint
of metal extraction, contributing to a sustainable
resource management model. These practices
also lead to cost savings, market competitiveness,
and positive stakeholder relations [40].
Implementing green approaches demonstrates
social responsibility, positively impacting
stakeholder relations, enhancing industry
reputation, and fostering long-term partnerships.
Green practices contribute to both environmental
preservation and economic viability, establishing
a resilient foundation for the metallurgical
industry.

Advanced research explores nanotechnology
applications for more efficient and selective
metal extraction, minimizing the need for
harmful reagents [41]-[42]. Integration of
machine  learning  algorithms  optimizes
extractive processes, enhancing efficiency,
reducing energy consumption, and improving
overall performance. The implementation of
sensor  technologies  enables  real-time
monitoring, allowing for immediate adjustments
to minimize environmental incidents or
suboptimal performance. The development of
hybrid extraction systems synergistically
combines multiple green approaches [43],
enhancing metal recovery rates and overall
process efficiency. The adoption of cradle-to-
cradle design principles focuses on designing
fully recyclable products and processes,

contributing to a circular economy. Advanced
alloy design using 3D printing technologies
enables precise control of alloy composition,
optimizing mechanical properties with reduced
environmental impact. Electrochemical recovery
from industrial effluents minimizes waste and
efficiently extracts trace metals from dilute
solutions.

The application of blockchain technology enhances

supply chain transparency, tracking metal
sources and providing verifiable information
about origin and environmental footprint. Future
research may explore advanced nanomaterials,
Al and big data analytics for process
optimization, closed-loop systems, novel green
solvents, expanded electrochemical technologies,
enhanced life cycle assessment methodologies,
green additives in metallurgical processes,
collaborative initiatives for supportive policies,
and integration of smart manufacturing principles
and Industry 4.0 technologies [44]-[48]. The
evolving landscape of extractive metallurgy
offers exciting opportunities for future research
and technological advancements, aiming for a
more sustainable, efficient, and environmentally
friendly metallurgical sector.

3.4 Impact, Challenges and Opportunities

The adoption of green approaches in
extractive  metallurgy  positively  impacts
customer perception, brand differentiation, and
market share [49]. Environmentally conscious
consumers increasingly value and prefer
companies committed to sustainability. Green
practices contribute to brand differentiation,
providing a competitive edge in a market where
sustainability is a key differentiator [50].
Metallurgical companies prioritizing green
initiatives stand out, attracting environmentally
aware consumers and securing loyalty.
Embracing green approaches opens avenues for
market  expansion and  diversification.
Companies positioning themselves as leaders in
sustainable metallurgy attract a broader
consumer base and gain access to markets
prioritizing eco-friendly practices.

Adhering to green practices aligns with
regulatory  standards and certifications,
enhancing credibility and consumer trust [51].
Compliance with environmental regulations not
only meets legal requirements but also resonates
positively with environmentally conscious
customers.  Green  approaches  provide
opportunities for consumer education and
engagement. Transparent communication fosters
a sense of shared values, increasing customer
loyalty. Ethical and sustainable practices attract
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socially responsible investors, improving access
to capital for expansion and innovation. Strong
sustainability ~ profiles  enhance  investor
confidence. Sustainable marketing involves
transparent communication, leveraging
certifications, crafting compelling narratives,
transparent product labeling, collaborations with
environmental organizations, and creating
avenues for consumer engagement. Positioning
products as premium offerings with enhanced
environmental credentials and regularly sharing
updates on environmental impact metrics
contribute to a transparent marketing strategy.
Sustainable practices lead to increased customer
trust, loyalty, and advocacy. Customers prefer
products or services aligned with their
environmental values, contributing to a positive
brand perception.

The journey towards green approaches in
extractive metallurgy faces challenges such as
initial costs, resistance to change, and evolving
regulations [52]-[54]. Reliable sourcing of green
materials is crucial, and advancements in energy-
efficient  technologies present  significant
potential [55]-[57]. Smart sensor networks,
biomimicry, sustainable alloy design, and
circular economy principles offer opportunities
for further development. Overcoming challenges
requires  collaborative  efforts, proactive
adaptation to regulations, and addressing
uncertainties. Challenges include technological
gaps, initial costs, resistance to change, evolving
regulations, and sourcing green materials.
Scaling up sustainable practices, providing
adequate training, managing public perception,
and optimizing infrastructure are additional
challenges. Overcoming limitations requires
collaborative efforts, addressing uncertainties,
and aligning with sustainable practices. A
successful shift to cyanide-free extraction
methods reduced environmental impact and
operational costs [58]-[62]. Transition to energy-
efficient smelting technologies led to reduced
emissions, improved resource efficiency, and
economic benefit [63]-[64]. Implementation of
closed-loop systems reduced water consumption,
minimized environmental impact, and resulted in
cost savings. Adoption of sustainable alloy
design contributed to market differentiation,
premium positioning, increased market share,
and brand loyalty. Urban mining initiatives:
Recovery of precious metals from electronic
waste minimized environmental impact and
demonstrated economic viability. These case
studies showcase the successful adoption of
green metallurgical practices, emphasizing
environmental benefits alongside substantial

economic gains, providing valuable models for
other sectors in the industry.

3.5 Contribution and Future Research
Directions

The synthesis of current knowledge on green
approaches in extractive metallurgy is valuable
for academic and industrial communities,
offering insights for widespread implementation.
Key contributions include a systematic review
that facilitates the identification and adoption of
best practices in green metallurgy for academic
and industrial  stakeholders.  Synthesizing
knowledge enables a comprehensive
environmental impact assessment of green
metallurgical practices, influencing policy
formulation and corporate strategies [65]-[67].
The nuanced understanding of the economic
viability of green practices aids industrial
stakeholders and policymakers in making
informed decisions and conducting cost-benefit
analyses. The synthesis serves as a platform for
technology transfer and collaboration between
academia and industry, fostering a smoother
transition toward green approaches. Consolidated
knowledge forms the foundation for developing
educational resources and training programs,
enriching curricula, and preparing future
metallurgists for sustainable practices.

Looking ahead, future research and
innovation should concentrate on developing
eco-friendly alternatives to improve extraction
efficiency while minimizing the environmental
impact. Researching ways to further minimize
waste, promote recycling, and extend the life
cycle of materials for improved resource
efficiency [68]-[69]. Exploring how artificial
intelligence and machine learning can enhance
process control, predictive maintenance, and
overall operational efficiency. Delving into
biomimicry to develop sustainable extraction
methods, materials, and processes inspired by the
efficiency  of  ecosystems. Conducting
comprehensive assessments to understand the full
environmental impact of metallurgical processes
and improve supply chain resilience. Prioritizing
research on efficient and scalable methods for
extracting valuable metals from electronic
devices, reducing the demand for traditional
mining [70]-[72]. Encouraging collaboration
between metallurgy, chemistry, environmental
science, and engineering for holistic solutions.
Investigating the social impact of green
metallurgical practices on local communities,
including  community  perceptions  and
engagement strategies. The synthesis provides a
foundation for future advancements, allowing
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academic and industrial communities to
collectively contribute to the evolution of
sustainable practices in the metallurgical
industry.

Future research could explore collaborative
initiatives between industries and governments to
create supportive policies for sustainable
practices. This involves establishing frameworks
for incentive programs, regulatory standards, and
industry certifications that promote and reward
environmentally ~ responsible  metallurgical
practices. Integration of smart manufacturing
principles and Industry 4.0 technologies can
further optimize the efficiency of metallurgical
operations. 10T (Internet of Things) devices,
sensors, and real-time data analytics can be
employed to enhance process monitoring,
control, and overall resource management.
Conducting comprehensive techno-economic
analyses can provide valuable insights into the
economic feasibility of green practices. Future
research may refine and expand these analyses to
include a broader range of factors, such as market
dynamics, policy impacts, and societal benefits.
These potential future research directions and
technological developments hold the promise of
advancing the field of green approaches in
extractive metallurgy. By exploring these
avenues, researchers and industry stakeholders
can contribute to the ongoing transformation of
metallurgical ~ practices  toward  greater
sustainability.

4., CONCLUSION

The exploration of green approaches in
extractive metallurgy signifies a transformative
shift towards sustainability and environmental
responsibility. The synthesis of current
knowledge and case studies highlights progress,
challenges, and innovation within the
metallurgical industry, leading to several key
conclusions. The review shows a notable industry
shift towards sustainability, with practices
evolving to minimize environmental impact and
promote responsible resource management,
including eco-friendly extraction methods and
circular economy integration. Successful case
studies demonstrate the feasibility of balancing
environmental stewardship with economic
viability. Industries adopting green practices
achieve cost savings, improved efficiency, and
enhanced market competitiveness. The synthesis
emphasizes the importance of integrating both
environmental and economic considerations in
the pursuit of sustainability. Challenges in
implementing green approaches, such as
technological barriers and resistance to change,

are acknowledged as catalysts for innovation.
Collaboration, technological advancements, and
strategic management are identified as means to
overcome these challenges. The synthesis
highlights the resilience of the metallurgical
sector in navigating obstacles and driving
positive change.

While significant strides have been made, the
synthesis underscores the need for continued
research and collaboration. Future exploration
areas include advanced green solvents, digital
technologies, and nature-inspired design. Cross-
disciplinary collaboration, community
engagement, and a focus on social impact emerge
as crucial elements in steering the metallurgical
industry towards a sustainable future. The
progress, challenges, and untapped potential in
green extractive metallurgy contribute to
academic understanding and offer actionable
insights for industry stakeholders. As the
metallurgical sector embraces green approaches,
the synthesis serves as a call to action for ongoing
research, innovation, and collaborative efforts to
ensure a harmonious coexistence between
industrial ~ processes and  environmental
preservation.
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Abstract
Alo2sCoCrCuFeNi is a high-entropy alloy composed of transition metals, specifically designed for high-temperature
applications owing to its favorable mechanical properties, high melting point, and excellent high-temperature
resistance. This alloy has been identified as a promising material for space exploration, particularly in the fabrication
of combustion chambers and rocket nozzles by the National Aeronautics and Space Agency. Ongoing alloy
development involves modifying the elemental composition. This study reduced aluminum content in the equiatomic
AlICoCrCuFeNi alloy to Alo2sCoCrCuFeNi, followed by isothermal oxidation treatments at 800, 900, and 1000°C. A
series of experiments were conducted to investigate the microstructure stability and oxidation behavior of the
Alo2sCoCrCuFeNi alloy. The alloying elements were melted using a single DC electric arc furnace, followed by
homogenization at 1100°C for 10 hours in an inert atmosphere. Subsequently, samples were cut into coupons for
isothermal oxidation testing at the desired temperatures for 2, 16, 40, and 168 hours. The oxidized samples were
characterized using XRD (x-ray diffraction), SEM (scanning electron microscopy) equipped with EDS (energy-
dispersive X-ray spectroscopy), optical microscopy, and Vickers hardness testing. The as-homogenized alloy consisted
of two constituent phases: an FCC (face-centered cubic) phase in the dendritic region and a copper-rich FCC phase
in the inter-dendritic region. The oxides formed during the oxidation process included Al.Os, Cr.03, Fes04, CoO,
CuO, NiO, and spinel oxides (Co, Ni, Cu)(Al, Cr, Fe), Q4), with distinct formation mechanisms at each temperature.

Keywords: High-entropy alloy, isothermal oxidation, FCC structure, high temperature, phase stability

1. INTRODUCTION temperatures, stresses, pressures, and exposure to
Equipment and machinery employed in high- o>§idative and corrosive conditions. N
temperature  applications, including rocket Nickel-based ~superalloys ~were traditionally
nozzles, nuclear reactor piping systems, aircraft considered the most_sunable materials for high-
and power plant gas turbine blades, power plant temperature applications [1]-[3]. However, these
boilers, steam turbines, and combustion engine alloys have now reached_ the_lr operational
exhaust facilities, necessitate materials capable of temperature limits. A y'-NisAl is an ordered,
enduring  elevated  temperatures.  These cc_)herent precipitate that significantly strengthens
components demand properties essential for nickel-based superalloys. When the temperature
operation in environments characterized by high exceeds their y-NiAl/y'-NisAl equilibrium solvus

temperature, complete dissolution of the y'
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precipitate occurs, leading to a relatively weak y
solid solution matrix [4]-[5].

Among numerous potential materials, HEAs
(high entropy alloys) offer a promising solution
to the challenge of balancing high-temperature
strength with oxidation and corrosion resistance.
HEAs differ from conventional alloys by having
equal molar concentrations of each constituent
element [6]. These alloys exhibit four primary
effects: high entropy, lattice distortion, sluggish
diffusion, and the cocktail effect. The cocktail
effect allows for tailoring alloy properties
through adjustments in elemental composition
[7].

HEAs also referred to as multi-component
alloys, have been developed specifically for high-
temperature applications. This category includes
refractory high entropy alloys (RHEAs) and
transition metal high entropy alloys (TM-HEAS).
RHEAs, such as VNbMoTaW, MoNbTaW, and
CrMoTaNDb, are renowned for their exceptional
mechanical properties [8]. However, they can be
brittle and costly due to the use of refractory
elements. TM-HEAs are composed of more
affordable elements, including Fe, Al, Co, Ni, Cu,
Ti, and Cr [9]. Some elements, such as FeNi, Cu,
and Al, have also been produced in Indonesia.
HEA composed of transition metals, such as
AICoCrFeNi, AICoCrCuFeNi, and CoCrFeNiTi
[6], have been extensively studied. Lu et al. [10]
observed that a decreased diffusion rate of
aluminum in AICoCrFeNi alloys leads to a lower
oxidation rate, thereby improving their oxidation
resistance. Butler et al. [11]-[12] evaluated the
influence of aluminum content on the oxidation
behavior of as-cast AIXCoCrFeNi at 1050°C.
They determined that alloys with relatively low
aluminum levels developed discontinuous
chromium oxide (Cr203) layers on the outer
surface and internal aluminum oxide (Al2Os)
scales. Conversely, alloys with higher aluminum
concentrations developed a continuous Al;O3
layer. However, due to its high aluminum
content, the equiatomic AICoCrCuFeNi often
exhibits brittle behavior. The study sought to
reduce the aluminum content of the equiatomic
AICoCrCuFeNialloy to Alo2sCoCrCuFeNi. The
objective was to evaluate the impact of this
reduction on the alloy’s isothermal oxidation
resistance, microstructure stability, and hardness.

2. MATERIALS AND METHODS

A vacuum arc furnace produced the high
entropy alloy with a nominal composition of
Al0.25CoCrCuFeNi under an argon atmosphere
on a water-cooled copper mold. The purity of
each element metal was more than 99.7 wt.%.

The ingots were flipped and re-melted at least
five times to ensure the homogeneous
composition obtained. The homogenization was
further carried out using a horizontal tube furnace
under an argon atmosphere with a flow of 10
mL/min for 10 h at 1100 °C. Specimens with
dimensions of approximately 7.5 mm x 4 mm x 2
mm were extracted from the ingots for the
oxidation test. The specimens were oxidized at
800, 900, and 1000 °C in laboratory air, with 2,
16, and 40 h exposure times for each temperature.
An extended oxidation test for 168 h was
conducted at 1000 °C to observe oxidation
behavior further. Isothermal oxidation tests were
performed in a horizontal tube furnace in which
both ends of the tube opened and can achieve a
maximum working temperature of around
1200 °C.

During oxidation tests, specimens were placed

in alumina boats and positioned in the heating
zone once the target temperature was reached.
They were then removed from the furnace and
allowed to cool in the air once the oxidation tests
were completed. One specimen was used for each
oxidation test. After each oxidation test, the
sample was weighed using an analytical balance
with an accuracy of 0.1 mg.
The phase constitution of the oxidized sample
and oxidation product were characterized by
XRD (x-ray diffraction) SmartLab, Rigaku using
Cu-Ka radiation (A=0.154 nm) functioning at 40
kV. Microstructure and chemical composition
were studied using an optical microscope and
SEM (scanning electron microscope) JCM-7000
NeoScope™, JEOL equipped with an EDS
(energy dispersive spectrometer).The cross-
section surface was subject to mechanical
polishing but not etching. The Vickers hardness
test was conducted on a polished cross-sectional
surface using a diamond pyramid indentation
undera 98.07 N load applied for 20 s. Five
indentations were measured to obtain an average
value of each sample.

3. RESULTS AND DISCUSSION
3.1 Microstructure Analysis and Hardness
of Alp25CoCrCuFeNi

Previous studies [13]-[14] have reported that
the Alp3CoCrCuFeNi alloy consists of a DR
(dendritic region) with an FCC (face-centered
cubic) microstructure and an inter-dendritic
region (ID) with Cu-rich FCC microstructure.
Butler, et al. [11] also investigated the oxidation
behavior of Alx(CoCrFeNi)iox alloy (x = 8, 10,
12, 15, 20, 30 at.%) and confirmed that the
microstructure of high entropy alloy with low Al
content is FCC, whereas those with high Al
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content exhibit a BCC (body-centered cubic)
structure.

According to the phase diagram constructed
by Turchi et al. [1], the Alo2sCoCrCuFeNi alloy
exists in equilibrium with the FCC phase and a
Cu-rich FCC phase at 800, 900, and 1000 °C. To
predict the crystal structure of the alloy, the VEC
(valence electron concentration) was calculated.
A VEC of 8.52 for Alo2sCoCrCuFeNi indicates
the stability of the FCC structure [13]. Other
thermodynamic  parameters, including the
entropy of mixing (ASmix), enthalpy of mixing
(AHmix), atomic size mismatch (8), and mixing
parameter (), were also calculated and found to
be 14.34 JK'mol?, 0.62 kJmol?, 3.18%, and
40.19, respectively.

As illustrated in Fig. 1, the microstructure
reveals that the dark-colored inter-dendritic
region exhibits a Cu-rich FCC structure, while the
bright-colored dendritic region possesses an FCC
structure. According to Table 1, the inter-
dendritic  section contains the  highest
concentration of copper at 63.91 at% as
determined by EDS. The segregation of copper in
the inter-dendritic regions can be attributed to the
bonding energy between copper and other
elements. Copper exhibits a positive enthalpy of
mixing with cobalt, chromium, iron, and nickel,
which are 6, 12, 13, and 4 kJ/mol, respectively
[14].

Figure 1. Microstructure of as-homogenized Alo.2sCoCrCuFeNialloy. (a) Optical microscope showing dendritic and inter-dendritic
areas at high magnification, (b) Backscattered electron image showing dendritic and inter-dendritic areas. Point 1-3 indicate EDS

point analysis

This suggests that copper tends to avoid
bonding preferentially with the dendrite part,
which is enriched in cobalt, chromium, iron, and
nickel. Table 1 further demonstrates that the
inter-dendritic region exhibits a higher aluminum
content than the initial composition, while the
copper in the dendritic region displays a lower
concentration of approximately 9.89% compared
to the initial composition of 19.05%.

Table 1. Chemical composition of as-

homogenizedAlo2sCoCrCuFeNi obtained from EDS point

analysis

Point Elements (at.%o)
Al Co Cr Cu Fe Ni

1 105 319 151 639 276 180
6 1 7

2 569 225 215 989 213 203

6 4 4 4

3 163 212 185 118 175 177

0 0 0 3 7 8

Figure 2 illustrates the average hardness
values of the as-homogenized Alo 2sCoCrCuFeNIi.
The hardness test results indicate a general trend

of decreasing hardness with increasing exposure
time.
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Figure 2. The hardness value of the Alo.2sCoCrCuFeN:i alloy
at various temperatures as a function of exposure time.
(Initial means as-homogenized alloy)

This decrease in hardness is attributed to the
reduced Al content, which becomes concentrated
at the substrate due to the diffusion of Al atoms
to the metal/oxide interface to form a protective
Al,O3 layer. During oxidation, Al is consumed to
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create this protective layer, resulting in a
concentration gradient that drives the diffusion of
Al atoms from the substrate to the surface.
Aluminum has a larger atomic radius (143 pm)
than the other alloying elements (ranging from
124 to 128 pm). Consequently, a decrease in Al
content leads to a reduction in lattice distortion
within the alloy [15].

3.2 Oxidation Kinetic

Figure 3 presents the specific weight gain of
the Alo2sCoCrCuFeNi alloy during isothermal
oxidation testing within the 800-1000 °C
temperature range. At 800 and 900 °C, no
substantial weight gain was observed, and the
oxidation profile exhibited steady growth.
However, at 1000 °C, a significant increase in
weight gain was noted after 40 h of oxidation,
suggesting a rapid oxidation rate.

During the initial stages of oxidation, an
astable oxide scale was observed for up to 16 hat
all oxidation temperatures. However, the alloy
demonstrated a sudden increase in oxidation rate
after prolonged exposure at 1000 °C, resulting in
rapid oxidation. To gain further insights into its
oxidation behavior, the oxidation test was
extended to 168 h, revealing a semi-parabolic
oxidation profile.
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Figure 3. Oxidation weight gain of the Alo.2sCoCrCuFeNi
alloy at 800-1000 °C

In summary, the oxidation resistance of the
AlosCoCrCuFeNi is strongly influenced by
temperature and time. However, the primary
objective of this study is to elucidate the
oxidation mechanism and morphology of the
formed oxides, rather than delving into detailed
information on oxidation Kkinetics, such as the
oxidation rate.

3.3 Oxide Scale Morphology

Figure 4 presents the XRD diffractogram of
the alloy at 800-1000 °C. The diffractogram
patterns indicate the formation of Al;Os, Cr,0s3,

NiO, CoO, Fes0s4, CuO, and spinel. All types
ofAl,Osformed were transient oxides, with
variations such as y-Al;0s, 5-Al;03, and 6-Al,03
at 800, 900, and 1000°C, respectively. However,
these transient oxides exhibit poor oxidation
resistance [16]. Additionally, an alloy substrate
consisting of FCC and Cu-rich FCC phases was
detected at all temperature ranges.
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Figure 4. The XRD diffractogram of the Alo.2sCoCrCuFeNi
alloy at (a) 800 °C, (b) 900 °C, (c) 1000 °C

Figures 5-7 illustrate the morphology of the
oxide layer formed on the surface of
AlosCoCuCrFeNi for samples held at 800, 900,
and 1000 °C for 40 h, as well as samples held at
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1000 °C for 168 h in Fig. 8. The composition of
the formed oxides in Fig. 5(a), as presented in
Table 2, is predominantly composed of Cu and
Cr, with respective compositions of 23.03 at%
and 14.38 at.%.

Figure 5(b) depicts the oxide morphology,
which is dominated by Al, followed by Cr with a
composition of 33.83 at% and 8.12 at.%,
respectively. In Figure 5(c), the morphological
image reveals a small plate-like shape of a spinel
oxide composed of Al-Cr-Cu-Fe.

Table 2. Chemical composition of oxidized sample at 800 °C
for 40 h according to EDS point analysis in Figure 5

Point Elements (at.%0)

Al Co Cr Cu Fe Ni O

1 156 42 143 230 215 15 530

2 8 3 8 7

2 338 24 812 211 324 24 482
3 4 4 9

3 172 34 130 9.08 103 26 442
3 0 0 4 9 7

Figure 5. Surface morphology of sample at 800 °C for 40 h

In the sample oxidized at 900 °C for 40 h, a
thin oxide layer formed on the surface. SEM
analysis revealed that certain portions of the
oxide had peeled off, as illustrated in Figs. 6(a)
and 6(c).

The composition of these peeled-off sections
corresponds to Aly2sCoCrCuFeNi, except Cu
(see Table 3). Figure 6(b) depicts a thin plate-like
structure with Al as the dominant element,
indicating the formation of Al,Os oxide.

Table 3. Chemical composition of oxidized sample at 900 °C
for 40 h according to EDS point analysis in Figure 6

The outermost oxide layer formed on the
surface of the samples oxidized at 1000 °C for 40
h and 168h is predominantly composed of Cu.

Table 4. Chemical composition of oxidized sample at
1000 °C for 40 h according to EDS point analysis in
Figure 7

Point Elements (at.%0)
Al Co Cr Cu Fe Ni o]
1 229 050 056 3978 0.28 0.87 5572
2 070 115 - 5451 0.04 0.04 4356
3 015 131 008 4964 0.08 0.64 48.10

Point

Elements (at.%)

Al Co Cr Cu Fe Ni O

3172 048 159 1.06 0.35 0.43
4.20 217 219 526 2148
9 9

64.37
19.78 5.50
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Figure 6. Surface morphology of sample at 900 °C for 40 h
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Figure 8. Surface morphology of sample at 1000 °C for 168 h
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EDS point analysis of Figs. 7 and 8 indicate
that the outermost oxide layer is dominated by
Cu, as shown in Tables 4 and 5. The resulting
CuO oxide layer exhibits a dense and non-porous
structure.

Table 5. Chemical composition of oxidized sample at
1000 °C for 168 h according to EDS point analysis in Figure
8

Point Elements (at.%6)

Al Co Cr Cu Fe Ni O

1 0.05 235 - 4208 013 161 53.78

3.4  Cross-section Analysis

Figures 9-11 depict the X-ray mapping of the
alloy cross section after oxidation testing at 800,
900, and 1000 °C for 2 h. At 800 °C, a thin oxide
layer dominated by Al and Cr formed on the
sample surface, as shown in Fig. 9. Meanwhile,
the oxide layer at 900 °C is composed of a
mixture of elements, including Al, Co, Cr, Cu, Fe,
and Ni. Internal oxidation occurred due to the
formation of transient oxides during the initial
oxidation period. These lower oxides allow
anions to diffuse faster than cations, resulting in
the formation of a mixed oxide layer with a
predominance of Al and Cr along the inter-
dendritic phase.

Figure 11 illustrates the oxide layer formed at
1000 °C, which consists of a mixture of Al, Co,
Cr, Cu, Fe, and Ni. The order of oxide layer
formation aligns with the stability of oxide
compounds as depicted in the Ellingham-
Richardson diagram. Each layer is dominated by
a particular oxide, with the order from lowest to
highest stability being Al,Os, Cr,0s3, spinel ((Co,
Ni, Cu)(Al, Cr, Fe);0.), a mixture of simple
oxides (Fes04, CoO, NiO), and CuO. The Al,O3
layer was only partially formed due to Al
depletion near the surface. Consequently, other
elements are more likely to form oxides at a faster
rate. At 1000 °C, CuO formed in the upper layer
due to the dominant presence of Cu in the inter-
dendritic region. In contrast, Y. Y. Liu et al. [15]
investigated the oxidation of AlCoCrCuFeNi
alloy at 1000 °C for 100 h and found that CuO
oxide did not form in the outer layer of the oxide
layer due to the poor adhesion properties of Cr,0s
oxide, which led to excessive exfoliation.

3.5 Oxidation Mechanism

The oxidation of the alloy can lead to the
formation of a mixed oxide compound. When
considering oxide formation, it is essential to
account for the stability of the oxide-forming
elements within the alloy. Several factors
influence the kinetics of alloy oxidation,
including the diffusivity of oxygen and the
propensity of the alloying elements to react with
oxygen. As a result, the oxides formed will
exhibit varying growth rates, and the composition
of the oxide at the metal/oxide interface will
gradually change. The oxide with the highest
concentration will ultimately dominate the
growth of the oxide layer in that region.

Figure 12 illustrates the oxidation mechanism

of the alloy at 800 and 900 °C. The oxidation
process begins with the interaction of oxygen
with the substrate surface, where oxygen ions
(anions) react with metal ions (cations) on the
substrate. In the early stages of oxidation, a thin
oxide layer or transient oxides, such as FeO,
CoO, CuO, NiO, and spinel
((Co,Ni,Cu)(Al,Cr,Fe),0,), forms on the metal
surface. During exposure, oxygen diffuses
through the transient oxide layer. According to
the Ellingham-Richardson diagram, Cr and Al are
the elements most likely to react under these
conditions. This reaction leads to the formation of
a Cr,03 layer, which reduces the pO, within the
substrate, facilitating the subsequent formation of
an Al;Os layer. The Al,Os layer exhibits more
stable properties at low oxygen activity. Both
Cr,0; and Al;Os layers will thicken, further
reducing the oxygen activity in the substrate.
As oxidation exposure time increases, an Al.Os;
layer is anticipated to form uniformly and
protectively on the alloy surface. However, the
Al>O3 formed is a transient alumina (y-Al.Og, 5-
Al;Os, 6-Al203) that is less protective compared
to a-Al2Os. This less protective nature allows for
the diffusion of oxygen ions into the substrate
through the oxide layer. If the oxygen content
within the alloy exceeds its solubility limit,
internal oxidation will occur beneath the oxide
layer.
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Figure 9. EDS mapping of cross-section sample at 800 °C for 2 h
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Figure 10. EDS mapping of cross-section sample at 900 °C for 2 h
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Figure 11. EDS mapping of cross-section sample at 1000 °C for 2 h

In this alloy, internal oxidation predominantly
occurs along the inter-dendritic region, resulting
in the formation of Al;Os along with small
amounts of Cr,0O3z and CuO. Other elements will
also form oxides, such as Fe;Os4, CoO, CuO, NiO,
and spinel ((Co,Ni,Cu)(Al,Cr,Fe),04). CuO
oxide is formed on the surface of the oxide layer

parallel to the inter-dendritic area due to the high
Cu content in that region.

The  oxidation  mechanism  of the
Al sCoCrCuFeNi alloy at 1000 °C deviates from
the previous mechanism due to the absence of a
continuous Al,O; layer, rendering it non-
protective.
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Initially, Cr,Os forms during oxidation,
followed by the formation of non-continuous
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Figure 12. Illustration of oxidation mechanism of Alo.sCoCrCuFeNi alloy at 800 and 900 °C. (a) = (b) = (c) = (d)

This depletion is attributed to the slower
diffusion rate of Al compared to other elements.
The order of diffusion speed for elements from
the lowest is as follows: Al, Cr, Ni, Co, and Fe.
This sequence results in the formation of oxide
layers such as Cr.0s, Fez04, CoO, NiO, and CuO,

as well as spinel ((Co,Ni,Cu)(Al,Cr,Fe)204), on
the outermost layer of the oxide scale.

CuO is formed in the outermost layer of the
oxide layer in Cu-rich inter-dendritic areas.
Consequently, the diffusion of Cu will occur
extensively in multiple directions as illustrated in
Fig. 13.
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Figure 13. Illustration of oxidation mechanism of Alo2sCoCrCuFeNi alloy at 1000 °C. (a) = (b) — (c)

4. CONCLUSION

The oxidation behavior and microstructural
evolution of the Alo2sCoCrCuFeNi HEA were
examined at 800, 900, and 1000 °C for 2, 16, and
40 h. SEM-EDS confirmed that this alloy consists
of an FCC phase in the dendritic region and a Cu-
rich FCC phase in the inter-dendritic regions,
consistent with the Hume Rothery rules and
valence electron concentration value. The oxides
formed during the oxidation process include
Al203, Cr203, Fe304, CoO, CuO, NiO, and spinel
oxides (Co,Ni,Cu)(Al,Cr,Fe),04), with distinct
formation mechanisms at a temperature below
900 °C compared to those at or above 1000 °C.
All types of Al,O3z formed were transient oxides,
with variations such as y-Al;Os, 6-Al>03, and 6-
Al,O3 at 800, 900, and 1000 °C, respectively.
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