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ARTICLE INFO ABSTRACT
Keywords: The continued utilization of copper and copper-based alloys is significantly threatened by various forms of
Copper alloys corrosion that result from exposure to corrosive environments. Corrosion of copper and copper-based alloys such

materials degradation
failure analysis
stress corrosion cracking

as brass, bronze, and cupronickel occurs when these materials are subjected to different environmental condi-
tions, including moisture, pollutants, acids, and other reactive agents. Although copper and its alloys possess
microstructure good natural resistance brought on by the development of a protective oxide layer, exposure to aggressive
grain boundary conditions, such as chlorides, pollutants, and mechanical stresses, can lead to corrosion problems. The devel-
corrosion protection opment of surface films and the processes by which copper-based alloys corrode are covered in this thorough
surface modification review. The main elements that affect how copper and copper-based alloys corrode are also highlighted. A
significant focus of this review is on mitigation strategies to increase the lifespan of copper and copper-based
alloys. Several methods have been summarized, with particular emphasis on the utilization of inhibitors and
anticorrosion coatings. The use of inhibitors and anticorrosive coatings, including organic compounds, plant
extracts, and polymers, has proven effective in enhancing copper and copper-based alloys resistance to corrosion,
with inhibition efficiencies ranging from 80% to 95%. For example, an extract from Pyracantha fortuneana in 0.5
M H3S04 achieved an inhibition effectiveness of 95% at an inhibitor concentration of 600 mg/L. The insights
obtained from this review will inform future research initiatives and the application of copper and copper-based
alloys across a variety of industries. The primary objective will be to develop copper alloys that possess self-
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healing capabilities, as well as self-healing anticorrosion materials. Such advancements have the potential to
represent a significant leap forward for critical applications in the aerospace, power plants and marine sectors, in
addition to other high-temperature environments.

1. Introduction

Copper (Cu) and copper-based alloys are one of the significant cat-
egories of commercial metals. Among their many qualities are their
exceptional corrosion resistance, superior strength and fatigue resis-
tance, excellent electrical and thermal conductivity, and attractive look
[1]. In the upcoming years, the global copper market is anticipated to
rise significantly due to the growing need for creative and sustainable
products as well as the increased acceptance of technology [2]. This
demand is expected to be driven by the growth of renewable energy in
addition to sectors such as electrical, electronic, construction, automo-
biles, power, marine, and oil and gas where copper and copper-based
alloys are already highly utilized. These materials are utilized in the
manufacture of solar panels and wind turbines as well as notable ap-
plications including surgical equipment and biological implants, heat
exchanger tubes in flash systems in desalination plants, pipe systems in
offshore platforms, and ships and power plants, and so on. The
numerous important causes, such as growing consumer demand, tech-
nological developments, and changing customer preferences, are ex-
pected to drive the rising demand.

The widespread application of copper and copper-based alloys to
fabricate structures and components commonly use in various sectors is
as the result of their good machinability, increased electrical and ther-
mal conductivities, antimicrobial and antibacterial activities, and
biofouling resistance [3-7]. copper and copper-based alloys when
exposed to aggressive environmental conditions are known to possess
good resistance to corrosion because a protective corrosion product
layer forms, which decreases ion diffusion and corrosion rates [8]. The
protective layer of corrosion product developed on this materials after
exposure to corrosive environment has been established to be a duplex
layer consisting of a cupric hydroxyl chloride (Cuz(OH)3Cl) outer layer,
covering a cuprous oxide (CupO) inner layer that is compact, with the
alloying elements added, the corrosion resistance is increased by filling
cation vacancies [9-11]. Additionally, for copper and copper-based al-
loys exposed to atmosphere, the common term used to describe the
mechanisms governing the development and expansion of corrosion
products is "patina evolution" [12]. This development establishes the
material’s corrosion performance and surface appearance and is
dependent on the current climate, environmental factors, and pollutant
levels. The spontaneous formation of the surface film copper and
copper-based alloys when exposed to corrosive environment is the first
line of defense.

To enhance specific properties of metals such as Cu, alloying ele-
ments are frequently added in small amounts. Cu is alloyed to change
color or gain or lose strength, hardness, electrical and thermal conduc-
tivity as well resistance corrosion. The resistance to corrosion of Copper-
based alloys is found to be improved by the addition of alloying elements
like Ni and Fe [13,14]. Copper-based alloys contain 1 — 2 % Fe which
improve erosion and corrosion resistance (e.g., Cu-10% Ni-2% Fe), UNS
C70600 and Cu-30% Ni-30%- 1%Fe, UNS C7150011 [15,16]. In addi-
tion to copper-nickels, several alloys of Cu have been produced for
various applications by incorporating of one or more alloying elements
such as Zn (Brass), Zn and Pb (Leaded brass), Zn. Sn and Pb (Tin brasses),
Cu, Al, Ni, Fe, Si and Sn (Aluminium bronzes), Cu, Si and Sn (Silicon
bronzes), Cu, Zn, Mn, Fe and Pb (Manganese bronzes) and so on.

However, copper and copper-based alloys suffer premature failure
due to corrosion which may be due to (1) material characteristics,
including contaminants, grain boundary flaws, microstructure in-
homogeneity, and alloying element segregation [17,18], and (2) envi-
ronmental factors, such as water contamination from hydrogen sulfide

ions [19], increased or disrupted flows [20,21]. Corrosion is a broad
term for a deterioration process that metallic materials undergo when
exposed to specific environmental factors [22]. This process involves
chemical reactions that have the potential to drastically change the
characteristics of the metallic material. The corrosion process electro-
chemically oxidizes metallic objects to produce ions, oxides, or other
chemicals [23]. Corrosion can happen in a variety of environments and
fluids, including acidic, alkaline, and aqueous solutions. Certain ions
that are corrosive, such as halide ions and different ions that contain
sulfur can also lessen the corrosion resistance of a material [24]. In
general, corrosion shortens the material’s service life and lowers its
performance [25]. Corrosion causes significant losses in industries when
it comes to the replacement and repair of various equipment and facil-
ities. Corrosion costs are estimated to be approximately 3.5% of the GDP
of wealthy countries [26]. Corrosion is therefore acknowledged as a
significant issue that either directly or indirectly results in enormous
financial losses [27].

There are several forms of corrosion of copper and copper-based
alloys. One of the first known instances of corrosion of copper and
copper-based alloys is stress corrosion cracking [1]. Atmospheric
corrosion of copper and copper-based alloys used in architectural and
artistic works is well documented [12]. It is also intimately linked to the
visually attractive greenish patinas that are created after prolonged at-
mospheric exposure. The wealth of ancient artifacts made of copper
offers an archive of stability overtime that helps confirm corrosion
models for the long-term storage of radioactive waste. General, galvanic,
and erosion-corrosion of copper and copper-based alloys are well
documented.

To fully comprehend the corrosion of these alloys in aggressive
environment and the implications of various factors (material and
environmental) on the corrosion of copper and copper-based alloys in
different environments, an assessment of existing literature becomes a
necessity. In this in-depth review, the corrosion, factors influencing
corrosion and mitigation strategies to elongate the service life of copper-
based alloys are discussed. This review seeks to highlight how each
factor influences the corrosion of copper-based alloys and the best
mitigation approaches that can improve the performance and elongate
the service life of the alloys. This comprehensive review will be of
immersed benefit to beginners and seasoned researchers in related
fields.

1.1. Copper and copper-based alloys performance

The unique capabilities of copper and copper-based alloys in com-
parison to other corrosion-resistant alloys can be partially explained by
the Pourbaix diagram for the Cu-HO system at 25°C as shown in Fig. 1a.
From the diagram, there exists a stable water domain between two
dashed lines, a and b. It is evident that there is some overlap between the
water’s stability domain and the immunity domain of copper. It is
obvious from this that copper will not corrode in water without oxygen.
When some metals are exposed to a de-aerated atmosphere, corrosion
occurs. Metal dissolution occurs in the anodic reaction, whereas the
cathodic reaction involves the electrolyte evolving hydrogen gas.
Nonetheless, the corrosion domains show that Cu is more prone to
corrosion in the presence of oxygen. In particular, the reduction of ox-
ygen to generate hydroxide ions is the main cathodic mechanism for Cu
corrosion in aqueous systems. The numbers in the diagram that are
circled show the existence of a chemical reaction and the activity of
dissolved species, at which other numbers are used to represent the lines
that were calculated.
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Fig. 1. Pourbaix diagram for (a) Cu-H,O system at 25 °C [28] and (b) copper in
seawater at 25 °C [29] and.

The Pourbaix diagram was also determined for copper in seawater at
25 °C as displayed in Fig. 1b. In contrast to Fig 1a, Fig. 1b examines the
interactions between copper and water (H20) and chloride ions(Cl.7).
Consequently, the diagram shows the presence of two new chemical
species: Cup(OH)3Cl and CuCl. Moreover, because of these novel com-
positions, the range that each species lives in is distinct.

2. Surface film formation and failure mechanism of copper-
based alloys

Copper and its alloys enjoy several beneficial properties including
excellent mechanical properties, electrical conductivity, heightened
corrosion resistance, and anti-biofouling properties. These have
encouraged the application of copper and its alloys in several sectors
such as in mechanical products (machine parts, pipes, bars, etc.), marine
installations, energy and natural gas piping systems, and automotive and
electrical devices. The inherent anti-corrosive properties of copper and
its alloys rely on the formed protective oxide layer on its surface. It can
form some sort of nonconductive layer or passive (oxide) protective film
that can mitigate corrosion in the atmosphere and some aqueous envi-
ronments [30]. However, in aggressive environments, the oxide is
porous and not impermeable to the corrosive species. In an alkaline
medium, Cuy0 can transform to Cu(OH); in the porous layer which can
be partially hydrated forming Cu(OH)4 resulting in the destruction of the
protective film [31]. In low pH or acidic environments, however, the
protective oxide products (i.e. CuO and Cuy0) are quite unstable and
readily under dissolution to produce Cu(Il). Furthermore, chloride ions
ubiquitous in seawater are one of the most aggressive ions that destroy
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the protective layer in copper. The reaction of cuprous ions with chlo-
ride to form insoluble CuCl may occur. Thus, with the continued pres-
ence of chlorides, more of CuCl converts to a highly soluble CuCl;
complexes which are further oxidized to CupCl(OH)3, making copper
dissolve. Consequently, the presence of chloride triggers copper corro-
sion even in neutral environments [32,33]. The general process of
copper corrosion in different environments can be summarized in
equations 1-10:
The oxide formation of copper in ambient environments follows:

2Cu+ 1/20, »CuO 1)
In chloride-rich environments:

Cu+ 1/2Cl; —CuCl 2)

Cu,0+ ClI” + 2H,0 — Cug(OH)3C1 + H" + 2e 3)
In acid environments:

2Cu0 + HCl + H,0 —Cu,Cl(OH), )

3Cu0 + H,0 + SO, +1/20,—CuS0,.2Cu(OH), (5)
The general anodic process can be represented by:

Cu— 2e —Cu*" 6
The cathodic process can be represented in equations 7-10:

Cu+ 2H,0 + 4e” —-40H (@]

During the oxygen reduction process, an indirect route can generate
hydroperoxide (HO3) as an intermediate following [34,35]:

0, + H,O+ HO, + OH~ (8)

HO; + H,0+ 2e” — 30H" ©)
During hydrogen evolution cathodic process:
2H" + 2e” — H, (10)

In acidic systems, and even in saline environments, metals can
induce hydrogen evolution by catalysing the hydrogen evolution
cathodic route by reducing hydrogen protons (H") from the aqueous
solution (water). This promotes crevice corrosion [34].

The microstructural details of the corrosion processes in copper-
based alloys show the formation of various oxides when exposed to
harsh environmental conditions. For example, beneath the rhythmic
waves of the open sea, a cupronickel pipe lies still, its once gleaming
surface starting to dull with age. Composed primarily of copper and
nickel, this alloy was crafted for strength and is well-known for its
remarkable resistance to the corrosive effects of the ocean. On contact
with seawater, oxygen and moisture began to react with the copper
atoms in the alloy leading to the formation of a thin, reddish, compact
protective cuprous oxide (CupO) as shown in equation below.

ch.lJr + 1/202 + Hzo - Cu20+ Ht (11)

Beside the copper atoms, nickel, the silent partner, also played its
role: In alkaline and neutral water, nickel hydroxide is form.

Ni+ H,O — Ni(OH), 12
And in more oxidizing conditions:
2Ni+ O, —2NiO 13)

This NiO or Ni(OH): layer intertwined with the copper oxide,
creating a complex, multi-layered passive film, that grew and thickened
with time, protecting the pipe like a second skin.

Increasing the nickel (Ni) content enhances the corrosion resistance
of copper alloys. For instance, Cu-30Ni typically exhibits higher corro-
sion resistance than Cu-10Ni. However, when the nickel content exceeds
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40%, any additional nickel can actually reduce corrosion resistance.

Iron (Fe) also contributes to corrosion resistance. A moderate Fe
content of 0.5% to 2.0% helps refine the crystal structure and improve
corrosion resistance by reducing defect concentration and increasing the
compactness of the Cuy0 layer. However, if the Fe content surpasses this
range, it can lead to the precipitation of Ni-Fe in the substrate, resulting
in the formation of loose and porous oxide layers [36].

Within this metallic structure, subtle imperfections have emerged.
Grain boundaries which minute seams between crystalline formations
developed during the solidification process. Typically inactive, these
boundaries now serve as susceptible channels through which chloride
ions from seawater began to permeate. In specific regions, the addition
of trace amounts of iron and manganese during the cooling process
resulted in the precipitation of intermetallic particles, such as FeNis and
CuFe.. These intermetallic particles functioned as cathodic islands,
while the surrounding copper-rich matrix transitioned to an anodic
state. This phenomenon led to the formation of micro-galvanic cells
within the material.

Ma et al. [14] reported the existence y — FeOOH throughout the
corrosion product film of copper based alloy with it maximum concen-
tration at the outer layer of the film. Iron dissolution (oxidation) pro-
ceeds at a significantly faster rate than copper in seawater during the
initial stages of corrosion product formation as’

Fe — Fe?" 4 2e” 14)

Most of the oxidized Fe is converted into y — FeOOH via the
following reactions;

Fe*" 4 20H™ — Fe(OH), (15)
Fe(OH), —FeO + H,0 16)
Fe+ H,0 — y —FeOOH + H' 4 2e” a7

The overall reaction for the formation of y — FeOOH in the corrosion
product film of copper-nickel alloy in seawater can be given as;

Fe + 2H,0 —» y — FeOOH + 3H' + 3e~ (18)

Consequently, iron gradually accumulates and becomes concen-
trated within the corrosion product film in the form of y — FeOOH,
despite its status as a minor element within the alloy composition. The
presence of metallic iron and also manganese in the corrosion product
film of a copper-based alloy immersed in seawater is infrequently
documented in the literature. Furthermore, the mechanism underlying
reactions and formation remains unclear.

3. Corrosion forms of copper and copper-based alloys
3.1. Corrosion of copper-based alloys in different environments

Copper corrosion occurs readily in aggressive environments like
seawater and humid, oxygen-rich climates. The chloride ions in
seawater are especially corrosive to copper, accelerating deterioration
[37]. This has led to a strong demand for economical, long-lasting
anti-corrosion coatings. In marine settings, copper and its alloys
develop a protective patina—a greenish-blue or brownish film—that
shields the metal from further corrosion in chloride-rich conditions [38,
39]. Additionally, in neutral or slightly alkaline conditions (pH 8-12),
copper exhibits notable resistance to corrosion [40]. However, in
competitive media like seawater, copper experiences significant corro-
sion, especially in a 3.5 wt.% solution of NaCl, which mimics seawater
salinity [11,41,42]. In this environment, chloride ions facilitate anodic
and cathodic processes. The primary cathodic reaction involves oxygen
reduction presented earlier.

Zhang et al. [43] examined how 70/30 copper-nickel alloy corroded
in potassium permanganate, finding uniform corrosion at high
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concentrations. This study uses electrochemical methods (EIS, LPR) and
array electrode techniques (WBE) to analyze B10 copper-nickel alloy
weld joints in flowing seawater as displayed in Fig. 2a. SEM and EDS
characterizations presented in Fig. 2b provided a macro and sub-micron
perspective on corrosion across weld metal (WM), base metal (BM), and
the heat-affected zone (HAZ). Results showed that corrosion rates of
WM, BM, and HAZ decreased over time, with resistance ranking as WM
> BM > HAZ. SEM and EDS revealed that accumulated corrosion
products improved joint resistance over time. On a submicroscopic
scale, WM acted as a cathode, mitigating corrosion under high flow rates
in later stages. This work highlights the impacts of time and flow rate on
corrosion in copper-nickel alloy seawater pipes, offering valuable in-
sights into weld joint durability across scales.

Farro et al. [44] conducted a year-long study on early copper
corrosion across different zones in Peruvian seawater and marine air,
focusing on Salaverry Port. Key factors like oxygen content, chloride
salinity, wetting-drying cycles, and wetness duration were found to
strongly affect corrosion rates. The highest rate (0.071 mm/year) was
observed at the tidal boundary. The atmospheric zone, however, had the
lowest (0.016 mm/year), with the splash (0.025 mm/year) and im-
mersion zones (0.032 mm/year) showing moderate rates, indicating less
corrosive effects in these areas. The study also addressed the impact of
increased port activity on copper corrosion, assessing electrolytic copper
samples across different marine zones. Findings support strategies for
corrosion prevention and maintenance of port structures, identifying the
need for possible structural replacements. Factors such as oxygen
availability in the immersion zone and chloride levels, wetness duration,
and wetting-drying cycles in atmospheric and splash zones were noted
as primary influences. Additionally, windborne sand, dredging, biomass
accumulation, and oil residues further accelerated corrosion. Copper
mass loss in the atmospheric zone followed a power law C=At" in
relation to wetness time (t), with similar patterns observed in the splash
zone, reflecting consistent corrosion behaviors across marine
environments.

Wu et al. [45] studied the erosion-corrosion behavior of 90/10 and
70/30 copper-nickel tubes exposed to 1 wt% NaCl using a specially
designed loop apparatus that better simulates industrial conditions than
traditional methods. They aimed to determine the critical flow velocity
(v-crit) for each alloy and study the corrosion resistance of the resulting
films as shown in Fig. 3(a). Optimal corrosion resistance was observed at
1.5 m/s for the 90/10 alloy and 0.5 m/s for the 70/30 alloy. The critical
flow velocity, marked by the formation of a continuous corrosion film,
was 3-4 m/s for 90/10 and over 4.7 m/s for 70/30. In the 90/10 alloy,
the film inhibited the cathodic oxygen reduction reaction, showing
atypical passivation. Conversely, the 70/30 alloy film demonstrated
traditional passivation, suppressing both anodic and cathodic reactions
as shown in Fig. 3(a). This variation highlights distinct corrosion
mechanisms across flow velocities and alloy types.

In another study, Cui et al. [46] examined how environmental factors
impact the corrosion of B10 copper alloy, aiming to develop accelerated
testing conditions that accurately represent real-world environments.
Their three-part framework included experimental design, corrosion
testing in both outdoor and laboratory settings, and verification of
corrosion mechanism consistency. An L6 orthogonal design was used to
test the effects of temperature, salinity, and dissolved oxygen in labo-
ratory conditions, where H20: was added to seawater to accelerate
corrosion. Comparisons with outdoor tests in natural seawater revealed
similar corrosion mechanisms in both settings, reflected by comparable
corrosion products, morphology, kinetics, and mechanical properties.
The study also highlights limitations in laboratory-based simulations.
Short-term tests often fail to significantly reduce testing durations, and
translating lab results to outdoor environments remains challenging
without quantitative models for environmental factors. Additionally,
differences in corrosion products and morphology between natural and
artificial seawater (NSW vs. ASW) point to possible variations in
mechanisms, underscoring the need to combine outdoor and laboratory
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Fig. 2. (a) Comparison of overall impedance values of B10 Copper-Nickel Alloy Weld Joints in Flowing Seawater across three zones of welded joints under different
flow rates (i) base metal (BM), (ii) heat-affected zone (HAZ), and (iii) weld metal (WM); (b) the SEM images illustrating the corrosion effects on each zone after 12
hours of seawater exposure at flow rates of (i-iii) 1.85 m/s, (iv-vi) 3 m/s, and (vii-ix) 6 m/s: for BM, HAZ,WM [43].
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Fig. 3. (a) Film resistance evolution and potentiodynamic polarization curves for copper—nickel samples.The evolution of film resistance with erosion—corrosion time
at various flow velocities for the 90/10 (a) and 70/30 (b) copper-nickel samples. Potentiodynamic polarization curves measured in a 1 wt% NacCl solution for both
alloys: (c) 90/10 samples, freshly polished and after 10-day erosion-corrosion testing; (d) freshly polished 70/30 samples; (e) 70/30 samples post 10-day testing at
various flow velocities; and (f) comparison between the 70/30 sample post-test at 0.5 m/s and its freshly polished counterpart [45], (b) (a) Failure of brass condenser

tubes near joining location with backing plate [37]; (b) SEM morphology of fracture surface of entire brass nut entirety (c) fracture surface [59].

tests to ensure consistency.

3.2. Stress corrosion cracking of copper-based alloys

A significant failure mechanism affecting many technical materials,

particularly copper-based (copper-based) alloys, is stress corrosion
cracking (SSC). Tensile stress with a corrosive environment can cause a
material to spontaneously and unexpectedly fail [47]. Because of their
conductivity, strong mechanical qualities, and corrosion resistance,
copper-based alloys are widely utilized in various industries, including
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plumbing, maritime, electrical, and automotive [48-50]. Although
copper-based alloys offer numerous advantages, they can occasionally
experience SCC, which can lead to significant financial losses and safety
concerns. To guarantee the durability and dependability of components
manufactured from copper-based alloys, it is essential to comprehend
the elements that lead to SCC in these alloys, the conditions that
encourage it, and the techniques to reduce it. The influencing variables
and notable instances associated with the SCC of copper-based alloys are
discussed as follows.

3.2.1. Factors Influencing SCC in copper-based Alloys

3.2.1.1. Alloy composition. Impurities and alloying elements have
serious influence in SCC of copper-based alloys. Lead and bismuth are
examples of impurities that might raise the risk of SCC. The low melting
points of lead and bismuth prevent them from dissolving readily in most
alloys. They separate at grain boundaries and may result in embrittle-
ment, which makes the alloy more susceptible to SCC and potentially
deteriorates the material [51]. Copper and zinc alloys like brass can
experience a type of corrosion known as dezincification, in which zinc is
extracted from the alloy in a targeted manner. As a result, the material
may become weaker and more vulnerable to SCC [52,53]. Anargh et al.
[54] examined the stress corrosion cracking resistance of copper-based
alloys with appropriate weight percentages of copper (Cu), nickel (Ni),
and tin (Sn). When the samples were heat treated, they noticed that the
dendritic structure had totally gone after solutionization and aging.
Stress corrosion cracking (SCC) was most common in normal bronze,
and it was linked to the production of oxide layers, in accordance with
the passive film rupture theory. In contrast, only internal cracks were
discovered in the spinodal alloys. These cracks were connected to the
presence of pits and burrs in the alloy.

Another compositional parameter that influences SCC of copper-
based alloy is grain structure. Fine-grained structures are typically
more resistant to SCC than coarse-grained structures because they can
prevent the propagation of cracks [55,56]. The absence of grain
boundaries in a coarse-grained structure result in a reduced barrier that
hinders the propagation of cracks. Given that a crack can spread farther
into the material once it begins, there is a possibility that it may lead to
SCC [571].

3.2.1.2. Environmental conditions. Corrosive media can initiate and
accelerate SCC in copper-based alloys. Ammonia, nitrate, and sulfide
ions are common media that can stimulate SCC in copper-based alloys.
For instance, brass is particularly susceptible to ammonia-induced SCC
[58]. Studies have indicated that SCC exposure can result in the corro-
sion of brass fittings and other components. Bobi¢ et al. [37] investi-
gated the breakdown of a brass condenser tube at a Serbian thermal
power plant. Results indicate that SCC in brass is caused by the presence
of nitrogen and ammonia compounds on the inner tubes and fracture
surfaces. The brass condenser tubes failure close to the connecting point
with the backing plate is depicted in Fig. 3b.

Chen and colleagues examined the cracking of a brass connection nut
in a circuit breaker located in a power substation. It was observed that
stress concentration and stress corrosion were the main causes of the
fracture, with poor mechanical characteristics accelerating the onset of
SCC. Numerous techniques were used, including energy spectrum
analysis, chemical composition analysis, numerical simulation, fracture
morphology analysis (see Fig. 3b), microstructure analysis, and macro-
morphology inspection [59]. Tensile stress together with a corrosive
environment causes SCC, which leads to an unanticipated material
failure. By inducing dezincification-selective leaching of zinc from the
alloy, nitrate ions can exacerbate SCC in brass by weakening the mate-
rial. Through the selective removal of zinc from the alloy, this procedure
leaves the brass structure weaker and more porous, making it more
prone to SCC. Fernandez & Alvarez examined the anodic activity and
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SCC vulnerability of pure copper and four a-brasses of various zinc alloy
concentrations in a 1 M solution of NaNOs. SCC was observed when the
potential was equal to or greater than a critical value (Ec), suggesting the
same mechanism should operate in sodium nitrate, sodium nitrite, and
copper (II) nitrate solutions. The fracture surface of the specimens (as
seen in Figure 3) showed the fractographic characteristics typical of
cleavage-like transgranular SCC [60].

SCC in brass can be caused by sulfide ions, in industrial and marine
environments. The formation of copper sulfide coatings on the brass
surface can embrittle the material and promote sulfide SCC. Brass
intergranular-stress corrosion in an HS environment was investigated
using the density functional theory and computational tensile test [61].
The findings demonstrated that although the segregation of Zn atoms
promotes H atom penetration and weakens the metallic bond strength,
the grain boundary structure makes it easier for HyS and broken-down
corrosive ions to adsorb. Ammonia is another media that accelerate
SCC in copper-based alloys. When ammonia or ammonium compounds
are present, zinc amine complexes are created, which degrades the
material. Qiao and Luo [62] used Mode III loading to investigate the SCC
of brass in an ammonia solution. The findings indicated that SCC
occurred on primary stress planes with small shear loads but not on the
main stress plane. It was also demonstrated that ammonia content
affected fracture behavior, with low concentrations resulting in various
degrees of cracks on 45° planes. In a study conducted by
Davalos-Monteiro [63], the SCC of brass in varying ammonia environ-
ments was analyzed by optical and scanning electron microscopy tech-
niques. The results (refer to Fig. 4a) demonstrated that the corrosion is
more severe in ammonia vapour, and corrosion increases with increased
concentrations of ammonia and copper ions. Habib & Husain [64]
conducted a stress corrosion study on copper-nickel alloys in sulfide
-polluted seawater to determine their susceptibility to SCC at moderate
temperatures. The experiments, which compared ultimate tensile stress,
elongation, and time to failure, were carried out in a slow strain ma-
chine. The study confirmed SCC and fracture mode through metallo-
graphic techniques and scanning electron microscopy examination of
failed samples.

Stress corrosion cracking in copper-nickel alloys can be brought on
by sulfide ions. Copper sulfide is created when sulfide ions react with the
alloy, causing embrittlement and fracture. Embrittlement can result
from this compound building up at grain borders and other important
locations. Under tensile stress, the embrittled areas are more prone to
fracture. For instance, some researchers previously examined the impact
of variables on the corrosion mechanism of two copper/nickel alloys,
CA706 and CA715, in seawater. The results showed that sulfide in
seawater prevent the development of a protective corrosion product,
while simultaneous exposure to sulfide and oxygen accelerates the
corrosion. A qualitative model was developed to explain this uniform
corrosion mechanism in different seawater environments [65]. Addi-
tionally, to understand how sulfide aids in the development of films and
the alloy’s dissolution when sulfuric acid, sodium sulfate, and sodium
chloride are present. Al-Kharafi et al. [66] reported that the presence of
sulfide ions increased the corrosion rate relative to electrolytes solution
without sulfides. The highest corrosion rate was observed in 0.58 M
NaCl and 0.58 M NaCl + 0.1 M NaySO4 containing 20 ppm sulphide.
Torchio [67] investigated the corrosion-induced cracking of aluminium
brass in non-ammoniacal acidic chloride solutions. The maximum
transgranular penetration intensity was found in synthetic seawater,
sodium chloride, and tri-sodium citrate solutions. The findings indicate
that elevated levels of Arsenic (As) and Phosphorus (P) in the alloy
significantly influence the morphology and intensity of the corrosion
process. Furthermore, using energy dispersion of X-ray analysis, studies
by Lin & Zhao [68] investigated the corrosion resistance of aluminum
brass tubes and plates exposed to seawater for four years. Results show
general and pitting corrosion, with localized corrosion caused by marine
organisms (barnacles). Aluminium brass has exceptional resistance to
corrosion but high antifouling susceptibility due to forming a dense
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Fig. 4. (a) Optical microscopy images of exposed sample showing evidence of cracking on the surface [63]; (b) shewanella algae and its biofilm depicting the
anti-bacterial activities [80]; (c) scheme showing the dominance of microorganisms, EPSs and corrosion products on Cu alloy and CusZnsAl;Sn at various levels of
corrosion [84]; (d) schematic illustration of Cu ion release due to micro-galvanic corrosion of Ti-Cu alloy in medical applications: G-Tizcopper and L-Ti,Cu [86]; (e)
schematic representation of the atmospheric corrosion mechanism of Cu [87]; (f) formation mechanism of Cu-Sn/SnO5/Cu,0 electrolyte interface (I,) Cu-Zn alloy

hypothetical dezincification structure (ii) [88].

Cuy0 surface film with Al and Zn.

Another environmental factor that influences SCC of copper-based
alloys is pH. Acidity and alkalinity can facilitate SCC process in
copper-based alloy. A pH of neutrality usually results in less aggression.
Both acidic (low pH) and alkaline (high pH) environments can initiate
SCC process in copper-based alloys. While alkaline conditions can result
in localized corrosion and the destabilization of protective coatings [69,
70], acidic conditions can increase corrosivity and produce hydrogen
embrittlement. Due to their disruption of the alloy’s surface integrity
and promotion of crack initiation and propagation, both extremes in-
crease the chance of SCC [53].

3.3. Microbiological induced corrosion (MIC) of copper-based alloys

Microbiologically influenced corrosion (MIC) denotes the break-
down of structures associated with microorganism proliferation. These
destructions have caused economic loss by collapsing structures, roads,
and bridges, damage to metals, and destroying its functionality. It has
been reported that the effect of MIC contributes about 20 % of global
corrosion costs and more than 50 % of oil pipeline issues [71]. Some key
metals prone to MIC effects are copper-based alloys [72,73], aluminum
[74,75] and carbon steel [76,77]. Generally, the MIC related to
copper-based alloys is unique because of its characteristic mechanism



0.0. Ekerenam et al.

and the proliferation of microorganisms [71]. Many microorganisms are
associated with biocorrosion and play key roles in the deterioration of
structures [78,79]. For instance, the biocorrosion of copper-based alloys
in some unique environments has led to high-maintenance repairs. Most
of the notable microorganisms associated with the MIC of copper-based
alloys are Shewanella algae [80], Escherichia coli [81], Desulfovibrio
desulfuricans [82], and Staphylococcus aureus [83]. A typical feature of
microorganisms involved in MIC is shown in Fig. 4a. According to the
illustration in Fig 4b, the anti-bacterial function was primarily due to the
reactive oxygen species (ROS) rise influenced by the nano Ti,Cu phase.
Notable mechanisms linked with biocorrosion exist, depicting how the
microorganism affects the destruction of structures.

It is pertinent to understand the mechanism of MIC in copper-based
alloys, especially when choosing an alloy for building and construction.
Several mechanisms exist showing how microbial proliferation could
influence the breakdown of concrete structures in several environments
[80]. Chang et al. [84] demonstrated the interaction between Cu, air
corrosion and CusZnsAl;Sn antibacterial efficacy under high-touch
simulations. Fig. 4c demonstrates the total interaction between corro-
sion products, EPSs, and bacteria on CusZnsAl;Sn. Furthermore, the EPS
shielded bacteria from dissolved Cu-ions and improved surface barrier
qualities against corrosive products, whereas corrosion products could
encourage the adhesion of bacteria to surfaces. Additionally, a finding
from Ingo et al. [85] presented the corrosion mechanism of
copper-based alloys. In this case, the naturally occurring corrosion
products were created on historical artifacts made of Cu after prolonged
contact with seawater. The bronze artifacts included pieces of priceless
images and other objects that had been recovered several decades earlier
from various seabeds along the Mediterranean coast of Italy. The results
demonstrated that the alloy material was severely corroded in the
media, and they also showed that the primary hazardous corrosive
source was derived from chlorine. In the deeper layers of the patina,
chlorine was found as CuCl, which caused the periodic and frequently
unabated Cu degradation phenomena known as bronze disease when
combined with moisture and oxygen. The obtained corrosion products
were PbCO3, and CaCOs3, which is probably because saltwater has a far
higher concentration of CO; than freshwater does [85].

Many case studies of MIC in Cu-alloys in different applications have
been reported [89,90]. For instance, the deterioration of metal was
observed in medical applications [86]. It was shown that a greater
percentage of Cu ions were found at the surface of the Ti-Cu alloys due to
the discharge of Cu ions into the environment. The body gradient’s
driving tendency decreased as the concentration of Cu ions gradually
increased. Furthermore, the body’s metabolism would lessen the local
build-up of Cu ions and accelerate the concentration gradient’s decline.
In biological settings, Ti-Cu alloys exhibited biological electrochemical
corrosion in addition to releasing Cu ions to suppress microorganisms.
Different micro galvanic corrosion electric field distributions were
formed by the o-Ti and Ti>Cu, due to their distinct distributions and
morphologies. As seen in Fig 4d, the corrosive electric environment
caused Cu ions to travel in the bacterial solution, significantly enhancing
their participation in the antibacterial process [86].

A study by Garcia-Mintegui et al. [91] showed the stenting appli-
cations of Zn-Mg and Zn-Cu alloys: mechanical characterization at the
nanoscale to biocompatibility and in vitro degradation. To identify the
ideal alloy composition for stent performance, the work examined the
mechanical characteristics, biocompatibility, and biodegradability of
Zn-copper and Zn-Mg alloys. Microstructure, nanoindentation mea-
surements were evaluated to assess the mechanical characteristics at the
nanoscale in relation to the alloying-induced alterations in Zn. The
processes of biodegradation were examined and linked to mechanical
efficacy, microstructure, and bacterial/cell response. The microstruc-
ture of zinc was improved by the input of either Cu or Mg alloying el-
ements, which also enhanced yield strength and ultimate tensile
strength in proportion to the volume percentage of secondary stages.
Interestingly, Zn-Mg had excellent degrading stability in Hanks’ solution
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and exhibited greater yield and ultimate tensile strengths. Zn-Cu alloys
had an antibacterial activity against S. aureus that was regulated through
diffusion and contact processes. The material’s type and extent of
deterioration both affected biocompatibility. An overview of recent
findings related to MIC using Cu alloys in different environments is
given in the Table 1

3.4. Atmospheric corrosion of copper and copper-based alloys

One of the most prevailing forms of corrosion is atmospheric corro-
sion, which affects materials exposed to the atmosphere but not
completely submerged in a liquid. Despite being frequently considered
resistant to air corrosion, copper and copper-based alloys are never-
theless prone to deterioration over time, particularly in contaminated
environments. The structural integrity and usefulness of copper and
copper-based alloys are significantly impacted by atmospheric corrosion
[107]. Environmental factors like humidity, temperature, air pollution,
time of wetness of the metal and atmospheric salinity influence atmo-
spheric corrosion. In air pollution, pollutant gases such as SO», nitrogen
oxides (NOy), and chloride ions further exacerbate this corrosion pro-
cess. It has been reported that the extent of influence of these factors on
the corrosion characteristics of materials varies across different
geographical locations [108,109]. The presence of Oy, humidity, chlo-
ride ions, and SO, is identified as the main contributors to atmospheric
corrosion of copper and copper-based alloys [107,110].

Chlorides originating from marine environments, predominantly in
the form of aerosols, come into contact with metal surfaces, thereby
actively engaging in corrosion processes. Moreover, road deicers, coal
combustion, municipal incineration, and bleaching facilities within the
pulp and paper sector are significant sources of chlorides [107,108]. SO;
stands out as the most significant gaseous precursor in industrial and
urban environments. It originates from both human activities and nat-
ural processes, such as emissions from the petrochemical, metal, paper,
and other industries, as well as the burning of fossil fuels like coal and
crude oil. Once SO is absorbed into the moisture layer, it oxidizes to
form sulfites and sulfates, which acidify the electrolyte layer, thereby
enhancing its corrosive properties. Chlorides and SO; exhibit high cor-
rosivity due to their ease of incorporation into the moisture layers that
form on metals [107,111].

Nitrogen oxides (NOy), primarily generated by energy production
and road traffic, have become increasingly significant as corrosive
agents. Although, compared to sulfur or chloride molecules, NO; is less
aggressive, it synergizes with SO to exacerbate the corrosion of various
metals. In recent decades, the concentration of SO, in various industrial
and urban regions of developed nations has significantly decreased,
while NO, emissions have consistently risen [107]. Another potentially
hostile atmospheric agent is ozone, though it is relatively less important
[112]. Creating effective preventative and mitigation solutions requires
a complete comprehension of the mechanisms and processes associated
with the atmospheric corrosion of copper and copper-based alloys.

3.4.1. Mechanism of Atmospheric Corrosion

Atmospheric corrosion of copper and copper-based alloys occurs
through a complex process involving environmental factors, material
properties, and electrochemical reactions. The interaction between the
metal surface and atmospheric elements, mainly O3, H20, and pollutants
like SOy, chlorides, and NOy, causes atmospheric corrosion of copper
and copper-based alloys. The combination of the generation chemical
reaction and the protective properties of the copper oxide influence the
distribution of the corrosion products formed on the copper surface.
Understanding the mechanisms behind the corrosion of copper and
copper alloys is crucial for numerous modern uses, including micro-
electronics and canisters used for storing nuclear wastes. In these situ-
ations, the extremely long lifetimes required or the little material
present may harm even minimal corrosion rates. In other cases, a
regulated corrosion rate can be required for uses like the purposeful
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Table 1
Overview of recent findings related to MIC using Cu alloys in different environments.
Types of copper  Test environments Test methods Key corrosion rate Findings Ref.
alloy parameters
Pure T2 Cu Simulated oilfield- SRB Cell counts, weight loss tests, Weight loss, corrosion Inhibition efficiency of up to 89 % was reported. SRB [92]
plate (Cu > produced water electrochemical measurements, potential, corrosion biofilms accelerated the corrosion of pure Cu by
99.9 wt.%) surface morphology, pit analysis current density secreting metabolites such as H,S, which induced
severe pitting and localized corrosion.
CuZnNi alloy Marine environment Antimicrobial tests, electrochemical  Electrochemistry analyses The corrosion rate was reduced from 0.0177 to 0.0021 [93]
analyses mm/year. The CuZnNi alloy was effective in
inactivating microorganisms on its surface
90/10 Cu-Ni Anaerobic aqueous Electrochemical measurements, Charge-transfer resistance, ~ SRB accelerates Cu corrosion by producing H,S [94]
environments Atomic adsorption measurements weight loss
Metallic Cu Health care and Antimicrobial efficacy tests, Electrochemical 99.9 % reduction rate was reported. Cu demonstrated [95]
Contaminated inductively coupled mass measurements high and rapid microbial efficacy against pathogens.
environments spectroscopy (IC-MS)
CuZn metal Abiotic seawater and Wettability and surface morphology ~ Scanning Kelvin probe The slippery liquid-infused porous surface affords high ~ [96]
SRB media characterization, SRB settlement technique protection and inhibits abiotic and microbe-induced
analysis corrosion.
90/10 Cu-Ni Power plant cooling Corrosion and biofouling test Heat exchanger fouling Cu-Ni alloys are important in shipbuilding due to their ~ [97]
and 70-30 water system from corrosion products resistance to seawater biofouling and corrosion.
Cu-Ni alloys
2205 Cu- API RP-38 medium Microstructure, electrochemical LPR, OCP and pit depth The duplex steel without Cu exhibited MIC resistance [98]
bearing containing SRB measurements
duplex
stainless steel
Ti-5Cu alloy Marine environment Electrochemical techniques and Electrochemical and Pitting corrosion of the metal reduced from 3.1 + 0.6 [99]
surface analyses biofilm measurements um to 2.0 + 0.4 pm.
B30 Cu-Ni alloy  Seawater simulated Kinetic potential anodic polarization =~ Maximum pit depth, EIS The occurrence of P. aeruginosa enhanced the [100]
media curves test breakdown of the passivation film
Cuz0/Cu Solar environment Antibacterial and photocatalytic Bacterial inhibition A new highly efficient antimicrobial coating was [101]
coating tests kinetics developed
Cu-bearing NS4 solution with Thermo-mechanical process, pit Average pith and The pitting corrosion resistance of 1% Cu steel in as- [102]
steel SRB density, and LPR maximum pit depth aged media was better than X80 material
Ti-Cu alloy Metallic biomaterial Surface roughness test, ion release Microhardness, and The gradient nanostructured surface was developed on ~ [103]
field corrosion resistance rate the alloy through surface ultrasonic rolling method
Pure Cu (99 %) Seawater FE-SEM, XPS, EDS Corrosion potential, Corrosion inhibition efficiency of about 95.16 %. The [104]
environment Corrosion current density coating enhances atmospheric corrosion inhibition
performance.
Cu-Ti alloys Wastewater pipelines XRD, Mass variation, Dynamic Antimicrobial corrosion The mortar mixed with CusoTiso showed excellent [105]
modulus of elasticity test resistance compared with MIC.
Cu bearing Natural gas Thermal spray, microstructural test, ~ Antimicrobial corrosion Cu-based alloy influenced by the thermal spray had an ~ [106]
alloys transmission LPR, OCP test excellent effect in mitigating MIC in natural gas
pipelines pipelines

discharge of Cu ions as a biocide or the dealloying process that creates
nanoporous materials.

The nobility of Cu typically positions it as the leading cathode in
interactions with other metallic substances, accentuating the signifi-
cance of its cathodic properties. In the corrosion process of Cu, the
reduction of oxygen via a four-electron mechanism stands out as the
predominant cathodic reaction [113].

02 -+ 2H20 -+ 4e” — 40H™ (19)

Pure Copper: When exposed to the atmosphere, copper reacts with
oxygen to form cuprite (copper (I) oxide or Cup0). Cuz0 can further
oxidize to copper (II) oxide (CuO). Because the Cu (I) ion is only weakly
soluble in aqueous solution, the main insoluble result during Cu corro-
sion is a thin, protective oxide layer of CuyO whereas Cu (II) ions are the
predominant soluble species. Cu (I) becomes more soluble and domi-
nates the solution when chloride ions or other complexing agents are
present [114].

Early research by Ives and Rawson [115] proposed a two-layer
structure for the cuprite (CupO) film, with a porous outer layer and a
compact interior layer (Fig. 4 (e)). The dense inner layer of CuyO helps
protect the copper substrate by preventing further oxidation and
corrosion of the copper ions. However, the outer layer is porous, which
allows oxygen and water to penetrate, leaving the copper substrate
exposed to corrosion. Additionally, harmful substances, including
chloride and sulfate ions, can infiltrate the pores and defects present in
the outer layer. This infiltration accelerates the corrosion process and
facilitates the release of by-products from the copper substrate. The

literature presents two proposed mechanisms for the dissolution of
copper and the formation of an oxide layer: the one-electron mechanism
and the two-electron mechanism. In the one-electron mechanism
(mechanism (6) in Fig. 4 (e)), weakly soluble cuprite (Cuy0) is formed
step-by-step, and then cuprite is oxidized to produce soluble Cu (II)
species:

2Cu + H,0 — Cuy0 + 2H" + 2e~ (20)

Cu,0 + 2H' — 2Cu?*" + H,0 + 2e” (21)

The two-electron mechanism (mechanism (7) in Fig. 4 (e)), includes
Cu®" being directly formed, followed by a comproportionation reaction
between Cu (0) and Cu (II) to form the slightly soluble Cu,O [88];

Cu »Cu*" + 2e” (22)

Cu+ Cu®*" + H,0 — Cu,0+ 2H* (23)

According to the initial model introduced by Ives and Rawson [115],
copper dissolution was linked to the oxidation of the Cuy0 layer found
on the external surface, as demonstrated in reaction (3) in Fig. 3e.
Conversely, alternative studies by different researchers attribute the
dissolution of copper to the solubility characteristics of CuO, depicted
in reaction (4) in Fig. 4 (e)). These mechanisms illustrate the complex
processes involved in copper corrosion and copper film formation.

In chloride environment, Cl™ can infiltrate the CupO film as inter-
stitial ions due to their smaller ionic radius. Chlorine is introduced into
the liquid-phase area by absorbing gaseous HCI or settling sea-salt
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particles or precipitation. When Cl™ enters the CuyO film, in order to
preserve electrical neutrality, additional Cu® ions are created. The for-
mation of CuCl (nantokite) occurs through the interaction between Cu™
ions and Cl™, which subsequently serves as a nucleation site to form a
stable CuyCI(OH)3 (atacamite) through multiple successive dissolution-
ion pairing-precipitation processes (mechanism (5) in Fig. 4e). Ataca-
mite is the main component of chloride-rich corrosion products of
copper patina [116].

The corrosion of copper may result from the influence of both
oxidized and reduced forms of sulfur, wherein atmospheric SO acts as
the primary agent. The dissolved SO; in the atmosphere hydrolyzes to
bisulfite ions (HSO3), which are easily transformed to sulfate ions
(SO37) by ozone, hydrogen peroxide, or transition metal ions which are
all expected in the aqueous surface of the copper layer. After SO7 is
formed or integrated into the aqueous layer, it can be used in a catalytic
process leading to brochantite formation. This process may involve PbO,
derived either from the atmospheric oxidation of lead-containing com-
pounds or from the corrosion of lead-based materials. PbO acts as a
catalyst by promoting the oxidation of copper ions from Cu* to Cu®,
which is essential for the formation of brochantite (CusSO4(OH)g).
Under sufficiently acidic conditions, this may also result in the forma-
tion of an unstable intermediate, posnjakite (CusSO4(OH)g-H20)
(mechanism (6) in Fig. 4e) [112]. Brochantite is a stable compound
classified as a mixed sulfate-hydroxide salt of Cu. This substance
consistently emerges as the predominant constituent within the green
patina developed by copper through prolonged interaction with the
atmosphere.

Alloying effects: The Sn in Cu-Sn alloys (bronze) can improve corro-
sion resistance by forming a tin oxide layer [117]. The primary differ-
ence from pure copper corrosion is that the porous cuprite (CuyO) layer
is separated by an inner cassiterite (SnO2) layer from the bulk alloy,
providing better protection to the metallic substrate (Fig. 4f). The sub-
stantial difference in standard Gibbs energies—519 kJ/mol for SnOy
compared to 146 kJ/mol for Cuy0, results in the preferential formation
of the SnO5 layer over the CuyO layer. Furthermore, the SnO, layer
demonstrates stability across a broad pH range and is incorporated
within the cuprous layer. As the outermost oxide layer dissolves and the
primary oxide layer spreads inward toward the bulk, Cu is released into
the electrolyte [118]. Thus, the initial step in the corrosion of bronze is
SnO;, layer formation.

Sn + 2H,0 — 25n0, + 4H™ + 4e” @4

For Cu-Zn alloys (brass), the dezincification of the alloy is usually
observed (Fig. 4f (ii)). The mechanism and characterization of the
dezincification structure have been investigated extensively in the past
and reported in the literature [88,119]. The scenario is most straight-
forward in acidic media, where minimal oxide formation occurs. How-
ever, even with a decreased corrosion rate, more severe dezincification
can be seen in a neutral electrolyte [120]. This is due to the development
of a multilayered dezincification structure, which consists of a
Zn-depleted layer and a layer of corrosion products made up of Zn and
Cu compounds. The composition and structure of this altered layer
fluctuate depending on the testing conditions, as well as the chemical
composition of the alloy and the electrolyte used. Typically, the pre-
dominant species forming this layer of corrosion products include Cus0,
CuO, Cu(OH),, ZnO, and Zn(OH), [121,122].

4. Factors influencing the corrosion of copper-based alloys
4.1. Effect of Microstructure

Generally, it is a well-established knowledge that the understanding
of the microscopic nature of a material gives a better description of the
holistic property and behavior of the material in macroscopic scale,
especially during its industrial applications [123-125]. Thus, this sec-
tion will review the microstructure influence on the corrosion potential
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of copper-based alloys. In dealing with microstructure, several aspects
will be considered in this review such as grain sizes and orientation,
phases present and presence of inclusions.

4.1.1. Effect of grain sizes and orientation

Grain size and orientation is an important aspect of microstructural
studies in copper-based alloys. Thus, their effects on the dissolution
performance of copper-based alloys have been investigated till date
[126,127]. For instance, Kosac et al. [128] studied the influence of
crystal orientation and grain size on different grades of Cu alloys such as
Cu-sheet, 99.99 % oxygen-free Cu (Cu-OF), electroplated Cu (99.95 %)
on glass-fibre circuit board substrate (Cu-EP), and Cu wires from phos-
phorous deoxidized Cu. In their study, Cu-OF was found to have the
largest crystal grain size of up to 150 pum, as shown in Fig. 5a, crystal
grains of size 5 — 20 um were noted for Cu wire and Cu-EP had the
smallest value. In relation to their respective corrosion resistance, the
Cu-OF with the largest grain size had the highest polarization resistance
when compared to the Cu wire and others with smaller grain sizes, as
shown in Fig. 6a. Furthermore, in a related study, Gao et al. [129]
observed that microstructure variation such as, variation in grain
orientation and presence of pore defects induced by the increase of
dislocation density and vacancies arising from the influence of thickness
reduction in the alloy, affected the resistance to corrosion of the studied
CuZn alloy in a negative way.

4.1.2. Effect of phases present

Just like the grain size and orientation, phases present in copper-
based alloys has an effect on their corrosion performance. In a study
conducted by Filippo et al. [130], it was observed that the precipitation
of martensitic phase on the grain boundaries of Cu-Zn-Al shape memory
alloy led to an intense localized corrosion attack around the martensitic
lamella. As a result, areas exhibiting a higher fraction of martensite
along the grain boundary display increased susceptibility to the overall
corrosion of the alloy under study.

4.1.3. Effect of inclusions

Inclusions are usually found in copper-based alloys in different sizes
and compositions. Some studies have shown that either of the size or the
composition can affect the corrosion characteristics of copper alloy.
Chang et al. [131] noted that the Cu alloy containing inclusions in
varying sizes, population density and compositions, reflected different
corrosion behavior on exposure to a corrosive environment. In their
study, the most common inclusion was O, then Sb, Pb, As and other
minor elements like Fe, Ni, and Sn. Moreover, they found out that the
larger inclusions are more noble than Cu matrix (as shown in Fig. 5 b),
thus inducing a micro-galvanic corrosion effect that aggravated the
overall corrosion of its containing alloy, as presented in Fig. 6 b.

4.2. Effect of Alloying Elements

The implication of alloying elements in the corrosion of copper-
based alloys is extensively reported [132-136]. Such studies include
the corrosion resistance of as-cast Al-Si-Cu alloy being enhanced by
proper Zn addition [137]. Kong et al. [138] studied the influence of
beryllium and tin on the dissolution of copper alloy and reported that
after a 12-month exposure, the dissolution rate for QBe2 (about 15.5
g/(m2ey)) was less than pure Cu (roughly 42.2 g/(m2ey)) or QSn6.5-0.1
(roughly 38.1 g/(m2ey)), suggesting that the inclusion of beryllium
improved corrosion resistance. It was also reported that by alloying with
magnesium, Al-Cu-Mn alloys could become harder and more resistant to
corrosion [139].

A typical example showed that Zn, Ni, and Al additions to Cu result in
certain properties that are significant for various applications. For
example, the combined influence of the effects of alloying components
in Cu alloys in Cl- environments was investigated by Badawy and co-
workers [13]. The goal was to look at how two alloying elements with
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Fig. 5. (a) Microstructures of the different forms of copper: Cu-sheet, Cu-OF, Cu-EP, and Cu-wire. Adapted from reference [128]; (b) SKPFM imaging of the potentials
of various inclusion sites and their surrounding Cu matrix sites. Adapted from reference [131].

Cu affected each other and how these alloys behaved electrochemically
in solutions containing chloride, by employing Cu-10Ni-10Zn,
Cu-10AI-10Ni, and Cu-10Al-10Zn where the two alloying elements
have similar percentages, and the Cu ratio is maintained. When the
Cu-10Ni-10Zn alloy was electrochemically compared to the
Cu-10AIl-10Ni and Cu-10Al-10Zn, it was found to be more stable and safe
to use in neutral solutions containing chloride. It was noted that the
Cu-10AI-10Zn alloy corrodes at a rate that is over thirty times faster than
the Cu-10Ni-10Zn alloy. Compared to the other two alloys, the protec-
tive film generated on the Cu-10Ni-10Zn alloy had a greater thickness
and corrosion resistance and was recommended for the setup that
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produces sulfate and chloride from concentrated marine solutions.
Similarly, Nady et al. [140], investigated Cu-10Ni-10Zn
Cu-10AI-10Zn and Cu-10Al-10Ni corrosion performance in sulfate en-
vironments. The potentiodynamic polarization curves of all three alloys
are shown in Fig. 6 c. These curves were recorded 60 minutes after the
electrode was immersed in aerated, stagnant 0.5 M NaSO4 solution at
25°C at a pH of 7. The Cu-10Al-10Zn and Cu-10AIl-10Ni exhibit an
anodic current plateau, which may indicate a passivation step caused by
the presence of Al. Alloys containing Al appear to corrode at a slower
rate than those containing both Ni and Zn. Therefore, according to po-
larization studies, the Cu-10Al-10Ni in this solution has a lower rate of
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removed and typical cycle polarization curves of the alloys (v) Al-copper and (vi) Al-Cu-Mg-Ag following different periods of immersion in a 0.6 M NacCl solution
[141]; (g) (i) Surface morphology of the Zn-Cu alloys after immersion under dynamic conditions [142], (ii) the failed HA177-2 alloy tubes with corrosion perforations
and distributions of the seawater velocity along the outside of multi-heat exchanger tubes [143], (iii) Erosion-corrosion damage mechanism transition map showing

the transition from dissolution/passivation dominated to erosion-dissolution/passivation dominated [144].
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dissolution compared to Cu-10Al-10Zn and Cu-10Ni-10Zn. It was
discovered that the dissolution resistance is increased by the addition of
Al and Ni. The findings lead to the Cu-10Al-10Ni alloy being suggested
for use in the industrial production of sodium sulfate.

Also, due to the likelihood of pitting corrosion occurring close to
constituent particles, coarse constituent particles negatively impact the
resistance of Al-Cu alloys to corrosion. For example, using electro-
chemical and in situ observations, Wang et al. [141] investigated the
combined impact of Mg and Ag additions on the localized corrosion of
Al-Cu alloys bearing high Cu content. Samples of Al-Cu-Mg-Ag and
Al-Cu alloys were exposed to a 0.6 M NaCl solution. In Fig. 7 a (i — iv) the
degree of localized dissolution of Al-Cu [Fig. 7 a (i and ii)] and
Al-Cu-Mg-Ag [(Fig. 7 a (iii and iv)] alloys, as well as the surface features
following a 24-hour exposure to 0.6 M NaCl solution and after removal
of corrosion products, are shown for comparison. Given that the cavity
sizes are comparable to those of the respective particles in the two al-
loys, it is possible that Al,Cu particles had a role in the cavity creation.
On the corroded saAl-Cu alloy, lingering AlyCu particles are seen in
addition to a high number of cavities. In Al-Cu-Mg-Ag alloy, on the other
hand, only a few cavities are visible, and the majority of the Al,Cu
component particles are still in the matrix. Typical cyclic polarization
curves of the alloys Al-Cu-Mg-Ag and Al-Cu following immersion at
different times are shown in Fig. 7 [a (v and vi)], respectively. Given that
the two alloys are prone to pitting corrosion during the early stages of
corrosion. With increase in immersion time, the development of a pro-
tective oxide layer of corrosion products is likely the cause of the E¢oy of
the two alloys becoming more negative and the quasi-passive behavior
of the polarization curves. The Ep;; values seem approximately constant,
implying the oxide layer composition essentially stays the same. How-
ever, the authors obtained values for AE (AE = Ecorr - Epror) Which can be
used to determine pitting corrosion quantitatively. Therefore, the find-
ings demonstrate that compared to Al-Cu alloy, Al-Cu-Mg-Ag is less
vulnerable to pitting corrosion.

4.3. Effect of interface parameters (Eg. flow velocity and erosion-
corrosion on copper and copper-based alloys)
been considered

Erosion-corrosion has the primary factor
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responsible for flow components like pumps, pipelines, heat exchangers,
impellers, etc. This phenomenon can be attributed to the widely
recognized interactions between mechanical erosion and corrosion that
arise from the relative motion between a fluid and a solid surface [145].
Besides the nature of the engineering material, fluid-related factors such
as flow velocity, flow regime, impact angle, liquid corrosivity, etc. are
known to significantly influence erosion-corrosion [146]. Cu is widely
used to construct tubing for heating, air conditioning, refrigeration, and
water distribution systems where it works in flowing fluid and, hence,
undergoes erosion-corrosion [147,148]. For instance, Wu et al. [143]
investigated the premature perforation and leakages in HA177-2 Cu
alloy tubes employed at a low-temperature. Interestingly, HA177-2 al-
loys are preferred because of their good conductivity, good anticorro-
sion properties, and low cost. Their study identified that the failure of
the tube was due to a combination of stress cracking and pitting corro-
sion, which were caused by high fluid pressure and contaminated
seawater. Notably, the failure was characterized by corrosion pits that
concentrated in a specific strip on the upper part of the tubes as shown in
Fig. 7 b (ii).

Luo and co-workers [149] proved that while ZHMn55-3-1 Cu alloy
exhibited good anticorrosion behavior in stagnant seawater, the rate of
erosion-corrosion increased with increasing flow velocity. They
confirmed that an increase in the flow velocity can lead to enhanced
diffusion of Oy and Cl; species onto the surface of the material, accel-
erating both the anodic and cathodic processes, and limiting the
corrosion resistance of the alloy. Zhang et al. [142] evaluated the effect
of dynamic flowing conditions on the biocorrosion behavior of Zn-Cu
alloys at high flow rates. As seen in Fig. 7 b (i), they proved that a
higher flow rate largely accelerated the erosion and corrosion process of
the alloy. Also, the finite element analysis model used to study the in-
fluence of shear stress and flow rates showed that the greater the flow
quantities, the higher the shear stress and flow rates and the higher the
rate of corrosion. Three factors were suggested to influence this
behavior. Firstly, the high-speed fluid flows can grind out the protective
corrosion product films on metal surfaces [Fig. 7 b (iii)]. Secondly, an
increase in the flow-induced shear forces can enhance local concentra-
tions of oxygen or other corrosive species. Lastly, fluid shear forces may
trigger local strains and stresses on metal surfaces that change
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Fig. 7. (a) Surface morphologies of Al-Cu (i-ii) and Al-Cu-Mg-Ag (iii-iv) alloys after immersion in 0.6 M NaCl solution for 24 hours and the corrosion products were
removed and typical cycle polarization curves of the alloys (v) Al-copper and (vi) Al-Cu-Mg-Ag following different periods of immersion in a 0.6 M NacCl solution
[1417; (b) (i) Surface morphology of the Zn-Cu alloys after immersion under dynamic conditions [142], (ii) the failed HA177-2 alloy tubes with corrosion perforations
and distributions of the seawater velocity along the outside of multi-heat exchanger tubes [143], (iii) Erosion-corrosion damage mechanism transition map showing
the transition from dissolution/passivation dominated to erosion-dissolution/passivation dominated [144].
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microstructures influencing corrosion susceptibility and rates. Their
suggestions rightly correlate with conclusions made by Wang et al.
[150]; that shear stress can quicken the overall corrosion rate due to the
increment in mechanical force and mass transfer. It can also increase the
localized corrosion coverage ratios, the thickness of the uniform corro-
sion layer and the rate of evacuation of corrosion pits.

In 1995, Stack used a plot of velocity vs potential to explain the
degradation mechanism map of erosion-corrosion as shown in Fig. 7 (b)
[144]. The plot provides a means of grouping the damage mechanisms,
showing the transition to the localized corrosion coverage ratios from
dissolution/passivation dominated which relates to the degree of
severity of the damage. Furthermore, Stack’s illustrations proved that
the erosion-corrosion shows a critical damage phenomenon. Critical
damage phenomenon occurs when the corrosion products films on a
material are broken as a result of the fluid’s impact energy and there-
after removed by fluid erosion. Cu alloys have been reported to show a
critical damage phenomenon when undergoing erosion-corrosion [146,
151]. Several reports have presented a critical damage phenomenon as a
function of critical flow velocity [152]. Cu has been proven to be prone
to a critical surface shear stress in a hydrodynamic system where the
corrosion product films are peeled off and an accelerated corrosion ac-
tion is triggered [153-155].

As explained by Wang et al. [146], critical flow velocity phenomenon
for erosion-corrosion largely rely on the corrosion film. In the case of
passive films, the phenomenon relies on the interplay between
erosion-influenced de-passivation and re-passivation. The critical flow
velocity phenomenon happens when the rate of re-passivation is slower
than the rate of de-passivation. The stress-bearing capability adsorbed
inhibitor and corrosion product films control the critical flow velocity
for erosion-corrosion. When both the corrosion product films and the
inhibitor films are broken, the damage of the erosion-corrosion is well
pronounced, resulting in the critical flow velocity phenomenon. Mass
loss, surface roughness, and electrochemical measurements are the three
main reliable techniques for quantitatively determining the critical flow
velocity encountered in erosion-corrosion [146,156]. Both the mass loss
and surface roughness measurement methods are time-consuming and,
therefore not used for quick measurements of the critical flow velocity
[146].

4.4. Effect of production methods

The production methods of copper-based alloys significantly impact
their corrosion behavior. These methods can be classified into three
stages: processing, heat treatment and surface treatment. The processing
techniques include casting, forging, rolling and extrusion; heat treat-
ment covers the annealing, quenching and tempering processes, while
surface treatment involves passivation, coating and electroplating. Only
the processing methods are discussed in detail.

Casting in copper-based alloy production refers to the process of
melting copper along with other metals (like tin, zinc, or aluminium) to
create a molten alloy, which is then poured into a mould to solidify into
a specific shape. This method is widely used in manufacturing various
copper-based components, including pipes, fittings, electrical connec-
tors, and art pieces. The most commonly used casting methods are sand,
no-bake, die, shell, permanent mould, plaster, investment, centrifugal,
etc. [157,158]. Although different casting methods can be employed
based on the product’s size, shape, and technical requirements, each has
its advantages and disadvantages. Casting of copper presents various
challenges, such as surface cracking, porosity problems, and the for-
mation of internal cavities. On the one hand, sand casting, the most
economical casting method, can lead to higher porosity and inclusions,
which may act as corrosion initiation sites, whereas die casting (where
the molten alloy is forced into a metal mould under high pressure,
allowing for precise and high-volume production) provides a more ho-
mogeneous microstructure with fewer defects, improving corrosion
resistance. A study showed that the corrosion resistance of all
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copper-based alloys in the permanent mould-cast condition was better
than those in the sand-cast condition due to lower porosity [159]. Olga
and Panayota [160] studied the influence of archaeometallurgical cop-
per alloy castings microstructure towards corrosion evolution and re-
ported an extended progression of the dealloying mechanism in casting
features at the mid-term corrosion stage.

Forging in copper alloy production is a manufacturing process where
a copper alloy is heated and then shaped by applying compressive
forces, typically through hammering, pressing, or rolling. It is employed
in the production of high-performance copper-based alloy components
like gears, shafts, fittings, and connectors that require high strength,
durability, and reliability. This process refines the metal grain structure,
resulting in a product with enhanced mechanical properties. Some
standard forging processes are open-die, closed-die, hot and cold forg-
ing. The advantages of forging include increased mechanical strength,
reduced defect and enhanced surface finish, which enhances the corro-
sion resistance of copper-based alloys. Generally, forging improves the
corrosion resistance of copper-based alloys by creating a more uniform
and defect-free structure. Still, it must be carefully controlled to avoid
adverse effects like stress corrosion cracking, which can be introduced as
a result of residual stresses into the material due to the plastic defor-
mation and rapid cooling, galvanic corrosion, which may arise from
increased uneven distribution of alloying elements and other surface
defects.

Rolling is a metalworking process in which a copper alloy is passed
through many rollers to decrease its thickness, change its shape, or
improve its mechanical properties. It is widely used to produce sheets,
strips, plates, rods, and other copper-based alloy products. Rolling can
be done at various temperatures and is typically classified as hot rolling
or cold rolling, depending on the temperature relative to the material’s
recrystallization point. This process can positively and negatively
impact the corrosion behaviour of copper alloys. When properly
controlled and combined with post-processing treatments, rolling can
improve the corrosion resistance of copper-based alloys, for many in-
dustrial applications. Zeng et al. studied the mechanical properties,
corrosion behaviour and microstructural evolution of as-cast, as-
annealed, and hot-rolled Cu-9Al-10Ni-4Fe-1.2 Mn. They found that
rolling not only increases the hardness, elongation and strength of the
alloy but also improves its corrosion resistance [161].

Extrusion is another process employed in the production of copper
and its alloy. It is used to manufacture long, continuous sections with
uniform cross-sectional profiles. It offers efficiency, versatility in
shaping, and excellent mechanical properties, making it ideal for pro-
ducing tubes, rods, bars, and complex profiles. The types of extrusion
commonly used include hot, cold, direct, and indirect. Specifically, cold
extrusion results in grain elongation along the direction of extrusion,
potentially improving resistance to uniform corrosion due to the refined
and aligned grain structure. However, cold extrusion can introduce
significant work hardening into the copper-based alloy, increasing its
strength and introducing residual stresses. These tensile stresses can
increase the susceptibility to stress corrosion cracking (SCC), especially
in environments containing chlorides or other corrosive agents. For hot-
extruded materials, the thermal processes involved typically relieve
internal stresses, reducing the risk of SCC. The high temperatures in hot
extrusion can also cause surface oxidation and oxide scaling. If not
cleaned or pickled after extrusion, uneven or porous oxide scales can
cause pitting or crevice corrosion

Karthik and his colleagues [48], conducted a study on the morpho-
logical behavior of Cu-Sn, Cu-Sn-Ti, and Cu-Sn-Zn alloys throughout
various manufacturing processes. Their research identified that factors
such as grain size, grain distribution, heat treatment, morphological
behavior, and the formation of intermediate phases significantly affect
the properties of copper-based alloys. They further concluded that al-
terations in microstructure, which result from different manufacturing
techniques, heat treatments, and the incorporation of alloying elements,
can enhance both the mechanical and thermal properties of these alloys.
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In summary, the production methods of copper-based alloys play an
important role in determining their corrosion behaviour. Casting, forg-
ing, rolling, and extrusion influence the microstructure and defect
density, which in turn affect the material’s corrosion resistance. Heat
treatments and surface treatments can further modify these properties to
enhance performance. Understanding these relationships is essential for
selecting and processing copper-based alloys for optimal corrosion
resistance in specific applications.

4.5. Effect of chloride ions

The dissolution characteristics of copper-based alloys have been
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thoroughly researched in chloride environments in a variety of experi-
mental methods to understand the stress corrosion cracking, dealloying,
pitting, and passivation. It is pertinent to note that the dissolution
behavior of copper-based alloys is pH dependent according to the
Pourbaix diagrams (Fig. 9b) which describe the system thermodynamics
based on the E-pH relationship [162,163]. For instance, Alfantazi et al.
[162], studied commercial alloys with the nominal compositions of
Cu-30Ni (Cu-Ni), 90Cu-8Al-2Fe (Cu-Al), and Cu-30Zn (Cu-Zn), using
potentiodynamic polarization at pH 6.5 and pH 10. The alloys displayed
passive properties at pH 10 (buffered)in contrast to pH 6, indicating
pH’s sensitive role in the dissolution characteristics of Copper-based
alloys. However, beyond the breakdown potential, there was a sharp
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Fig. 8. (ai) CuNi 70/30 specimens, mechanically cleaned and exposed for 280 days in the chlorinated test line followed by 1 month in the non-chlorinated line, (aii)
CuNi 70/30 specimen of “new” tube (that never operated in the condenser), after 1 month of exposure to seawater in the non-chlorinated line, (aiii) The inner surface
of CuNi 70/30 condenser tube that operated with non-chlorinated water, (aiv) The inner surface of CuNi 70/30 condenser tube operated with non-chlorinated water
[172]; (bi) Relation between mass loss and salt fog corrosion time for DCIC under 35 °C and (ii) different temperatures under 5 wt% NacCl [174]; (c) Potentiodynamic
polarization curve of CueAl after salt fog corrosion for DCIC (Inset: parameters extracted from the measurements under DCIC [174]; (d) Optical micrographs of the
CuAlNi alloy surfaces after the potentiodynamic polarization in the (i) 0.1% (ii) 0.9% and (iii) 1.5% NaCl solution [175].
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increase in current density. The Cu-Zn alloys demonstrated the largest
possible range of passivity. In another study, the two brasses were
investigated in a buffered NaCl solution by Morales et al. [164] using the
cyclic voltammetry technique. It was revealed that a compacted film of
Cuy0 and ZnO xH;0 was responsible for the passivation of brass.
However, pitting corrosion occurred as the potential became more
anodic

Ismail et al. [16] probed the pitting of Cu-38Zn with varying con-
centrations of C1” ions from 0.01 M to 0.6 M. The polarization curves of
the test solution indicated a shift in the breakdown potential to poten-
tials that were more positive as chloride ions increased. It was seen that
as the potential became more positive, pitting occurred due to film
breakdown. Cu-Ni alloys are thought to be superior to the majority of
other copper alloys because of their ability to withstand corrosion in
maritime environments. Sham El-Din et al. [165] investigated the
dissolution behavior of copper, three brasses, and zinc, in 0.1 M solu-
tions of neutral Cl-, NO3-, and SO4. The OCP were similar for brass and
copper compared to zinc. Milosev [166], investigated the degradation of
passive films on 90Cu-10Ni in borate-buffered NaCl solutions. Their
findings demonstrated that pitting corrosion, a type of film breakdown,
took place and that a rise in NaCl content caused the detrimental
breakdown potential to become more negative. The dependence of the

Results in Engineering 26 (2025) 105257

corrosion characteristic and features of alloys on pH in NaCl solutions
has also been noted for a variety of industrial alloys such as Al and
Zn-containing alloys [167-171].

4.5.1. Specific case studies of the impact of chloride ions on copper-based
alloys

4.5.1.1. Salt and exposure time. Cristiani et al. [172] investigated the
influence of chlorides on Cu/Ni 70/30 condenser tubing. Interestingly,
the results indicated that the development of a barrier film on the
copper-based alloy is facilitated by short chlorination additions of 0.4
mg/L-0.8 mg/1 of chloride solutions for 0.5-1 h several times a day. This
layer, when properly built, can greatly decelerate localized corrosion
even in situations when the saltwater gets extremely hostile, like when
biofouling develops. Fig. 8 (a) shows the inner surface CuNi 70/30
condenser tube under different experimental chlorination conditions.
It is observed that in Fig 8 a (ii), the surface manifested passivation
with a brown corrosion layer the visible “old” preformed localized
corrosions sites formed before initial chlorination. In Fig 8 a (ii), shining
metal red oxides inside the corrosion spots are seen. In Fig. 8 a (iii),
purple-greenish deposits were seen inside the tubercles and localized
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attacks were observed. In Fig. 8 a (iv), the exfoliation of a thin film and
localized attacks beneath the obvious crusts. These results indicate that
chloride ions greatly impact the corrosion behavior of CuNi alloys.

4.5.1.2. Salt concentration and pH. Khan and Patil [173] investigated
the combined effect of Cl- and pH on the dissolution of Cu-10Ni alloy.
These alloys are widely employed in heat exchangers owing to superior
thermal conductivity and corrosion resistance. The resistance to corro-
sion is linked to the protective CuyO film. However, a less protective
CuCl,  can also occur in the presence of different concentrations of H',
OH, and Cl” ions. When these two coexist, the corrosion behavior is
greatly impacted. The corrosion of CuNi alloys is pH sensitive according
to Pourbaix diagrams (Fig. 9b). The results of the anodic polarization
tests at pH 6 and 8 for saltwater with different NaCl concentrations are
shown in Table 2. The current density icorr increases with an increase in
Cl™ concentration. The term “critical current density and passivation
current density” refers to both the pseudo-passive potential (ippp) and
critical-pseudo-passive current (icpp). The term "Epseudo-passive po-
tential" (E,pp) refers to the comparable passive potential. The values of
these parameters are presented in Table 2 which shows that as CI™
concentration increases, anodic acidity increases and then decreases for
pH values. Conversely, the maximum anodic current density at pH 6 in
the 2.5% NaCl solution, and the maximum at pH 8 in the 1.5% NaCl
solution indicating that there is a threshold for the effect of chlorides in
the anodic activity. In the framework of the Tafel theory, f is the sym-
metry factor obtained from the Tafel equation. The symmetry factor is a
theoretical concept, and its value cannot be determined experimentally.
It related to the shape of the Gibbs energy barrier between the initial and
final states of a process. It is the ratio of the effect of an applied potential
on the standard electrochemical Gibbs energy of activation to that on the
standard electrochemical Gibbs energy of the reaction. Higher values of
f may comparatively indicate higher charge transfer processes.

4.5.1.3. Salt and Temperature. Zhang et al. [174], reported the influ-
ence of Cl™ ion concentration and temperature on the dissolution of
Cu-Al composite plates in salt fog environments. It was seen that
corrosion predominantly occurred along the diffusion zones composed
of Al4Cug, AlCu, and AlyCu, respectively. The kinetic constant was
observed to increase by about 31% with the increase in the concentra-
tion of NaCl to 3% which manifested in the form of increased mass loss.
Fig. 8 (b) is a plot of mass loss versus corrosion rate in a salt fog envi-
ronment under 35°C under different chloride ion concentrations (DCIC)
and different temperatures with 5 wt% NaCl. Table 3 also indicates that
the kinetic constant depend on temperature. It was observed to increase
and then decrease with the rise in temperature, and the high value was
recorded at 45°C.

The electrochemical results testing indicate that a rise in the Cl™ ion
concentration raises the disolution rate of Cu-Al composite plates. Fig. 8

Table 2
Electrochemical parameters derived from anodic polarization plots of CuNi alloy
in NaCl solutions [173].

Parameter pH  Percentage of NaCl
0.5 1.5 2.5 3.5 4.5
Ecorr-anodic 6 -220 -286.05  -232.6 -253.8 -265.15
(mV) 8 -175.29 -270.13 -212.79 -306.71 -252.37
Eppp 6 37.78 -4.90-1 -1.31 -29.49 -42.59
(mV) 8 1.11 -19.59 -19.79 -18.87 -36.39
Tepp 6 2.13 5.67 6.50 8.43 11.37
(mA/cm?) 8 2.34 7.10 7.18 9.53 13.86
Ippp 6 1.37 1.34 1.70 2.28 4.47
(mA/em?) 8 1.05 1.02 1.07 2.47 2.29
] 6 82.04 110.3 74.70 76.17 65.35
(mV) 8 75.08 117.54 58.55 109 61.35
Icorr-anodic (MA/ 6 1.35 5.43 7.66 7.29 3.84
cm?) 8 4.20 8.96 3.49 7.15 3.56

17

Results in Engineering 26 (2025) 105257

Table 3
Kinetic rate constants of the materials exposed to salt fog environment [174].

Material ~ NaCl (wt%)  Kinetic laws: W=a.t® [W(g.m 2).t(h)]
35°C 45°C 55 °C
Cu-Al 1 2.7x10731875
3 8.6x107 2138 . -
5 4.0x107 112 7.8x107 11016 3.6x107 1118

(c) is the polarization curve of Cu-Al after salt fog corrosion for DCIC.
The anodic and cathodic current densities dropped with the drop in the
concentration of NaCl which translates to a lower corrosion rate with the
decrease in chloride concentration.

4.5.1.4. Salt and Morphology. Vrsalovic et al. [175], evaluated the ef-
fect of CI” concentration from 0.1 - 1.5 % on the electrochemical
characteristics of the CuAINi Alloy. The surface morphology of the alloys
after electrochemical tests are shown in Fig. 8 (d). It is observed that
pitting was absent at 0.1% Cl solution, but was visible at higher chloride
concentrations. The EDS indicated the abundance of Cu,0, and Al,O3 on
the alloy surface. The presence of Al,O3 as a major component of
corrosion has been reported elsewhere [176-179]. The SEM morpho-
logical observations were in tandem with the electrochemical results.
The highest spread of pits on CuAlNi alloy surface was at 0.9% ClI- so-
lution and the largest pit diameter was at 1.5% Cl- solution.

Overall, it is observed that the amount of chloride ions can have
pronounced effects on the dissolution characteristics of copper-based
alloys which impact other parameters such as electrochemical
behavior, pH, dissolution kinetics, and morphology among others. An
increase in exposure time leads to an increase in the impact of chloride
ions on the alloy. And a rise in Cl™ ion concentration was found to
generally have the following effects: an increase in electrochemical ac-
tivity, an increase in kinetic rate constants, and increased pitting fea-
tures on the alloy. Factors such as temperature and pH (depending on
the Pourbaix diagram) were found to greatly impact the effect of the
increase in chloride ions on copper-based alloys.

4.6. Effects of sulfide and ammonia contaminants

Copper-based alloys are extensively utilized in seawater systems for a
range of applications, including heat exchangers, pumps, valves, pipes,
and fasteners. The selection of specific alloys, such as CuNi alloys (e.g.,
CuNilOFelMn) or nickel aluminum bronzes is often determined by the
required mechanical properties for each application. Despite the recent
introduction of alternative materials that exhibit enhanced character-
istics such as nickel-based alloys, stainless steels, and titanium, copper
alloys continue to be widely implemented owing to their established
reliability and effectiveness in marine environments. However, copper-
based alloys are susceptible to specific forms of corrosion.in contami-
nated environments, notably; localized corrosion can arise from sulfide
contamination [180-184]. Furthermore, crevice corrosion is frequently
observed in valve and flange assemblies [185-187]. There have also
been documented instances of stress corrosion cracking occurring in
seawater that is subject to varying levels of ammonia pollution [188].

In their study of the corrosion behavior of high strength C71500 Cu-
Ni alloy pipe, Gao et al. Gao et al. [189], found that alloy exhibits
activation polarization at all test conditions. Surface morphological
analysis indicated that the corrosion products exhibit a protective effect,
which resulted in the cessation of the diffusion process. In contrast, EIS
revealed that only the capacitive reactance arc persists with prolonged
immersion time. Furthermore, the introduction of a high concentration
of NayS facilitated the formation of Cu,S, and acceleration of the redox
process, thereby enhancing the rate of corrosion. Li et al. [190], con-
ducted a comprehensive investigation into the impact of sulfides on the
pitting corrosion behavior and film chemistry of 70/30 copper-nickel
alloys in aerated seawater, utilizing electrochemical measurement
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techniques. The findings indicated that the presence of sulfides in
seawater impairs the formation of corrosion products and morphology.
As a result, the corrosion product film exhibits a double-layer structure,
comprising a loose and porous outer layer that contains sulfides and a
dense inner layer which was noted to be ineffective in mitigating
corrosion; instead, it exacerbates the development of pitting corrosion,
as demonstrated in Fig. 9 (a).

A number of studies have probed the effect of sulfide on the corrosion
behavior of copper and copper-based alloys when subjected to sulfide-
contaminated seawater. However, the literature reveals a lack of
consensus regarding the findings. The prevailing consensus among the
majority of authors [189,190,192-195] is that copper and copper-based
alloys experience increased corrosion when exposed to sulfide-polluted
seawater. However, a minority of studies [196,197] have suggested that
the corrosion rate of Cu- alloys diminishes as sulfide concentration in-
creases in seawater with relatively high flow rates. These researchers
attribute this phenomenon to the development of a copper sulfide layer
that thickens over time, which serves as a physical barrier that mitigates
further corrosion of the base material. Recent study by Ekerenam et al.
[19] under dynamic flow conditions seems to be in agreement with the
report of the minority that increasing sulfide concentration reduces the
corrosion rate of copper based alloy in sulfide contaminated simulated
seawater at static flow condition.

Sulfur can be derived from various sources, including industrial
wastewater pollution, biodegradation processes, and the reduction ac-
tivities of sulfate-reducing bacteria. Sulfide ions (S*) significantly
enhance the corrosion sensitivity of copper. When sulfide reacts with
copper ions (Cu*), it produces copper(I) sulfide (Cu=S), which exhibits
properties of hardness, brittleness, and porosity. These attributes render
it a non-protective corrosion product layer, particularly in the context of
seawater flow. Furthermore, sulfide can also interact with nickel (Ni) to
form non-protective nickel sulfide (Niz=S). The specific formation pro-
cesses for copper-sulfur (Cu-S) and nickel-sulfur (Ni-S) compounds are
elaborated upon as follows [198];

Cu+HS™ —»Cu(HS ), (25)
Cu(HS ),y »Cu(HS) + e (26)
Cu(HS) »Cu* + HS~ 27)
2Cu™ + HS™ +OH™ — Cu,S| + H,0 (28)
2Cu* + $>° - Cu,S| (29)
Ni+ HS™ —Ni(HS"),4 (30)
Ni(HS"),4 + Ni(HS)" + 2e~ (31)
Ni(HS) - Ni*" + HS~ (32)
Ni*" + HS™ + OH™ — (NiS)| + H,0 (33)
Ni*" + $*"NiS| 34

The electrochemistry of copper in NHs-containing environments is
critical to many industrial applications, including the cleaning of copper
surfaces, the etching of printed circuit boards, and the electrodeposition
of Cu. Furthermore, a comprehensive understanding of this behavior is
essential for analyzing corrosion processes in Cu alloys. The thermody-
namics of the Cu—-NH3-H>O system has been explored by multiple re-
searchers, contributing valuable insights to this field of study
[199-203]. Recent discussions have highlighted the controversy sur-
rounding the stability regions of Cu (II) oxide and Cu (I) oxide. The
findings have been discussed by Tromans [204], who noted that
ammonia exhibits an activity greater than one in concentrated solutions.
This phenomenon slightly alters the stability domains of copper species

18

Results in Engineering 26 (2025) 105257

in the potential-pH diagrams Additionally, Halpern [205], examined the
corrosion rate of Cu in NH3 proposed the following reaction::

Cu+ 4NH; 1/20, H,O —Cu(NH3);" + 20H" (35)

The process likely commenced with a very thin oxide film, san
activation complex comprising NHg—CuZJr—Oz’. Sedzimir [206] inves-
tigated the impact of temperature and NHg concentration on corrosion
rates utilizing a rotating disk method and thus;

Cu+ Cu(NH;);" — 2Cu(NH;); (36)

It was concluded that NH3 concentration did not affect the rate of the
surface reaction. Khobotova et al. [207-209], conducted extensive
research on the products of the positive-going and chemical dissolution
of copper in a Cu(NH3)4Cl; medium. They observed various corrosion
products, including CuCl, Cup0, Cu(OH),, and CuO.

The corrosion of Cu alloys is significantly affected by the presence of
sulfide and ammonia contaminants in the environment. These pollutants
can increase corrosion by interacting with the metal surface and forming
various corrosion products, such as copper sulfides and copper ammonia
complexes. Understanding and addressing the impact of these contam-
inants is essential for ensuring the longevity of copper and copper-based
alloys in various applications.

4.7. Effect of Biofouling

Biofouling is the process by which living organisms aggregate on
surfaces exposed to water, leading to notable economic, structural, and
microbial challenges on various structures such as ship hulls, piers, oil
rigs, power plants, pipelines, water treatment plants, and medical
equipment [210]. Consequently impairing their operational efficiency,
and thereby, causing significant financial repercussions [211]. Issues
arising from biofouling, such as heightened corrosion, greater biomass
accumulation, elevated drag resistance, the introduction of non-native
species, reduced water flow, and decreased oxygen levels, are
frequently documented within the aquaculture and maritime sectors
[212,213]. The regulation of bacterial adherence and subsequent bio-
film development can be attained through various approaches, contin-
gent upon the surrounding circumstances and the specific field of use.
Predominant methods employed for biofilm regulation typically revolve
around the application of antimicrobial agents, including the utilization
of biocides and disinfectants (for surface applications) or the adminis-
tration of antibiotics (for biofilms associated with healthcare settings).

Copper-based alloys possess an extensive history of demonstrating
favorable corrosion and fouling resistance in maritime environments,
with a proven track record dating back to the 18th century [214]. Bulow
reported that minor adjustments to some copper alloys by including or
removing additional elements can significantly impact their ability to
resist corrosion when exposed to unpolluted seawater currents [215].
Biofouling poses a significant challenge to mariculture in tropical wa-
ters. Santos et al demonstrated the effectiveness of copper alloy metal as
an antifouling agent in tropical waters in comparison to nylon meshs and
monofilaments in an experimental period of 150 days [216]. The results
of the seven and eight-year use of a 90/10 copper-nickel alloy were
reported to have better corrosion resistance than copper while having
similar biofouling resistance in offshore structures and boat hulls [217].

Metallic copper or copper alloys are popularly used in plumbing
systems. Water distribution systems for drinking (DWDS) lacks micro-
biological safety [218], as a result of the ability of microorganisms to
colonize DWDS and form biofilms. Copper has been employed in potable
water systems on a global scale, with several studies focusing on
assessing its antimicrobial characteristics and its role in biofilm devel-
opment within drinking water distribution systems (DWDS) [219-223].
In addition, Silhan et al. evaluated DW biofilm formation and reported
that the 58-day biofilms formed at 15°C on Cu pipes had lower density
biofilms in comparison to medium-density polyethylene (PE) pipes,
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galvanized steel (GS) and cross-linked polyethylene (PEX). Moreover,
they provided evidence indicating that the viability of E. coli within
biofilms formed on copper piping exhibited a decreased rate compared
to that on polyethylene [224].

Based on the physiological functions and advantages associated with
copper and its alloys, researchers have directed their attention toward
creating innovative biomaterials containing copper. These materials
demonstrate distinctive qualities in safeguarding the cardiovascular
system, facilitating the mending of bone fractures, and demonstrating
antimicrobial properties. The antimicrobial qualities of Cu are widely
acknowledged within the scientific community, leading to heightened
enthusiasm for utilizing these materials in medical devices [225]. For
instance, Ti-Cu alloy dental implants were also found to demonstrate
good antimicrobial functions [226,227]. Also, Bergemann et al showed
the efficacy of TiCuN coated orthopedic implants in killing S. epidermidis
strains within 24 hours of incubation [228]. Furthermore, Lemraski et al
investigated the antimicrobial efficiency of PVA/CS/Cu-NPs fibres
fabricated through electrospinning against both gram-negative and
gram-positive bacterial strains. The nanofibers exhibited notable anti-
microbial efficacy towards Bacillus cereus, E. coli, S. aureus, and Pseu-
domonas aeruginosa [229]. In a clinical study, Mohammady et al.
explored the microbial load on Cu-coated and non-coated Cu surfaces
within a typical ICU setting. The findings revealed a 96% reduction in
bacterial burden on copper-coated surfaces that had frequent contact,
compared to the control surfaces [230].

The formation of biofouling in cooling water systems poses a sig-
nificant challenge for industries by causing corrosion, diminishing heat
transfer efficiency, and elevating pressure drop [231]. The existence of
biofilms within cooling towers has the potential to serve as a reservoir
for environmental pathogens, thereby posing a significant public health
threat. Cu alloys are extensively utilized in various industrial sectors,
particularly in heating and cooling systems, owing to their remarkable
attributes including high conductivity, corrosion resistance, mechanical
malleability, and the antimicrobial and antibiofilm properties associated
with copper. Li et al. reported that copper material was less prone to
degradation in the presence of microorganisms than MS1010 in a
cooling water environment [232]. Several studies have introduced novel
approaches for integrating copper into heat exchangers and cooling
systems, aiming to mitigate biofouling and its associated drawbacks
[233,234]. The impact of copper materials on the prevention of bacterial
adhesion and the retardation of biofilm formation is undeniable.
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5. The mitigation strategies to elongate copper-based alloys
5.1. Corrosion mitigation techniques for copper-based alloy

Over the years, several mitigation techniques have been employed to
elongate the service life of copper and copper-based alloys. These
techniques will be highlighted in this section as presented in Fig. 10
below.

5.1.1. Alloying

Alloying is a fundamental approach to enhancing the resistance to
corrosion of copper-based alloys. By adding specific elements, such as
tin, aluminum, or nickel, the corrosion behavior of the base copper alloy
can be significantly improved. Bronze, primarily composed of copper
and tin, is one of the oldest and most widely used copper alloys. Tin
improves the corrosion resistance of copper by promoting the develop-
ment of a stable oxide layer on the surface, which acts as a shielding
barrier. Bronze alloys are particularly resistant to corrosion in marine
and industrial environments, making them ideal for applications such as
ship propellers, bearings, and sculptures [235,236]. Aluminum bronze
alloys contain aluminum as the primary alloying element, which
significantly enhances corrosion resistance, particularly in aggressive
environments like seawater and acidic conditions. The aluminum in the
alloy forms a protective aluminum oxide layer on the surface, which is
highly resistant to corrosion [236,237]. Cupronickel alloys, typically
containing 10-30% nickel, are known for their excellent corrosion
resistance, especially in seawater environments. The nickel content in
these alloys enhances their resistance to chloride-induced corrosion,
making them ideal for marine applications such as ship hulls, offshore
platforms, and desalination plants [238,239].

Recent advancements in metallurgy have led to the development of
high-performance copper alloys with enhanced corrosion resistance.
These alloys often contain a combination of elements, such as chro-
mium, zirconium, and beryllium, which provide superior resistance to
corrosion, wear, and high temperatures. These alloys are used in
demanding applications, such as aerospace, power generation, and
chemical processing [240,241].

5.1.2. Surface Modification
Surface modification techniques, such as passivation, ion implanta-
tion, and laser treatment, can significantly enhance the corrosion

Surface
Modification

Cathodic
Protection

Environment
control

Fig. 10. Copper and copper alloys corrosion mitigation strategies.
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resistance of copper-based alloys by altering the surface properties of the
material. Passivation involves treating the copper alloy surface with
oxidizing agents, such as nitric acid, to form a thin, protective oxide
layer. This layer significantly reduces the metal’s reactivity, preventing
further oxidation and corrosion. Passivation is commonly used in
stainless steels and is also effective for certain copper alloys, particularly
in electronics and architectural applications [235,241]. Ion implanta-
tion is a surface modification technique that involves bombarding the
metal surface with high-energy ions, which penetrate the surface and
modify its properties. This technique can improve the hardness, wear
resistance, and corrosion resistance of copper alloys by altering the
surface composition and structure. Ion implantation is particularly
effective in enhancing the performance of copper alloys in aggressive
environments, such as in aerospace and medical devices [237,238].
Laser surface treatment involves using a high-energy laser beam to melt
and rapidly solidify the surface of the metal. This process can refine the
microstructure, eliminate surface defects, and enhance the corrosion
resistance of copper alloys. Laser treatment is particularly effective for
improving the performance of copper alloys in high-temperature and
corrosive environments [240,242].

5.1.3. Cathodic Protection

Cathodic protection is a widely used method to control the corrosion
of copper-based alloys, particularly in marine and underground appli-
cations. This method involves making the copper alloy the cathode of an
electrochemical cell, thereby preventing it from corroding. Types of
cathodic protection includes, sacrificial anode, impressed current,
galvanic coupling and design considerations. In sacrificial anode
cathodic protection, a more anodic metal, like zinc or magnesium, is
connected to the copper alloy. The sacrificial anode corrodes preferen-
tially, protecting the copper alloy from corrosion. This method is
commonly used in pipelines, ship hulls, and offshore structures [236,
243]. Impressed current cathodic protection involves applying an
external current to the copper alloy, making it the cathode. This method
is used when sacrificial anodes are not sufficient to provide the required
level of protection, particularly in large structures such as bridges and
storage tanks [240,244]. Galvanic coupling is a technique where a
copper alloy is electrically connected to a more anodic metal, such as
zine, to protect it from corrosion. This approach is commonly used in
electrical connectors and marine applications [237,245]. The design of
cathodic protection systems for copper-based alloys requires careful
consideration of various factors, including the type of alloy, environ-
mental conditions, and specific application. For instance, in marine
environments, the resistivity of seawater, the presence of biofouling, and
the accessibility of the structure must be taken into account [238,243].

5.1.4. Environmental control

Controlling the environment surrounding copper-based alloys
remarkably decreases the risk of corrosion. This includes managing
factors such as humidity, temperature, and exposure to corrosive agents.
In environments where copper alloys are exposed to high humidity and
temperature, such as in tropical or industrial settings, controlling these
factors is crucial to preventing corrosion. Dehumidification, air condi-
tioning, and the use of desiccants are effective methods for reducing
humidity levels, thereby minimizing the risk of corrosion [246,247].
Controlling the chemical environment, such as the concentration and pH
of corrosive agents, is essential for preventing the corrosion of copper
alloys. For example, in cooling water systems, maintaining the pH
within an optimal range and using corrosion inhibitors can significantly
drop the dissolution rate of copper condenser tubes [238,244]. In certain
industrial processes, such as heat treatment and welding, using a pro-
tective atmosphere, such as argon or nitrogen, can prevent the oxidation
and corrosion of copper alloys. In particular, applications where the
presence of oxygen or moisture can lead to rapid degradation of the
material [235,248]. Adhering to environmental regulations and stan-
dards is crucial for ensuring the long-term protection of copper alloys.
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These regulations often specify limits on the exposure of copper alloys to
corrosive agents, such as sulfur compounds and chlorides, and require
the implementation of corrosion control measures [240,241].

5.1.5. Use of inhibitors

Corrosion inhibitors are chemicals that, when introduced to the
environment, can significantly reduce the corrosion rate of copper and
copper-based alloys. These inhibitors function by forming a protective
barrier on the metal surface. There are two main classes of inhibitor
which are organic and inorganic inhibitors. Traditional inhibitors,
particularly those that contain heavy metals such as chromium and lead,
present substantial risks to both environmental integrity and public
health. These substances are highly toxic and have the potential to
bioaccumulate in living organisms, leading to serious health issues for
humans, including respiratory problems and an increased risk of cancer,
as well as harmful effects on ecosystems, such as damage to aquatic life
and soil health.

In response to these pressing concerns, researchers are increasingly
focused on the development and exploration of "green" or sustainable
corrosion inhibitors. These innovative alternatives are often derived
from natural sources or synthesized in a way that minimizes their
environmental impact. Green inhibitors are typically less toxic and
biodegradable, significantly reducing the risk of pollution and harm to
human health and the environment [249-254]. By prioritizing these
safer options, industries can effectively combat corrosion while
embracing a more sustainable and environmentally responsible
approach to infrastructure maintenance.

Organic inhibitors, such as benzotriazole (BTA) and imidazoles, are
widely used to protect copper and its alloys in various environments.
BTA is particularly effective in preventing the tarnishing and pitting of
copper in environments containing chlorides and other halides [241,
244]. Inorganic inhibitors, such as phosphates and molybdates, also play
a crucial role in corrosion mitigation. These inhibitors can precipitate as
insoluble compounds on the metal surface, providing a barrier that
limits the access of corrosive species. Phosphates, for example, are
commonly used in cooling water systems to prevent the corrosion of
copper condenser tubes [235,247]. In some cases, the combination of
inorganic and organic inhibitors can provide enhanced protection
against corrosion. For instance, the combination of BTA and phosphate
inhibitors has been shown to offer superior protection for copper alloys
in both neutral and acidic environments [255,256].

5.1.6. Application of protective coatings

Applying protective coatings is a widely used method to enhance the
corrosion resistance of Cu-alloys. Coatings act as a physical barrier,
blocking the interaction between the metal surface and the corrosive
environment. Various types of coatings such as metallic, organic, con-
version and Nano coatings have been explore in the protection of copper
and copper-based alloys. Metallic coatings, such as tin, zinc, and nickel,
are commonly applied to copper alloys to improve their corrosion
resistance. Tin coatings are particularly effective in preventing the
tarnishing of copper in air and are widely used in the food and beverage
industry. Nickel coatings provide excellent resistance to oxidation and
wear, making them suitable for harsh industrial environments [238,
243]. Organic coatings, such as epoxy, polyurethane, and acrylic, pro-
vide good corrosion protection by forming a continuous, adherent layer
over the metal surface. These coatings are often used in combination
with primers and sealers to enhance their adhesion and durability.
Epoxy coatings, in particular, are known for their excellent chemical
resistance and are widely used in marine and industrial applications
[240,245]. Conversion coatings involve chemically treating the metal
surface to form a protective layer that enhances corrosion resistance.
Chromate conversion coatings, for example, are commonly used to
protect copper alloys in aerospace and military applications. These
coatings not only provide corrosion resistance but also improve the
adhesion of subsequent paint layers [237]. Recent advancements in
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nanotechnology have led to the development of nanocoatings that offer
superior corrosion protection. These coatings typically consist of nano-
particles embedded in a polymer matrix, which provides a dense,
impermeable barrier against corrosive agents. Nanocoatings are
particularly effective in protecting copper alloys in aggressive environ-
ments, such as marine and industrial settings [242,257]. With reported
reduction in inhibition efficiency of most inhibitors and anticorrosive
coating materials with increasing temperature, research focus is grad-
ually shifting to thermally stable coatings. In their research on the
corrosion of copper and copper alloys in seawater, coated with hydro-
thermal carbon through electrochemical methods, Gan et al. [258] re-
ported that the carbon-rich layer, measuring 120 um in thickness,
exhibits considerable corrosion resistance. The application of this
carbonized coating notably decreases the corrosion current and shifts
the corrosion potentials to a range of 0.05-0.1 V. Furthermore, the hy-
drothermally produced carbon layer functions as a passivation coating
for both pure copper and copper alloys, thereby effectively reducing
their corrosion rates in seawater environments.

5.1.7. Corrosion monitoring and maintenance

Regular monitoring and maintenance are essential components of a
comprehensive corrosion mitigation strategy. These practices ensure the
early detection of corrosion and allow for timely interventions to pre-
vent further damage. Corrosion monitoring techniques include electro-
chemical methods, such as linear polarization resistance (LPR),
electrochemical impedance spectroscopy (EIS), ultrasonic testing, eddy
current testing and radography. These techniques can provide valuable
information about the corrosion rate, the effectiveness of corrosion in-
hibitors, and the condition of protective coatings. Regular monitoring
allows for the early detection of corrosion and timely maintenance to
prevent further degradation [245,257] Predictive maintenance involves
using data from corrosion monitoring to predict when maintenance
should be performed to prevent failures. This approach is particularly
useful in critical applications, such as power generation, oil and gas
production, and aerospace, where unexpected failures can have severe
consequences. Predictive methods can help optimize maintenance
schedules, reduce downtime, and extend the service life of copper-based
alloys [242,244].

Regular inspection and cleaning are vital for maintaining the
corrosion resistance of copper-based alloys. Inspections can identify
early signs of corrosion, such as pitting, discoloration, or coating
degradation, allowing for timely repairs. Cleaning removes corrosive
agents, such as chloride salts or sulfur compounds, from the metal sur-
face, reducing the risk of corrosion. In marine environments, regular
cleaning is particularly important to prevent biofouling, which can
create localized aggressive environments and accelerate corrosion [238,
243]. When corrosion is detected, repair and recoating are often
necessary to restore the protective properties of the metal. This may
involve removing corroded material, applying a new protective coating,
or replacing sacrificial anodes in cathodic protection systems. The
choice of repair method depends on the extent of the corrosion, the type
of alloy, and the operating environment. Recoating with
high-performance coatings, such as epoxy or polyurethane, can provide
long-term protection and extend the service life of the copper alloy
[244].

5.2. Corrosion inhibitors for copper in chloride and other corrosive media

To extend the service life of copper and its alloys, corrosion in-
hibitors need to block the anodic and cathodic processes. Aside from
protective coatings and/or anodic/cathodic protection techniques, the
mitigation of copper’s corrosion process has mainly involved using
corrosion-inhibiting agents [259]. The most effective inhibiting agents
for copper corrosion is benzotriazole (BTA) and its derivatives. BTA is a
heterocyclic organic compound synthesized via the reaction of ortho-
phenylenediamine acetic acid and sodium nitrite [260]. These
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compounds are attractive because they are reasonably soluble in water
to a level; that can support effective corrosion inhibition properties. In
addition, benzotriazole is only slightly toxic indicating minimal envi-
ronmental hazard. Considering the multidimensional corrosion process
of copper, a compound with multipurpose anticorrosion ability would
be able to function in diverse situations. BTA conformation in aqueous
solution depends on the pH of the medium according to equations 19-20.
Thus, in near neutral or minimal acidic pH, the compound exists in the
undissociated form as BTAH, whereas in low pH (acidic environments)
the protonated form dominates (BTAH2+); whilst at alkaline pH the
negatively charged form (BTA-) predominates. The possible protonation
of BTA in low pH is consistent with the mechanism put forward previ-
ously by Njoku et al. [261-263]. Fig. 11 demonstrates the protonation
and various natures of chemical interactions or complexes between
copper and benzotriazole which served as a model for the interaction of
all the related compounds leading to the protection of Cu.

BTAH; < BTAH + H', pK; ~ 1 37

BTAH < BTA™ + HY, pK, = 8.2 (38)

Thus, the corrosion protection efficacy of BTA can be related to the
complex formation (Cu(I)-BTAH) following the reactions (39) and (40)
[259]:

Cugs) + BTAH(3q) — Cu : BTAH(aqs) + H' (39)

Cu : BTAH(ags) — Cu(l) — BTA(s) + H{ag) + €— (40)

However, it has been posited that if the plane of the Cu(I)BTA surface
complex is aligned parallel to the Cu surface, the protection of Cu is
based mainly on the d of a Cu(I)BTA surface complex film other than the
chemisorbed BTAH film [260]. Generally, the adsorption of an inhibitor
film (organic) on any metal surface is accompanied by displacing a
proportional water molecule previously adsorbed following the reaction
[264]:

Inhg, 4 XxH30,4s = Inhygs + xHO40) (41)
where x describes the number of water molecules displaced by a mole-
cule of inhibitor species adsorbed [264]. The protonated BTA molecules
could adsorb electronically in low pH following equations 42-43.

Cu -»Cu®" 4 2e” (42)

Cu®* + Inhug — (Cu— Inh)%,

ads

(43)

Furthermore, it has been widely reported that N, S, O, P and double
bonds in a conjugated system in organic molecules contribute to the
inhibition performance of organic molecules [265,266]. Thus, to
advance the development of BTA-based inhibitors, derivatives with
different groups have been studied over the years as corrosion inhibition
of Cu. In this regard derivatives of BTA and other related compounds
have been investigated as corrosion inhibitors for copper. For instance,
the report of Tasic and Milan [267] investigated benzotriazole and its
derivatives, namely, 5-methyl- 1H-benzotriazole (MBTAH) and 5-chlor-
o-1H-benzotriazole as corrosion in an acidic sulfate medium. Following
the previous reviews [259,260], modification and substitution can
improve the performance of BTA as a corrosion inhibitor of copper and
its alloys. Fig. 12 shows some typical structures of BTA and related
compounds that have been investigated as corrosion inhibitors for
copper in different mediums.

Given this, several kinds of corrosion inhibitors have been proposed
for the protection of copper ranging from inorganic [276,277], organic
[30], green [278], polymeric [279] and even natural products [280].
Table 4 collected the various inhibitors that have been reported in recent
years for copper and copper based alloys protection including the nature
of copper and the environments highlighting the heightened achieve-
ments in copper corrosion inhibition.
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Fig. 11. The protonation of BTA in an acidic environment as proposed by Njoku et al. [261-263], copper-BTAH complex structure, the structure of the first
chemisorbed BTA layer on copper, and the Cu(II)(BTAH), structure as collated by Finsgar, and Milosev [260].

Computational studies in the last decades have been employed to
study how organic inhibitors interact with metal surfaces, which is
essential for predicting their protection efficiency at the atomic level.
Rahimi et al. [281] have utilized DFT (density functional theory) and
MDS (molecular dynamics simulation) to understand the copper corro-
sion protection potentials of several oxalohydrazide and the methylated
structures. Exploring MDS on the various derivatives of the xalohy-
drazide on the Cu (111) surface reveals how the degree of methylation
influences the adsorption orientation and the stable parallel adsorption
mode. The data reveal that derivatives with highly parallel adsorption
orientation on the Cu surface exhibit the strongest adsorption. As shown
in Fig. 13, the adsorption orientation of oxalohydrazide derivatives on
the Cu(Ill) surface is associated with their interaction energy. Com-
pounds oriented in a parallel fashion (Fig. 13a) exhibit higher interac-
tion energy values compared to those oriented perpendicularly
(Fig. 13b). The values collated in Fig. 13c provide the corresponding
interaction energies, indicating that the nature and degree of adsorption
orientation, as computed by MDS, are linked to the interaction energy,
while the interaction energy is linked to the inherent inhibition effi-
ciency. Going further, Mahamdi et al. [282] employed MDS and DFT to
appraise and propose the corrosion inhibition mechanism of copper in
saline environments, utilizing coating films derived from chitosan and
chitosan Schiff base. The studies reveal that the incorporation of SrTiO3
(STO) ceramic nanoparticles into matrices of
epichlorohydrin-crosslinked  chitosan-salicylaldehyde Schiff base
(CS-S-Ep) to yield CS-S-Ep-STO nanocomposite showed enhanced
adsorption energy, which is attributed to the inclusion of oxygen and
nitrogen heteroatoms, such as -C=N-, -C-O-, -OH and SrTiO3 groups on
the composite. In another calculation, quantum chemical calculations
enabled the investigation of the corrosion inhibition of 2-mercaptoben-
zothiazole (MBT) on copper, where the surface was locally de-passivated
[283]. The computational studies reveal that the partially oxide-covered
sites are the most reactive sites on the copper surface, which are charged
and susceptible to interacting with the inhibitor. The MBT forms a
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covalent interaction with the charged, partially oxide-covered sites on
both the surface and edges of the copper via both intact and dissociative
adsorption modes. Intact adsorption occurs when unsaturated oxygen is
present, while dissociative adsorption readily takes place in the presence
of doubly unsaturated oxygen at the oxide edges [283]. In another
investigation, DFT and MDS were adopted to divulge the inhibition
mechanisms of triazole derivatives on copper [284]. The computational
analysis reveals how the lone electron pair orbitals of O, N, and S atoms
in triazole inhibitor derivatives hybridize with the Cu-d orbital to form
covalent bonds. This enhances the adsorption passivation action, pre-
dicting the effectiveness of each inhibitor as a corrosion inhibitor at the
atomic level. DFT, MDS, and Monte Carlo simulations provide an
innovative approach for efficiently selecting inhibitors. Thus, with the
successes recorded with computational studies including DFT and MDS,
several researchers have integrated computational data to study the
corrosion inhibition of copper in various media [285,286].

5.3. Anticorrosion coatings for the protection of copper and copper-based
alloys

The application of corrosion inhibitors, anticorrosion coatings, and
molecular passivators are some of the recent techniques developed for
the corrosion protection of copper alloys. We will critically examine the
use of anticorrosion coatings in this subsection. Since the onset of
corrosion begins when metallic surfaces directly interact with corrosion-
promoting species, like oxygen, moisture, and ions of sulfur and chlo-
rine, the most efficient way of discouraging and impeding such in-
teractions is the use of barriers (e.g. anticorrosion coatings and films) on
metal surfaces [31]. The barriers function by significantly block-
ing/impeding the diffusion of the corrosion-promoting species, thereby
controlling the rate of metal corrosion [306]. A pictorial depiction of
this strategy is illustrated in Fig. 14 (a) where Bai et al. [307] fabricated
a dual purpose coating, called (PNCA), by modifying the surface of
nickel-copper alloy (NCA) with perfluorodecyltrimethoxysilane for the
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Fig. 12. BTA and related compounds used for copper protection in different environments (a) benzotriazole used for copper protection inflow conditions [268], (b-c)
indazole derivative for protection of copper in 3.0% NaCl solution [269], (d) 5-Methyl(1H)benzotriazole adsorption on the copper surface [270], (f-g)1-(Phenyl-
sulfonyl)-1H-benzotriazole (f), 1-(3-Pyridinylsulfonyl)-1H-benzotriazole (f) and 1-(2-Pyridinylsulfonyl)-1H-benzotriazole (g) as corrosion protection of copper in
varied concentrations of 1M HNO3 [271], (h) 5-(3-Aminophenyltetrazole as corrosion of Cu-Ni (90/10) alloy in seawater [272], (i-k) 5-Phenyltetrazole (i),
5-(2-Bromophenyl)-1H-Tetrazole (j), 5-(4-Bromophenyl)-2H-Tetrazole (k) as inhibitors for copper in 0.5 M HSO4 [273]. (1) benzodiazepine as efficient corrosion
inhibitor for copper in 3.5% NaCl solution [274], (m-n) benzimidazole (m), and 2- mercaptobenzimidazole (n) as corrosion inhibitor of copper that bond stronger to
the surface and display weaker tendency to form soluble complexes with hydrated copper (II) ion [275].

protection of brass, an alloy of copper.

As previously stated, anticorrosion coatings establish physical bar-
riers on metal surfaces, thereby providing effective protection against
aggressive contaminants present in their immediate environments. This
is a crucial method for preventing corrosion, and there have been sig-
nificant advancements in materials science of copper following the use
of advanced coating materials to protect copper against corrosion. These
materials comprise a wide variety of choices, such as graphene,
conductive polymers, and inorganic materials (including nitrides, ox-
ides, and carbides). Table 5 summarizes some of the notable results
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obtained for the fabrication of anticorrosion coatings on copper-based
substrates. This growing diversity of coating materials has presented
new opportunities to improve the protectability of copper against
corrosion, and they have shown tremendous potentials in a number of
industrial applications.

Moreover, the use of organic polymers like epoxy resin is a common
method for preventing corrosion of metal substrates. Conducting poly-
mers with specific electrical conductivity can facilitate the creation of
passivation layers on metal surfaces through their oxidative properties,
unlike traditional organic coatings that primarily act as physical
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Table 4
The collection of different inhibitors for copper corrosion protection in different environments.
Type of Inhibitor compound medium Key findings and inhibition efficiency (IE) Ref.
copper alloy
Organic compounds
Copper Different organic corrosion inhibitors and their Chloride Environments (3.5 Highlighted the unique copper corrosion mitigation abilities of ~ [287]
derivatives that prevent copper corrosion wt% NaCl) various inhibitors, providing a foundation for future research
and inhibitor selection.
copper Expired linezolid and piperacillin 1.0 M HNO3 Good corrosion resistance due to the formation of a complex [288]
between copper ions and the drug. Langmuir adsorption
isotherm.
copper N,N-bis(2-ethylhexyl)-4-methyl-1H-benzotriazol-1- Oil-in-water (O/W) Formation of multilayer inhibitor films which significantly [289]
methanamine (NBTAH) emulsions reduced the wettability of the O/W emulsions on the copper
2,5-bis(octyldithio)-1,3,4-thiadiazole (BTDA), surface, thus isolating copper from the corrosive medium
Pure copper 2-mercaptobenzothiazole and 2-amino benzothiazole Artificial seawater Very good corrosion performance with IE of 90 % at 0.5 mg/Lat ~ [290]
(99.9%) room temperature. Reduction in IE to approximately 70%
revealed physisorption.
Copper rod, Ionic liquid - (1,4- (Divinyl-imidazolium bromide) 0.5 M HCI Excellent corrosion performance with IE 99% at 2 mM. [291]
99.9% butane
purity
Copper rod, Imidazole derivatives (4-methyl-5- 0.5 M H,SO4 Corrosion resistance is structure-sensitive. The best inhibition [292]
99.9% hydroxylmetylimidazole, 1-phenyl-4methylimida- efficiency (93%) was obtained by adding a phenyl ring to the
purity zole, 1-(p -tolyl)-4-methylimidazole imidazole structure
copper Thiazolyl-based ionic liquids (3, 3™ 0.1 M HCl Formation of a protective oxide film which increases with the [293]
Diethylthiadicarbocyanine iodide and Thioflavin addition of halides. As anticipated, iodide offered the best-
enhanced adsorption. Both chemisorption and physisorption.
Plant extracts (Biomass inhibitors)
Copper pipes  Palm oil 3.5% NaCl Excellent corrosion resistance with IE of 99.60% at 150 ppm. [294]
copper Acteoside (ACT) isolated from A. orientalis L. 1.0 M HNO3 Formation of a protective layer that alters the copper [295]
dissolution, which improves with increasing concentration.
copper Lotus Leaf Saline water Formation of a hydrophobic film on the copper surface, which [296]
blocks the active sites on the Cu surface. The blocking degree
improves with the higher number of layers of the film
Copper Lady Finger Caps 0.5 M NaCl Potent inhibitor with IE of 89%, which increased to 96% on the [297]
synergistic effect of NiO nanoparticles.
copper Pyracantha fortuneana 0.5 H3S04 media Excellent inhibition efficiency exceeding 95 % at 600 mg/L. [293]
copper Rhododendron simsii leaf extract 0.5 HySO4 Excellent corrosion resistance with 92.6% at 500 mg/L. [298]
copper Capsicum annuum L. leaf extract 0.5 M HyS04 Excellent corrosion potential with IE 94 % at 500 mg/L. [299]
copper Lycium barbarum leaf extract 0.5 M H,SO4 Excellent corrosion performance with IE of 92.9%, 92.8%, and [299]
94.1% at 298 K, 303 K, and 308 K, respectively at 400 mg/L.
Copper Morinda tinctoria 1 M HCI Potent inhibitor with maximum IE of 80%. [300]
copper Davidia involucrata leaf extract 0.5 M HySO4 Good corrosion resistance with IE of 90% at different [300]
temperatures
copper Oleuropein from Olea europaea leaves 1.0 M H2S04 Mixed-type inhibitor with excellent IE, peaking at 98.92% on [280]
addition of 100 mg/L
Polymers
copper 4-((1H-indol-3-yl)methyl)phenol (IMP) and 4-(di 0.5 M HyS04 Excellent corrosion protection performance reaching staggering ~ [301]
(1Hindol-3-yl)methyl)phenol (DIMP) based IE of 99.3 %
copolymer
copper Alginate biopolymer (SA) 1 M HCI Good corrosion resistance which peaks at IE of 83% on addition ~ [302]
0.1lmg L™!
copper Chitosan polymer Polluted synthetic seawater Physical adsorption with IE of 89% at 800 ppm. [303]
(SSW) containing 20 ppm of
sulfide
copper Polyacrylic Acid (PAM) and Polyacrylamide Polymers 1.0 M HNO3 PAM displayed a slightly better copper protection tendency in [304]
(PAA) nitric acid than PAA, IE of 88% and 84% in the presence of 250
mg/L at 298 K.
copper Sulfonated aromatic polyamide (SAP) 1M HCl IE of 92%, making it an effective anti-corrosion compound for [305]

copper protection

barriers. Furthermore, the conductivity difference facilitates the move-
ment of electrons from the metal surfaces to the conductive polymer
layers, creating an electrical barrier that hinders the flow of charges
during corrosion. The conductive polymers commonly used for corro-
sion prevention are polythiophene (PTh), polypyrrole (PPy), polyindole
(PIN), and polyaniline (PANi). Their chemical structures are illustrated
in Fig. 14 (b). There is a significant body of literature on the use of
conductive polymers for copper substrates and their impact on corrosion
resistance [308-318].

Annibaldi et al. [319] reported the consistent electrodeposition of
uniform and adherent polypyrrole on copper via a salicylate solution.
Shabani-Nooshabadi and colleagues [320] conducted an electrodeposi-
tion of a PANi/zeolite nanocomposite onto a copper electrode sub-
merged in a solution of sodium oxalate, achieving enhanced corrosion
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resistance relative to unmodified PANi. The study identified the optimal
current density for the synthesis of the nanocomposite coatings, which
led to a remarkable reduction in the corrosion rate by around 130 times
in NaCl solution, in contrast to a coating-free copper. Additionally,
Jafari and his team effectively produced a PANi/graphene nano-
composite film on a copper surface, and the electrochemical assessments
demonstrated a remarkable corrosion inhibition efficiency of 98% in
aqueous NaCl solution due to the protective properties of the composite
film [321]. Other studies have also demonstrated that the PPy/PANI
bilayer coating is considerably more effective in inhibiting the ingress of
corrosive agents into underlying copper substrates. Pan et al. developed
a bilayer coating approach, comprising a PPy layer on the inside and a
PANi layer on the outside. Electrochemical evaluations indicated that
both the bilayer PPy/PANi coating and the single PPy coating offered
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in the gas phase (all in kcal mol™ 1) [281].

comparable corrosion protection in acidic conditions at the initial
period, effectively decreasing the corrosion rate by a factor of ten rela-
tive to a coating-free copper. Additionally, the bilayer coating demon-
strated enhanced long-term corrosion protection, which was due to its
enhanced barrier properties, hindering the ingress of corrosive agents.

Conducting polymers and their composites have shown significant
potentials for the prevention of copper corrosion; however, certain
challenges remain. Generally, anticorrosion coatings based on con-
ducting polymers are more effective in less harsh corrosive systems, as
they tend to decompose when exposed to high temperatures. Addition-
ally, these coatings demonstrate limited effectiveness when applied as
shields against corrosive gases (e.g. CO2 and HS), especially under high-
pressure conditions. Moreover, there is still a lack of broad under-
standing regarding the anticorrosion mechanisms of conducting poly-
mers. In particular, the impact of their redox processes on the

passivation of metal surfaces and the diffusion of aggressive species
requires further investigation.

Graphene, recognized for its inertness and impermeability, presents
significant potential for enhancing corrosion resistance. This material
exhibits a range of advantageous electrochemical properties, and its
exceptional thermal conductivity, substantial inherent capacity, and
extensive specific surface area enable it to surpass many alternative
materials. Additionally, graphene is characterized by remarkable
strength, ductility, and notable chemical inertness, except when sub-
jected to extreme reaction conditions [322]. It also offers resistance to
oxidation, while its hydrophobic nature inhibits the formation of
hydrogen bonds with water [323]. Given its numerous promising attri-
butes, graphene is currently the subject of extensive research across
various disciplines; however, the exploration of ultrathin graphene
coatings as a protective barrier against corrosion remains insufficiently
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Some conductive polymers commonly used for anticorrosion coatings [308-31

addressed. Zhu et al. successfully mitigated the local corrosion at defect
locations on a copper substrate and reduced the galvanic corrosion be-
tween graphene and the metal by the deposition of a fluorocarbon
polymer film onto the copper substrate which was pre-coated with a
single layer of graphene in a Plasma-Enhanced Chemical Vapor Depo-
sition system [324]. Zheng et al. produced polydopamine-graphene
composites on a copper substrate, resulting in a remarkable corrosion
resistance with a protection efficacy of 99.8%, and this enhanced pro-
tection was ascribed to the n-m interrelations between graphene and
polydopamine [325]. Wu et al. proposed an innovative fluorination
approach to develop a graphene-based anticorrosion coating [326]. The
incorporation of fluorine atoms was believed to form bonds with carbon
atoms at defect locations, thereby decreasing the corrosion rates by
significantly raising the diffusion energy barriers for aggressive agents.
Beyond pure graphene anti-corrosion layers, a graphene-based com-
posite coating has attracted numerous research interests.

8].

26

As with graphene, significant potentials have been demonstrated for
other two-dimensional nanosheets as materials for the next generation.
One of such is hexagonal boron nitride (hBN). hBN ranks as the second
most utilized two-dimensional material, renowned for its exceptional
chemical and thermal stability, as well as its potential applications in
ultrathin coatings. Nevertheless, in contrast to graphene, its anticorro-
sion properties have received relatively limited attention. hBN possesses
numerous characteristics that could enhance its effectiveness as an
important nanofiller in anticorrosion coatings [344]. Due to the polar
B-N bonds impeding electron transfer, BN does not conduct electricity
[345]. Consequently, hBN is not anticipated to elevate corrosion rates,
unlike graphene, which is a conductor of electricity. Moreover, its
electrically insulating properties are effective in mitigating the risks
associated with galvanic corrosion, which is observed for graphene
coatings. Additionally, boron can undergo oxidation in environments
rich in oxygen, leading to the formation of heat-stable interface
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Table 5
Some anticorrosion coatings on copper-based substrates.
Anticorrosion coating Test Protection Ref.
environment efficiency (%)
Graphene 0.1 M NaySO4 86 [3271
3-layer graphene 0.1 M NaCl 99.1 [328]
Melamine-treated graphene oxide 3.5 wt% NaCl 90.83 [329]
Fluorinated graphene 3.5 wt% NaCl 97 [326]
Fluorocarbon polymer/single-layer 3.5 wt% NaCl 99.98 [326]
graphene
Polydopamine/graphene 3.5 wt% NaCl 99.8 [325]
Silane-graphene oxide 1 M NaCl 99.18 [330]
BTA-silane-graphene oxide 1 M NaCl 99.97 [330]
Acetone-based graphene 3.5 wt% NaCl 99 [331]
Monolayer hexagonal boron nitride 0.1 M NaOH 96 [332]
< 4 layers hexagonal boron nitride 0.5 M HSO4 93 [333]
20 layers hexagonal boron nitride 3.5 wt% NaCl 99.5 [334]
Al,03/monolayer hexagonal boron 3.5 wt% NaCl 99.9 [335]
nitride
Al,0O3/monolayer graphene 3.5 wt% NaCl 99 [335]
Graphene-ODA/TiO2 0.5 M HySO4 93.6 [336]
S-N-C-doped TiO, 3.5 wt% NaCl 99.6 [3371
Silane/Ti3C2Tx 3.5 wt% NaCl 99.91 [338]
PNEA/sodium silicate 3.5 wt% NaCl 94.84 [318]
PENA-Mo 0.5 M HySO4 91.72 [310]
BTA/silica-doped PPy 5 wt% NaCl 98 [339]1
PPy-tartrate/ PPy-dodecylbenzene 0.1 M NaCl 93.8 [340]
sulfonate
PNMA/phosphate 3.5 wt% NaCl 97 [318]
Polyeugenol-gum arabic/graphene 3.5 wt% NaCl 72.12 [341]
oxide
Fluorographene/epoxy (coating) 3.5 wt% NaCl 99.95 [342]
benzaldehyde-derived molecules/ 3.5 wt% NaCl 99.85 [343]

mesoporous silica/graphene oxide

compounds, such as boron oxide [346]. This oxide can provide protec-
tion by preventing direct contact and/or by facilitating the repair of any
damage to coatings. Hwang et al showed that that hBN creates a
monolayer that inhibits oxygen diffusion in an oxidizing environment,
even at elevated temperatures [347]. Further research studies have
shown that coatings of 15-20 layers of hBN nanosheets can enhance
open circuit potential and mitigate metallic oxidation, including the
oxidation of copper foils. Two-dimensional hBN thin coatings exhibit
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resilience against microbes, harsh chemicals, and high temperatures,
and these are attributed to their chemical inertness and low environ-
mental coupling [334].

6. Recent application of copper-based alloys

copper and copper-based alloys have continued to find relevant
multi-faceted applications (Fig. 15) in several areas including antimi-
crobial homewares, shape memory alloys (SMAs), electrical cables,
valves, high-speed railway contact wires, pipelines, boilers, heat ex-
changers, ship turbines, propellers and gears, amongst others [348].
Additionally, in today’s world of cutting-edge technologies and micro-
electronics, the use of Cu is such a pivotal one including fundamental
role of joining material within computer chips and integrated circuits
(ICs) [349,350]. Moreover, copper and its alloys are well placed as
nanowires (NWs) where they find good applications as current collectors
in batteries and in the production of transparent conducting membranes
for displays and solar panels cells [351,352]. Perhaps most notably,
copper nanoparticles (CuNPs) have emerged as widely utilized and
cost-effective substitutes for precious metals like silver (Ag), gold (Au),
platinum (Pt), and across a range of fields, including spectroscopy,
sensors, flexible devices, environmental science, catalysis, energy
research, biomedicine, and biology [353-357].

6.1. Copper-based alloys as shape-memory alloys (SMAs)

Copper-based shape-memory alloys represent a unique category of
functional alloys characterized by their ability to undergo a shape
memory effect and super-elastic behavior, attributed to their reversible
martensitic transformation. These properties make them particularly
suitable for applications in sensors, microcontrollers, and actuators
[358]. This class of alloys is distinguished by two notable functional
characteristics: the shape memory effect, which allows them to return to
their original shape after being deformed, and super-elasticity property,
also known as pseudoelasticity, which enables them to recover from
significant non-linear deformations during loading and unloading cycles
[359,360].

Electronics

Heat
exchanger

Fig. 15. Multi-faceted applications of copper-based alloys.
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6.2. Copper-based alloy as an anti-microbial agent

Cu has demonstrated significant efficacy against microorganisms,
and its incorporation markedly reduces bacterial adhesion and growth
on various surfaces. The antimicrobial action of copper is attributed to
several mechanisms: the release of Cu ions from Cu-containing alloys,
the infiltration of these ions into bacterial cell membranes resulting in
cell lysis, and the subsequent production of reactive oxygen species,
which leads to protein oxidation and DNA damage within the bacterial
cells, ultimately resulting in their demise. This mechanism highlights the
essential role of Cu in successfully diminishing bacterial colonization
across a wide range of surfaces, including household items and equip-
ment, offering substantial advantages over many conventional anti-
bacterial agents [361].

6.3. Copper-based alloy as an excellent electrical and thermal conductor

Cu stands out among common metals as having the highest levels of
both electrical and thermal conductivity. Nevertheless, the electrical
conductivity of copper-based alloys can differ significantly depending
on the specific alloying elements used. For instance, high Cu alloys that
incorporate iron, zirconium, magnesium, chromium, and tellurium
demonstrate improved strength while maintaining conductivity levels
between 75% and 90%. In contrast, another category of copper-based
alloys, which includes combinations of zinc, cobalt, tin, and phos-
phorus, offers relatively lower yet still commendable strength, with
conductivity ranging from 50% to 75%. Furthermore, these character-
istics can be optimized by selecting appropriate alloying elements and
applying suitable heat treatment methods, such as work-hardening,
tempering, and annealing.

6.4. Copper as current collectors

The increasing demand for electric vehicles (EVs) and portable
electronics has created a significant requirement for advanced energy
storage systems characterized by high energy density, particularly in
lithium-ion batteries (LIBs). Consequently, the utilization of Cu as a
current collector, which encompasses structures such as Cu mesh, Cu
foil, as well as 3D Cu frameworks (such as copper-based foams, coated
Cu, and other innovative 3D copper-based structures, has emerged as a
contemporary trend. In the design and fabrication of these systems, Cu
foil, typically with a thickness ranging from 5 to 12 pm, is commonly
employed as anode current collectors for LIBs. This preference is
attributed to the low resistivity of the material (approximately
1.68x107% Q@ m at 20°C), relatively low tensile strength (around 325
MPa), excellent electrochemical stability within the voltage range of O to
3V versus Li/Li" in LiPF4 electrolyte, cost-effectiveness (approximately
UsSD 640/m2), and widespread availability [362]. The choice of Cu for
this application is primarily due to its inherent properties, which include
high electrical conductivity, chemical resistance, flexibility, lightweight
nature, affordability, and ease of processing.

6.5. Copper-based alloys in marine, offshore and chemical application

The primary use of copper and copper-based alloys in these sectors is
largely attributed to their exceptional resistance to corrosion and
oxidation in aqueous environments. Specifically, CuNi alloys that
include iron are highly regarded materials in the construction of heat
exchangers, marine vessels, power plants as well as serving as tubing
and condenser materials in desalination facilities [363]. The corrosion
resistance exhibited by these alloys is primarily due to the development
of a stable and robust oxide layer on their surface, which is a result of the
incorporated alloying elements. Alloys containing approximately
10-30% by weight of Ni demonstrate commendable resistance, even in
hot seawater and under high flow speeds. In the chemical processing
industry, CuNi alloys are utilized in the form of tubes, sheets, and cast
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products for applications in oil production, as well as in the
manufacturing of pumps, valves, fittings, and propeller wheels, along
with piping systems designed to handle salt and other highly corrosive
substances. Additionally, these alloys are employed in various struc-
tures, including cooling systems, autoclaves, mixers, heat exchangers,
agitators, pressure vessels, and other related equipment [364].

7. Challenges and Future Perspectives

Copper and its alloys are widely recognized for their sufficient
strength, outstanding thermal and electrical conductivity, high ductility,
excellent fabricability, and notable resistance to corrosion. Copper
easily combines, either singly or in combination, with a number of well-
known metallic elements, chiefly Zn, as well as Ni, Al Si, Mn, Fe, Co, and
Cr. The main aim of alloying other elements into Cu is to improve its
strength and resistance to softening while maintaining its fundamental
properties of fabricability, electrical conductivity, and corrosion resis-
tance. These attributes facilitate the broad utilization of copper and its
alloys across multiple industries, as illustrated in Fig. 16.

While copper and copper-based alloys exhibit superior properties
and offer a wide range of applications, their utilization is not without
significant challenges. These challenges stem from their physical,
chemical, and economic characteristics, as well as limitations related to
specific applications. Notable issues include high material costs, me-
chanical constraints, and limitations in thermal and electrical perfor-
mance, manufacturing difficulties, compatibility concerns, industry-
specific requirements, and vulnerability to corrosion in particular en-
vironments. For instance, the industrial use of copper-based alloys in
extremely high-temperature environments, such as in electrical and
thermal systems, aerospace applications, nuclear power plants, and
bearings and bushings, poses significant challenges for these industries.
It is important to note that the established corrosion inhibitors and anti-
corrosion coatings materials have proven to be more effective at lower
temperatures. This situation has opened up new research opportunities
for developing high-temperature anti-corrosion materials specifically
designed for copper-based alloys used in high-temperature applications.

The future of copper-based alloys appears highly promising, driven
by technological advancements, sustainability objectives, and the
increasing demand for high-performance materials. Different industries
are expected to capitalize on these innovations, allowing copper-based
alloys to remain crucial in high-tech, energy, and sustainable applica-
tions. This trend will ensure their ongoing relevance in future techno-
logical developments. Some of the key perspectives on the applications
of copper and copper-based alloys are highlighted below:

1. They are essential for the development of miniaturized electronic
components, including microprocessors and connectors, due to their
excellent mechanical characteristics and electrical conductivity. As
the implementation of 5G technology and future communication
systems expands, the importance of copper alloys with enhanced
conductivity and minimized signal loss will become increasingly
critical.

2. They are expected to be integral to the functionality of electric
vehicle (EV) motors, battery systems, charging stations, and power
electronics, owing to their superior conductivity and thermal char-
acteristics. Furthermore, copper alloys that exhibit enhanced corro-
sion resistance will continue to be vital for renewable energy
infrastructure, particularly in applications such as inverters and
generators

3. Current research initiatives are concentrating on the fabrication of
coatings, corrosion inhibitors, and surface treatments designed to
enhance the resistance of copper and its alloys against harsh envi-
ronments, including those found in deep-sea and high-temperature
scenarios. Future studies may investigate the potential for devel-
oping copper alloys with self-healing capabilities, or self-healing
anticorrosion materials which could prove to be a significant
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Fig, 16. Current and future industrial applications of copper and copper-based alloys.

advancement for essential applications in the aerospace, marine
sectors and other high temperature applications.

. Efforts are directed toward the development of lighter and stronger
copper alloys for use in components such as bearings, bushings, and
structural elements. The integration of copper alloys with composite
materials may facilitate an optimal balance between weight reduc-
tion and performance.

. Cu alloys with improved high-temperature performance are prom-
ising for next-generation power plants, rockets, and turbines.

. These alloys are expected to be instrumental in the hydrogen econ-
omy, especially in their utilization in heat exchangers and hydrogen
storage systems, which are essential for advancing the shift towards a
low-carbon economy.

. Conclusions

Copper and its alloys are extensively utilized in numerous industries
owing to their superior corrosion resistance, high strength, exceptional
fatigue resistance, and excellent electrical and thermal conductivity,
along with their visual appeal. Nevertheless, these materials remain
vulnerable to corrosion, which can result in premature failures when
subjected to severe environmental conditions. The corrosion behavior of
copper and its alloys is influenced by a range of factors, which can be
categorized into material and environmental factors. Material factors
encompass macrostructural attributes such as size and grain orientation,
phases, inclusions, as well as the presence of alloying elements and
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manufacturing processes. Conversely, environmental factors pertain to
the effects of interfaces, the presence of chloride ions, humidity levels,
and contaminants such as ammonia and sulfides. Various mitigation
strategies have been investigated for the protection of copper and its
alloys against corrosion. These strategies include alloying, surface
treatments, cathodic protection, the use of corrosion inhibitors, and
anticorrosion coatings. Although these approaches have proven effec-
tive in mitigating Cu corrosion to some degree, the emergence of
advanced self-healing materials presents promising prospects for
enhanced protection. Such advancements are anticipated to signifi-
cantly bolster the performance of copper-based materials in demanding
environments, including high-temperature and deep-sea conditions.
This thorough review provides essential insights into the corrosion
mechanisms affecting copper and its alloys, effective protection
methods, and potential future applications of these materials.
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