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Abstract

This work investigates the effect of varying cathode—anode parameters on the performance of mild steel cathodically pro-
tected by the aluminum anode in 0.5 M NaCl environment. The study aimed to assess the corrosion protection efficacy of
the cathodic protection system and identify optimal parameters for maximizing protection while minimizing energy con-
sumption. Impressed current system was employed to drive the aluminum electrons from the anode to the cathode to achieve
cathodic protection of the mild steel cathode. Using Optical Electron Microscope, Scanning Electron Microscope with an
electron diffraction spectrometer, and X-ray diffraction, the cathodically treated mild steel samples were characterized. The
rate of mild steel corrosion was determined by adopting the potentiodynamic polarization method together with the weight
loss method in a 0.5 M NaCl environment. Certain parameters including the working voltage, exposure time and electrode
separation distance were also used to analyze the optimal features of the cathodic protection during the experiment. The
findings demonstrated that, across the distances and exposure times, an aluminum anode operating at working voltages of
3 and 4 Vin a 0.5 M NaCl environment provided sacrificial protection for the mild steel (cathode). The working voltage of
4V yielded the best cathodic protection in 0.5 M NaCl at 5 cm for 15 min. Furthermore, at a working voltage of 5V, efficient
protection of the mild steel was achieved only at electrodes separation distances above 15 cm, while overprotection of the
cathode which could possibly cause cathodic disbondment was observed at electrodes separation distances of 5 cm, 10 cm
and 15 cm. The results of this experiment have practical implications for the development and improvement of cathodic
protection systems for mild steel structures in environments with high levels of chloride. This highlights the significance of
considering cathode—anode parameters to effectively reduce corrosion and ensure the long-term structural stability in the
maritime industry and sub-sea operations.
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Carbon steel is one of the most frequently utilized materials

in wide range of engineering applications due to its afford-
ability, remarkable mechanical qualities, and exceptional
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Department of Chemistry, University of Missouri, Columbia, . . .
MO. USA construction, oil and gas pipes, sea structures, and automo-
tives. According to previous research, normalized carbon
steel possesses tensile strength of 350-850 N/mm? [3]. How-
ever, one major challenge of using carbon steel for engi-
neering applications is its poor corrosion resistance proper-
. ) . ties [4]. Corrosion in carbon steel refers to the degradation,
Department of Mechanical and Industrial Engineering, ltine f hemical i . ith i di
University of Johannesburg, Doornfontein Campus, resq ting from chemica 1nteract10ns. wit ltS. surrour.l %ng
Johannesburg 2028, South Africa environment. Carbon steel, a composite material consisting

Department of Metallurgical and Materials Engineering,
Federal University of Technology, P.M.B. 704, Akure, Ondo,
Nigeria

Department of Mechanical Engineering, Redeemer’s
University, Ede, Nigeria

SDG 9, Industry, Innovation and Infrastructure, Redeemer’s
University, Ede, Nigeria

Published online: 04 May 2024 @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s40735-024-00848-y&domain=pdf

43 Page 2 of 16

Journal of Bio- and Tribo-Corrosion (2024) 10:43

of iron and carbon, exhibits a susceptibility to corrosion,
which is initiated by the interaction between iron and oxy-
gen and water. The initiation of this process occurs when
iron, exposed to oxygen and moisture, undergoes oxidation,
leading to the development of iron oxide compounds, which
are generally referred to as rust. Rust on carbon steel is the
most prevalent manifestation of corrosion while the major-
ity of corrosion occurrences are electrochemically inclined,
and it includes at least two reactions on the corroding metal
surface, known as the oxidation and reduction reactions [5].
At anodic sites, iron (Fe) atoms lose electrons and oxidize
into Fe* ions, while at cathodic sites, oxygen and water mol-
ecules combine with electrons to form hydroxide (OH™) ions
[6, 7]. The resulting reaction yields hydrated iron (III) oxide,
or rust. Rust is porous and prone to flaking, exposing fresh
metal surfaces to further corrosion, perpetuating the cycle
until significant weakening or consumption of the metal
occurs. Several factors influence the corrosion rate of car-
bon steel, including exposure to moisture, oxygen concen-
tration, temperature, acidity or pH of the environment, and
the presence of corrosive agents like chloride ions. Various
types of corrosion can affect carbon steel, including uniform
corrosion, pitting corrosion, galvanic corrosion, and crevice
corrosion. To mitigate this corrosion occurrence in carbon
steel materials, numerous efforts have been undertaken to
enhance carbon steel’s ability to withstand corrosion such
as coatings, galvanization, alloying, cathodic protection, and
design considerations. In light of this, Angst et al. [8] in their
study on the cathodic protection of soil buried steel pipelines
concluded that the key approaches to mitigate corrosion of
underground pipelines are cathodic protection and coatings.
For corrosion mitigation, two chemical reactions occur. The
first reaction occurs primarily to stop an electrical interac-
tion with an electrolyte, while the latter is an electrical form
of corrosion prevention on materials which are subjected to
the electrolytes [88]. Similarly, Liu et al. [9] in their novel
study used reinforced steel rebars produced by chloride in
solutions in simulated concrete pores, increased the corro-
sion resistance using ginger extracts as a greener inhibitor.
It has been proved by various studies that two major types
of cathodic protection systems exist. According to Wilson
et al. [10], the first system adopts currents generated when
two metals or alloys that differ electrochemically are con-
nected metallically and exposed to the electrolyte; this is
usually referred to as a sacrificial anode protection system.
The second cathodic protection system technique, called an
impressed current cathodic protection system (ICCP), uses
supplemental anodes and a direct current power source. Sac-
rificial anode cathodic protection system is widely known
to protect oil pipelines, marine, and some domestic struc-
tures from corrosion [11]. The dissolving rate and phos-
phate removal efficiency of higher magnesium might result
from applying a current slightly over the pitting potential,
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which would also enhance the film-free area and accelerate
the anodic and cathodic chemical reaction [12]. However,
the performance and safety of cathodic protection systems
for structures exposed to seawater depend critically on the
electrochemical activity of sacrificial anode materials. For
instance, Ding et al. [13] in their study on the electrochemi-
cal performance of sacrificial anode interfered by DC stray
current concluded that the performance of sacrificial anode
increases with an increasing chloride ion concentration. In
the case of carbon steel, to mitigate the detrimental effects of
corrosion, steel components are predominantly safeguarded
through the application of sacrificial coatings [14]. Cad-
mium has been employed as a sacrificial metallic coating
in the aerospace, maritime, oil and gas sector for several
decades, primarily owing to its exceptional resistance to
chloride-containing conditions [15]. The application of elec-
troplated cadmium coatings is commonly accomplished by
the utilization of cyanide or sulphate solutions. Regrettably,
in the process of electroplating, a portion of the hydrogen
undergoes diffusion into the steel, leading to the occurrence
of hydrogen embrittlement [16, 17]. Although the absorp-
tion of hydrogen by steel poses a potential issue, it is pos-
sible to fully release this absorbed hydrogen through a heat-
ing process in a furnace, hence preserving the mechanical
qualities [18]. Nevertheless, the utilization of cadmium and
related derivatives in industrial engineering applications has
been linked to detrimental environmental and health conse-
quences. Therefore, it is imperative to replace electroplated
cadmium on a global scale [19, 20]. In view of this, Alu-
minum (Al), Zinc (Zn), and Magnesium (Mg) are typical
metals often used for the sacrificial cathodic protection of
other metals especially carbon steel [21].

In vital industries like aviation, automotive and maritime
industries, aluminum alloys have been employed as a unique
material for the manufacture of essential parts for structural
purposes owing to their notable strength-to-weight ratios
[22]. Furthermore, their low cost and high current capacity
make them appealing as anodes for cathodic protection of
carbon steel in corrosive environment [23]. Aluminum alloys
(Al-alloys) have been proven to be the preferred sacrificial
anodes for monitoring and resisting corrosion over magne-
sium-based sacrificial anodes because of their comparatively
low performance. Also, in deep-water exploration, Aluminum
anodes (Al-anodes) are also preferred for the cathodic pro-
tection of offshore structures over zinc (Zn) anodes because
they are lighter and less costly [11]. Additionally, Feng et al.
[24] noted that in a seawater environment, Al-anodes showed
superior efficacy as a sacrificial anode for mild steel. An inher-
ent drawback of using aluminum as a sacrificial anode is its
propensity to develop a highly stable and inert oxide layer.
This layer effectively impedes the corrosion of the metal and
causes a change in the metal potential towards less-active
values [11]. Also, according to Schuman [25], aluminum has
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the ability to self-passivate by developing a protective oxide
layer, which could lead to a decrease in both its current and
potential output. As such, there are very few applications for
pure aluminum (Al) as an anode material. To arrive at the
most economical design for sacrificial anodic protection, it is
important to analyze the efficiency of the Al-anodes. Several
research have been conducted to increase the performance of
aluminum anodes (Al-anodes) by alloying with other elements
to facilitate the de-passivation (oxide film breakdown) and/or
shift the operating potential of the metal to a direction that is
more electronegative [15, 26].

The possible Al-“X” alloys required to prevent Al passiva-
tion and to effectively protect steel cathodically were examined
by Silva Campos et al. [15]. Initially, Campos and his team
examined “X” as different elements that can be alloyed with
Al which included Ag, Bi, Ca, Cr, Cu, Ga, Gd, In, Mg, Mn, Ni,
Sb, Si, Sn, V, Ti, Zn, and Zr to test the binary systems’ sacrifi-
cial properties. A thorough analysis of these elements alloyed
with Al was carried out to examine their corrosion charac-
teristics, including their galvanic coupling to steel, in a NaCl
electrolyte. Appropriate heat treatments were applied for each
of the systems to minimize the impact of the secondary phases
on the corrosion properties. Finally, based on their compara-
tive analysis results, the authors [15] suggested Al-5Zn alloys
as the most efficient sacrificial Al-based alloys. Umoru [27]
also studied the impact of Tin (Sn) composition as a sacri-
ficial anode for Al-Zn—Mg alloy in seawater. The influence
of Sn on the Al alloy-anode efficiency was examined. Their
findings indicated that the output of the anode consisting of
Al-Zn-Mg-Sn alloy displayed a microstructure with enhanced
distribution of tin globules and a degradation of passive alu-
mina film network on the surfaces of the anodes. Furthermore,
Alzwghaibi et al. [28] carried out a study on the cathodic
protection of oil pipelines on aluminum alloys. Their study
focused on creating a material that would aid in preventing
corrosion of oil pipelines where soil is abundant with streams
of seawater. The authors alloyed different percentages of Zn
and Mg with the aluminum and reported that all produced
Al-alloys provide viable protection for steel pipelines because
they give a lesser current density of about 1.51-12.56 pA/em®.
Presently, there is still very limited research work that exam-
ines the impact of cathode—anode parameters on the corrosion
performance of mild steel in seawater that are cathodically
protected by anodes based on aluminum. Hence, the aim of
this research work is to investigate the effect of varying cath-
ode—anode parameters (which includes cathode ratio, vary-
ing voltages, time and distances) on the performance of mild

Table 1 Chemical composition of mild steel

steel samples, cathodically protected by the aluminum anode
in 0.5 M NaCl (which can be compared to seawater) envi-
ronment. Additionally, in this study, the comparison between
weight loss method and potentiodynamic method of deter-
mining corrosion rate for cathodic protection was carried out,
as well as the influence of varying voltages and time on the
cathodic protection of mild steel by Al-anode in 0.5 M NaCl
are reported.

2 Materials and Methods
2.1 Materials
The materials used in this study include,

i. Rectangular-shaped Mild steel sample [sourced from
Nigerian Foundry Limited, Lagos, Nigeria and further
characterized in the corrosion laboratory, Federal Uni-
versity of Technology Akure]. The shape was selected
because they offer a large surface area for interaction
with the electrolyte solution, facilitating efficient elec-
trochemical reactions.

ii. Aluminum anodes [sourced from Nigerian Foundry
Limited, Lagos, Nigeria and further characterized in
the corrosion laboratory, Federal University of Tech-
nology Akure].

iii. NaCl solution and distilled water [Sourced from the
department of chemistry, Federal University of Tech-
nology Akure].

iv. Insulation wires and graphite electrodes (to suspend
the mild steel during the weight loss experiment)

v. Copper wire and connecting rods [Sourced from the
department of metallurgical and materials engineer-
ing, Federal University of Technology Akure].

vi. Epoxy resin, hardener, and catalyst (to aid the mount-
ing of the steel mild samples). [Also sourced from the
chemistry department].

The carbon equivalent (CEQ) of the mild used in this work
is 0.249. The chemical composition of the mild steel and
aluminum used in this work are presented in Tables 1 and 2,
respectively.

2.2 Equipment

The equipment used for this study is presented in Table 3.

Element Fe C Mn Cr Cu

Si Ni P S Co Sn Others

Composition (wt%) 98.7 0.11 0.364 0.256 0.196

0.0981 0.095 0.041 0.043 0.010 0.018 Bal
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Table 2 Chemical composition
of an aluminum anode

Element Al

Zn Si Fe Mg Cu Ti Others

Composition (Wt%) 97.5

1.5 0.368 0.326 0.11 0.016 0.02 Bal

2.3 Methodology
2.3.1 Preparation of Working Electrodes

In this study, six mild steel samples of cross-sectional areas
9.9 cm?, 9.54 cm?, 9.61 cm?, 9.72 cm?, 9.75 cm” and 10.26
cm?, respectively, were selected, and six corresponding alu-
minum samples of cross-sectional areas 10.41 cm?, 11.48
cm?, 11.56 cm?, 12.55 cm?, 10.55 cm” and 15.82 cm? were
used for the cathodic protection of the mild steel samples.
Each mild steel sample was attached to a copper wire with
the aid of an aluminum foil and carefully mounted using
epoxy resin, hardener, and catalyst while the other flat sur-
face is left exposed to study the corrosion features and pat-
tern. The exposed metal surface was then smoothened with
different grades of emery paper of grit sizes 60, 320, 400,
600 and 1200. The samples were finally sandblasted to a
mirror-like surface to enhance surface preparation, adhesion
and improve reactivity. The sandblasting was followed by
cleaning with acetone, and then finally kept in a desiccator
for 24 h to dry effectively. These coupons made of mild steel
served as the corrosion’s working electrodes. The aluminum
samples were used for the cathodic protection procedure of
mild steel samples. A hole was also drilled in the middle
of the mild steel and aluminum samples to aid the connec-
tion of the connecting wires to further enhance passage of
current when the samples are fully immersed into the NaCl
environment. It is important to note that this experiment was
carried out three times to ensure effectiveness, homogeneity,
and authenticity of the results.

2.3.2 Cathodic Protection System
In this study, both the mild steel and the aluminum were

used as the cathode and the anode, respectively. To move
the aluminum electrons from the anode to the cathode in

Table 3 Analytical equipment for study

this system, the anode was connected to an impressed cur-
rent system through the copper wires which transport elec-
trons to the cathode. Copper was selected for this because
it possesses excellent electrical conductivity and is easy to
access. The two arms of the rectifier which comprised of
the cathodic and anodic arms were attached in parallel to a
connecting rod placed on the plastic container. The rectifier
voltage was regulated based on the target voltages and a cop-
per wire was then attached through the already drilled hole
in the mild steel and aluminum samples. The whole cross-
section of the samples was allowed to suspend on the con-
necting rods separated at distances of 5 cm, 10 cm, 15 cm,
20 cm, 25 cm, and 30 cm into the NaCl environment. The
experiment was performed on each sample for a duration
of 5 min, 10 min, and 15 min under varying voltages of
3V,4Vand 5V for the already specified distances. Sub-
sequently, the anodic and cathodic currents obtained were
recorded.

2.3.3 Gravimetric (Weight Loss) Measurement

Gravimetric analysis was carried out according to ASTM
G103 (2017) standard. The already polished rectangular-
shaped mild steel test samples were used. The samples
were cleansed with distilled water and dried before being
weighed using digital electronic weighing balance with four
decimal place accuracy. This was followed by suspension
of samples in 400 ml of 0.5 M NaCl solutions contained
in three separate beakers. Every 5 days, each test sample
was removed from the solution, cleaned with distilled water,
dried with a clean towel, and weighed again. Equations (1
and 2) were used to determine the weight loss and corrosion
rate, respectively.

Weight loss (AW) = AW, (Initial weight)— AW, (Final weight)
(1)

Equipment/apparatus

Location

Weighing balance
Beakers

Measuring cylinders
Volumetric flask
Potentiostat
Rectifier
Multimeter

Corrosion Laboratory, Department of Metallurgical and Materials Engineering, FUTA
Corrosion Laboratory, Department of Metallurgical and Materials Engineering, FUTA
Corrosion Laboratory, Department of Metallurgical and Materials Engineering, FUTA
Corrosion Laboratory, Department of Metallurgical and Materials Engineering FUTA,
Corrosion Laboratory, Department of Metallurgical and Materials Engineering, FUTA
Corrosion Laboratory, Department of Metallurgical and Materials Engineering, FUTA
Corrosion Laboratory, Department of Metallurgical and Materials Engineering, FUTA
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Corrosion Rate(CR) = AW x 87.6 ®
DAT
where D =density of mild steel in g/cm’. A =total surface

area in cm”. T=immersion time in days.

2.3.4 Electrochemical Measurements

Potentiodynamic studies and polarization measurements
were performed in compliance with ASTM G3-14 (2014).
A computer attached with potentiostat instrument and VER-
SASTAT-4 was used for this study. NOVA electrochemical
software and a three-electrode setup including a counter
electrode (graphite electrode), reference electrode (cop-
per rod), and the polished mild steel sample as the working
electrode (WE) were used to perform the electrochemical
measurement. The working electrode was mounted in epoxy
resin and the polished surface was exposed to the environ-
ment. The samples were immersed in the environment for a
sufficient amount of time to allow for steady state corrosion.
At a scan rate of 1 mV/s, potentiodynamic polarization was
recorded. The polarization scan’s structure was used to antic-
ipate the corrosion behavior, and the relationship between
voltage and current as well as the difference between the
forward and reverse portions of the scan’s relationship were
used to interpret the results.

2.3.5 Microstructural Analysis

2.3.5.1 X-Ray Diffraction Analysis The corroded (unpol-
ished) samples were collected and prepared for this analy-
sis. A portion of the corroded samples was pelletized and
sieved to a size of 0.074 mm. They were then arranged
in a 35X 50 mm aluminum alloy grid on a flat glass plate
that was covered with paper. With the use of the Rigaku
D/Max-1IC X-ray diffractometer, which was developed by
the Rigaku Int. Corp. in Tokyo, Japan, the powdery samples
were compressed and examined. The device was set up to
generate diffractions using a Cu—Ka radiation at a scanning
rate of 2°/min in the 2 to 50° range at room temperature. At
40 kV and 20 mA, the diffraction patterns were obtained by
applying a 20 scan range of 10 to 90°, with a step size of 10°.
The diffraction data (d value and relative intensity) obtained
were compared to that of the standard data of minerals from
the mineral powder diffraction file, ICDD which contained
and include the standard data of more than 3000 minerals.

2.3.5.2 Scanning Electron Microscopy/Energy Dispersive
Spectroscopy (EDS) Analysis An Energy dispersive spectros-
copy was attached to a scanning electron microscope (SEM)
for the analysis of the microstructures. Scanning Electron
Microscope (Model: JEOL JSM-6480LV) was used for this
analysis. The samples were securely affixed to stubs with the

aid of silver paste. To heighten the conductivity of the com-
posite specimens, a slender layer of platinum was subjected
to vacuum evaporation onto the surface before photomicro-
graphs were captured at a voltage of 15 kV. The resulting
SEM micrographs have a large depth field, giving them a
characteristic three-dimensional appearance that is helpful
in comprehending a sample’s surface structure.

2.3.5.3 Optical Electron Microscopy The mild steel samples
(unpolished) were analyzed using optical electron micros-
copy. The electron gun generates electrons. Two sets of con-
denser lenses focus the electron beam on the specimen and
then into a thin tight beam. To move electrons down the
column, an accelerating voltage (mostly between 100 and
1000 kV) is applied between tungsten filament and anode.
Ultra-thin sections of the samples about 20—-100 nm are cut
which is already placed on the specimen holder. The elec-
tronic beam passes through the specimen and electrons are
scattered depending upon the thickness or refractive index
of different parts of the specimen. In this microscopy, the
denser regions in the specimen scatter more electrons and,
therefore, appear darker in the image since fewer electrons
strike that area of the screen. In contrast, transparent regions
are brighter and the electron beam coming out of the speci-
men passes to the objective lens, which has high power and
forms the intermediate magnified image. The ocular lenses
then produce the final further magnified image.

3 Results and Discussion

3.1 Corrosion Rate of Mild Steel in 0.5 M NaCl
Environment

Figure 1 shows the corrosion rate of three samples of mild
steel (A, B and C) which were exposed in a 0.5 M NaCl
environment for 30 days. It is observed that the corrosion
rate of the samples decreased as the exposure time in days
increases, which could be as a result of the decrease in the
amount of chloride ion which was consumed with increase
in exposure time. This agrees with the findings of Sundjono
et al. [29] and Elfergani and Abdalla [30] also concluded
that corrosion rate of a mild steel increases with increas-
ing chloride ion concentration. It is important to note that
chloride ions are responsible for the corrosion of the mild
steel. This is because chloride ions have the potential to sig-
nificantly increase the acidity, resulting in a lower pH of the
electrolyte that envelops the steel surface. The heightened
acidity facilitates the disintegration of the protective oxide
layer, specifically iron oxide, which is naturally present on
the surface of the steel. This process exposes the mild steel
to more corrosion. Moreover, the interaction between chlo-
ride ions and water molecules might result in the formation
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Fig. 1 Corrosion rate (cm/yr.) against exposure time in days of mild steel in 0.5 M NaCl environment

of hydrochloric acid (HCI), hence expediting the corrosion
mechanism. Additionally, chloride ions interfere with the
formation and stability of this passive layer. They can disrupt
the oxide film by breaking chemical bonds and promoting its
dissolution, leaving the steel vulnerable to corrosion attack.
The reduction of corrosion rate may also occur due to the
pickling occurrence of polished samples that were dipped
into the chloride environment. The presence of chloride ions
accelerates the corrosion rate of mild steel, this is because
chloride ions enhance the electrochemical reactions involved
in corrosion, facilitating the dissolution of iron ions from
the steel surface and the formation of corrosion in chloride
forms such as iron chloride compounds. Additionally, these
chloride forms adhere to the surface of the mild steel sample
and pickling helps to dissolve these particles which caused
a high reduction in the weight of the cathode for the first
5 days as shown in Fig. 1. However, the chemical reactivity
of a carbon steel surface immersed in solutions with a sub-
stantial amount of chloride ions will likely not be reduced
by applying a coating [31].

3.2 Physical and Morphological Features

Figure 2a shows physical features of the mild steel sam-
ples before immersion in 0.5 M NaCl while Fig. 2b shows
one of the mild steel samples after it had been immersed in
0.5 M NaCl environment for 30 days. It was observed that
the sample has been attacked by C1™ ions reducing its shape
but not changing its physical structure. Furthermore, from
Fig. 2, brownish covering and spots around the sample could
be noticed indicating corrosion has occurred on the sample.

@ Springer

Figure 3a—c represents the morphological features; SEM
image, EDS spectrum which shows the chemical composi-
tion, and the XRD pattern of the corroded (unpolished)
mild steel sample, respectively. The SEM micrograph in
Fig. 3a showed a possible iron oxide layer arranged in a
regular pattern. Thus, indicating the corrosion site of the
mild steel which was also confirmed from the EDS spec-
trum in Fig. 3b. The EDS spectrum displayed optimum
peak of iron and also a peak of oxygen which indicates
that chloride ions attacked the mild steel after immersion
into the NaCl environment causing the formation of oxide
forms of iron [iron (IIT) oxide], which can be described as
corrosion. The XRD pattern in Fig. 3c showed possible
presence of dual phase of ferrite and pearlite that caused
the formation of the anodic and cathodic sites, which may
aid corrosion in 0.5 M NaCl environment (which was also
confirmed by Ochoa et al. [32]. Additionally, the XRD
diffractogram indicated several peaks of iron alloy includ-
ing the major content of iron which was found at the main
peak which appeared between 260 =35° and 26 =40°.

Meanwhile, Fig. 4a—c illustrates the relation-
ship between sample A, B, and C, its weight loss and
distance. This indicates that each mild steel sample lost
weight with an increased rate when the exposure duration
is increased. This corroborates the fact that corrosion is
occurring, and mild steel samples are being attacked by
chloride ion leading to reduction in weight. It is important
to note that this characterization was carried out in three
samples to ensure the effectiveness of the result.
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Fig.2 a Mild steel samples before corrosion in 0.5 M NaCl environment, b Mild steel samples after corrosion in 0.5 M NaCl environment

3.3 Cathodic Protection Analysis

The graph of corrosion rate against voltage drop is shown in
Fig. 5. It was observed that the corrosion rate of the cathode
is higher compared to that of the anode, this means that
the aluminum anode being a self-passivated metal has been
aided by an impressed current system to release electrons
from its surface and this could cause the increase in the
corrosion rate of the aluminum anode (similar results were
reported by Loto et al. [33]). This was also confirmed by the
OEM result in Fig. 6a which showed roughly dispersed alu-
minum particles on the cathode surface. Thus, the mild steel
cathode is being protected by the deposited aluminum due to
the impressed current system which suppressed the self-pas-
sivated properties of aluminum. In addition, the SEM result
in Fig. 6b gives a higher magnification of almost spherical
aluminum particles, roughly dispersed with relatively broad
particle size distributions on the surface of the cathode.
While no peaks of aluminum were found on the surface of
the initial mild steel sample prior to cathodic protection in a
0.5 M NaCl environment, as indicated by the EDS and XRD
results presented in Fig. 3b and c, respectively, the XRD
result in Fig. 6d demonstrated the presence of aluminum and
its compounds on the surface of the mild steel sample. How-
ever, after cathodic protection, the presence of aluminum
and its compounds was shown by the XRD result in Fig. 6d.
This result was supported by the EDS elemental analysis
result presented in Fig. 6¢. These results corroborate the
fact that the aluminum anode undergoes corrosion in prefer-
ence to the cathode (mild steel) sample. As stated by Loto
et al. [33], the anode provides current while progressively
dissolving into ions in the environment employed. During
cathodic protection, the anode is more active than the cath-
ode. The cathode obtains electrons from the anode through

their metallic connection at the same time that the anode
produces electrons. As a result, the cathode is protected from
corrosion and becomes negatively polarized.

3.4 Potentiodynamic Polarization Analysis

The potentiodynamic polarization pattern of aluminum and
mild steel, which were utilized as the cathode and anode,
respectively, is shown in Fig. 7. It was observed clearly from
the graph that the aluminum anode sample had more elec-
tronegative potential of — 1 V than the cathode sample (mild
steel) which was a bit closer to — 0.8 V. This means that the
aluminum anode can sacrificially protect the mild steel and
will readily release electrons from its surface to protect the
mild steel from corrosion, thus corroding in preference to the
cathode. Consequently, there will be no passivity (the for-
mation of oxide layer on the surface of the material) which
will cause the anode to be protected in preference to the
cathode [15].

Furthermore, from Fig. 7 the current density of aluminum
anode (1.00x 10> A/cm?) was observed to be slightly higher
than the mild steel cathode (1.54 % 107% A/cm?), thus con-
firming that the rate of corrosion will be more in the anode
than the cathode which has a lower value of the current den-
sity. Increased current is an indication of increasing corro-
sion rate [33].

3.5 Voltage Drop with a Varying Distance
Measurement

From Fig. 8, it could be observed that voltage drop
increases as cathode—anode distance increases for 3 V,
4V, and 5 V. An increase in the cathode—anode distance
could result in a reduction in the driving force needed to
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Fig.3 a SEM micrograph, b EDS and ¢ XRD pattern of the corroded mild steel sample

drive the electrons from the anode (aluminum) to cathode
(mild steel) and as well reduce the tendency for protec-
tion likeliness of cathode by the anode. In this study, it is
evident that the corrosion rate decreases, and voltage drop
increases in presence of cathodic protection. These find-
ings corroborate those of Brenna et al. (2013), who found
that cathode—anode distance is one of the factors influenc-
ing corrosion rate—that is, a shorter distance corresponds
to a higher rate of corrosion. This outcome can also be
explained by the fact that the HCI electrolyte is becom-
ing more resistant, which implies that as the distance
between the anode and cathode increases, the electrolyte’s
conductivity will decrease. Accordingly, as the solution’s

@ Springer

resistance increases, the cathodic protection current den-
sity rises [34].

3.6 Cathode Weight Measurement with Varying
Distance, Time, and Rectifier Voltage

3.6.1 Cathode Weight Measurement with a Voltage of 3V

With the application of 3 V from the rectifier and a cath-
ode—anode distance of 5 cm, it was observed from Fig. 9
that the cathode weight increases from 0.001 to 0.003 as
the exposure time progressed from 5 to 15 min. Also, at a
distance of 10 cm there was a constant weight of cathode
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of 0.001 at a rate of 5 to 10 min, and a decrease in weight
of 0.002 at 10 min when compared with the distance of
5 cm. Hence, it can be deduced that the weight of cath-
ode decreases with increase in distance for a period of 5
to 15 min, which could be as a result of the amount of alu-
minum deposited on the cathode at a shorter distance as
investigated by Nayebi and Ayati, [35]. The authors con-
cluded that the distance between the electrodes cannot be
underestimated. In this work, it was observed that reducing
the distance between the anode and cathode lead to an appre-
ciable increase in the amount of disposition of aluminum
electrons on the cathode, which results in more protection
of the cathode by the anode. Consequently, this yields a
reduction in the corrosion rate of the protected cathode.
The observed phenomenon can also be attributed to the
decreasing conductivity of the electrolyte with increasing
cathode—anode distance. According to Lacroix et al. [36],

0.6 e

0.5 :_/
0.4

10 15 20 25 30 35

Distance(cm)

—e—3V 4V --m--5V

cathodic protection increased with an increasing electrolyte
resistance. This result depicts that given a chemical compo-
sition shown in Tables 1 and 2, for a cathode sample (mild
steel) with a cross sectional area of 10.26 cm? and aluminum
sample with cross-sectional area of 15.82 cm?, respectively,
the cathode (mild steel) sample will be cathodically pro-
tected by aluminum ion deposited on its surface at 3 V in
0.5 M NaCl environment.

3.6.2 Cathode Weight Measurement with a Voltage of 4V

From the graph in Fig. 10, with the application of 4 V from
the rectifier it could be seen that the weight of the cath-
ode increased from 0.001 to 0.005 at a cathode—anode dis-
tance of 5 cm as the time moved from 5 to 15 min. The
increase in weight was more compared to the observed
weight increase under a voltage of 3 V from the rectifier

@ Springer



43 Page 12 of 16 Journal of Bio- and Tribo-Corrosion (2024) 10:43
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for 15 min. This further corroborated the fact that the more
aluminum deposition on the cathode, the higher the cathode
weight, and the more the tendency for the cathode to be
protected against corrosion. Moreover, as the cathode—anode
distance increases, the weight of the cathode decreases. With
this finding, the amount of deposition on the cathode was
observed to be higher with increase in the voltage from 3 to
4 V supplied from the rectifier, consequently the cathode
(mild steel) sample with a cross sectional area of 10.26 cm?
and chemical composition shown in Table 1 will be cathodi-
cally protected efficiently at 4 V in 0.5 M NaCl environ-
ment. Moreover, 4 V from the rectifier will be sufficient
to overcome passivation and drive the electrons sporadi-
cally from the aluminum-anode to the surface of the mild
steel-cathode.

3.6.3 Cathode Weight Measurement with a Voltage of 5V

With an application of 5 V from the rectifier, the cathode
weight decreases at a cathode—anode distance of 5-15 cm
as time increases from 5 to 15 min (Fig. 11). The increase
in cathode weight here cannot be undermined but, in this

Fig. 10 Change in weight
against anode—cathode distance
(cm) at4 V in 0.5 M NaCl
environment

0.006
0.005
0.004
0.003
0.002

0.001 &

case, the weight increment of the cathode only occurred only
for 5 min at 30 cm and became neutral at 20 cm and 25 cm
for the same 5 min duration. This shows that the cathode
sample was only protected at 20 cm, 25 cm and 30 cm for
5 min. It also shows that at 5 V from the rectifier and dis-
tances of 5 cm, 10 cm, 15 cm, the cathodic sample was over
protected and could cause cathodic disbondment to occur.
Cathodic disbondment can arise in a situation where the
cathodic coating loses its adhesion to the steel due to the
voltage originated from cathodic protection [37]. Conclu-
sively, this shows that a cathode (mild steel) sample of cross-
sectional area of 10.26 cm? will be cathodically protected by
aluminum anode at 5 V only with distances of 20 cm, 25 cm,
30 cm for 5 min in 0.5 M NaCl environment.

3.7 Measurement of Aluminum Deposited
at the Cathode with Varying Voltage
and Distance

Figure 12 shows the amount of aluminum deposited at the
cathode with varying voltages of 3 V, 4 V, and 5 V sup-
plied from the rectifier and with varying cathode—anode

Graph of AW against Distance for 4V

Change in Weight (AW )

—&— 5 MIN
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Fig. 11 Change in weight
against distance (cm) at 5 V in
0.5 M NaCl environment
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distances of 5 to 30 cm. It could be observed that as the
voltage increased for all the setups with a cathode—anode
distance of 5 cm, the amount of aluminum deposited at the
cathode also increased. Although this was not applicable all
through for the varying distance and voltage, this could be
a result of the increment in distance for the cathode sample
in which 5 V was supplied which led to the drastic reduc-
tion in the amount of aluminum deposition at 25 cm, 20 cm,
15 cm, 10 cm, 5 cm for 5 V. This could be because the sys-
tem started giving reverse protection at 5 V and the anode
became the cathode, this made the anode get protected by
the cathode instead of the cathode getting protected by the
anode. The reversed protection was triggered due to the
increase in corrosion rate at that particular stage which led
to the corrosion of the cathodic mild steel as depicted by the
graph in Fig. 12. The cathodic sample became over-protected
at 5 'V and a distance of 10 cm. Fitrullah et al. [37] confirmed
that the over-protection may have caused a cathodic disband-
ment, in which the cathodic coating loses its adherence to
the steel as a result of the voltage arising from cathodic

-0.001 loossssee

35

Distance (cm)

10 MIN =—t—15MIN

protection. This further corroborates the results in Fig. 11
that a cathode (mild steel) sample with a cross-sectional area
of 10.26 cm? will be cathodically protected efficiently by an
aluminum anode at 5 V only at distances of 20 cm, 25 cm,
and 30 cm in 0.5 M NaCl environment.

3.8 Change in Weight Measurement for Cathode
and Anode at 3v

With a rectifier voltage of 3 V and distance of 5 cm which
could be suitable for cathode—anode distance in a cathodic
protection experiment according to Figs. 9 and 10 and from
Table 3, it could be observed that the amount of anode
needed to achieve protection of 0.003 g was 0.007 g of the
anode. However, the amount of mass leaving the anode
should be equal to the amount of mass deposited on the sur-
face of the cathode, which is not so according to Table 4, and
this is against the law of conservation of matter. This could
be because the full deposition of aluminum electrons on the
cathode mild steel was reduced due to the loss of certain

Fig. 12 Amount of aluminum 0.00005
deposited at cathode against
distance (cm) in 0.5 M NaCl - 0.00004
environment 3
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Table4 Change in weight Distance (cm) AW1 (Cathode) AW?2 (Cathode) AW3 (Cathode) AW AW2  AW3

valufzs for cathode and .anode at (Anode) (Anode)  (Anode)

3 Vin 0.5 M NaCl environment
5 0.001 0.002 0.003 —-0.002 -0.002 -0.007
10 0.001 0.001 0.002 —-0.019 -0.031 -0.043
15 0 0.001 0.001 -0.016 -0.014 -0.012
20 0 0.001 0.001 -0.019 -0.009 -0.01
25 0 0 0.001 —-0.01 -0.013 -0.03
30 0 0 0 -0.014 -0.026 -0.037

metallic ions from the aluminum in the electrolyte. The lost
metallic ions in the electrolyte could cause the cathode to be
neutral and not protected because the solution (electrolyte)
has been fully saturated with enough metallic ions. Thus,
the metallic ions released from the anode will be attacked
by the chloride ions of the corrosive medium (0.5 M NaCl).

4 Conclusions

In this work, the outcome of varying cathode—anode param-
eters on performance of mild steel cathodically protected by
the aluminum anode in 0.5 M NaCl environment was suc-
cessfully investigated. The cogent findings of this work are
summarized as follows:

e The corrosion rate of the three samples of mild steel (A,
B and C) exposed for 30 days in 0.5 M NaCl environment
decreases as the exposure time in days increases.

e Ina 0.5 M NaCl environment, aluminum anodes sacrifi-
cially protect the mild steel cathode. However, they only
do so for a short while before passivating or forming
an oxide layer on the anode’s surface. To de-passivate
the aluminum anode and provide the mild steel cathode
with cathodic protection, an impressed current system is
needed.

e The mild steel cathode was cathodically protected by
the aluminum anode at 3 V in 0.5 M NaCl environment
across the cathode—anode distances studied in this work.
However, the cathode (mild steel) sample was efficiently
protected by the sacrificial aluminum anode at 4 V
in 0.5 M NaCl environment for distances of 5 cm for
15 min. In addition, a rectifier voltage of 4 V was found
to be the most suitable voltage to overcome passivation
and ensure deposition of the electrons from the aluminum
anode on the surface of the cathode (mild steel).

e Furthermore, in 0.5 M NaCl environment and a rectifier
voltage of 5V, the cathode was efficiently protected at
cathode—anode distances of 20 cm, 25 cm, 30 cm for
5 min, while cathodic disbondment due to the overpro-
tection of the cathode was observed at lower cathode—
anode distances ranging between 5 and 15 cm. Therefore,
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variance in time, distance, and voltage is crucial to the
aluminum anode’s ability to effectively provide cathodic
protection.

In summary, effective corrosion protection was estab-
lished by employing aluminum as an anode for cathodic
protection of mild steel in a 0.5 M NaCl environment. A
continuous supply of electrons was effectively provided
by the aluminum anode to the mild steel cathode, result-
ing in the mitigation of corrosion and prevention of the
degradation of mild steel. Several characteristics, such as
the distance between the anode and cathode, the surface
area ratio of the anode to the cathode, and the applied
current density, exerted an influence on the performance
of the cathodic protection system. The identification of
ideal settings that maximized corrosion protection while
minimizing energy consumption and system complexity
was achieved through a series of experiments. The per-
formance of the cathodic protection system was signifi-
cantly influenced by the distance between the anode and
cathode. The increased closeness between the anode and
cathode led to improved electron transfer efficiency and
heightened corrosion resistance. The results obtained
from this experiment hold significant practical signifi-
cance for the development and enhancement of cathodic
protection systems implemented in mild steel structures
situated in settings with high chloride concentrations like
the maritime industry and sub-sea operations. Engineers
and scientists can optimize cathodic protection systems
for structural applications by comprehending the impact
of cathode—anode characteristics on system performance.
This enables effective mitigation of corrosion and maintain
long-term structural integrity.
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