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Editorial

Advances in Corrosion and Protection of Materials (Second Edition)

Renato Altobelli Antunes

Centro de Engenharia, Modelagem e Ciências Sociais Aplicadas (CECS), Universidade Federal do ABC (UFABC),
Santo André 09210-580, Brazil; renato.antunes@ufabc.edu.br

1. Introduction and Scope

As modern civilization, through its extensive use of metallic materials, has given
rise to progressively more aggressive environmental conditions, corrosion resistance has
become a prominent issue. The foundations of this challenging scenario are based on a solid
understanding of corrosion mechanisms and protective methods. The current knowledge
in this field is rapidly growing from intense research activity.

In its second edition, this Special Issue will provide a forum for the corrosion research
community as a source for new developments and innovations in this field.

2. Contributions

This volume comprises 11 research papers that cover different topics related to corro-
sion mechanisms and protection methods of metallic materials. In the first paper, Jiménez-
Come et al. (contribution 1) developed a model based on artificial neural networks (ANNs)
to predict the corrosion susceptibility of different stainless-steel grades in simulated biogas
environments. The precision and accuracy values reached 96.8% and 96.6%, depending on
the input data. The breakdown potential of the stainless steel was considered a relevant
parameter to attain high-precision modeling, along with its composition, indicated by the
pitting resistance equivalent number (PREN).

Gardic et al. (contribution 2) studied the effect of 1-Phenyl-5-mercaptotetrazole (PMT)
as a corrosion inhibitor for the Cu24Zn5Al alloy in sodium sulfate solution. Depending on
the PMT concentration, the formation of a protective film on the surface of the copper alloy
was attained, decreasing its corrosion rate.

Buier et al. (contribution 3) prepared cresol-red loaded chitosan coatings on zinc
substrates as a protective method in sodium sulfate solutions with different concentrations.
The anionic cresol-red interacted with positively charged chitosan, acting as a corrosion
inhibitor for zinc. The corrosion resistance was monitored for up to 55 days by electrochem-
ical impedance spectroscopy, increasing with respect to the initial immersion time due to
the interaction between the cresol-red dye and the chitosan layer.

Rodic et al. (contribution 4) combined two protection strategies to protect commercially
pure aluminum substrates from corrosion. They prepared one hybrid Si-O-Zr sol–gel
coating and, thereafter, a 100 nm thick Al2O3 layer produced by thermal atomic layer
deposition (ALD), which was used to seal the coating pores. This strategy was effective at
improving the corrosion resistance of the aluminum substrate.

Gaona-Tiburcio et al. (contribution 5) tested the effectiveness of anodization treatment
to protect Ti CP2, Ti-6Al-2Sn-4Zr-2Mo, Ti-6Al-4V, and Ti Beta-C from corrosion in sodium
chloride and sulfuric acid solutions. The corrosion protection ability of the anodized layer
was dependent on its thickness and, ultimately, on the alloy’s composition. The anodized
films were less uniform for alloys with higher concentrations of β-stabilizing elements.

Metals 2025, 15, 642 https://doi.org/10.3390/met15060642
1



Metals 2025, 15, 642

Anodizing is also an important corrosion protection method for magnesium and its
alloys. Braga et al. (contribution 6) explored this strategy to improve the corrosion resistance
of the ZK60A Mg alloy (Mg-Zn-Zr), using graphene oxide as an additive in an anodizing
bath. The corrosion resistance was dependent on the graphene oxide concentration added
to the solution, which was maximized at 1 g/L due to a better distribution within the
anodized film.

Jiang et al. (contribution 7) studied the influence of different surface defects (point
and line defects) on the corrosion resistance of carbon steel–titanium composite plates in a
simulated marine solution. These composites are typically used for structural applications,
such as bridges, pipelines, and offshore platforms. The corrosion mechanism was affected
by the relative thickness between the carbon steel and titanium plates.

Graphene oxide coatings can be deposited on magnesium alloys to improve their
corrosion resistance. This approach was used by Silva et al. (contribution 8), who produced
graphene oxide coatings on the AZ91D Mg alloy using a simple immersion-based process
and an intermediate silane layer to promote better adhesion to the substrate. Corrosion
resistance was remarkably affected by the coating morphology, which, in turn, depended
on the concentration of graphene oxide in the coating-forming solution.

The galvanic corrosion between Cu and Au in print circuit boards (PCBs) takes place
during the etching process, which is part of PCB manufacturing. Shin and Oh (contribu-
tion 9) evaluated the corrosion inhibition efficiency of sodium dodecyl sulfate (SDS) and
polyethylene glycol (PEG) in the galvanic corrosion of Cu/Au couples. PEG showed a
better inhibition efficiency than SDS. In another publication (contribution 10), cetyltrimethy-
lammonium bromide (CTAB) and betaine were evaluated as corrosion inhibitors for the
same type of galvanic couples. The best inhibition efficiency was obtained for betaine
(99.1%), which adsorbed copper and gold surfaces, while CTAB preferentially adsorbed on
copper surfaces and exhibited an inhibition efficiency of 92.3%.

Orabi et al. (contribution 11) evaluated the A. orientalis L. extract (AO) as a green
corrosion inhibitor for aluminum in acidic solutions. Using electrochemical tests and DFT
simulation studies, the inhibition mechanism of the AO extract was identified. It exhibited
a mixed-type inhibition mechanism (anodic and cathodic) and reached approximately 68%
inhibition efficiency.
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Ajuga orientalis L. Extract as a Green Corrosion Inhibitor of
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Abstract: The inhibitory effect of A. orientalis L. extract (AO) on aluminum corrosion in a 1.0 M
HCl solution was investigated utilizing weight loss, electrochemical polarization, electrochemical
impedance spectroscopy (EIS), and scanning electron microscopy (SEM). The results show that AO is a
potent inhibitor in an acidic environment, and that the inhibition potency increases with concentration.
Temperature investigations showed that, in an acidic medium, the efficiency decreased, increased,
and then decreased as the temperature rose. Adsorption isotherms from Freundlich, Temkin, El
Awady, and Redlich–Peterson (R-P) approximated the inhibitor’s adsorption properties. For the
inhibitory behavior, a physical and chemical adsorption mechanism is proposed. The adsorption
process’s thermodynamic parameters (Ea, ΔH*, and ΔS*) were determined and explained. The
inhibitor, AO, was identified as a mixed-type (anodic and cathodic) inhibitor based on polarization
studies. According to the SEM findings, the inhibitor partially covers the metal surface, providing it
with a respectable level of protection. The weight loss, electrochemical polarization, EIS, scanning
electron microscopy (SEM), and quantum chemical calculations show a strong agreement, indicating
that the AO extract is a highly effective inhibitor of aluminum in an acidic solution.

Keywords: electrochemical polarization; A. orientalis; physical adsorption; langmuir isotherm;
aluminum

1. Introduction

The issue of corrosion is one that practically all metals and alloys face. Corrosion
happens when metals and alloys are subjected to specific environmental factors. Rust is
frequently produced when the metal in question reacts with its environment. A metal
surface and oxygen interact physiochemically to generate oxides or salts, which is referred
to as corrosion [1,2]. A lot of work has been performed in the last few years to figure out
what causes rust, how it works, and what factors have a great effect on the lifetime of
metallic materials [3].

Because of its low density and, thus, low weight, Al and its alloys have been widely
used in a variety of sectors. Al and Al-alloys are also widely used due to their high
electrical conductivity, thermal characteristics, and superior corrosion resistance. However,
aluminum corrosion can occur under specific conditions, making its prevention a key

Metals 2024, 14, 1227. https://doi.org/10.3390/met14111227 https://www.mdpi.com/journal/metals4
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scientific challenge [1–8]. Corrosion on aluminum surfaces is usually quite visible, even
in its early stages, as a general etching, pitting, or roughness of the aluminum surfaces.
This reaction is accompanied by a change in the oxidation state of Al from 0 to +3. These
three electrons are captured by 3H+. Aluminum corrosion produces aluminum hydroxide
Al(OH)3, which is a water-insoluble, white, gelatinous precipitate [9].

There are several ways to avoid corrosion, but they all generally involve taking
precautions to keep metal surfaces isolated from corrosive conditions or changing the
environment in some way [10].

The three main categories of corrosion prevention are cathodic, anodic, or mixed
corrosion inhibitor procedures. Anodic or cathodic corrosion reactions can be stopped by
covering the metal surface or changing the activation energy of the redox process during
corrosion [11].

The majority of corrosion inhibitors are poisonous, expensive, and non-biodegradable
manmade compounds. As a result, finding ecologically friendly inhibitors is desirable.
The importance of plant extracts has grown as a result of their status as a sustainable, eco-
friendly, and readily accessible source of a diverse array of inhibitors. Natural compounds
have been employed to prevent the corrosion of many metals in a variety of situations in the
past. Researchers have found that green corrosion inhibitors provide places for electrons
to move, and functional groups with oxygen, nitrogen, sulfur, and phosphorous atoms
provide electrons to help the inhibitor stick to the metal’s surface [12–20]. Complex organic
species, like anthocyanins, diterpenoids, sterols, ionones, iridoids, flavonoids, glycosides,
alkaloids, tannins, anolides, and triterpenes, are thought to be the reason why the extracts
of the plants are so good at stopping corrosion [11–20]. Several techniques are used to
track the impacts of corrosion and to monitor the corrosion process. These include weight
loss, Tafel polarization, hydrogen penetration, linear polarization resistance, and other
techniques [15].

In recent studies on corrosion inhibitors, researchers have increasingly turned to
quantum chemistry techniques to improve the effectiveness of potential inhibitors [21,22].
The use of the density functional theory (DFT) and computer science has provided valuable
tools for studying natural product molecules in this context. The DFT approach has proven
particularly useful, as it offers the improved treatment of electron interactions compared to
post-Hartree–Fock (HF) methods [22,23]. The DFT has been extensively applied to quantify
various characteristics, such as chemical structure, kinetic properties, and thermochemistry,
across different types of carbohydrates.

Investigating the viability of employing A. orientalis methanolic extract (AO) as a
corrosion inhibitor is the goal of the current investigation. Due to their accessibility and
ease of application, a lot of publications on the use of natural substances or plant extracts
as corrosion inhibitors have recently been published in the literature. This study examined
AO as a corrosion inhibitor of aluminum in an acidic solution. The use of this plant as
a corrosion inhibitor is not mentioned in any publication. This study also examined the
impact of temperature on the effectiveness of inhibition, as well as the evaluation of some
thermodynamic parameters using chemical and electrochemical methods. Furthermore,
for the first time, this study utilizes a combination of weight loss analysis, electrochemical
polarization, scanning electron microscopy (SEM), and quantum chemical calculations
to investigate the protective efficiency of the AO methanolic extract for aluminum in an
HCl solution.

2. Materials and Methods

2.1. Collection and Pretreatment of Plant Samples

The ariel parts of A. orientalis (AO) were collected from the Ajloun region throughout
the flowering season. Each sample was cleaned with running water before being dried for
30 days. Before extraction, the dried plant was powdered [18,23].
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2.2. Preparation of Plant Extract

The crude was extracted from the solid matrix by using the Soxhlet extraction method.
A 30 g portion of the ground plant was used, and the thimble was filled with it. The first
step included extracting fatty acids using 500 mL of petroleum ether as a solvent. With
500 mL of methanol, the remaining plant matter was extracted over a period of around
24 h by reflux. The leftover crude was employed as a possible corrosion inhibitor once
the solvent was dried using a rotary evaporator. A stock solution of the inhibitor was
prepared by dissolving 1.0 g of the crude extract in 1000 mL of pure methanol (1000 ppm).
All polarization and weight loss studies utilized diluted solutions of this stock.

2.3. LC-ESI-MS/MS

The secondary metabolized compounds of interest were screened using a Bruker
Daltonik Impact II ESI-Q-TOF System (Berman, Germany) and Bruker Dalotonik Elute
UHPLC system (Bremen, Germany) in negative (M-H) electrospray ionization modes
similar to the procedure described in the literature [18,24].

2.4. Specimen Preparation

For the experiments using acidic media, rectangular, aluminum foil specimens with
measurements of 3 cm in length, 1 cm in width, and 0.3 mm in thickness were employed. For
additional experiments in an acidic medium, cylindrical, pure aluminum specimens that were
1.5 cm high and 2 cm in diameter were employed. Before performing all measurements, the
specimens were polished using metallographic emery paper up to 1200 grits [16–20], rinsed
with distilled water and acetone, and dried with tissue paper. To shield them from the
outside environment, the samples were kept in a desiccator.

2.5. Weight Loss Measurements

Weight loss measurements were carried out for aluminum specimens in the absence
and presence of the inhibitor at different concentrations (80, 120, 160, 200, 240, and 300 ppm)
in a 1.0 M HCl solution. Aluminum samples were placed in test tubes with 15 mL of diluted
solution, and weight loss measurements were taken for each exposure period of 2, 4, and 6 h
at 30 ◦C. The experiment was repeated at temperatures of 35 ◦C, 40 ◦C, 45 ◦C, and 50 ◦C at
a fixed time (4 h). A water thermostat that could be adjusted to 0.1 ◦C was used throughout
this trial. The aluminum coupons were taken out of the test solution after the required time
had passed, cleaned with distilled water and an acetone solution, thoroughly dried, and
then reweighed. Using an electronic balance, the weight reduction was measured to the
nearest 0.0001 g (Mettler HK 160, Mettler-Toledo Ltd., Leicester, UK). The mean value of
the weight loss was reported after studies in triplicate were carried out.

2.6. Electrochemical Measurements

Two electrochemical techniques, namely Tafel polarization and electrochemical impedance
spectroscopy (EIS), were used to study the corrosion behavior. All electrochemical mea-
surements were carried out using a CorrTest potentiostat (CS350, Wuhan, China). The
cell consisted of a platinum counter electrode, an Ag/AgCl reference electrode, and an
aluminum rod (0.2 cm2) as the working electrode. Potentiodynamic polarization mea-
surements were carried out at a scan rate of 1 mV s−1 at ±250 mV with respect to the
open circuit potential (OCP). The linear Tafel segments were extrapolated to the corrosion
potential to obtain the corrosion current density. EIS measurements were performed for
the open circuit potential (OCP) at room temperature at a frequency range of 100 kHz to
0.01 Hz and with an amplitude of 10 mV. All electrochemical results were analyzed using
CorrTest software (CS Studio5 version). Each electrochemical measurement was run in
triplicate to verify the reproducibility of the results.
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2.7. Surface Analysis (Scanning Electron Microscopy (SEM))

A scanning electron microscope (SEM FEI Quanta 200, Geology Department, Faculty
of Science, Yarmouk University/Jordan) was used to analyze the morphology of the
aluminum specimens. The surface of the investigated aluminum specimens was analyzed
before and after immersion for 4 h at 30 ◦C in 1.0 M of HCl in the absence and presence of
the plant extract.

2.8. DFT Computational Details

This study utilized molecular calculations based on the DFT to explore the electronic
properties of the major compounds that were found in the studied plant extract. The
calculations were made in both the gas phase as well as the acidic solution employing
the B3LYP functional as well as a 6-31G*(d,p) basis set. The molecular structures were
optimized using Gaussian 09 (G09) software along with DFT-B3LYP functions [25]. Quan-
tum chemical parameters that included the highest occupied molecular orbital energy
(EHOMO), the lowest unoccupied molecular orbital energy (ELUMO), the energy gap (ΔEgap)
between EHOMO as well as ELUMO, and other relevant descriptors, such as the chemical
potential (χ), global softness (σ), absolute hardness (η), fraction of electron transferred (ΔN),
and electrophilicity index (ω), were determined [26]. These computed parameters were
obtained from the calculations, offering insights into the compounds’ electronic structure
as well as reactivity. The computational details provided in this study assist in developing
a better understanding of the chemical characteristics of the compounds being investigated,
as well as their possible applications.

3. Results and Discussion

3.1. Identification and Elucidation of the Compounds Using LC-MS/MS

The methanol extract of AO was further analyzed by LC-ESI-MS/MS [18,24]. The
results indicate that Succinic acid (1), Catechol (2), 8-O-acetylharpagide (3), 3,7,3′,4′,5′-
Pentahydroxyflavone (4), and Kaempferol-7-O-glucoside (5) are the main components
detected in the crude extract (Figure 1) [18,23,24].

Figure 1. The main components of the methanol extract of AO.

3.2. Effect of Inhibitor Concentration

At 30 ◦C, for various immersion times (2 h, 4 h, and 6 h), for various concentrations of
the extract (80–300 ppm), and in the presence and absence of AO, the weight loss (ΔW) of
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aluminum in 1.0 M of HCl was examined. The reduction in weight was quantified to the
closest 0.0001 g. Equation (1) provides the weight loss:

ΔW = W − Wo (1)

where W and Wo are the weigh losses of the aluminum specimens in the presence and
absence of the inhibitors (AO), respectively. Figure 2 shows the weight loss (ΔW) as a
function of the immersion time in the 1.0 M HCl solution. Different concentrations of
AO were used at 30 ◦C. Aluminum weight loss was measured over a period in both the
presence and absence of various concentrations of AO. Figure 2 demonstrates that the
ΔW values (mg) of Al decrease as the inhibitor concentration increases. This is because
the metal increases the surface coverage with an increase in AO concentration, which
effectively separates the aluminum surface from the medium [13,15,27].

Figure 2. Variation in ΔW with time at different concentrations of AO in 1.0 M of HCl at 30 ◦C.

The inhibition efficiency (%IE) and the extent of metal surface coverage (θ) are calcu-
lated according to Equation (2):

%IE = θ× 100 = [1 − W
W0 ]× 100 (2)

Table 1 summarizes all the results of the calculated inhibition efficiencies at 30 ◦C
in the presence of the inhibitor. These tests were conducted at 30 ◦C at different time
periods using different inhibitor concentrations. The highest efficiency in an acidic medium
(1.0 M HCl) was (78.3%), which was obtained after 6 h at the maximum tested concentration
of the inhibitor (300 mg/L). The capacity of organic molecules to bind to metal surfaces
is the major factor that determines how effective they are at preventing corrosion. This
adsorption may take place when organic inhibitor molecules displace water molecules [28].

Table 1. Inhibition efficiencies of Al using different concentrations of AO at 30 ◦C.

Conc. (ppm)
(%IE)

(2 h) (4 h) (6 h)

80 23.3 55.3 60.9

120 26.7 61.2 63.9

160 30.2 62.9 67.0

200 46.5 67.6 69.6

240 53.5 70.6 71.7

300 58.1 72.9 78.3
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3.3. Effect of Temperature

We noticed that the efficiency in an acidic medium decreases with the increasing
temperature until the temperature reaches 40 ◦C, and then begins to increase until the
temperature reaches 50 ◦C (Figure 3). This is the result of physical adsorption, which then
turns into chemical adsorption. Similar results have been reported in the literature for other
cases and are similarly explained [29,30].

Figure 3. The change in the inhibition efficiency of Al in 1.0 M of HCl as a function of inhibitor
concentration and temperatures.

In this study, the impact of changing the temperature on the corrosion rate was
investigated. Five different temperatures (30, 35, 40, 45, and 50 ◦C) were used at different
concentrations of AO as the inhibitor. The corrosion rate of Al is estimated by using
Equation (3) (Table 2):

Rc =
ΔW

A × t
(3)

where Rc is the corrosion rate, ΔW is the weight loss in mg cm, A is the area in cm2, and t is
the time in hours.

Table 2. Corrosion rates (mg/h.cm2) at various temperatures in 1.0 M of HCl.

Conc. (ppm)
Rc (mg/h·cm2)

303 K 308 K 313 K 318 K 323 K

0 0.071 0.092 0.108 0.171 0.336

80 0.032 0.050 0.064 0.085 0.146

120 0.028 0.046 0.058 0.076 0.119

160 0.026 0.042 0.050 0.064 0.088

200 0.023 0.038 0.045 0.061 0.068

240 0.021 0.030 0.042 0.053 0.060

300 0.019 0.026 0.039 0.044 0.053

The Al corrosion rate (RC) varies, as can be seen in Table 2, when different inhibitor
concentrations are present during constant immersion in 1.0 M of HCl. For this experiment,
a 4 h immersion period was chosen. The results demonstrate that, when the temperature
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rises, corrosion rates also rise. Usually, raising the temperature speeds up corrosion, which
in turn accelerates the metal’s rate of dissolution [20].

3.4. Thermodynamic Considerations

The activation energy (Ea) for the corrosion of Al in 1.0 M of the HCl solution in
the absence and presence of different concentrations of AO were calculated using the
Arrhenius-type Equation (4):

Log Rc = Log A − Ea

2.303RT
(4)

According to the data, the corrosion rates in both inhibited and uninhibited solutions
increase with the rising temperature, whereas they decrease as the inhibitor concentration
rises.

The temperature dependence of the corrosion rate can be seen as an Arrhenius-type
process, the rate of which is determined by Equation (4):

Figure 4 shows the plots of log (Rc) versus 1/T for 1.0 M HCl solutions with and
without the inhibitor. Calculated activation energy (Ea) values are listed in Table 3.

Log
(

Rc

T

)
= Log

(
R

Nh

)
+

ΔS∗

2.303R
− ΔH∗

2.303RT
(5)

Figure 4. Arrhenius plot and plot of log Rc/T vs. 1/T for Al corrosion in 1.0 M of HCl at 4 h due to
different concentration (from C = 0 mg/L to C = 300 mg/L).

Table 3. Ea, ΔH*, and ΔS* values at various concentrations of AO in 1.0 M of HCl.

Conc. (mg/L) R2 ΔS* (J/mol. K) Ea (kJ/mol) ΔH* (kJ/mol)

0 0.9159 −0.08 60.49 57.89

80 0.9760 −0.09 58.21 55.61

120 0.9815 −0.10 56.04 53.44

160 0.9782 −0.13 46.17 43.57

200 0.9482 −0.14 43.41 40.80

240 0.9685 −0.14 43.24 40.63

300 0.9614 −0.15 41.40 38.80

The thermodynamic characteristics of activation, such as ΔH* and ΔS*, were computed
using the transition state Equation (5).

As a result, a straight line is obtained when log (Rc/T) is plotted versus (1/T). This plot
is shown in Figure 4. The slope (−ΔH*/2.303R) and intercept (log(R/Nh)) + (ΔS*/2.303R)
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of each line are used to calculate ΔH* and ΔS** values. Table 3 shows the results. It is
obvious that Ea values are lower in the presence of the varied concentrations of AO than in
their absence. Corrosive inhibitors that rely on weak electrostatic forces are less effective
at higher temperatures, while stronger chemisorptive inhibitors (which form chemical
bonds with the surface) tend to perform better in such conditions. This result, related to
a decrease in the activation energy with increasing the temperature and an increase in
the inhibitory efficiency, points to a chemisorption process [31,32]. As we have already
mentioned, AO shows that the limiting species chemisorb onto the aluminum surface in an
acidic solution [33].

The enthalpy of activation values continuously reduced from 57.89 kJ/mol to 38.80 kJ/mol
from the uninhibited solution to the greatest inhibitor concentration (300 mg/L) in the
acidic solution. The positive values of ΔH* indicate that the dissolution of aluminum in an
acidic medium is endothermic, meaning the process requires the absorption of heat from
surrounding environment.

Chemical adsorption is thought to be the cause of the inhibitory action in situations
like these, where ΔH*-inhibited < ΔH*-uninhibited, and then continuously decreased with
the rise in inhibitor concentration. However, the enthalpy values in this study are greater
than the typical physical adsorption heat, but less than the typical chemical adsorption heat,
indicating that both physical and chemical adsorption processes are likely comprehensive
adsorption [34].

ΔS* values are negative, implying that the activation complex is the rate-determining
step signifying an association rather than a dissociation mechanism, resulting in reduced
disordering [35–37].

3.5. Adsorption Behavior

The ability of a corrosion inhibitor to be absorbed on the metal surface determines
its efficiency. Adsorption isotherms provide information on the interaction of adsorbed
particles not only with one another, but also with a metal surface; therefore, it is criti-
cal to understand the adsorption mechanism, which can provide key information about
the inhibitor’s and the metal surface’s reactance [38]. To determine which adsorption
isotherm model best explains adsorption, the corrosion rate (Rc) and the size of inhibitor
surface coverage (θ) were fitted into the various adsorption isotherm models. Langmuir,
Temkin, Frumkin, Freundlich, El Awady, Redlich–Peterson (R-P), Dubinin–Radushkevich,
and Flory Huggins adsorption isotherms are the most often used isotherm models in
corrosion research.

Different types of adsorption equations were tested in an acidic medium, and the
results of AO adsorption on an aluminum surface were applicable to R-P adsorption,
Freundlich, Temkin, and El Awady isotherms.

The experimental results for the tested inhibitor were used to calculate the Freundlich
adsorption isotherm:

log θ =log Kads + (1/n) log C (6)

where θ is the size of the surface covered, C is the concentration, Kads is a constant associated
with the adsorptive equilibrium constant, and n is a constant that depends on the nature of
the adsorbent.

Figure 5a depicts the plot of logθ against log C derived from the aforesaid Freundlich
equation.

Table 4 summarizes the equilibrium constants, Kads, for the adsorption of AO on
aluminum in an acidic solution at various temperatures obtained using the regression
equation of the linear plot in Figure 5a.
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Figure 5. Adsorption model of AO on aluminum surface at different temperatures (303 K, 308 K,
313 K, 318 K and 323K) in 1.0 M of HCl. (a) Freundlich Adsorption Isotherm, (b) Temkin Isotherm,
(c) El-Awady adsorption isotherm and (d) Redlich-Peterson (R-P) isotherm.

Table 4. Adsorption parameters for the adsorption of AO on aluminum in 1.0 M of HCl for a 4 h
immersion period at different temperatures.

Adsorption Isotherm Temp. (K) 303 308 313 318 323

Freundlich Adsorption Isotherm
log θ =log Kads + (1/n) log C

R2 0.9868 0.9717 0.9836 0.9882 0.9665

Slope 0.2113 0.3513 0.3572 0.2930 0.3207

Intercept −0.6584 −1.0242 −1.0660 −0.8579 −0.8509

Kads 0.2196 0.0946 0.0859 0.1387 0.1410

ΔGads (kJ/mol) −30.99 −29.34 −29.57 −31.31 −31.84

1/n 0.2113 0.3513 0.3572 0.2930 0.3207

Temkin Isotherm
θ = − 1

2a LnC − 1
2a LnKads

R2 0.9853 0.9497 0.9863 0.9822 0.9748

Slope 0.3107 0.4616 0.4271 0.4130 0.5177

Intercept −0.0400 −0.4478 −0.4082 −0.2914 −0.4158

Log K −0.1287 −0.9702 −0.9559 −0.7055 −0.8030

K 0.7434 0.1071 0.1107 0.1970 0.1574

a 7.41 4.99 5.39 5.58 4.45

ΔGads (kJ/mol) −34.06 −29.66 −30.23 −32.23 −32.14

12



Metals 2024, 14, 1227

Table 4. Cont.

Adsorption Isotherm Temp. (K) 303 308 313 318 323

El Awady Adsorption Isotherm

Log
(

θ
1−θ

)
= LogKads + y LogC

R2 0.982 0.940 0.987 0.975 0.984

slope 0.595 0.841 0.756 0.776 1.150

Intercept −1.047 −1.726 −1.606 −1.494 −2.086

1/y 1.682 1.190 1.323 1.288 0.870

Kads 0.090 0.019 0.025 0.032 0.008

Redlich–Peterson (R-P) Isotherm
Ln

(
KR

Ce
θ − 1

)
= Ln(aR)+ β Ln(Ce)

R2 0.9990 0.9914 0.9949 0.9979 0.9924

slope 1.2613 1.5227 1.5424 1.4058 1.4542

Intercept −1.8800 −3.5225 −3.7372 −2.7402 −2.7802

αR 0.1526 0.0295 0.0238 0.0646 0.0620

β 1.2613 1.5227 1.5424 1.4058 1.4542

KR 1

According to each parameter calculated for each isotherm mentioned above, the best
isotherm will be the Freundlich one, in an acidic medium. The R2 values are excellent
and the Kads values correspond to the behavior of the inhibitor, which decreased when
the temperature was raised from 303 K to 313 K, but the value then increased when the
temperature was raised from 318 K to 323 K.

In general, values of ΔGads around −20 kJ mol−1 or lower are consistent with electro-
static contact, while values around −40 kJ mol−1 or higher are associated with chemical
interactions [39]. In this study, ΔGads values are higher than for normal physical adsorption
but lower than for typical chemical adsorption, indicating that both physical and chemical
adsorption activities are likely to occur, and ΔGads values are negative, showing that the ad-
sorption process is spontaneous [39]. The value of K is an approximation of the adsorption
capacity, whereas 1/n is a function of adsorption strength in the adsorption process [38].
The (n−1) values are less than one in the acidic medium at all temperatures. This indicates
normal adsorption and a favorable sorption process [38].

The Temkin model is another well-known adsorption isotherm that has also been
widely used to describe the mechanism of action of corrosion inhibitors. It offers some
insights into the type of interactions occurring in the adsorbed layer, in contrast to others
discussed to date. This is how the model is expressed:

e−2aθ = KadsC (7)

Based on the sign of the parameter, the molecular interaction parameter is utilized to
identify whether attraction or repulsion occurs in the adsorbed layer. To obtain linear plots
of θ against ln C (Figure 5b), the equation’s linearized form can be used.

θ = − 1
2a

LnC − 1
2a

LnKads (8)

The Kads and ΔGads values are evaluated and presented in Table 4. The value of Kads
describes the strength with which the inhibitor molecules bind to the metal surface.

The El Awady isotherm was used to study the strength of adsorption of AO on the
surface of Al, as well as the likelihood of the creation of a multi-molecular layer of adsorption
(Figure 5c):

Log
(

θ

1 − θ

)
= LogKads + y LogC (9)

where y is the number of inhibitor molecules that can fit in a single active site, θ is the size
of the surface covered, C is the concentration, and Kads is a constant associated with the
adsorptive equilibrium constant.

Kads = K
1
y (10)
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If the value of 1/y is less than one, the inhibitor may create many layers on the metal
surface, and if it is more than one, the inhibitor molecule will occupy multiple active
sites [40]. The values of 1/y that were obtained were greater than one, indicating that each
inhibitory molecule was affixed to many active sites on the Al surface. It might be because
AO contains several compounds.

The Redlich–Peterson (R-P) isotherm can be applied to both homogeneous and hetero-
geneous systems due to its great degree of adaptability. The R-P isotherm, in contrast to the
Langmuir, Freundlich, and D-R isotherms, has three parameters in a single equation [41].
The R-P isotherm has a linear form, which is:

Ln
(

KR
Ce

θ
− 1

)
= Ln(aR) + β Ln(Ce) (11)

where β is an exponent between 0 and 1, KR (L/g) and αR (L/mg) 1/β are the R-P isotherm
constants, respectively. The R-P isotherm approximates Henry’s law at low concentrations
and approaches the Freundlich isotherm at high concentrations. This isotherm has three
parameters; hence, the use of linear regression analysis is more difficult. To apply this
isotherm, the isotherm parameter KR (KR = 1) was varied in order to produce the highest
regression, R2, for the linear plot of ln[Ce/θ − 1] against lnCe. The slope and intercept of
this plot are displayed in Figure 5d, and the constants αR, β, and R were calculated. Table 4
presents the obtained regression R2, αR, and β values.

3.6. Potentiostatic Polarization Measurements

To examine the impact of the inhibitor (AO) on the corrosion behavior of the Al
electrode, polarization measurements were performed. Tafel plots (potential-versus-log
current) are shown in Figure 6. The cathodic and anodic Tafel curves were used to compute
the corrosion current. Along the linear part of each curve, a straight line can be superim-
posed. The slope of the straight line fits of the linear regions of the anodic and cathodic Tafel
yields the Tafel constants βa and βc, respectively, whereas the slope of the current-potential
curve close to the corrosion potential determines the polarization resistance (Rp) in Ωcm2.
Table 5 summarizes other data, including the corrosion potential (Ecorr), corrosion current
density (Icorr), polarization resistance (Rp), and corrosion rate (Rc).

 
Figure 6. Potentiodynamic polarization curve for aluminum in 1.0 M of HCl at various concentrations
of AO at 30 ◦C.
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Table 5. Electrochemical corrosion parameters of aluminum in the absence and presence of various
concentration of AO in 1.0 M of HCl.

[inhibitor]
(mg/L)

Ecorr

(V)
Icorr

(mA/cm2)
βa

(mV/dec)
−βc

(mV/dec)
RP

(kΩcm2)
I%

Rc

mm/y

Blank −0.794 18.68 413.87 199.23 3.13 - 80.32

120 −0.798 12.27 560.16 204.40 5.30 34.31 52.76

200 −0.805 8.788 578.40 183.64 6.89 52.90 37.79

300 −0.807 6.710 645.28 198.79 9.82 64.00 28.85

Table 6 shows that, as the concentration of the inhibitor increases, the corrosion current
density (Icorr) decreases. This clearly shows that AO stops the aluminum from rusting in
acidic conditions. Both anodic and cathodic processes are suppressed, as is shown by the
polarization curves for the acidic medium (Figure 6). According to the results in Table 5, the
corrosion potential (Ecorr) and corrosion current density (Icorr) values alter as the inhibitor
concentration increases. Additionally, it was noted by [42,43] that, if an inhibitor’s corrosion
potential displacement is greater than 85 mV relative to the blank’s corrosion potential,
the inhibitor can be categorized as either cathodic or anodic. Aluminum’s corrosion
potential (ECorr) is little altered by the extract when compared to a blank, shifting by around
(4.2–13.6) mV cathodically in an acidic solution. According to this finding, the extract
decreases the anodic dissolution and delays the cathodic hydrogen evolution reaction.
It also operates as a mixed-type inhibitor. By regulating both the anodic and cathodic
processes, polyphenolic substances clearly prevent corrosion [44,45]. The possibility of
protonated species of the extract components in acidic solutions could explain this. The
protonated species are likely to compete with the hydrogen ions at the aluminum cathodic
sites, which will slow down the release of hydrogen.

Table 6. Electrochemical impedance parameters for Al corrosion in the 1.0 M HCl solution containing
various concentrations of AO.

[OA]
(mol/L)

RS

Ωcm2
Rct

Ωcm2 n
Cdl

μF·cm−2
Yo

(Ω−1 sn cm−2)
I.E.

Blank 1.29 32.82 0.74 594.88 2.43 × 10−3

120 2.24 57.87 0.74 484.46 1.65 × 10−3 43.29

200 1.76 87.15 0.73 360.75 1.21 × 10−3 62.34

300 2.51 102.13 0.74 430.32 1.29 × 10−3 67.87

The electrons of aromatic rings and the lone pair electrons of oxygen atoms participate
in adsorption at the anodic sites, which reduces aluminum’s anodic dissolution. The
significantly reduced corrosion current (Icorr) and corrosion rate, along with an increase
in polarization resistance (RP) values, provide additional proof that the effectiveness of
the inhibition increased with the extract concentration and reached a maximum value at
300 ppm in the acidic medium. These findings are in line with the previously discussed
weight loss measurements. The corrosion rate (Rc) is computed as follows:

Rc =
0.129 × E.Wt × Icorr

d.A
(12)

Icorr = corrosion current (μA/cm2), E.Wt = equivalent weight of Al, d = density of Al,
g/cm3, and A = area in cm2.

The presence of AO significantly slows down the corrosion rate, which causes both
the anodic and cathodic curves to move to lower current densities. In other words, the
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inhibitor (AO) in the 1.0 M HCl solution slows both the cathodic and anodic processes of
aluminum electrodes.

Electrochemical impedance spectroscopy (EIS).
The Nyquist plots displayed in Figure 7 reveal semicircles for all systems over the

studied frequency range. The diameter of the semicircles in the presence of AO is larger
than that in the blank solution, and increases with the inhibitor concentration. This indicates
that the impedance of the inhibited substrate increases with the inhibitor concentration. It
is clear from the figure that there is a single semicircle that shows a single charge transfer
process during dissolution. The impedance spectra were analyzed by fitting information to
the equivalent circuit model (Figure 8). In the equivalent circuit model, Rs represents the
solution resistance between the working and reference electrodes; Rct is the charge transfer
resistance, and it corresponds to the resistance between the metal and outer Helmholtz
plane [46,47].

Figure 7. Nyquist plots for Al corrosion in the 1.0 M HCl solution and with the examined inhibitor
(AO) at 303 K.

Figure 8. Electrochemical equivalent circuit utilized to fit the EIS results for Al corrosion in the 1.0 M
HCl solution and with the examined inhibitor (AO).

The impedance of a CPE is presented as:

Z(CPE) = Yo
−1(jω)−n (13)

where j is the imaginary root, ω is the angular frequency, Yo is the magnitude, and n is the
exponential term, whereas ω is the angular frequency (ω = 2πf, the frequency in Hz) and n
is the phase-shift, which provdes details about the degree of surface inhomogeneity.

The impedance data listed in the Table 6 indicate that the addition of the extract
increases the values of Rct and reduces the value of the electrochemical double-layer capac-
itance (Cdl). The increase in the Rct value is attributed to the formation of the protective
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film on the metal/solution interface [40,46]. The decrease in Cdl indicates the increase in
the thickness of the electric double layer [47]. The interfacial double-layer capacitance (Cdl)
values are estimated using Formula (14):

Cdl = Yo(2π fmax)
n−1 (14)

where fmax is the frequency at which the imaginary component of the impedance attains a
maximum value (Z′′

max).
This result suggests that the extract molecules inhibit the corrosion of Al by adsorption

on the Al surface, thereby causing an increase in Rct values and a decrease in Cdl values [48].
The inhibition efficiency from the impedance data was estimated by comparing the

values of the charge transfer resistance in the absence and presence of the inhibitor as follows:

%IE =

[
Ri

ct − Ro
ct

Ri
ct

]
× 100 (15)

where the values of the charge transfer resistance with and without AO are denoted by
Ri

ct and Ro
ct, respectively. The magnitude and trend of the obtained values presented in

Table 6 are in close agreement with those determined from gravimetric measurements and
electrochemical polarization measurements.

3.7. Scanning Electron Microscope (SEM)

The surface morphology of the tested aluminum is determined by scanning electron
microscopy. The surface morphology of Al exposed to 1.0 M of HCl in the absence of
plant extract is shown in Figure 9B. These data point to uniformly severe corrosion and
the production of adherent amorphous corrosion products in the absence of an inhibitor.
Such corroded patches may have formed as a result of aggressive H+ assault in acidic
environments, which led to the dissolution of the alumina layer.

(A) (B) 

  

Figure 9. Cont.
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(C) (D) 

  

Figure 9. Scanning electron micrographs of plain Al in an acidic medium: (A) Al polished with emery
paper; (B) Al in 1.0 M of HCl at 30 ◦C; (C) Al in 1.0 M of HCl in the presence of 80 ppm AO at 30 ◦C;
(D) Al in 1.0 M of HCl in the presence of 300 ppm AO at 30 ◦C.

The metal surface is only partially covered with the inhibitor, providing it with a
decent amount of protection, according to the SEM results for aluminum in the presence
of the inhibitor. In the presence of hydrochloric acid, it is also obvious that the surface is
covered with the inhibitor (Figure 9B–D). The efficiency of AO as an inhibitor in acidic envi-
ronments is demonstrated by scanning electron micrographs, which reveal that increasing
the inhibitor concentration induces an increase in the quantity of an adsorbed protective
coating of the inhibitor molecules on the aluminum surface.

3.8. Quantum Chemical Calculation

The Frontier molecular orbital theory (FMO) provides an explanation for the adsorp-
tion ability of molecules on metal surfaces and their chemical reactivity. The interaction
between the molecules’ HOMO and LUMO levels is what primarily determines this reac-
tivity [49]. In this study, DFT calculations were conducted for the main compounds (1, 2, 3,
4, and 5) found in the methanol extract of AO. Both gas phase and acidic solution (HCl)
conditions were considered. Figure 10 illustrates the optimized geometry of these major
compounds, as well as the characteristics of their molecular orbitals (HOMO and LUMO).

The reactivity of a molecule toward adsorption on an Al-metallic surface can be as-
sessed using ΔEgap. A decrease in ΔEgap indicates increased reactivity and a higher inhibitor
efficiency, as it enhances the stability of the formed complex between the major organic com-
pound and the surface [50,51]. The concepts of σ and η are also introduced based on ΔEgap. σ
is closely associated with the molecule’s polarizability, where a softer molecule with a smaller
ΔEgap is more easily polarized, and thus more reactive [21,26,51]. Quantum chemical and
molecular dynamics parameters, such as ΔEgap, σ, η, X, ΔN, and ω, were calculated for the
identified major compounds (1, 2, 3, 4, and 5), as presented in Table 7.

Table 7. Calculated quantum parameters for main components of methanol extract of AO (XAl =
3.209, ηAl = 2.776 [18,48]).

Quantum
Parameters

1 2 3 4 5

Gas Acidic Gas Acidic Gas Acidic Gas Acidic Gas Acidic

EHOMO (eV) −7.874 −7.891 −5.960 −6.086 −6.454 −6.549 −6.088 −6.113 −5.874 −6.068

ELUMO (eV) −0.583 −0.527 −0.385 −0.434 −0.605 −0.414 −1.935 −2.082 −1.649 −1.921

ΔEgap (eV) 7.291 7.364 5.575 5.652 5.849 6.135 4.153 4.031 4.225 4.147

σ 0.274 0.271 0.358 0.353 0.341 0.325 0.481 0.496 0.473 0.482
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Table 7. Cont.

Quantum
Parameters

1 2 3 4 5

Gas Acidic Gas Acidic Gas Acidic Gas Acidic Gas Acidic

η 3.645 3.682 2.787 2.826 2.924 3.067 2.076 2.015 2.112 2.073

X 4.228 4.209 3.172 3.26 3.529 3.481 4.011 4.097 3.761 3.994

ω 1.412 1.398 1.847 1.821 1.76 1.678 2.479 2.554 2.437 2.483

ΔN 0.079 0.077 0.003 0.004 0.0281 0.023 0.082 0.0927 0.056 0.08

Dipole moment μ
(Debye) 0.0117 0.015 1.447 1.91 7.376 9.658 6.021 8.317 7.421 10.833

Cpd No. Optimized geometry HOMO LUMO 

1 

  

2 

   

3 

  

4 

  

5 

   

Figure 10. Optimized molecular geometry, HOMO and LUMO, of the studied compounds (1, 2, 3, 4 and 5).
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The order of the ΔEgap values for the five major components of the AO extract, both in
gas and acidic solutions, follows the pattern 4 < 5 < 2 < 3 < 1. Among these compounds,
Compound 4 stands out with the highest σ value and the smallest η value. Additionally,
it exhibits the highest ω value compared to the other inhibitors in both gas and acidic
solutions. The ω value is an indicator of the inhibitor’s electron-accepting ability from
metal surfaces. In the case of Compound 4, its high ω value signifies its strong capability
to accept electrons from aluminum (Al). This is further supported by its elevated ELUMO
value, which reflects its high electron-accepting capacity from Al. Moreover, the ΔN values
reveal that most of the electrons transferred to the Al surface originate from Compound
4 molecules. With ΔN values of 0.082 in the gas phase and 0.0927 in the presence of
HCl, Compound 4 surpasses the other compounds in this regard. As a general trend, the
inhibition efficiency of organic inhibitors tends to increase with a higher electron-donating
ability at the metal’s surface, particularly when ΔN is less than 3.6 [52]. In this context,
all the examined compounds can be classified as green inhibitors due to their ΔN values
falling below 3.6. However, Compound 4 emerges as the most effective inhibitor across all
phases. In summary, the major components of AO extract exhibit varying ΔEgap values,
with Compound 4 demonstrating superior characteristics, such as high σ and ω values. It
is also the primary source of electron transfer to the Al surface, making it the most efficient
inhibitor among the studied compounds in both gas and acidic environments.

3.9. Mechanism of Inhibition

These N, O, and S atoms and aromatic rings are found in a lot of green rust inhibitors
that come from plant extracts, amino acids, or natural oils. They are often chosen because
they are non-toxic and biodegradable, which means they protect well while causing little
harm to the Earth [12–20]. The findings suggest that compounds 1, 2, 3, 4, and 5 can adhere
to the surface by donating electrons from electron-rich regions to the vacant d orbitals of
Al. Additionally, they can accept electrons from the Al surface, forming a back-donating
bond, which depends on the optimized structure’s orientation of the inhibitor in space.
Notably, Compound 4 exhibits the highest adsorption ability on the Al surface by donating
the unshared pair of electrons from O atoms to the vacant d-orbitals of Al. Consequently,
it is expected that the inhibition efficiency of the AO extract primarily arises from the
adsorption of Compound 4 on the Al surface.

Furthermore, there are two adsorption modes for inhibitors on the Al surface in gas
and acidic environments: physisorption and chemisorption. The extent of adsorption
depends on the difference between the chemical potential of the Al metal and the inhibitors.
The calculated ΔGads for Compound 4 is −18.517 in the gas phase and −20.50 in the acidic
medium. The ΔGads value is higher than that of typical physical adsorption, but lower
than that of typical chemical adsorption. This indicates the likelihood of both physical and
chemical adsorption occurring, and the negative ΔGads values confirm that the adsorption
process is spontaneous. These values fall within the range of zero to −40 kJ/mol, indicating
the favorable nature of the adsorption process [21,26,52].

4. Conclusions

From the current investigation, the following primary conclusions may be drawn:

1. The findings of weight loss experiments and polarization techniques suggest that
A. orientalis crude (AO) is useful as a green corrosion inhibitor for aluminum in an
acidic medium.

2. The efficiency in an acidic medium decreases with an increasing temperature, until the
temperature of 40 ◦C is attained, and then increases until the temperature of 50 ◦C is
reached. The efficiency increases with increasing concentrations of A. orientalis crude
(AO) to reach a maximum value of 300 ppm at 50 ◦C.

3. It was discovered that the activation energy (Ea) for the dissolution of pure aluminum
in solution is higher in the absence of an inhibitor than it is in the presence of an
inhibitor in an acidic medium.
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4. The widely used isotherm models (Freundlich, Temkin, El Awady, and Redlich–
Peterson (R-P) adsorption isotherm models) were used to investigate the equilibrium
isotherms for the adsorption of AO on aluminum in HCl at different temperatures.

5. The free Gibbs energy (ΔGads) value demonstrates that the inhibitory mechanism
could be attributed to comprehensive physical and chemical adsorption in an acidic
medium (1.0 M of HCl), and the sign of the free energy of adsorption suggests that
the process is spontaneous.

6. Polarization tests revealed that the inhibitor (AO) is an anodic and cathodic mixed-
type inhibitor.

7. EIS plots indicated that the charge transfer resistances increase with increasing the
concentration of the extract.

8. The SEM findings reveal that the inhibitor (AO) partially covers the metal surface,
providing it with a respectable level of protection.

9. Compound 4 demonstrates the best corrosion inhibition on the Al metal surface.
10. Experimental and DFT calculations show an excellent agreement, validating the

accuracy of the theoretical predictions.
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Abstract: This study investigates the suppression of galvanic corrosion between copper and gold
using cetyltrimethylammonium bromide (CTAB) and betaine as inhibitors. When copper is electri-
cally connected to gold in PCB etching solutions, the substantial difference in their electrochemical
potentials leads to the accelerated corrosion of copper, posing severe reliability risks. To mitigate
this, we systematically investigated the galvanic corrosion inhibition properties of CTAB and betaine.
Through comprehensive electrochemical analyses, it was found that the galvanic corrosion current
density of copper, initially at 3.26 mA/cm2, decreased significantly to 0.251 mA/cm2 with 0.9 mM
CTAB, indicating an inhibition efficiency of 92.3%. Furthermore, betaine, at a concentration of 0.1 mM,
demonstrated an even higher inhibition efficiency, reducing the corrosion current to 0.03 mA/cm2,
achieving a 99.1% inhibition rate. These findings provide strong evidence that CTAB and betaine are
highly effective in suppressing galvanic corrosion in copper–gold systems, thereby enhancing the
long-term performance and reliability of PCBs in electronic applications.

Keywords: galvanic corrosion; Cu; Au; print circuit board; CTAB; betaine

1. Introduction

Copper is extensively used in industries such as electronics, construction, cooling
systems, and alloys due to its malleability and ductility [1,2]. Its high electrical and thermal
conductivity make it particularly suited for use in wires and pads for electrical connections
in printed circuit boards (PCBs). PCBs typically consist of copper circuits and pads, with
gold pads applied to enhance adhesion between the solder ball and copper pad [3–5]. The
substrate of PCBs generally undergoes etching in acidic solutions to remove contaminants
and improve the surface roughness of the metal pads. While etching is typically designed
for uncoupled copper, during the process, electrically coupled copper–gold systems can
experience over-etching, leading to reliability concerns. This occurs due to the significant
electrochemical potential difference between copper (E◦Cu2+/Cu = +0.34 V) and gold
(E◦Au+/Au = +1.7 V), which results in galvanic corrosion. Copper, being the more active
metal, corrodes more rapidly when in contact with gold in the same electrolyte solution [6,7].
The over-etching of copper is caused by this galvanic corrosion, driven by the potential
difference between copper (E◦Cu2+/Cu = +0.34 V) and gold (E◦Au+/Au = +1.7 V). When
two dissimilar metals are placed in the same electrolyte, galvanic corrosion occurs on the
metal with more active electrical potential, accelerating copper corrosion [8–10]. To mitigate
galvanic corrosion, numerous corrosion inhibitors have been explored. These inhibitors
form protective films by adsorbing onto the metal surface [11–22]. Hualiang Huang [23]
evaluated copper corrosion inhibition in a NaCl solution using benzimidazole (BI), 2-
mercaptobenzimidazole (MBI), and benzotriazole (BTA), with BTA showing the highest
inhibition efficiency. Similarly, Shenghua [24] utilized 1-phenyl-3-methyl-5-pyrazolone
(PMP) and BTA to inhibit galvanic corrosion between copper and cobalt in H2O2 solutions,
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achieving a significant reduction in corrosion. The combination of PMP and BTA strongly
mitigated galvanic corrosion. Caroline M. Murira [25] reported that CTAB effectively
inhibited the galvanic corrosion of copper coupled with gold in a microreactor system,
suppressing the corrosion by 99.5% by inhibiting the cathodic reaction on the gold surface.
Additionally, Houyi Ma [26] demonstrated that CTAB inhibits copper corrosion in aerated
H2SO4 solutions via the chemisorption of the n-cetyl group onto the copper surface. The
inhibition efficiency varied depending on CTAB concentration and immersion time. Ma
proposed an adsorption model, where horizontal binding occurs at low concentrations,
transitioning to perpendicular adsorption at higher concentrations. M. El Bakri [27] studied
the effects of triazole (TR), 3-amino-1,2,4-triazole (ATA), and CTAB on brass corrosion in a
simulated cooling water system using electrochemical methods, SEM, and EDX analysis.
ATA proved to be the most effective inhibitor, with improved inhibition efficiency under
conditions of increased pH, immersion time, and temperature. The study revealed mixed-
type inhibition, dependent on the nitrogen content in the inhibitor’s structure. Chaodang
Wu [28] investigated the effects of sodium lauryl ether sulfate and betaine as corrosion
inhibitors on carbon steel in a NaCl solution, reporting inhibition efficiencies of 82% and
78%, respectively. While studies on corrosion inhibitors such as CTAB and betaine for
various metals have been conducted [25–29], research specifically focusing on the galvanic
corrosion inhibition of copper coupled with gold in PCB etching solutions remains limited.

In this study, we investigate the effects of CTAB and betaine as corrosion inhibitors
on the galvanic corrosion of copper coupled with gold in PCB etching solutions through
electrochemical experiments. Additionally, we explore the inhibition mechanisms of these
inhibitors on the galvanic corrosion of copper in copper–gold systems.

2. Experimental

For the copper specimen, a copper foil on a copper-clad laminate (CCL) was used
to simulate an actual printed circuit board system, and the exposed working area of the
copper specimen was 0.2826 cm2 (diameter 0.5 cm, circular shape).

For the gold specimen, to prevent the formation of an intermetallic compound between
copper and gold, nickel was electroplated onto the copper substrate. Nickel electrodeposi-
tion was conducted for 15 min at 40 ◦C using a cathodic current density of 100 mA/cm2

from a solution containing 0.45 M NiSO4·6H2O, 0.126 M NiCl2·6H2O, and 0.8 M H3BO3.
Then, gold was electroplated onto the nickel substrate for 10 min and 30 s at 50 ◦C using
a cathodic current density of 1.5 mA/cm2 from a solution containing 50 mM KAu(CN)2.
The exposed working area of the gold specimen was 0.2826 cm2 (diameter 0.5 cm, circular
shape), with the exposed area ratio of copper to gold being 1:1. The PCB etching solution
was prepared by mixing 0.28 M H2SO4, 0.42 M H2O2, 0.28 M CuCl2·2H2O, and deionized
water. The pH of the etching solution was 0.47. These were directly added to the etching
solution at varying concentrations. Electrochemical experiments were performed at an
ambient temperature of 25 ± 1 ◦C using a Versastat4 electrochemical workstation (Ametek).
To investigate the corrosion behavior of copper and gold, a potentiodynamic polarization
test was performed using a conventional three-electrode system, with the test specimens
(Cu, Au) serving as the working electrode (WE), Pt as the counter electrode (CE), and a
saturated calomel electrode (SCE) as the reference electrode (RE) [30]. The open circuit
potential (OCP) of the working electrode was measured until it stabilized sufficiently in
the solution for 30 min, after which polarization testing was conducted. Once the OCP
stabilized, the polarization test was performed with a scan rate of 1 mV/s, with a scan
potential range from −200 mV to +400 mV relative to the OCP. To study the galvanic current
density (icouple) between the copper and gold electrodes in the etching solution, a galvanic
corrosion test (zero resistance ammeter test) was conducted using a two-electrode system.
The copper specimen was used as the working electrode (WE), and the gold specimen as
both the counter electrode (CE) and the reference electrode (RE). The galvanic corrosion test
was conducted according to the type and concentration of the corrosion inhibitor, lasting
for 600 s.
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3. Results and Discussion

Figure 1a illustrates the polarization curves of copper and gold to assess their corrosion
behavior in the PCB etching solution. When the polarization curve test was conducted
in the PCB etching solution, the corrosion potential of copper was −7.01 mVSCE, and the
corrosion rate was determined to be 0.49 mA/cm2. The polarization behavior of gold in
the PCB etching solution is also indicated as a red line in Figure 2.

Figure 1. (a) Polarization behaviors of Cu and Au and (b) ZRA test results of Cu coupled with Au in
PCB etching solution.

 

Figure 2. Surface images of (a) single Cu bare sample and (b) after etching of single Cu and (c) galvanic
coupled Cu with Au in PCB etching solution.

The Ecorr and icorr were 91 mVSCE and 0.09 mA/cm2, respectively. The polarization
curve test showed a significant difference in corrosion potential between gold and copper.
When these two metals are electrically connected, copper assumes the role of the anode,
while gold takes on the role of the cathode, leading to an acceleration in copper corro-
sion due to galvanic corrosion, primarily because of copper’s lower corrosion potential.
Figure 1b represents the results of the zero-resistance ammeter (ZRA) test conducted on elec-
trically connected copper and gold in the PCB etching solution. The ZRA test revealed that
galvanic corrosion occurs due to the difference in corrosion potential between copper and
gold in the PCB etching solution. During this process, the galvanic corrosion current (icouple,

(Cu-Au)) flowing between copper and gold was measured at 3.26 mA/cm2. Comparing this
with the corrosion current of isolated copper measured through the polarization curve test
(icorr, Cu) at 0.49 mA/cm2, it was found that the galvanic corrosion current increased by
6.6 times. This confirms that in the presence of an electrical connection between copper and
gold in the PCB etching solution, the corrosion rate of copper coupled with gold increases
6.6 times compared with single copper. Figure 2a–c shows the surface morphology of single
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copper and copper coupled with gold before and after PCB etching. Figure 2a presents
the surface morphology of copper before etching, revealing a smooth surface morphology.
Figure 2b illustrates the surface morphology of single copper and electrically connected
copper to Au (Figure 2c) after etching in the PCB solution. The specimen connected to gold
exhibits a rougher surface due to the galvanic corrosion phenomenon. Figure 3a–c reveals
the surface morphology measured using atomic force microscopy (AFM).

Figure 3. AFM images of (a) single Cu bare sample and (b) after etching of single Cu and (c) galvanic
coupled Cu with Au in PCB etching solution.

The surface roughness of copper before etching measures 0.499 μm. When treated
with the etching solution, the surface roughness of a single copper is measured at 0.527 μm,
while electrically connected copper exhibits a surface roughness of 0.538 μm. This confirms
that galvanic corrosion accelerates copper corrosion when it is electrically connected to
gold. Figure 4 and Table 1 illustrate the results of ZRA tests conducted to assess the galvanic
corrosion inhibition effect of CTAB when copper and gold are electrically connected in the
PCB etching solution.

Figure 4. Effects of CTAB concentration on the galvanic corrosion rate of Cu coupled with Au at
25 ◦C in PCB etching solution.

Different concentrations of CTAB, specifically 0.6 mM, 0.9 mM, and 1.2 mM, were
introduced into the PCB etching solution. Subsequently, ZRA tests were carried out to
measure the galvanic corrosion current, and the galvanic corrosion inhibition effect (IE) for
each concentration was compared. Previously, the galvanic corrosion current of Cu coupled
with gold in the PCB etching solution was 3.26 mA/cm2. However, when 0.6 mM CTAB
was introduced, the corrosion current decreased to 0.453 mA/cm2, resulting in an 86.1%
corrosion inhibition effect compared with the results without the corrosion inhibitor. At
0.9 mM CTAB, the current decreased further to 0.251 mA/cm2, yielding a 92.3% inhibition
effect. In the case of 1.2 mM CTAB, the corrosion current measured at 0.474 mA/cm2,
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signifying an 85.5% corrosion inhibition effect. The results of comparing the galvanic
corrosion inhibition effect of copper with varying CTAB concentrations revealed that the
IE value increased up to 0.9 mM CTAB concentration, indicating an increasing corrosion
inhibition effect. Indeed, when the CTAB concentration surpasses 0.9 mM, there is a
noticeable reduction in the IE value. This behavior is attributed to the nature of CTAB
as a surfactant with amphiphilic character. CTAB effectively inhibits copper corrosion
with a hydrophobic tail binding to the metal surface and a hydrophilic head exposed to
the solution. This results in the formation of a thin protective film on the metal surface,
which prevents direct contact between the metal surface and the corrosive environment,
thereby inhibiting the corrosion reaction. At lower concentrations (~0.6 mM), CTAB adsorbs
onto metal through a combination of chemisorption of the n-cetyl chain and electrostatic
interactions between the C16H33N(CH3)3+ ions and pre-adsorbed bromide ions on the
metal surface. This creates a protective layer that minimizes corrosion by preventing direct
contact with the corrosive medium [26]. The concentration at which a surfactant begins
to form micelles and its corrosion inhibition effect diminishes is known as the critical
micelle concentration (CMC). At this concentration, the adsorption behavior shifts as the
hydrophobic chains of CTAB molecules interact through van der Waals forces, creating a
compact and densely packed barrier that enhances the corrosion inhibition effect. However,
as CTAB concentrations exceed 0.9 mM, excessive surface coverage can slightly decrease
the inhibition efficiency due to changes in adsorption dynamics, as more molecules are
adsorbed, but the effective surface area covered may be reduced. To compare the galvanic
corrosion inhibition effects at different betaine concentrations, ZRA tests were conducted
using concentrations of 0.05 mM, 0.1 mM, and 0.2 mM, as shown in Figure 5 and Table 2.

Table 1. Galvanic corrosion rate and inhibitor efficiency of Cu coupled with Au with the change in
concentration of CTAB.

Concentration
of CTAB (mM)

icouple (Cu-Au)

(mA/cm2)

Inhibitor
Efficiency

No inhibitor 3.26

0.6 0.453 86.1%

0.9 0.251 92.3%

1.2 0.474 85.5%

Figure 5. Effects of betaine concentration on the galvanic corrosion rate of Cu coupled with Au at
25 ◦C in PCB etching solution.

28



Metals 2024, 14, 1090

Table 2. Galvanic corrosion rate and inhibitor efficiency of Cu coupled with Au with the change in
concentration of betaine.

Concentration
of Betaine (mM)

icouple (Cu-Au)

(mA/cm2)

Inhibitor
Efficiency

No inhibitor 3.26
0.05 0.14 95.7%
0.1 0.03 99.1%
0.2 0.146 95.5%

In the PCB etching solution, the ZRA test results showed that at a betaine concentration
of 0.05 mM, the galvanic corrosion current measured 0.14 mA/cm2. This represents a
95.7% reduction in galvanic corrosion current compared with the solution without the
corrosion inhibitor. When the betaine concentration was increased to 0.1 mM, the galvanic
corrosion current dropped to 0.03 mA/cm2, demonstrating a corrosion inhibition efficiency
of 99.1%. However, at 0.2 mM betaine, the galvanic corrosion current increased slightly
to 0.146 mA/cm2, resulting in a 95.5% inhibition effect. The comparison of corrosion
inhibition effects based on betaine concentration revealed an increase in the IE value up to
a concentration of 0.1 mM, indicating an escalating corrosion inhibition effect. However,
at concentrations exceeding 0.1 mM, a decrease in the IE value was observed as betaine
concentration increased. This phenomenon is attributed to the CMC of betaine, which
is 0.1 mM. The hydrophilic head of betaine with polar properties adsorbs to the copper
surface and effectively inhibits copper corrosion until the betaine concentration reaches
0.1 mM. However, exceeding concentrations of 0.1 mM, betaine forms micellar structures,
leading to a reduction in its corrosion inhibition effect. Figure 6 illustrates the results of the
potentiodynamic polarization test, which was conducted to evaluate the effect of CTAB on
the corrosion behavior of copper and gold in the PCB etching solution at 25 ◦C. The test
was conducted by adding the most effective concentration of CTAB, which was determined
through ZRA testing to be 0.9 mM.

Figure 6. Polarization behaviors of (a) single Cu and (b) Au at 25 ◦C, depending on the presence or
0.9 mM CTAB in PCB etching solution.

The changes in corrosion potential (Ecorr) and corrosion current density (icorr) were
confirmed during this test. The addition of CTAB in the solution significantly decreases
both the anodic and cathodic current density of copper; although, the corrosion potential
was shifted negatively. The addition of CTAB resulted in a significant decrease in the
corrosion potential of copper, from −7.01 mV to −84 mV, and a substantial reduction in
the corrosion current density, from 0.49 mA to 0.0281 mA/cm2 (Table 3).
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Table 3. Corrosion rate and corrosion potential of copper and gold with and without CTAB and betaine.

Cu Au

icorr (mA/cm2) Ecorr (mV) icorr (mA/cm2) Ecorr (mV)

Bare 0.49 −7.01 0.09 91
CTAB 0.028 −84 0.386 −172

Betaine 0.0051 −12 0.007 42

The calculated corrosion inhibition effect of CTAB showed a reduction of approxi-
mately 94% compared with the solution without the inhibitor. For Au with the addition
of CTAB, the corrosion potential value decreased to −172 mV, However, the corrosion
current actually increased from 0.007 to 0.386 mA/cm2. The CTAB, a cationic surfactant,
has a negatively charged head group. It adsorbs well onto the copper surface in the etching
solution, inhibiting the corrosion rate. However, it does not affect the corrosion rate of gold
due to poor adsorption. This confirms that CTAB adsorbs to the copper surface rather than
Au in the PCB etching solution, leading to a corrosion inhibition effect and a significant
decrease in corrosion rate. To investigate the influence of betaine as a corrosion inhibitor
on the corrosion inhibition of copper and gold, a potentiodynamic polarization test was
conducted in a solution containing 0.1 mM betaine (Figure 7).

Figure 7. Polarization behaviors of (a) single Cu and (b) Au at 25 ◦C, depending on the presence or
0.1 mM betaine in PCB etching solution.

The potentiodynamic polarization test results for copper exhibited negligible varia-
tion in the corrosion potential (Ecorr), which consistently fell within the range of −7.01 mV to
−12 mV. However, the corrosion current of copper significantly decreased from 0.49 mA/cm2

to 0.0051 mA/cm2 with the addition of betaine, demonstrating a substantial decrease in
corrosion current by the addition of betaine, as shown in Table 3. The potentiodynamic
polarization test results for gold specimens revealed that the addition of betaine led to a
decrease in the corrosion potential, reducing it from 91 mV to 42 mV. Additionally, the
corrosion current of gold specimens decreased from 0.09 mA/cm2 to 0.007 mA/cm2 with
the addition of betaine. These observations confirm that betaine not only adsorbs onto
copper specimens, reducing their corrosion rate, but also exhibits a similar protective effect
on gold specimens, effectively slowing down their corrosion rate. Betaine (BTA), as a
zwitterionic surfactant with both positive and negative charges in its head group, inhibits
the corrosion of both copper and gold by adsorbing onto both surfaces, unlike CTAB, which
selectively adsorbs only onto copper. Comparing the galvanic corrosion evaluation results
in Figures 5 and 6, the galvanic corrosion inhibition effect of betaine was 99.1%, and CTAB
had a relatively high galvanic corrosion inhibition rate of 92.3%. These results suggest that
betaine, functioning as an amphoteric surfactant, effectively adsorbs onto both copper and
gold surfaces, thereby reducing the galvanic corrosion rate.
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4. Conclusions

In this study, the inhibiting effects of CTAB and betaine as corrosion inhibitors on the
galvanic corrosion of Cu coupled with gold in a PCB etching solution were investigated
using electrochemical techniques. The polarization test results demonstrated that copper
acts as the anode with a corrosion potential of −7.01 mVSCE, while gold functions as the
cathode with a corrosion potential of 91 mVSCE. The substantial difference in corrosion
potentials between copper and gold facilitates galvanic corrosion in the etching solution,
leading to the accelerated corrosion of copper when the metals are electrically connected.
Both CTAB and betaine were evaluated for their effectiveness as corrosion inhibitors. CTAB,
at an optimal concentration of 0.9 mM, reduced the galvanic corrosion current density
from 3.26 mA/cm2 to 0.251 mA/cm2, corresponding to a corrosion inhibition efficiency of
approximately 92.3%. In comparison, betaine showed superior performance as a corrosion
inhibitor, with concentrations up to 0.1 mM reducing the corrosion current to 0.03 mA/cm2,
corresponding to an inhibition efficiency of approximately 99.1%. The differences in
inhibition effectiveness are attributed to the interaction of the surfactants with the metal
surfaces. CTAB adsorbs preferentially on copper surfaces, effectively reducing corrosion
rates by inhibiting anodic processes, whereas betaine exhibits adsorption on both copper
and gold surfaces, mitigating galvanic corrosion by blocking both anodic and cathodic
reactions. These findings enhance the understanding of surfactants’ roles in mitigating
galvanic corrosion in PCB manufacturing processes, demonstrating that CTAB and betaine
are effective inhibitors under specific conditions.
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Abstract: This study investigates the effects of sodium dodecyl sulfate (SDS) and polyethylene
glycol (PEG) on the galvanic corrosion behavior of copper (Cu) coupled to gold (Au) in a printed
circuit board (PCB) etching solution. Galvanic corrosion tests using ZRA (zero resistance ammeter)
were performed to determine the optimal SDS concentration for corrosion inhibition. The corrosion
current between Cu and Au decreased significantly with the addition of SDS, from 3.26 mA/cm2

to 0.248 mA/cm2 at 4 mM SDS, achieving an inhibitor efficiency (IE) of 92.3%. However, at 15 mM
SDS, the corrosion current increased, and IE decreased to 80.5%. This phenomenon is attributed to
the critical micelle concentration (CMC) of SDS, where surfactant molecules aggregate and reduce
surface adsorption properties. Similarly, ZRA tests were conducted to analyze the effects of PEG
on galvanic corrosion. The corrosion current significantly decreased with PEG addition, achieving
98.1% IE at 1 g/L and 99.5% IE at 2 g/L. Beyond this concentration, no significant change in IE was
observed, indicating saturation. Potentiodynamic polarization tests were also conducted to study the
individual effects of SDS and PEG on Cu and Au. The results showed that SDS effectively inhibited
Cu corrosion but had a minimal impact on Au. In contrast, PEG significantly reduced the corrosion
current density for both Cu and Au, with reductions of 99.5% and 95.1%, respectively.

Keywords: galvanic corrosion; SDS; PEG; PCB; Cu; Au

1. Introduction

Printed Circuit Boards (PCBs) are utilized as substrates in various electronic devices.
These PCBs consist of a multilayer structure composed of copper, nickel, gold, and other
metals [1–4]. During the PCB manufacturing process, including an etching process, galvanic
corrosion occurs due to the electrochemical potential differences between the metals. In
particular, significant galvanic corrosion occurs in patterns where copper and gold are elec-
trically connected, which leads to an over-etching problem of copper pads [5–8]. To prevent
galvanic corrosion problems, researchers investigated corrosion inhibitors such as organic
surfactants, which function by physically and/or chemically adsorbing onto the metal
surface to form a protective film [9–18]. Sodium dodecyl sulfate (SDS) functions effectively
as a corrosion inhibitor due to its ability to adsorb onto metal surfaces, forming a protective
layer that impedes oxidative and reductive processes. This surfactant’s adsorption mecha-
nism enhances its capacity to shield metals from corrosive environments, making it highly
effective in diverse applications [19–22]. Honggun Song’s research group [19] explored
the use of SDS as a corrosion inhibitor for Mg alloys in NaCl environments, achieving a
corrosion inhibition efficiency of 89.1% with the addition of 0.06 M SDS. X. Lu [22] and
colleagues demonstrated that sodium dodecyl sulfate (SDS) serves as an effective corrosion
inhibitor for AZ91 magnesium alloys. Their findings showed that when the alloy was
immersed in a 3.5 wt.% NaCl solution with 0.05 M SDS for 48 h, the volume of hydrogen
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generated decreased from 9.1 to 0.3 mL/cm2. Ali Yousefi [20] employed SDS as a corro-
sion inhibitor for mild steel in hydrochloric acid solutions. They conducted experiments
using electrochemical impedance spectroscopy (EIS), potentiodynamic polarization, atomic
force microscopy (AFM), and dynamic light scattering, and compared the results with
DFT calculations. Jianhong Tan [21] investigated the synergistic inhibition of carbon steel
corrosion in acidic media by the combined addition of sodium dodecyl sulfonate (SDS)
and potassium iodide (KI). The results indicated that adding 5 mM KI achieved approx-
imately 75% corrosion inhibition, which was significantly enhanced to 96.9% with the
inclusion of SDS, demonstrating the effective maximization of corrosion inhibition through
the synergistic action of these two inhibitors. Polyethylene glycol (PEG) is also an effective
corrosion inhibitor, as it forms a stable protective film on metal surfaces, significantly
reducing corrosion rates [22–26]. Its versatility allows it to perform well in various acidic,
alkaline, and neutral environments. Inhibition of PEG is further enhanced when combined
with other inhibitors, such as cerium nitrate, providing robust protection for metals [27,28].
Fouda et al. examined the effectiveness of polyethylene glycol (PEG) in inhibiting the
corrosion of α-brass alloy in a 1 M nitric acid solution, noting that higher concentrations
of PEG resulted in greater protection efficiency [23]. H. Boudellioua [24] investigated the
impact of polyethylene glycol (PEG) on the corrosion inhibition of mild steel using cerium
nitrate in a 0.1 M NaCl solution. They discovered that adding PEG to the cerium nitrate
solution improved protection by forming stable corrosion products and reducing cracks in
the protective film on the mild steel surface. Jwaher M. AlGhamdi [25] achieved a 97.6%
corrosion inhibition efficiency for mild steel in a 1 M HCl environment using PEG-BEC as
an inhibitor. The efficiency increased with the rising inhibitor concentration but decreased
with increasing temperature (25 ◦C to 65 ◦C) and under hydrodynamic conditions. The
research group of X.Y. Wang [27] improved the corrosion resistance of aluminum in an
alkaline zincate solution by adding PEG. The optimal electrolyte composition, contain-
ing 0.2 M ZnO and 2.0 mM PEG, exhibited the highest corrosion inhibition efficiency at
98.8%. Studies on the use of corrosion inhibitors such as SDS and PEG to prevent galvanic
corrosion between copper and various dissimilar metals have been published, and there
remains a gap in the research specifically examining the inhibition of galvanic corrosion in
copper–gold pairs within PCB etching solutions using these inhibitors. This study exam-
ined the effectiveness of SDS and PEG as corrosion inhibitors of the galvanic corrosion of
copper coupled with gold in PCB etching solutions through electrochemical experiments
to elucidate the inhibition mechanisms.

2. Experimental Specimen Preparation

Copper foil on a copper-clad laminate (CCL) was utilized for the copper specimen
to mimic a typical printed circuit board configuration. To avert the formation of an inter-
metallic compound between copper and gold, nickel was plated onto the copper substrate.
Nickel electroplating was performed for 15 min at 40 ◦C using a cathodic current density
of 100 mA/cm2 from a solution consisting of 0.45 M NiSO4·6H2O, 0.126 M NiCl2·6H2O,
and 0.8 M H3BO3. Subsequently, gold was electroplated on the nickel substrate for 10 min
and 30 s at 50 ◦C with a cathodic current density of 1.5 mA/cm2 from a solution containing
50 mM Kau (CN)2. The working area exposed on the gold specimen was 0.196 cm2 (diame-
ter of 0.5 cm, circular shape), maintaining a 1:1 ratio of exposed areas between copper and
gold. The etching solution for the PCB was formulated with 0.28 M H2SO4, 0.42 M H2O2,
0.28 M CuCl2·2H2O, and deionized water, with a resultant pH of 0.47. These compounds
were directly incorporated into the etching solution at varying concentrations.

Electrochemical Experiments

Electrochemical tests were conducted at 25 ◦C using a Versastat4 electrochemical
workstation (Ametek). To examine the corrosion behavior of copper and gold, a potentio-
dynamic polarization test was executed, with a three-electrode system comprising the test
specimens (Cu, Au) as the working electrode (WE), Pt as the counter electrode (CE), and a
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saturated calomel electrode (SCE) as the reference electrode (RE). The open circuit of the
working electrode was measured until it sufficiently stabilized in the solution for 30 min,
after which polarization testing was conducted. After the open circuit potential (OCP)
was stabilized, the polarization test was conducted. The polarization test was measured
with a scan rate of 1 mV/s and the scan potential range was from −200 mV to +400 mV
(OCP). To investigate the galvanic current density (icouple, (Cu-Au)) between the copper and
gold electrodes in the etching solution, a galvanic corrosion test (zero resistance ammeter
test) was performed using a two-electrode system. The copper specimen served as the
working electrode, while the gold specimen functioned as both the counter and reference
electrode. The test was carried out for 600 s, varying the type and concentration of the
corrosion inhibitor.

3. Results and Discussion

Figure 1 shows the effects of SDS contents on the galvanic corrosion behavior of Cu
coupled to Au through the ZRA test. The contents of SDS were verified from 4 mM to
15 mM to confirm the optimum contents for the corrosion inhibition of Cu coupled to Au.

Figure 1. Effects of SDS concentration on the galvanic corrosion rate of Cu coupled to Au at 25 ◦C in
PCB etching solution.

Table 1 presents the corrosion current values according to the SDS and PEG concentra-
tion and the inhibitor efficiency (IE) calculated from these values. The galvanic corrosion
test results indicated that the galvanic corrosion current between Cu and Au significantly
decreased with the addition of SDS in etching solution. The galvanic corrosion current
(icouple, (Cu-Au)) was decreased from 3.26 mA/cm2 to 0.248 mA/cm2 with the addition of
4 Mm SDS. The corrosion inhibitor efficiency of the 4 Mm SDS was calculated to be 92.3%.
With the increase in SDS contents to 8 mM, the galvanic corrosion current was decreased to
0.211 mA/cm2 and the corrosion inhibitor efficiency was increased to 93.5%.
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Table 1. Galvanic corrosion rate and inhibitor efficiency of Cu coupled to Au with the change in
concentration of SDS and PEG.

Concentration (g/L)
icouple, (Cu-Au)

(mA/cm2)

Inhibitor
Efficiency (%)

No inhibitor - 3.26

SDS

4 0.248 92.3

8 0.211 93.5

15 0.636 80.5

PEG

1 0.06 98.1

2 0.017 99.5

4 0.02 99.4

With further increase in the SDS contents to 15 mM, the galvanic corrosion current was
measured to be 0.636 mA/cm2, which is an increased value compared with the contents
under 8 mM SDS. The inhibitor efficiency was also decreased to 80.5% compared with
the results of contents under 8 mM SDS. Figure 2 depicts the IE values according to SDS
concentration. The comparison of the inhibitor efficiency with varying SDS concentrations
reveals that the IE increased up to 8 mM but decreased beyond this concentration.

Figure 2. Correlation between corrosion inhibitor efficiency and concentration of SDS.

Upon the addition of SDS to a solution, the molecules initially disperse and adsorb
individually onto metal surfaces. As the concentration of SDS increases and exceeds the
critical micelle concentration (CMC), self-aggregation occurs, resulting in the formation of
micelles. In these micellar structures, the hydrophobic tails converge within the core, while
the hydrophilic heads orient outward, interacting with the aqueous environment. This
self-assembly plays a crucial role in SDS’s behavior as a corrosion inhibitor [17]. The CMC
of SDS is known to be 8.2 mM. Below 8.2 mM of SDS, SDS molecules effectively inhibit
corrosion reactions by adsorption on metal surfaces. Beyond the CMC, the molecules
begin to form micelles rather than adsorbing directly onto the metal surface. While micelle
formation helps in surfactant stabilization in solution, it can reduce the availability of
individual SDS molecules for surface adsorption [24]. Additionally, micelles may act as a
barrier, altering the surface chemistry and reducing the effectiveness of the protective layer,
which can re-expose the metal to corrosive agents, resulting in diminished inhibition [29,30].
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To compare the galvanic corrosion inhibition effects of polyethylene glycol (PEG) content on
copper coupled to gold, ZRA tests were conducted. The PEG concentrations ranged from
1 g/L to 4 g/L and were added to the etching solution to observe the effect on the galvanic
corrosion inhibition of copper coupled to gold. Figure 3 shows a significant decrease in the
copper galvanic corrosion current when PEG is added to the etching solution.

Figure 3. Effects of PEG concentration on the galvanic corrosion rate of Cu coupled to Au at 25 ◦C in
PCB etching solution.

Table 1 presents the corrosion current values and the inhibitor efficiency calculated
from the corrosion current for different PEG concentrations. In the galvanic test without any
corrosion inhibitor, the galvanic corrosion current of copper and gold was
3.26 mA/cm2. With 1 g/L PEG, the corrosion current decreased to 0.06 mA/cm2, showing
a 98.1% inhibition efficiency compared to the solution without the inhibitor. For 2 g/L
PEG, the corrosion current was 0.017 mA/cm2, with an inhibition efficiency of 99.5%. At
4 g/L PEG, the corrosion current measured 0.02 mA/cm2, resulting in a 99.4% inhibition
efficiency. The comparison of inhibitor efficiency with PEG content indicated an increase in
IE values up to 2 g/L, enhancing the corrosion inhibition effect. However, beyond 2 g/L,
the IE values showed no significant change, indicating saturation. Figure 4 illustrates the
IE values with varying PEG concentrations. This phenomenon suggests that PEG, due to
its non-polar molecular structure, anchors through physical adsorption or weak chemical
interactions, reducing the active area available for corrosion reactions.

This adsorption creates a protective film that isolates the metal, thus inhibiting both
the anodic and cathodic reactions responsible for corrosion. To study the influence of SDS
as a corrosion inhibitor on the corrosion inhibition behavior of single copper and gold, a
potentiodynamic polarization test was conducted in a PCB etching solution containing
8 mM SDS (Figure 5).
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Figure 4. Correlation between corrosion inhibitor efficiency and concentration of PEG.

Figure 5. Polarization behaviors of single Cu and Au at 25 ◦C in the presence and absence of 8 mM
SDS of in PCB etching solution.

The potentiodynamic polarization test results for copper exhibit a corrosion potential
of −7.01 mV and a corrosion current of 0.49 mA mA/cm2. When SDS was added at
its critical micelle concentration of 0.8 mM, the corrosion potential of copper increased
to 89 mV, and the corrosion current density decreased to 0.0178 mA/cm2, showing a
significant reduction of approximately 96%. This result indicates that the addition of
SDS as a corrosion inhibitor substantially decreased the corrosion potential of copper by
acting on the copper surface. To investigate the effect of SDS on the corrosion behavior
of gold, polarization tests were conducted on gold specimens in an 8 mM SDS solution.
The results showed that, in the absence of SDS, the corrosion current density of gold
was 0.0992 mA/cm2, whereas with SDS, it was 0.114 mA/cm2, indicating no significant
change in corrosion current density. However, the corrosion potential increased from
91 mV to 168 mV upon SDS addition. This indicates that the adsorption of SDS onto
copper specimens effectively inhibits corrosion, leading to an increase in the corrosion
potential and a corresponding decrease in the corrosion rate. Conversely, for gold, the

38



Metals 2024, 14, 1080

addition of SDS resulted in a relatively smaller increase in corrosion potential compared
to copper, and the corrosion current values remained almost unchanged before and after
the SDS treatment. These results indicate that SDS adsorbs less effectively onto gold
than on copper, demonstrating its relatively lower efficacy as a corrosion inhibitor for
gold. Figure 6 shows that a potentiodynamic polarization test was performed in a PCB
etching solution with 2 g/L PEG to investigate the effect of PEG on the corrosion inhibition
properties of individual copper and gold. The results of the polarization test demonstrated
that the corrosion current density of copper without the addition of PEG measured to be
0.49 mA/cm2. However, when 2 g/L of PEG was introduced into the solution, the corrosion
current density dramatically decreased to 0.0022 mA/cm2. This significant reduction of
approximately 99.5% indicates the effectiveness of PEG as a corrosion inhibitor for copper.
Furthermore, the addition of PEG resulted in a slight increase in the corrosion potential of
copper from −7.01 mV to 31 mV.

Figure 6. Polarization behaviors of single Cu and Au at 25 ◦C in the presence and absence of 2 g/L
PEG of in PCB etching solution.

These observations suggest that PEG adsorbs onto the copper surface in the etching
solution, thereby reducing the reaction surface area and slowing down the corrosion
rate, while having a minimal impact on the corrosion potential. To further investigate
the impact of PEG on the corrosion behavior of gold, polarization tests were conducted
on gold specimens in a solution containing 2 g/L of PEG. The results revealed that the
corrosion current density of gold without PEG was 0.0992 mA/cm2. In contrast, with the
addition of PEG, the corrosion current density decreased to 0.0048 mA/cm2, indicating a
reduction of about 95.1%. Moreover, the corrosion potential of gold increased from 91 mV
to 159 mV upon the addition of PEG. These findings clearly indicate that PEG effectively
adsorbs onto both copper and gold specimens, enhancing their corrosion resistance. The
non-polar molecular structure of PEG allows it to adhere to the surfaces of both copper
and gold, thereby improving their corrosion resistance. The ability of PEG to reduce
the corrosion current density and slightly alter the corrosion potential demonstrates its
potential as an effective corrosion inhibitor in various applications. The adsorption of PEG
onto the metal surfaces reduces the available reaction area, thus slowing down the overall
corrosion process. This dual functionality of PEG in enhancing corrosion resistance without
significantly affecting the corrosion potential is particularly beneficial in environments
where both copper and gold are used.
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4. Conclusions

This study evaluated the corrosion inhibition performance of SDS (sodium dodecyl
sulfate) and PEG (polyethylene glycol) on copper coupled with gold, focusing on their
galvanic corrosion behavior. Experimental results from ZRA tests and potentiodynamic
polarization revealed clear trends in inhibitor efficiency with varying concentrations of SDS
and PEG. For SDS, the galvanic corrosion current between copper and gold significantly
decreased with increasing SDS concentration, reaching a maximum inhibitor efficiency
(IE) of 93.5% at 8 mM. However, further increasing the concentration to 15 mM resulted
in a decrease in IE due to micelle formation, as indicated by the reduction in surface
adsorption properties. This behavior aligns with the critical micelle concentration (CMC)
of SDS at 8.2 mM, where surfactant molecules begin to self-aggregate, reducing the direct
interaction with the copper surface, as evidenced by the increase in galvanic corrosion
current. PEG exhibited a different inhibition behavior. The galvanic corrosion current
dropped significantly with the increasing PEG concentration, achieving a maximum IE of
99.5% at 2 g/L. Beyond this concentration, no further significant improvement in IE was
observed, indicating surface saturation. The potentiodynamic polarization tests further
validated these findings, showing that PEG effectively reduced the corrosion current density
in both copper and gold, with reductions of 99.5% and 95.1%, respectively, confirming its
broad efficacy across both metals.

Author Contributions: Conceptualization, S.O.; Methodology, S.O.; Software, H.S.; Formal analy-
sis, H.S.; Investigation, H.S.; Resources, S.O.; Data curation, H.S.; Writing—original draft, S.O.;
Writing—review & editing, S.O.; Visualization, H.S.; Supervision, S.O.; Project administration,
S.O.; Funding acquisition, S.O. All authors have read and agreed to the published version of the
manuscript.

Funding: This work was supported by the Ministry of Trade, Industry and Energy (MOTIE) of Korea
(No. 20019192).

Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Dorang, S.; Schuldt, M.; Khanal, M. Effect of Stiffening the Printed Circuit Board in the Fatigue Life of the Solder Joint. Materials
2022, 15, 6208. [CrossRef] [PubMed]

2. Wang, J.; Bai, Z.; Xiao, K.; Gao, X.; Yi, P.; Dong, C.; Wu, J.; Wei, D. Influence of atmospheric particulates on initial corrosion
behavior of printed circuit board in pollution environments. Appl. Surf. Sci. 2019, 467, 889. [CrossRef]

3. Wang, J.; Lim, H.K.; Lew, H.S.; Saw, W.T.; Tan, C.H. A testing method for assessing solder joint reliability of FCBGA packages.
Microelectron. Reliab. 2004, 44, 833. [CrossRef]

4. Julian, Y.; Hon, C.; Cotterell, B.; Chai, T.C. The mechanics of the solder ball shear test and the effect of shear rate. Mater. Sci. Eng.
A 2006, 417, 259.

5. Huh, M.; Yu, Y.; Kahn, H.; Payer, J.H.; Heuer, A.H. Galvanic Corrosion during Processing of Polysilicon Microelectromechanical
Systems. J. Electrochem. Soc. 2006, 153, 644. [CrossRef]

6. Oh, S.; Kim, Y.; Jung, K.; Kim, J.; Shon, M.; Kwon, H. Effects of Temperature and Operation Parameters on the Galvanic Corrosion
of Cu Coupled to Au in Organic Solderability Preservatives Process. Met. Mater. Int. 2017, 23, 290. [CrossRef]

7. Oh, S.; Kim, Y.; Jung, K.; Park, M.; Shon, M.; Kwon, H. Galvanic Corrosion Behaviors of Cu Coupled to Au on a Printed Circuit
Board in Ammonia Solution. Met. Mater. Int. 2018, 24, 67. [CrossRef]

8. Oh, S.; Kim, Y.; Shon, M.; Kwon, H. Galvanic Corrosion of Cu Coupled to Au on a Print Circuit Board: Effects of Pretreatment
Solution and Etchant Concentration in Organic Solderability Preservatives Soft Etching Solution. Met. Mater. Int. 2016, 22, 781.
[CrossRef]

9. Idrac, J.; Mankowski, G.; Thompson, G.; Skeldon, P.; Kihn, Y.; Blan, C. Galvanic corrosion of aluminium–copper model alloys.
Electrochim. Acta 2007, 52, 7626. [CrossRef]

10. Murira, M.C.; Punckt, C.; Schniepp, H.C.; Khusid, B.; Aksay, I.A. Inhibition and Promotion of Copper Corrosion by CTAB in a
Microreactor System. Langmuir 2008, 24, 14269. [CrossRef]

11. Arkhipushkin, I.A.; Shikhaliev, K.S.; Potapov, A.Y.; Sapronova, L.V.; Kazansky, L.P. Inhibition of Brass (80/20) by 5-
Mercaptopentyl-3-Amino-1,2,4-Triazole in Neutral Solutions. Metals 2017, 488, 3390. [CrossRef]

40



Metals 2024, 14, 1080

12. Koundal, M.; Singh, A.K.; Sharma, C. Study on the effect of imidazolium ionic liquid as a modulator of corrosion inhibition
of anionic surfactant sodium dodecyl sulfate (SDS) on mild steel in sodium chloride solution. J. Mol. Liq. 2022, 350, 118561.
[CrossRef]

13. Umorena, S.A.; Solomon, M.M. Synergistic corrosion inhibition effect of metal cations and mixtures of organic compounds: A
Review. J. Environ. Chem. Eng. 2017, 5, 246. [CrossRef]

14. Farahmanda, R.; Sohrabi, B.; Ghaffarinejad, A.; Meymiand, M.R.Z. Synergistic effect of molybdenum coating and SDS surfactant
on corrosion inhibition of mild steel in presence of 3.5% NaCl. Corros. Sci. 2018, 136, 393. [CrossRef]

15. Hussein, S.A.; Khadom, A.A. Okra Leaves Extract as Green Corrosion Inhibitor for Steel in Sulfuric Acid: Gravimetric, Electro-
chemical, and Surface Morphological Investigations. Results Chem. 2024, 8, 101566. [CrossRef]

16. Kamburova, K.; Boshkova, N.; Radeva, T.; Shipochka, M.; Boshkov, N. Chitosan–Alginate Nanocontainers with Caffeine as Green
Corrosion Inhibitors for Protection of Galvanized Steel. Crystals 2024, 14, 660. [CrossRef]

17. Wang, X.; Liu, S.; Yan, J.; Zhang, J.; Zhang, Q.; Yan, Y. Recent Progress of Polymeric Corrosion Inhibitors: Structure and
Application. Materials 2023, 16, 2954. [CrossRef]

18. Xu, Z.; Cao, X.; Wang, P.; Jiang, J.; Zhang, H.; Slaný, M.; Bian, J. Shielding against Erosion: Exploring the Effectiveness of
Pre-Erosion Surface Corrosion Inhibitors. J. Colloid Interface Sci. 2024, 675, 1130. [CrossRef] [PubMed]

19. Song, H.; Xu, Z.; Benabou, L.; Yin, Z.; Guan, H.; Ya, H.; Chao, L.; Hu, Z.; Wa, X. Sodium dodecyl sulfate (SDS) as an effective
corrosion inhibitor for Mg-8Li-3Al alloy in aqueous NaCl: A combined experimental and theoretical investigation. J. Magnes.
Alloy. 2023, 11, 287. [CrossRef]

20. Yousefi, A.; Javadian, S.; Dalir, N.; Kakemam, J.; Akbari, J. Imidazolium-based ionic liquids as modulators of corrosion inhibition
of SDS on mild steel in hydrochloric acid solutions: Experimental and theoretical studies. RSC Adv. 2015, 5, 11697. [CrossRef]

21. Tan, J.; Guo, L.; Yang, H.; Zhang, F.; Bakri, Y.E. Synergistic effect of potassium iodide and sodium dodecyl sulfonate on the
corrosion inhibition of carbon steel in HCl medium: A combined experimental and theoretical investigation. RSC Adv. 2020,
10, 15163. [CrossRef] [PubMed]

22. Lu, X.L.; Li, Y.; Ju, P.; Chen, Y.; Yang, J.; Qiane, K.; Zhanga, T.; Wang, F. Unveiling the inhibition mechanism of an effective
inhibitor for AZ91 Mg alloy. Corros. Sci. 2019, 148, 264. [CrossRef]

23. Fouda, A.S.; El-Dossoki, F.I.; Shady, I.A. Adsorption and corrosion inhibition behavior of polyethylene glycol on α-brass alloy in
nitric acid solution. Green Chem. Lett. Rev. 2018, 11, 67. [CrossRef]

24. Boudellioua, H.; Hamlaoui, Y.; Tifoutia, L.; Pedrazac, F. Effects of polyethylene glycol (PEG) on the corrosion inhibition of mild
steel by cerium nitrate in chloride solution. Appl. Surf. Sci. 2019, 473, 449. [CrossRef]

25. AlGhamdi, J.M.; Haladu, S.A.; Mu’azu, N.D.; Alqahtani, H.A.; Zubair, M.; Manzar, M.S.; Alkhowildi, F.A.; Kuban, R.Z.M.;
AlSubaie, N.F. Polyethyleneglycol bisphenol A epichlorohydrin copolymer (PEG-BEC) as a highly efficient inhibitor for mild
steel corrosion in 1M HCl solutions. S. Afr. J. Chem. Eng. 2024, 49, 326. [CrossRef]

26. Vaidya, N.R.; Aklujkar, P.; Rao, A.R. Modification of natural gums for application as corrosion inhibitor: A review. J. Coat. Technol.
Res. 2022, 19, 223. [CrossRef]

27. Wang, X.Y.; Wang, J.M.; Wang, Q.L.; Shao, H.B.; Zhang, J.Q. The effects of polyethylene glycol(PEG) as an electrolyte additive on
the corrosion behavior and electrochemical performances of pure aluminum in an alkaline zincate solution. Mater. Corros. 2011,
62, 1149. [CrossRef]

28. Umoren, S.A.; Abdullahi, M.T.; Solomon, M.M. An overview on the use of corrosion inhibitors for the corrosion control of Mg
and its alloys in diverse media. J. Mater. Res. 2022, 20, 2060. [CrossRef]

29. Ma, I.A.W.; Ammar, S.; Kumar, S.S.A.; Ramesh, K.; Ramesh, S. A concise review on corrosion inhibitors: Types, mechanisms and
electrochemical evaluation studies. J. Coat. Technol. Res. 2022, 19, 241–268. [CrossRef]

30. Bijapur, K.; Molahalli, V.; Shetty, A.; Toghan, A.; De Padova, P.; Hegde, G. Recent trends and progress in corrosion inhibitors and
electrochemical evaluation. Appl. Sci. 2023, 13, 10107. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

41



metals

Article

Corrosion Properties and Surface Chemistry of Graphene
Oxide-Coated AZ91D Magnesium Alloy in Sodium
Chloride Solution

Nathalia Sartori da Silva, Aila Cossovan Alves , Jaine Aparecida da Silva Pereira, Leandro Antonio de Oliveira , Mara

Cristina Lopes de Oliveira and Renato Altobelli Antunes *

Center for Engineering, Modeling and Applied Social Sciences (CECS), Federal University of the ABC (UFABC),
Santo André 09210-580, SP, Brazil; nathalia.sartori@ufabc.edu.br (N.S.d.S.); aila.cossovan@ufabc.edu.br (A.C.A.);
jaine.pereira@ufabc.edu.br (J.A.d.S.P.); leandro.oliveira@ufabc.edu.br (L.A.d.O.);
mara.oliveira@ufabc.edu.br (M.C.L.d.O.)
* Correspondence: renato.antunes@ufabc.edu.br

Abstract: In the present work, the corrosion properties and the surface chemistry of a graphene
oxide-coated AZ91D alloy were investigated. The coatings were deposited on the substrate specimens
by immersion in solutions with GO concentrations of 0.05% and 0.1% (m/v). An intermediate silane
layer was firstly obtained to improve adhesion between the GO films and the AZ91D substrate. The
electrochemical behavior of the coated specimens was assessed using electrochemical impedance
spectroscopy and potentiodynamic polarization curves in 3.5 wt.% NaCl solution. The surface
chemistry was assessed using X-ray photoelectron spectroscopy (XPS). The GO films consisted of
a mixture of carbon-based bonds (C-C, C-OH, C=O, and O-C=O). The surface morphology of the
coated specimens was examined using scanning electron microscopy. The results revealed that the
compactness of the GO films was dependent on the deposition conditions. The corrosion resistance
was affected by the surface morphology.

Keywords: AZ91D magnesium alloy; graphene oxide; coating; surface chemistry; corrosion

1. Introduction

The AZ series of magnesium alloys has found applications in the automotive and
aircraft industries. The lightweight AZ91D alloy, for instance, is especially employed for
use in structural components in the automotive industry due to its excellent castability and
suitable mechanical strength [1–3]. Nonetheless, the well-known intrinsic low corrosion
resistance of magnesium alloys is a major drawback for large-scale applications [4,5].

In order to take advantage of the attractive engineering properties of magnesium
alloys, such as high strength-to-weight ratio and good formability and weldability, it is
imperative to employ corrosion protection methods [6–8]. Traditional methods rely on
microstructural and compositional control [9,10] combined with suitable surface treatments
such as anodization or plasma electrolytic oxidation, conversion coatings, and so on [11–15].

Graphene-related materials have gained importance in several fields owing to an
impressive set of attributes, such as high mechanical strength, surface functionalization,
wear resistance, self-lubrication, and impermeability [16–20]. The chemical inertness of
graphene materials has been advantageously explored for corrosion protection applications,
either as additive for organic coatings or as a topcoat itself [21–23].

Graphene oxide (GO) has been used as corrosion-protective coating for magnesium
alloys instead of pure graphene sheets. This is due to its stronger interaction with the metal’s
surface [24,25]. GO contains carbonyl, epoxide, and hydroxyl groups, which account for
its hydrophilic nature that makes it readily dispersible in water or polar solvents. As a
consequence, stable aqueous solutions of GO in water can be prepared [26]. Neupane
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et al. [27] successfully obtained GO coatings on the surface of pure magnesium. The GO
layer was formed on aqueous solutions of dispersed GO particles over previously silanized
samples. Silanization was employed to promote the formation of silanol groups (Si-OH)
from reactions of silane and water. The silanol groups can attach to the metal surface
after a proper hydration treatment, enabling the formation of Si-O-metal bonds [28]. The
combined silanization pre-treatment and GO coating increased the corrosion resistance of
the magnesium surface. The beneficial effect of GO coating on the corrosion properties of
bulk metallic surfaces was also observed by Prasai et al. [29]. Copper and nickel substrates
were coated by graphene layers obtained using chemical vapor deposition or which were
mechanically transferred onto the substrates. They observed the corrosion rate decreased
one order of magnitude for the graphene-coated surfaces with respect to the pristine
materials. Recently, Chu et al. [30] employed an innovative concept to obtain hybrid
graphene oxide-polyvinyl alcohol (GO-PVA) coatings on Mg-Zn-Ca alloy substrates. They
aimed to improve the interaction of GO with the magnesium surface by means of an organic
medium that promotes a crosslinking effect, such as PVA. Effective barrier properties of
the hybrid GO-PVA layer decreased the corrosion rate of the Mg alloy by one order of
magnitude with respect to the bare substrate. By contrast, a single GO layer did not increase
the corrosion resistance due to its poor interaction with the bulk metallic surface.

It is, therefore, imperative that chemical interaction exists between the graphene oxide
layer and the metallic substrate in order to consolidate the corrosion protection ability of
the graphene-based topcoat. In this respect, X-ray photoelectron spectroscopy (XPS) can
be regarded as a powerful technique to assess such interactions. Lin et al. [31] studied the
corrosion behavior of nickel–aluminum–bronze substrates with GO coatings. XPS was
employed to examine the formation of chemical bonds between the metallic substrate
and the GO layer. They were capable of identifying the main carbon chemical states and
correlate them with the GO/metallic alloy interfacial bonding. Furthermore, they observed
the dependence of corrosion resistance of the coated substrates with the presence of these
chemical interactions.

In spite of the knowledge accumulated so far, the literature is still scarce on the
relationship between the surface chemistry and the corrosion-protective properties of GO-
coated magnesium alloys. In this work, we shed additional light on this subject by studying
the electrochemical behavior of a GO-treated AZ91D magnesium alloy and its connections
to the surface morphology and chemical composition. Silanization pre-treatment was
combined with GO deposition to promote suitable bonding between the bulk metal surface
and the topcoat. XPS analysis was employed to assess the surface chemical’s states. The
corrosion behavior was evaluated using electrochemical impedance spectroscopy and
potentiodynamic polarization.

2. Materials and Methods

2.1. Materials and Sample Preparation

AZ91D magnesium alloy (nominal chemical composition in wt.%: Al 8.3–9.7%; Mn
0.15%; Zn 0.35–1.00%; Si 0.1%; Fe 0.005%; Cu 0.3%; Ni 0.002%; Mg balance) was kindly
provided by Rima Industrial Magnésio S/A (Belo Horizonte, Brazil) as a die-cast ingot. The
as-received material was cut into small pieces with approximate dimensions of 1.8 × 1.8 ×
0.5 cm using silicon carbide disks in a conventional cut-off machine. Next, samples were
ground using waterproof silicon carbide papers up to grit 2000. After grinding, samples
were carefully rinsed with ethanol, washed with distilled water, and dried in a warm air
stream provided by a conventional heat gun.

In order to increase the number of OH− groups on the surface of the AZ91D, an initial
pretreatment was undertaken by immersing the ground samples in a 3 M NaOH solution
at room temperature for 1 h. The hydrolyzed surface was washed with distilled water and
let to naturally dry in the air. After the NaOH-based treatment, samples were silanized in a
solution consisting of a mixture of 5 vol% 3-Aminopropyltriethoxysilane (APTES), 5 vol%
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water, and 90 vol% ethanol at room temperature for 1 h. Right after, the samples were
cured at 100 ◦C for 1 h in a laboratory oven.

GO was purchased from Graphenea Inc. (Cambridge, MA, USA) as an aqueous
suspension. Different GO-based solutions were prepared from the GO suspensions in
order to achieve distinct GO contents. The different samples are described in Table 1.
The as-received (AR) and silanized conditions (without GO coating) were also tested for
comparison. The GO coating was prepared by immersing the silanized specimens in the
GO solutions under soft magnetic stirring for different times, as described in Table 1. After
deposition, the specimens were rinsed with distilled water and dried in open air.

Table 1. Samples tested in the present work.

Sample Pretreatment
GO Concentration

(wt.%)
Time (h)

AR ---- ---- ----

Silanized Immersion in 3 M NaOH solution
for 1 h + silanization with APTES ---- ----

0.05% 2 h Immersion in 3 M NaOH solution
for 1 h + silanization with APTES 0.05 2

0.05% 4 h Immersion in 3 M NaOH solution
for 1 h + silanization with APTES 0.05 4

0.1% 2 h Immersion in 3 M NaOH solution
for 1 h + silanization with APTES 0.1 2

0.1% 4 h Immersion in 3 M NaOH solution
for 1 h + silanization with APTES 0.1 4

2.2. Characterization

The surface morphology of the different GO coatings was examined using scanning
electron microscopy (Jeol 6010 LA, Tokyo, Japan). The surface chemical states were analyzed
with XPS using a Thermo VG K-alpha+ spectrometer operating with Al-kα radiation source
(1486.6 eV). The pressure in the analysis chamber was approximately 10−7 Pa. High-
resolution spectra were fitted using a combination of Lorentzian–Gaussian functions in
the Avantage® software (version 5.976) and Smart algorithm for background subtraction.
Complementary analysis of the functional groups of the silane and GO layers was carried
out by Fourier Transfrorm Infrared spectroscopy (FTIR, Varian 660-IR, Santa Clara, CA,
USA) in the attenuated total reflection (ATR) mode in the wavenumber range of 600
to 4000 cm−1. Baseline correction was carried out using a second derivative method.
Smoothing was also applied to reduce noise with the Savitsky–Golay (SG) function with a
polynomial order of 2.

The electrochemical behavior of the different samples was assessed in an Autolab
M101 potentiostat/galvanostat. A conventional three-electrode cell configuration was used
for the measurements with a platinum wire as the auxiliary electrode, Ag/AgCl (KCl, 3 M)
as reference, and the AZ91·D alloy in the AR and treated states as the working electrodes.
The open circuit potential (OCP) was monitored for 1 h. Next, electrochemical impedance
spectroscopy (EIS) measurements were made at the OCP in the frequency range of 100 kHz
to 0.01 Hz using a sinusoidal perturbation signal with an amplitude of ±10 mV (rms) and
an acquisition rate of 10 points per frequency decade. Potentiodynamic polarization curves
were obtained right after the EIS measurements. The potential was swept from −300 mV
versus the OCP up to 0 VAg/AgCl or up to a current of 10 mA was achieved. The sweep rate
was 1 mV·s−1. The tests were conducted in quadruplicate. All measurements were carried
out in 3.5 wt.% NaCl solution at room temperature. The working electrode area exposed to
solution was 2 cm2.
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3. Results

3.1. Morphological Examination

Figure 1 shows macroscopic images of the AR, silanized, and GO-coated samples. The
visual aspects of the AR and silanized samples were quite similar, whereas the GO coating
can be promptly seen in the other samples with its typical black surface. No distinguishable
features could be seen on the GO-coated surfaces by only visually inspecting them.

Figure 1. Macroscopic images of the different AZ91D samples: (a) AR; (b) silanized; (c) 0.05% 2 h;
(d) 0.05% 4 h; (e) 0.1% 2 h; (f) 0.1% 4 h.

SEM analysis was carried out in order to gain further understanding on the mor-
phological aspects of the different samples. Figure 2 shows the SEM micrographs of the
AZ91D samples.

 

Figure 2. SEM micrographs of the AZ91D alloy samples: (a) AR; (b) 0.05% 2 h; (c) 0.05% 4 h; (d) 0.1%
2 h; (e) 0.1% 4 h.
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The morphology of the AR condition (Figure 2a) exhibited the ground markings
of the surface preparation procedure. The surface aspect of the coated samples is com-
pletely different. The ground markings are no longer visible, as the GO coating covers the
whole surface. The coatings obtained in both solutions at 2 h displayed a granular aspect
(Figure 2b,d) with an irregular morphology, especially in the solution with a GO concentra-
tion of 0.05 wt.% (Figure 2b). By increasing the immersion time to 4 h, the coatings became
smoother and fewer defects were observed. Sample 0.05% 4 h (Figure 2c) spread over the
surface, showing a layered structure. Sample 0.1% 4 h (Figure 2e), in turn, displayed a
uniform surface aspect.

3.2. Spectroscopic Analyses

The surface chemical states of the different AZ91D samples were assessed using
XPS. Figure 3 shows the survey spectra of AR, silanized, and 0.1% 4 h samples. The
spectra of the pure GO and the other GO-coated samples are shown as Supplementary
Materials (Figure S1). In the AR condition, the main photoelectron lines were assigned to
magnesium and oxygen. Carbon was found as surface contamination (adventitious carbon),
as observed by other authors for the air-formed surface oxide of magnesium alloys [32,33].
In the silanized sample, in addition to these species, a small silicon peak appears, as well as
nitrogen. These elements are part of the APTES molecule. The spectrum of the 0.1% 4 h
sample, in turn, exhibited a stronger C 1s peak and the magnesium signal was attenuated
due to the presence of the GO film.

 

Figure 3. Representative XPS survey spectra AZ91D samples.

Figure 4 shows the high-resolution spectra for the Mg 1s, O 1s, Al 2p, and Zn 2p
photoelectron lines of the AR sample. The Mg 1s spectrum (Figure 4a) was fitted with three
peaks centered at 1303.7, 1304.7, and 1305.6 eV, which were assigned to metallic magnesium,
Mg(OH)2, and MgCO3, respectively, in accordance with other reports [34,35]. The naturally
formed oxide film on magnesium and its alloys is mainly comprised of Mg(OH)2 which, in
turn, reacts with the CO2 in the atmosphere, forming MgCO3, as shown in the sequence of
reactions (1)–(5) [36].

Cathodic reaction:
H2O + 2e− → H2(g) + 2OH−(aq) (1)
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O2 + 2H2O + 4e− → 4OH− (aq) (2)

Anodic reaction: Mg(s) → Mg2+ (aq) + 2e− (3)

Overall reaction: Mg2+ (aq) + 2OH− (aq) → Mg(OH)2 (s) (4)

Mg(OH)2 + CO2 → Mg(CO)3 (s) + H2O (5)

The O 1s spectrum (Figure 4b) was deconvoluted with three peaks, which were
assigned to oxide-type bonds (O2−), hydroxide-type bonds (OH−), and adsorbed water
(H2Oads), in agreement with the literature [37,38]. Hydroxide bonds predominate over
oxide ones, likely due to the relatively large amount of Mg(OH)2 formed on the AZ91D
surface, as Mg is the main constituent of the alloy.

Figure 4c shows the Al 2p high-resolution spectrum of the AR sample. One single peak
was observed. It was centered at 74.1 eV, which is typically assigned to Al3+ species such as
AlOOH, Al(OH)3, and Al2O3, as reported by other authors [39,40]. The signal of Zn 2p was
very weak, as seen in Figure 4d. This is likely due to the relatively small amount of zinc in
the AZ91D alloy (less than 1.0 wt.%). Thus, it is not one of the main constituents of the native
oxide film, which is mainly comprised of magnesium and aluminum oxidized species.

Figure 4. XPS high-resolution spectra of the AR sample (uncoated AZ91D alloy): (a) Mg 1s; (b) O 1s;
(c) Al 2p; (d) Zn 2p.

Figure 5 shows the XPS high-resolution spectra of the silanized sample (without GO
coating). The C 1s peak (Figure 5a) was deconvoluted with five peaks. The lowest-binding
energy component was assigned to C-Si bonds (284.2 eV). The second component (at
approximately 285 eV) was assigned to C-C/C-H bonds. The peak at 286 eV was assigned
to C-N, where the higher-binding energy components were due to C-O and C=O bonds.
These peaks are in good agreement with the literature [41]. The O 1s spectrum (Figure 5b)
was fitted with three peaks. The lowest-binding energy component was assigned to C-O-
Si/C-O bonds. The intermediate component was assigned to C-O-C/C-OH bonds, whereas
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the highest-binding energy component was due to siloxane-type bonds of the APTES
molecule (Si-O-Si), as reported in the literature [42,43].

The Si 2p spectrum of the silanized sample is presented in Figure 5c. It was deconvo-
luted with two peaks that were assigned to Si-O-Mg and Si-O-Si bonds, in accordance with
other published results [44,45]. The presence of Si-O-Mg bonds gives unequivocal evidence
of the interaction between the APTES molecule and the AZ91D substrate. The N 1s spec-
trum is shown in Figure 5d. It was fitted with two components. The first peak is centered
at 339.6 eV and was assigned to primary amine bonds (NH2). The highest-binding energy
peak (at approximately 402 eV) was due to secondary amine bonds, in good agreement
with the literature [45].

Figure 5. XPS high-resolution spectra of the silanized sample (without GO coating): (a) C 1s; (b) O 1s;
(c) Si 2p; (d) N 1s.

Figure 6 shows the XPS high-resolution spectra of the 0.1% 4 h sample for the C 1s,
O 1s, N 1s, and Si 2p photoelectron lines. This sample was chosen as representative of all
GO-coated samples due to its high corrosion resistance, as will be discussed in Section 3.3.
The C 1s, N 1s, and Si 2p spectra of the other GO-coated samples are very similar to those of
0.1% 4 h. They are presented as Supplementary Materials. The O 1s high-resolution spectra
of the other GO-coated samples exhibited one additional feature that is not encountered in
the spectrum of the 0.1% 4 h sample. They are shown in Figure 7.

The C 1s spectrum of the 0.1% 4 h sample (Figure 6a) was deconvoluted with five
peaks, in accordance with the literature for the XPS results of graphene oxide, showing its
typical functional groups [46–48]. The same components were also observed for the C 1s
photoelectron lines of the other GO-coated samples, as shown in Figure S2 (Supplementary
Materials). A pure GO sample was also analyzed using XPS, and its C 1s spectrum is
shown in Figure 8a. The same components were also observed. They were assigned to C=C
(284.4 eV), C-C (285.4 eV), C-OH (286.4 eV), C=O (288.0 eV), and O-C=O (290.0 eV) bonds
of the GO coating on the surface of the AZ91D substrate.
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The O 1s spectrum of the 0.1% 4 h sample is displayed in Figure 6b. It was deconvo-
luted with three components assigned to O=C/O=C-OH, C-OH, and C-O-C bonds, in good
agreement with other reports for the O 1s photoelectron line of graphene oxide [49,50]. The
O 1s spectrum of the GO sample (Figure 8b) exhibited the same components. However,
if one considers the other GO-coated samples, one additional feature was observed. As
shown in Figure 7, besides the three components already mentioned above for the pure
GO and 0.1% 4 h samples, one additional peak was encountered at approximately 535 eV.
This peak was due to an Auger peak of sodium (Na KLL), as reported in the literature [51].
Sodium species originate from the NaOH pretreatment of the AZ91D substrate to enhance
its interaction with the intermediate APTES layer before GO deposition. Thus, the presence
of such a peak in the O 1s spectrum suggests that the GO layer is less defective on the
0.1% 4 h sample when compared to the other GO-coated samples, as it did not display
the Na KLL peak. In fact, the surface morphology of 0.1% 4 h (Figure 2e) indicated that it
exhibited the best surface coverage and less-defective topography among the GO-coated
samples. Yet, it is interesting to note that the intensity of the Na KLL peak decreases as the
GO concentration and deposition time increased (see the evolution of the Na KLL intensity
from Figure 7c to Figure 7a), thus indicating that the coverage of the NaOH-treated AZ91D
substrate was gradually improved. Furthermore, as evident in Figure 7, the relative area
of the peak assigned to hydroxyl bonds (C-OH) increased with the GO concentration and
immersion time. These bonds are typical functional groups present in the basal planes
of GO [52]. Hence, its increased relative fraction in the 0.1% 2 h sample (Figure 7a) with
respect to the samples obtained at a GO concentration of 0.05% (Figure 7b,c) suggests an
increased coverage of the substrate with the GO film.

Figure 6. XPS high-resolution spectra of the 0.1% 4 h sample: (a) C 1s; (b) O 1s; (c) N 1s; (d) Si 2p.

The N 1s and Si 2p signals (Figure 6c,d) are due to the intermediate APTES layer. The
N 1s spectrum exhibited one single peak centered at 399.6 eV that was assigned to NH2
bonds in the APTES molecule, in agreement with other authors [53]. The Si 2p spectrum
also displayed one single peak. This peak was assigned to Si-O-Si bonds formed during
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the silanization treatment, indicating that APTES was chemically bonded to the AZ91D
surface [54]. The N 1s and Si 2p spectra of the other GO-coated samples are very similar,
and are displayed as Supplementary Materials (Figures S3 and S4 for the N 1s and Si 2p
spectra, respectively).

 
Figure 7. O 1s high-resolution spectra of GO-coated samples: (a) 0.1% 2 h; (b) 0.05% 4 h; (c) 0.05% 2 h.
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Figure 8. XPS high-resolution spectra of the graphene oxide sample: (a) C 1s; (b) O 1.

Further assessment of the functional groups was carried out using FTIR. The silanized
sample was analyzed to help understand its interaction with the AZ91D substrate. The
0.1% 4 h sample was chosen as a representative of the GO-coated samples. The spectra are
shown in Figure 9.

The spectrum of the silanized sample exhibited the characteristic band of –OH groups
at 3700 cm−1, indicating the formation of hydroxyl groups in the NaOH pretreatment step
and humidity. Characteristic bands of N-H groups were encountered at 3500 cm−1, between
2800 and 3000 cm−1 and 1580–1650 cm−1, followed by the band at 1020–1250 cm−1 that is
typical of C-N groups, both due to amino groups of the APTES structure. The bands in the
region 1580–1650 cm−1 indicate the presence of aminosilane bonds (Si-NH). Furthermore,
bands of Si-O groups (Si-O-Si and O-Si-O) appear in the region 1000–1150 cm−1. The
presence of these bands is an evidence of the bonding between the APTES layer and the
magnesium alloy substrate [27].
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(a) 

(b) 

Figure 9. FTIR spectra of the: (a) 0.1% 4 h and (b) silanized samples.

In the spectrum of the 0.1% 4 h sample, the peak at 3700 cm−1 is due to –OH groups
in the GO structure and also likely due to humidity in the sample. The bands around
2500–3300 cm−1 and 1440–1395 cm−1 correspond to –OH bonds in carboxyl groups. The ab-
sorption peaks around 1650–2000 cm−1 correspond to C-H in the structure of the graphene
oxide. The band at 1590 cm−1 indicates the presence of C=O groups in amide groups,
indicating that an amidation reaction occurred between the intermediate silane layer and
the GO top film [26,27]. The spectrum of the GO-coated sample also exhibits the C-N
band at 1020–1250 cm−1, characteristic of the silane layer, but with a lower intensity when
compared to the silanized sample.

3.3. Corrosion Behavior
3.3.1. Open Circuit Potential (OCP) and Electrochemical Impedance Spectroscopy (EIS)

Before the EIS measurements, the open circuit potential (OCP) was monitored for
3600 s. The results are shown in Figure 10. The AR condition presented a gradual decrease
in the OCP with time, which is likely associated with the non-protective nature of the
naturally formed corrosion film on the surface of the AZ91D electrode [55]. When compared
to the AR condition, the silanized sample exhibited a sharp increase in the very beginning
of the monitoring period, followed by a gradual ascending trend up to the end of the test,
without significant fluctuations. All GO-coated samples also showed an ascending trend,
which was less pronounced for the 0.05% 2 h condition. The OCP was shifted to nobler
values for the other GO-coated samples [56], suggesting a decrease in the electrochemical
activity of the AZ91D substrate, depending on the GO concentration.
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Figure 10. Open circuit potential curves of the AZ91D samples after 3600 s of immersion in 3.5 wt.%
NaCl solution at room temperature.

Nyquist plots of the AR, silanized, and GO-coated AZ91D samples are shown in
Figure 11. The results were obtained after 1 h of immersion in 3.5 wt.% NaCl solution at
room temperature. The AR sample (uncoated AZ91D) exhibited a depressed capacitive
loop in the high- to medium-frequency domain, followed by an inductive loop at the lowest
frequencies. The silanized (without GO coating) and GO-coated samples displayed similar
behavior. The smallest capacitive loop diameter was observed for the uncoated AZ91D
alloy. The diameter of the capacitive loop is associated with the corrosion resistance of
the electrode surface, being related to its charge in transfer resistance [57,58]. The best
corrosion resistance was, therefore, observed for the 0.01% 4 h sample, which displayed
the highest impedance values and the largest capacitive loop. Furthermore, two additional
features can be noticed from Figure 11. The first one is related to the deposition time: (i)
the corrosion resistance was gradually decreased when the deposition time was reduced at
the same GO concentration. The second one refers to the effect of GO concentration: (ii) the
corrosion resistance increased, as the GO concentration was raised from 0.05% to 0.1% at
the same deposition time.

The origin of the low-frequency inductive behavior is due to localized corrosion and
relaxation processes of adsorbed corrosion species such as Mg+

ads and Mg(OH)+ads [59,60].
This is frequently reported for Mg alloys, being associated with the onset of corrosion
processes for uncoated alloys and for coated alloys at the interface between the coating and
the substrate [61,62]. Nie et al. [63], for instance, observed that the AZ91D alloy exhibited a
low-frequency inductive behavior when exposed to 3.5 wt.% NaCl solution. The authors
considered that this behavior was due to the adsorbed Mg+

ads during corrosion.
The EIS response of the AZ91D samples can be further evaluated from the Bode plots

shown in Figure 12. As seen in Figure 12a, the phase angle plot of the AR condition is
characterized by one peak, whose maximum reaches an angle of approximately −71◦.
The phase angle dropped off below 100 Hz, indicating the onset of corrosion processes.
The capacitive response was improved for the silanized sample, as the phase angle peak
was shifted to a slightly higher value and dropped off only at lower frequencies. The
GO-coated samples displayed more capacitive response with respect to the silanized one,
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as inferred from the increase in the maximum phase angle that reached up to −80◦ for the
0.1% 4 h sample. Furthermore, the peak plateau widened for the GO-coated samples when
compared to AR, suggesting that one additional time constant can be superimposed. One
additional feature is that the phase angles dropped off at lower frequencies for the GO-
coated samples, indicating its superior capacitive response and higher corrosion resistance.
This is confirmed by the results shown in the |Z| vs. log f plots in Figure 12b. The
impedance magnitude at 0.01 Hz is often employed as a measure of the corrosion resistance
of the electrode [64,65].

Figure 11. Nyquist plots of the uncoated and GO-coated AZ91D samples after 1 h of immersion in
3.5 wt.% NaCl solution at room temperature.

The corrosion protection ability of the GO coating can, therefore, be associated with
the results exhibited in Figure 12b. The best corrosion resistance was shown by 0.1% 4 h. In
light of the results obtained using EIS, it is possible to correlate the electrochemical behavior
of the GO-coated samples with the morphological aspects described in Section 3.1. Based
on the SEM micrographs displayed in Figure 2, the GO coating became less defective and
more homogeneously spread over the surface as the deposition time and GO concentration
increased. In this respect, the 0.1% 4 h sample (Figure 2e) exhibited the best surface
morphology, with few defects. According to the EIS results (Figures 11 and 12), it also
exhibited the best corrosion resistance. The barrier properties of the GO coating were,
therefore, enhanced for this sample, thus improving its corrosion protection ability.
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(a) 

(b) 

Figure 12. Bode plots of the uncoated and GO-coated AZ91D samples after 1 h of immersion in
3.5 wt.% NaCl solution at room temperature: (a) phase angle plots; (b) impedance modulus plots.

In order to give a quantitative interpretation of the EIS results, equivalent electrical
circuits (EECs) were employed to simulate the experimental data. Two different EECs were
used to fit the experimental results, as seen in Figure 13. Constant phase elements (CPE)
were used instead of pure capacitors due to the heterogeneous nature of the electrode
surface [66]. The impedance of a CPE (ZCPE) is expressed as shown in Equation (6), where
Q is the CPE magnitude, j is the complex operator, ω is the angular frequency, and n is the
CPE exponent (varies between 0 and 1, depending on the capacitive response) [67,68].

ZCPE =
1

Q(jω)n (6)
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(a) 

(b) 

Figure 13. Fitted EECs used to simulate the EIS response of the AZ91D samples: (a) AR sample;
(b) GO-coated samples.

The EEC shown in Figure 13a was used to simulate the EIS response of the AR sample.
It consists of the solution resistance (Rs), one high-frequency time constant related to the
capacitance of the electrical double layer (CPEdl) and the charge transfer resistance (Rct),
and one time constant to model the inductive behavior of the electrode at low frequencies,
with the inductive component (L) and its corresponding resistance (RL). This EEC was
also proposed by other authors to fit the EIS response of uncoated magnesium alloys in
sodium chloride solution [69,70]. One additional time constant was incorporated into the
EEC model of the silanized and GO-coated samples to account for the EIS response of the
silane and GO layers (Figure 13b), with its capacitance (CPEf) and corresponding resistance
(Rf). The other elements have the same physical meaning of those in Figure 13a. This circuit
was also employed by other authors to simulate the EIS data of coated Mg alloys [71,72].
The fitted data are displayed in Table 2. The corrosion resistance of the GO-coated samples
is mainly due to the resistance of the GO film itself (Rf). The highest Rf value was obtained
for the 0.1% 4 h sample, confirming its superior corrosion protection ability, as qualitatively
inferred from the Nyquist and Bode plots (Figures 6 and 7). The Rf value of approximately
20 kΩ·cm2 is more than three times higher than that of the second best sample (0.1% 2 h).
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Table 2. EIS fitting results using the EECs shown in Figure 13 for the uncoated AZ91D substrate and
the silanized and GO-coated samples.

Sample
Rs

(Ω·cm2)
CPEf

(10−6 Ω−1·cm−2·sn)
Rf

(Ω·cm2)
nf

CPEdl

(10−6 Ω−1·cm−2·sn)
Rct

(Ω·cm2)
ndl

RL

(Ω·cm2)
L (H·cm2) χ2

AR 24 ---- ---- ---- 8.9 8700 0.88 2761 660 0.34
Silanized 21 27.1 3232 0.78 5.8 2210 0.88 709 803 0.44
0.05% 2 h 25 6.6 3426 0.92 0.2 2086 0.69 1344 856 0.14
0.05% 4 h 52 10.2 5147 0.88 4.1 2356 0.68 1146 634 0.21
0.1% 2 h 50 8.2 6323 0.92 2.1 3189 0.70 810 737 0.31
0.1% 4 h 27 4.7 20,224 0.92 4.1 5617 0.87 1130 6027 0.56

3.3.2. Potentiodynamic Polarization Curves

Figure 14 shows the potentiodynamic polarization curves of the different AZ91D
samples after 1 h of immersion in 3.5 wt.% NaCl solution at room temperature. The
electrochemical parameters determined from these curves are displayed in Table 3. The
alloy in the AR condition exhibited active behavior, as denoted by the continuous increase
in the current density with the applied potential. The silanized sample also displayed an
active behavior, but the polarization curve was shifted to lower current densities, indicating
a beneficial role of the APTES layer to slow down the uniform corrosion kinetics of the
AZ91D substrate. In these cases, the active dissolution is governed by the corrosion current
density (icorr), which was determined by the Tafel extrapolation method, considering
only the cathodic branch, as proposed in the literature for Mg alloys [73]. Conversely,
all of the GO-coated samples exhibited passive behavior. For these samples, the anodic
dissolution is governed by the passive current density (ipass). These values are shown in
Table 3, along with the corrosion potential (Ecorr), pitting potential (Epit), and passive range
(ΔE = Epit − Ecorr). The values of Ecorr are related to the electrochemical activity of the
electrode surface. The pitting potential is associated with the onset of localized corrosion
spots. Higher values of Epit denote increased resistance to pitting corrosion, reflecting
the stability of the surface film facing chloride-induced localized attack [74]. In the same
regard, the passive range (ΔE) is also an indication of the stability of the surface against
localized corrosion. High values of ΔE express surface enhancement against the penetration
of corrosive species through the coating layer, such as Cl− ions [75].

The values of Ecorr varied between −1436 mVAg/AgCl and −1330 mVAg/AgCl, depend-
ing on the deposition parameters, which are compatible with other published results for
GO-coated Mg alloys and for the uncoated AZ91D alloy in sodium chloride solution [27,71].
Although the Ecorr values were not significantly improved by the GO films, the results
shown in Table 3 reveal an evident decrease in the corrosion kinetics of the AZ91D alloy
after deposition, as denoted by the lower values of icorr and the passive character of the
GO-coated samples. The icorr of the AR condition was found to be 5.6 μA·cm−2, which is in
the same order of magnitude as the results published by Jiang et al. [76] and Peng et al. [77]
for the bare AZ91D alloy in 3.5 wt.% NaCl solution. The corrosion current density was
decreased by one order of magnitude after deposition of the GO film. Neupane et al. [27]
obtained an icorr of 2.7 μA·cm−2 for GO-coated pure Mg. Tong et al. [26], in turn, obtained
an icorr of 8.4 μA·cm−2 for a Mg-Zn-Ca coated with a GO film combined with an intermedi-
ate coupling silane layer. Thus, the results obtained in the present work point to a further
improvement with respect to other published data. Moreover, the anodic dissolution was
slowed down, as the coated samples exhibited passive behavior. As shown in Table 3, the
highest Epit and widest passive range were obtained for the 0.1% 4 h sample. This result is
consistent with the EIS data discussed in Section 3.3.1, confirming that the 0.1% 4 h sample
maximized the barrier properties of the GO film.
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Table 3. Electrochemical parameters obtained from the potentiodynamic polarization curves shown
in Figure 14.

Sample Ecorr (mV vs. Ag/AgCl) icorr (μA·cm−2) Epit (mV vs. Ag/AgCl) ΔE (mV) ipass (μA·cm−2)

AR −1523 + 55 4.9 ± 0.4 ---- ---- ----
Silanized −1380 ± 81 2.7 ± 0.3 ---- ---- ----
0.05% 2 h −1335 ± 91 ---- −1170 ± 65 211 ± 61 0.8 ± 0.2
0.05% 4 h −1332 ± 52 ---- −980 ± 140 425 ± 24 6.2 ± 0.7
0.1% 2 h −1408 ± 50 ---- −1151 ± 83 259 ± 63 1.6 ± 0.5
0.1% 4 h −1424 ± 30 ---- −970 ± 101 538 ± 52 0.7 ± 0.2

 

Figure 14. Potentiodynamic polarization curves of the different AZ91D samples after 1 h of immersion
in 3.5 wt.% NaCl solution at room temperature.

4. Discussion

The corrosion protection mechanism of the GO-coated samples can be derived based
on the results described in the previous sections, as illustrated in Figure 15.

As inferred from the XPS and FTIR spectra, the silanized sample adhered to the AZ91D
substrate through Si-O bonds, forming the intermediate layer. However, the corrosion
protection ability of this layer, in spite of showing increased impedance and lower corrosion
current density than the magnesium alloy substrate, was relatively weak due to intrinsic
defects such as microcracks in the silane layer, as illustrated in Figure 15a.

The GO topcoat increased the diffusion path of the corrosive electrolyte by forming
an additional layer over the APTES intermediate film (Figure 15b). The bonding between
the silane film and the GO topcoat was observed using FTIR (Section 3.2), as indicating by
the presence of amide-type groups arising from the amidation reaction between APTES
and GO [26]. As a consequence, the corrosion resistance of the GO-coated samples was
improved with respect to either the AZ91D substrate or the silanized layer. The corro-
sion protection ability of the GO films was higher depending on the compactness of the
GO topcoat.
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Figure 15. Illustration of the corrosion protection mechanism of the AZ91D samples: (a) silanized;
(b) GO-coated samples.

The role of the GO coating was to act a physical separation between the corrosive
environment and the AZ91D substrate. Based on the SEM micrographs shown in Section 3.1,
the surface morphology of the GO films was enhanced for the 0.1% 4 h sample, as denoted
by its smooth and homogeneous topography (Figure 2e). The XPS results discussed in
Section 3.2 have also confirmed this result, as suggested by the absence of the NaKLL
Auger peak in the O 1s high-resolution spectrum of the 0.1% 4 h sample (Figure 6b) and
its presence in the corresponding spectra of the other GO-coated samples (Figure 7). As
mentioned before, this peak is due to the initial NaOH surface pretreatment conducted
before silanization. Hence, as the deposition time and GO concentration increased, this
peak was no longer observed, indicating that the GO film more homogeneously spread
over the surface. This is also an indirect indication that coating thickness increased with the
deposition time, which also influenced the corrosion resistance of the GO-coated samples.
Because of the enhanced surface topography, the corrosion resistance was improved, as the
barrier properties of the GO film were optimized.
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5. Conclusions

In the present work, graphene oxide (GO) coatings were effectively deposited on the
surface of a silanized AZ91D Mg alloy substrate by immersion in aqueous solutions with
0.05 wt.% and 0.1 wt.% of the carbon-based nanometer material. The effects of deposition
time and GO concentration on the coating morphology, surface chemistry, and corrosion
behavior were investigated.

The surface morphology was improved as the deposition time and GO concentration
increased, obtaining less defective and more homogeneously distributed films. The film
formed in the solution with a GO concentration of 0.1 wt.% for 4 h exhibited the more
compact surface morphology.

The GO films consisted of C=C, C-C, C-OH, C=O, and O-C=O bonds. The O 1s
XPS high-resolution spectra were useful to confirm the integrity of the GO coatings. The
presence of a NaKLL Auger peak in the O 1s spectrum, which was due to the signal
originated from the NaOH pretreatment of the AZ91D substrate, was not observed for
the 0.1% 4 h sample, while it was present in the O 1s spectra of all of the other GO-coated
samples.

Due to the best surface coverage and film integrity, the 0.1% 4 h sample displayed the
best corrosion resistance, as indicated by its high impedance, low corrosion current density,
and wide passive range.
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Abstract: The structural design of steel–titanium composite plates significantly affects their corrosion
resistance. To investigate the impact of defects of different shapes and sizes on the corrosion behavior
of steel–titanium composite plates, this study designed six types of defects and conducted a series
of characterization tests. The results showed that due to the galvanic interaction between carbon
steel and titanium alloy, small defects initially accelerate corrosion, resulting in 50% to 200% more
corrosion weight loss compared to large defects. However, in the later stages of immersion, the
corrosion rate of small defects decreased by up to 35%, which was attributed to the accumulation of
protective corrosion products. Additionally, there is an inverse relationship between the corrosion
rate and the thickness ratio of the composite plate. The reduction in the area of Q345B also results in
additional corrosion loss of up to 32%.

Keywords: titanium/steel composite plates; defect morphology; marine environment; corrosion
dynamics; thickness ratio

1. Introduction

Steel–titanium composite plate plates [1–4], as an emerging class of composite materi-
als, capitalize on the synergistic benefits of carbon steel’s superior mechanical properties
and cost-effectiveness, coupled with the corrosion resistance of titanium alloys [5,6]. This
combination has led to their extensive application in various large-scale infrastructure
projects, such as bridges, pipelines, and offshore platforms, offering significant advantages
in terms of cost-effectiveness and corrosion resistance. However, due to their unique
structure and inevitable defects, steel–titanium composite plates still face significant cor-
rosion challenges in harsh marine environments characterized by high humidity, high
temperatures, and corrosive ions [7–10].

Previous studies have extensively explored the corrosion behavior of these composite
plates in marine environments [11–13], focusing on aspects such as surface corrosion,
electrochemical behavior, and long-term stability. Li et al. investigated the performance
of 316L stainless steel and A6 carbon steel composite plates under neutral salt spray tests,
observing significant elemental overlap at the composite interface [12]. Patnaik et al.
indicated that the coupling of titanium with steel accelerates the corrosion of steel due to
titanium’s more noble position in the electrochemical series [13]. Prolonged exposure led
to accelerated corrosion along the interface of A6 carbon steel components, surpassing the
corrosion rate of the carbon steel matrix. Li et al.’s results indicate that the corrosion of
titanium–steel composite plates is influenced by various corrosion behaviors in both the
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near-interface and far-interface regions [5,6]. In regions far from the interface unaffected
by galvanic effects, the corrosion reaction begins with localized corrosion, which then
transitions to uniform corrosion. At the interface, carbon steel experiences accelerated
corrosion through galvanic effects in the early stages. In the later stages, once the corrosion
at the interface reaches a certain level, it transitions to a combined action of galvanic
corrosion and crevice corrosion.

In marine environments, various factors significantly influence the corrosion of titanium-
clad steel plates. Salinity, temperature, pH levels, and oxygen concentrations are pivotal in
determining the rate and nature of corrosion [14–19]. These environmental variables can
either accelerate corrosive processes or, in some instances, help form protective barriers on
the materials [20,21]. Liu et al. studied the corrosion behavior of steel–titanium composite
plates in different marine environments [22]. The composite interface area has a complex,
layered structure and can be divided into five areas. Among them, areas III and IV have
higher electrochemical activity and are corrosion-inducing areas. The microcurrent in zone
III is twice that of carbon steel and titanium. At the same time, the accumulation of Cr in the
corrosion product layer promotes the generation of α-FeOOH, further improving the protection
of the corrosion product layer. Furthermore, effective strategies for corrosion prevention are
essential in extending the lifespan of these composite materials. Techniques such as applying
protective coatings, implementing cathodic protection, or modifying the alloy composition
are commonly employed. However, the effectiveness of these strategies varies based on
environmental conditions and the specific application of the material. Additionally, the long-
term durability and maintenance of titanium-clad steel plates in harsh marine environments
remain a critical concern. Regular maintenance practices, proactive inspection schedules, and
timely repairs play a crucial role in ensuring the structural integrity and performance of these
materials over time.

The presence of surface defects has been identified as a critical factor exacerbating
corrosion in composite plates. Hu et al. examined the galvanic corrosion behavior of
Titanium-Clad Steel Plates (TCSP) with defects penetrating the titanium layer from the
side and underside [11]. The galvanic corrosion on the TCSP side resulted in extensive
pitting corrosion, with pits distributed differently across splash zones, tidal zones, and
submerged areas. Severe corrosion occurred beneath TCSP titanium layer defects, with the
size of the defect impacting the density of corrosion products. Zhao et al.’s research showed
that defects increased the corrosion rate, and while welds did not alter the structure of the
corrosion product film, defects led to a lack of protective corrosion products [23]. Addition-
ally, defects invariably increase the corrosion rate. Under flowing systems, samples with
shallow defects tended to deepen radially, and under high shear rates [24], the upper and
rear edges of defects showed tendencies to deepen and expand the affected area. However,
existing studies lack a comprehensive understanding of the corrosion mechanisms and
influencing factors of various sizes and types of defects, leaving knowledge gaps that
require further exploration to address practical engineering challenges.

To deepen the understanding of the corrosion behavior of titanium–steel composite
plates in marine environments, this study focuses on pinpointing corrosion mechanisms in
simulated marine solutions, examining point defects [25–27], surface defects, and samples
with varying thickness ratios [28]. Through systematic experimental investigations, this
research aims to enhance the understanding of the corrosion mechanisms of titanium–steel
composite plates in marine settings, providing crucial insights for the design of more
corrosion-resistant engineering materials.

2. Materials and Methods

2.1. Immersion Test

This study conducts a comprehensive examination of the corrosion resistance of
titanium–steel composite plates, specifically focusing on different types of surface defects
and varying thickness ratios. The experimental design was structured into four distinct
periods: 7, 15, 30, and 45 days. The simulated marine environment for these experiments

65



Metals 2024, 14, 652

was using Xisha simulated solution, comprising 0.1 wt% NaCl, 0.05 wt% Na2SO4, and
0.05 wt% CaCl2, with a pH maintained at 4.9.

The experimental samples were categorized into three distinct groups based on their
defect types and thickness ratios, as illustrated in Figure 1a–c. The first two groups com-
prised three sets of point defect samples and three sets of line defect samples, respectively.
In these groups, the titanium plates were consistently 2 mm thick, while the Q345B steel
plates were 4 mm thick. The third group consisted of two types of titanium–steel composite
plates with varying thickness ratios. The specific thicknesses of the titanium and Q345B
steel in this group are depicted in Figure 1(c1,c2), designed with ratios of 1:4 and 1:1,
respectively. The sample size and structural design of three types of point defects and three
types of line defects are shown in Figure 1e,f. The chemical compositions of titanium alloy
plate and carbon steel are shown in Tables 1 and 2, respectively.

 

Figure 1. Preparation process for specimen immersion and initial state after immersion. (a1–a3) are
samples with three types of point defects, (b1–b3) are samples with three types of point defects,
(c1,c2) are samples with two different thickness ratios, (d1–d4) show the four main steps of the
immersion experiment, (e) is the design drawing of three point defect samples, (f) is the design
drawing of three line defect samples.

Table 1. Chemical composition of titanium (wt%).

H C N O Si Fe Ti

0.002 0.03 0.01 0.01 0.04 0.18 Bal.
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Table 2. Chemical composition of Q345B low alloy steel (wt%).

C Si Mn P S Fe C

0.16 0.35 1.34 0.22 0.11 Bal. 0.16

2.2. Weight Loss Measurement

In this investigation, eight carbon steel specimens were methodically prepared, each
exhibiting varying exposed areas from 5.598 cm2 to 17.6 cm2. The initial preparation of each
sample involved a standard procedure of polishing, followed by degreasing using acetone
and subsequent cleansing with anhydrous ethanol. Upon drying, their initial weights were
meticulously recorded. The samples were then subjected to a series of four immersion
cycles, during which the non-experimental areas were carefully sealed. After each cycle,
the corrosion morphology was documented to track progressive changes.

The removal of rust was carried out in accordance with the GB/T16545-1996 stan-
dards [29], employing a designated solution and conducting the procedure within a fume
hood to ensure safety and accuracy. Following this, each specimen underwent ultrasonic
cleaning and was extensively rinsed with distilled water and anhydrous ethanol, after
which they were dried, and their post-corrosion weights were accurately measured. To
avoid errors, all measurements were performed three times and averaged in the final re-
sults.

To elucidate the influence of surface defects on the corrosion resistance of the specimens,
a detailed examination of their surface micromorphology post-rust removal was conducted
using a scanning electron microscope (SEM, ZEISS Gemini SEM 500, Jena, Germany).

2.3. Electrochemical Testing

Electrochemical measurement is carried out in PARSTAT4000A (AMETEK, San Diego,
CA, USA) electrochemical workstation. A standard three-electrode system comprising a sat-
urated calomel electrode (SCE) as the reference electrode, a Pt plate as the counter electrode
(CE), and specimens as the working electrode (WE) were hired in the electrochemical test.
Before the electrochemical experiment, the open circuit potential was measured for 60 min
until it reached a stable state. When the dynamic polarization curve is measured, the scan-
ning rate is 0.5 mV/s, and the scanning potential ranges from 0.5VvsOCP to 0.5VvsOCP.
EIS tests were performed over the frequency range of 100 kHz to 0.01 Hz at open-circuit
potential (OCP) with a 10 mV sinusoidal amplitude. The EIS data were analyzed using the
ZsimpWin 3.1 software. The test solution was consistent with the soaking experiment. The
displayed results are selected based on tests conducted three times or more to ensure the
reproducibility of the experiment.

3. Results

3.1. The Impact of Point Defects

In Figure 2a, the first type of point defects shows these trends: After 7 days, slight
corrosion products accumulate around the through-hole, while noticeable corrosion, in-
dicated by red rust traces, appears in the non-through-hole area. At 15 days, rust layers
significantly increase in both regions, with noticeable corrosion products at the hole and
exposed carbon steel edges. By 30 days, surface rust flow is significantly enhanced for
both defect types. After 45 days, despite a slight increase in corrosion products and rust
flow, the corrosion rate slows, with minimal changes from the 30-day mark. The titanium
plate remains uncorroded, while the carbon steel surface shows progressively deepening
corrosion over time. In Figure 2b, the second type of point defect shows limited rust layer
accumulation in both through-hole and non-through-hole regions after 7 days of immersion
testing, with red rust streaks on the titanium plate surface. With increased immersion
time, corrosion products continue to accumulate in the through-hole area and gradually
increase in the non-through-hole area, filling the holes and accumulating externally. The
proportion of loose, easily detached red rust decreases, while dense rust layers significantly
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accumulate in the hole defect area, and red rust streaks on the titanium plate deepen.
After rust removal, corrosion traces inside the holes are slight at early stages but become
more pronounced with time, forming corrosion pits on the hole surfaces. In Figure 2c,
the third type of point defect shows more pronounced corrosion in both the through-hole
and surrounding non-through-hole areas. With prolonged immersion, corrosion products
gradually cover the entire exposed carbon steel surface, and red rust streaks become more
prominent. After rust removal, the dissolution of the steel matrix at the hole-like defect
areas is evident, with corrosion traces deepening over time.
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Figure 2. Macroscopic corrosion morphologies of different point-defect samples in simulated marine
solution after various immersion durations: (a) type I point defects; (b) type II point defects; (c) type
III point defects.
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After 45 days of immersion in a simulated marine solution, detailed observations were
made on the corrosion behavior of three types of point-defect titanium–steel composite
plates. As shown in Figure 3, the carbon steel surface with type I point defects exhibited sig-
nificant longitudinal corrosion, especially in areas far from the composite plate (Figure 3a).
Type II point defects displayed dense pitting on the carbon steel longitudinal surface, par-
ticularly in regions distant from the composite plate, with small, deep pits at the composite
interface (Figure 3b). Type III point defects exhibited uniform longitudinal corrosion in the
titanium–steel composite plates, with smaller and shallower pits (Figure 3c).

 
Figure 3. Longitudinal corrosion morphologies of point-defect samples after 45-day marine im-
mersion. (a1–a3) are type I point defects; (b1–b3) are type II point defects; (c1–c3) are type III
point defects.

In contrast, focusing on surface corrosion, as shown in Figure 4, the titanium–steel
composite plate with type I point defects exhibited uniform surface corrosion, with larger
corrosion pits and notable pitting. Longitudinal galvanic corrosion of titanium–steel was
more pronounced (Figure 4a). Type II point defects also showed uniform surface corrosion,
but the pits were smaller and shallower, with more evident accelerated longitudinal gal-
vanic corrosion (Figure 4b). Lastly, the titanium–steel composite plate with type III point
defects exhibited uniform surface corrosion (Figure 4c). Due to the differences between
ferrite and pearlite, deeper surface corrosion mainly occurred in ferrite areas, with less
accelerated galvanic corrosion.
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Figure 4. Transverse corrosion morphologies of point-defect samples after 45-day marine immersion:
(a1–a3) are type I point defects; (b1–b3) are type II point defects; (c1–c3) are type III point defects.

Figure 5 shows the weight loss and corrosion rate of the three types of point-defect
samples in the simulated marine solution after various immersion durations. The increasing
weight loss for all three types of point defects indicates an intensifying degree of corrosion.
The corrosion rate increased in the first three cycles and decreased in the fourth cycle
(45 days) due to the early formation of loose, easily detachable corrosion products. Among
them, the corrosion rate of point defect 1 dropped by 35%, and the corrosion rate of point
defect 2 dropped by 16%.

(b) 
(a) 

Figure 5. (a) Weight loss and (b) corrosion rate of different point-defect samples in simulated marine
solution after various immersion durations.
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Over time, these products accumulated and became denser and harder to detach,
forming a protective layer and reducing the corrosion rate of carbon steel. In the simulated
marine solution, the period of increased corrosion rate for the three types of point defects
was longer than in a neutral salt spray environment. This is because the titanium–steel
composite plates corroded more severely in the salt spray environment, forming a dense
corrosion product film more quickly, hence the reduction in corrosion rate starting in
the third cycle. The decrease in corrosion rate with increasing defect size is due to the
significant effect of galvanic acceleration in small-sized defects. In the fourth cycle, the
accumulation of corrosion products in type I point defects provided some protection to the
carbon steel, leading to a reduced corrosion rate. The delay in the onset of the decrease in
the rate of type I point defects, compared to salt spray, is due to the overall lower corrosion
rate in the simulated marine solution, making it difficult to accumulate enough products to
fill the entire defect hole early on.

It can be seen from Figure 6a that the potentials of composite plates with three different
point defects are very close to the self-corrosion potential of carbon steel. As the size of point
defects increases, the potential shifts slightly positively. The galvanic current shifts slightly
negatively with increasing point defect size. The galvanic potential and galvanic current
change slightly with the size of point defects, and the corrosion rate of titanium/steel
galvanic pairs with small-size point defects is slightly larger, which is consistent with the
weight loss and characterization results.

(a) (b) 

Figure 6. Continuous monitoring results of (a) open circuit potential and (b) galvanic current of three
different point defect samples.

3.2. The Impact of Linear Defects

As shown in Figure 7a, with increasing immersion time, significant corrosion occurred
inside the linear defects, with corrosion products accumulating within these defects. After
an initial 7-day immersion, the exposed carbon steel areas were filled with easily detachable
red rust due to the narrowness of type I linear defects and the ease of filling these defects
with galvanic corrosion when in contact with titanium. With time, the corrosion intensified,
and the rust layer became denser and continued to accumulate. After derusting, the
titanium alloy surface of the titanium–steel composite plate was visibly uncorroded, with
a metallic luster, while the carbon steel surface inside the linear defects became rougher
and showed clear signs of corrosion, which deepened over time. Figure 7b shows the
corrosion morphology of type II linear defect samples after various immersion durations.
After 7 days of immersion, the entire surface of the linear defect was covered with an
orange-yellow rust layer, which, after 15 days, transformed into a denser corrosion product
in about 80% of the area, with continuous accumulation and formation of more dense
rust layers over time. After derusting, the titanium alloy surface was uncorroded, but the
carbon steel surface inside the linear defects became increasingly rough, showing clear
signs of deepening corrosion. Figure 7c shows the corrosion morphology of type III linear
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defect samples in a simulated marine environment after various immersion durations. The
exposed carbon steel areas inside the linear defects were uniformly covered with corrosion
products, which were not very dense initially, exposing the carbon steel substrate. As
immersion time increased, more corrosion products accumulated, increasing their density.
After 45 days, all exposed carbon steel substrates were covered with corrosion products.
After derusting, the exposed carbon steel areas showed uniform corrosion, which deepened
over time.
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Figure 7. Macroscopic corrosion morphologies of linear-defect samples post various immersion
durations: (a) type I linear defects; (b) type II linear defects; (c) type III linear defects.

After 45 days of immersion in the simulated marine solution, the titanium–steel
composite plates with three types of linear defects showed unique characteristics in terms
of longitudinal corrosion. As shown in Figure 8, for type I linear defects, the surface point
defects of the titanium–steel composite plate exhibited uniform corrosion, but the corrosion
depth was slightly greater in areas closer to the titanium. Type II linear defects showed a
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difference in the density of pitting pits along the longitudinal direction of the carbon steel,
especially with denser pits near the composite interface, accompanied by deeper pits and
slight delamination. Additionally, longitudinal corrugated corrosion morphologies were
observed due to sample processing. Lastly, the situation with type III linear defects was
that the carbon steel had more and larger pitting pits near the composite interface, deeper
in depth, while areas farther from the interface exhibited uniform corrosion.

 
Figure 8. Longitudinal corrosion morphologies of linear-defect samples after 45-day marine im-
mersion: (a1–a3) are type I linear defects; (b1–b3) are type II linear defects; (c1–c3) are type III
linear defects.

Regarding surface corrosion, the titanium–steel composite plates with three types
of linear defects exhibited distinct characteristics. As shown in Figure 9, for type I linear
defects, the titanium–steel composite plate displayed uniform corrosion at the surface
defect sites, with varying depths, particularly near the titanium. This type also showed
pronounced longitudinal galvanic corrosion effects. In type II linear defects, pitting was
present, but overall surface corrosion was uniform, with smaller and shallower pits. Longi-
tudinal galvanic corrosion effects were also observed. Lastly, for type III linear defects, the
titanium–steel composite plate had dense pitting near the titanium but uniform corrosion in
areas farther away, with less pronounced longitudinal galvanic corrosion effects compared
to the other types.
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Figure 9. Transverse corrosion morphologies of linear-defect samples after 45-day marine immersion:
(a1–a3) are type I linear defects; (b1–b3) are type II linear defects; (c1–c3) are type III linear defects.

In the simulated marine solution, the weight loss and corrosion rate of the three
types of linear defects after various immersion durations are shown in Figure 10. The
corrosion rate pattern for all three types of linear defects was relatively uniform, increasing
initially and then decreasing due to the early formation of loose, easily detachable corrosion
products. With time, the products accumulated and became denser and harder to detach,
forming a protective layer on the substrate and reducing the corrosion rate. The corrosion
rate of the composite plates with linear defects decreased from type I to type III as the size
of the linear defects increased, reducing the area affected by the galvanic acceleration of the
titanium–steel couple. The reason for the difference in behavior compared to point defects
is that, although linear defects have the same width as point defects, they are continuous
along the length, making it harder for corrosion products to accumulate in linear defects
than in point defects. Similar to point defects, the corrosion rate of smaller line defects
(types 1 and 2) decreases more, about 20%, in the later stages of immersion.
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(b) (a) 

Figure 10. (a) Corrosion rate and (b) weight loss of linear-defect samples after various immer-
sion durations.

It can be seen from Figure 11a that as the size of the linear defect increases, the
potential shifts slightly positively. On the contrary, the galvanic current shifts negatively
with the increase in line defect size, and when the line defect size increases to type 3, the
negative shift of the curve is very large. This shows that increasing the size of line defects
in composite plates can slow down corrosion to a certain extent, which is consistent with
the weight loss and characterization results.

(a) (b) 

Figure 11. Continuous monitoring results of (a) open circuit potential and (b) galvanic current of
three different line defect samples.

3.3. Impact of Different Thickness Ratios on the Corrosion of Titanium–Steel Composite Plates

Figure 12a reveals the corrosion patterns of 1:4 thickness ratio titanium–steel composite
plates after varying immersion times in a simulated marine environment. The carbon steel
on the titanium plate’s reverse side corrodes, with corrosion deepening and product
accumulation increasing over time. The side touching the titanium showed similar trends,
with pronounced corrosion at the interface. Figure 12b displays similar findings for 1:1
thickness ratio plates, showing increased surface corrosion over time. After de-rusting, the
carbon steel side shows severe corrosion, worsening with time. Initially, no holes were
evident at the interface, but they appeared after 30 days.
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Figure 12. Compares the corrosion morphologies of composite plates with (a) 1:4 and (b) 1:1 thickness
ratios after marine environment immersion tests.

For the titanium–steel composite plate with a thickness ratio of 1:4 immersed in a
marine simulated solution for 45 days, as shown in Figure 13, the carbon steel along
the longitudinal direction exhibited more numerous, larger, and deeper pitting near the
composite interface compared to farther regions, where corrosion was more uniform. The
carbon steel surface showed uniform corrosion with pit presence.
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Figure 13. The corrosion morphology of the titanium–steel specimen with a thickness ratio of 1:4 after
45 days of immersion in a simulated marine solution, post-rust removal: (a1–a3) are longitudinally;
(b1–b3) are laterally.

As shown in Figure 14, for the titanium–steel composite plate with a thickness ratio of
1:1 immersed for 45 days, the corrosion along the longitudinal direction was more severe
near the composite interface, with more pits that were larger and deeper compared to
farther regions. The overall corrosion severity was greater than that of the plate, with a
thickness ratio of 1:4. The carbon steel surface showed uniform corrosion with pit presence.

 

Figure 14. The corrosion morphology of the titanium–steel specimen with a thickness ratio of 1:1 after
45 days of immersion in a simulated marine solution, post-rust removal: (a1–a3) are longitudinally;
(b1,b2) are laterally.

Figure 15 indicates that for both ratios, weight loss and corrosion severity increased
over time. The corrosion rates showed an initial increase, followed by a decrease, suggesting
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that corrosion products eventually form a protective layer. The corrosion rate per unit area
was higher in the 1:1 ratio plate than in the 1:4 plate, mainly due to changes in the carbon
steel component.

(b) (a) 

Figure 15. The (a) weight loss and (b) corrosion rate of different thickness ratio titanium–steel
composite plate samples after immersion tests.

The polarization curves of two different titanium/carbon steel thickness ratio samples
(1:1 and 1:4) in the simulated solution are shown in Figure 16. The cathodic process of all
curves is clearly dominated by electron transfer, and their anodic process is controlled by
the dissolution of the Q345B matrix. The fitting results show that the thicker the carbon
steel, that is, the larger its area, the lower its corrosion current density (icorr). This is
consistent with the results of weight loss and microscopic characterization.

Figure 16. Electrochemical polarization curve test results of steel plates with different thickness ratios.

Figure 17 shows the results of electrochemical impedance spectroscopy testing. Both
curves on the Nyquist plot exhibit a single semicircular arc, indicating that their electro-
chemical kinetics are controlled by charge transfer. It is worth noting that compared with
the 1:1 titanium/carbon steel composite plate, the curve corresponding to the titanium
alloy of the 1:4 titanium/carbon steel composite plate has a larger radius. Rs in the equiva-
lent circuit diagram represents the solution resistance, Rf and CPEf are the resistance and
capacitance of the membrane, respectively, and Rct represents the charge transfer resistance.
Fitting results show that thicker carbon steel can provide composite plates with higher
charge transfer resistance (Table 3), thereby slowing down corrosion.
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(b) (c) 

(a) 

Figure 17. Electrochemical impedance spectroscopy test results of steel plates with different thickness
ratios: (a) Nyquist plot (with the equivalent circuit shown as an inset); (b) Bode-phase plot; (c) Bode-
|Z| plot.

Table 3. EIS fitting parameters of steel plates with different thickness ratios.

Sample
RS

(Ω·cm2)
n

Rf

(Ω·cm2)
n

Rct

(Ω·cm2)
n

1:1 119.2 0.89 58.9 0.89 995 0.89
1:4 125.6 0.89 62.6 0.89 1072 0.89

4. Discussion

4.1. Small-Scale Defects and Corrosion Dynamics

In the context of minor defects, the exposed carbon steel area, in conjunction with the
adjacent titanium alloy, forms a galvanic couple [30–32]. This electrochemical interaction
can be represented by the following reactions:

Fe → Fe2+ + 2e−

O2 + 2H2O + 4e− → 4OH−

The galvanic coupling significantly accelerates the oxidation of iron, subsequently
leading to a rapid accumulation of corrosion products, predominantly iron oxides and
hydroxides [33–35]. These corrosion products, over time, obstruct the diffusion paths for
oxygen and chloride ions [36,37], thus impeding further corrosion. This phenomenon can
be described by the formation of a semi-permeable barrier [38,39]:

Fe2+ + 2OH− → Fe(OH)2

4Fe(OH)2 + O2 → 2Fe2O3·H2O + 2H2O
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However, in larger defects, the localized galvanic effect is more pronounced at the
defect edges, leading to preferential corrosion in these regions. The hypothesis is that
the central areas of larger defects, being relatively isolated from the galvanic interaction,
experience a slower corrosion rate. This observation suggests a non-uniform corrosion
pattern influenced by defect size and distribution [40–42].

4.2. Impact of Thickness Ratio on Corrosion Rate

The corrosion rate per unit exposed area of titanium–steel composite plates increases
as the thickness ratio decreases. This phenomenon can be primarily attributed to the varia-
tions in surface area ratios between the anodic and cathodic regions [43,44], influenced by
the constant dimensions of the titanium alloy (cathode) and the variable dimensions of the
carbon steel (anode). In detail, the titanium alloy maintains a consistent cathodic surface
area, while the anodic area of carbon steel varies. This variation leads to a fluctuating
anodic-to-cathodic area ratio, which is a crucial factor in galvanic corrosion [45–48]. The
electrochemical principle that governs this behavior is based on the fact that the corro-
sion rate through the galvanic couple is a function of the surface area of both the anode
and cathode.

As the anodic area decreases, the anodic current density increases. This increase in
current density at the anode leads to a more rapid dissolution of the carbon steel, thereby
accelerating the overall corrosion process. Moreover, this inverse relationship between
anodic area and corrosion rate underlines the significance of balancing the thickness ra-
tio in composite material design. A smaller anodic area concentrates the galvanic effect,
intensifying the local corrosion [49]. Furthermore, the observed phenomenon suggests
that the distribution of the galvanic current over the anodic surface is not uniform, espe-
cially in the case of varying thickness ratios. This non-uniform distribution can lead to
localized areas of severe corrosion, which could compromise the structural integrity of the
composite material.

Therefore, optimizing the thickness ratio in the design of titanium–steel composite
materials is not only about achieving the desired mechanical properties but also about
mitigating the corrosion rate. This optimization would involve a careful balance between
the structural requirements and the corrosion resistance properties, possibly leading to
innovative designs that extend the lifespan and enhance the durability of such materials in
corrosive environments.

4.3. Corrosion Mechanisms of Defective Titanium/Steel Composite Plates

In simulated oceanic solutions, the corrosive attack on carbon steel involves a complex
interaction of ions, primarily Cl− [50–52], SO4

2− [52,53], and Ca2+ [50,54]. The presence of Cl−
and SO42− ions disrupts the passive layer of iron, potentially through the following reactions:

Fe + 2Cl− → FeCl2

Fe + SO4
2− → Fe2SO4 + 2e−

These reactions lead to the breakdown of passivity and acceleration of corrosion, often
resulting in pitting corrosion [55,56]. On the other hand, Ca2+ ions are hypothesized to
play a role in inhibiting corrosion by decreasing the porosity of the corrosion product film,
although their limited concentration in this study resulted in a minimal protective effect.

At the anode, the dissolution of carbon steel, as previously mentioned, is coupled with
the oxygen reduction reaction at the cathode, primarily occurring on the titanium alloy:

O2 + 2H2O + 4e− → 4OH−

The proximity of carbon steel to titanium alloy exacerbates the corrosion at the inter-
face, suggesting that the galvanic interaction plays a pivotal role in the localized corrosion
dynamics (Figure 18).
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Figure 18. Corrosion mechanism diagram of titanium/steel composite plate in marine
simulated environment.

5. Conclusions

In summary, our study reveals that the corrosion mechanism of titanium/steel com-
posite plates in a simulated marine environment is complex and significantly influenced by
defect size and thickness ratio:

(1) Small-scale defects accelerate initial corrosion but eventually lead to a decrease in
corrosion rate due to the buildup of protective corrosion products. Larger defects
show a more localized corrosion impact.

(2) The overall corrosion rate in a simulated marine environment has a distinct negative
correlation with defect size.

(3) When the thickness of the anode carbon steel in the composite plate increases, both
RCT and RF increase and the corrosion loss is reduced by 32%, which can slow down
the corrosion rate.
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Abstract: The aim of the present work was to study the effect of graphene oxide as an additive in
the anodization bath of the ZK60A magnesium alloy on the corrosion resistance, film morphology
and surface chemical composition. The anodizing process was conducted at a constant current
density of 30 mA.cm−2 in an electrolyte consisting of 3 M de KOH, 0.15 M de Na2SiO3 and 0.1
M Na2B4O7.10H2O. Graphene oxide was added to this bath at three different concentrations: 0.5
g.L−1, 1.0 g.L−1 and 3.0 g.L−1. The ability of the graphene oxide nanofiller to enhance the corrosion
resistance of the ZK60A alloy was evaluated by electrochemical impedance spectroscopy and po-
tentiodynamic polarization tests in 3.5 wt.% NaCl solution. The surface chemical composition was
assessed by X-ray photoelectron spectroscopy (XPS). Scanning electron microscopy (SEM) coupled
with EDS analysis was employed to examine the anodized layer morphology and thickness. The
results pointed to a beneficial effect of graphene oxide addition on the corrosion resistance of the
anodized ZK60A which was dependent on the concentration of the nanofiller in the anodizing
electrolyte.

Keywords: ZK60A magnesium alloy; anodization; graphene oxide; corrosion

1. Introduction

Magnesium alloys are increasingly attracting attention as structural materials in the
transportation industry, especially for automotive and aircraft applications due to their
high strength-to-weight ratio [1–3]. The ZK60A alloy belongs to the ZK series for which
zinc and zirconium are the main alloying elements. It exhibits a good set of mechanical
properties, mainly due to the grain refinement effect of zirconium in conjunction with
solid solution strengthening and precipitation hardening due to the presence of zinc-rich
precipitates [4,5].

One major concern in consolidating and expanding the engineering applications of
magnesium alloys is their well-known high electrochemical activity, which makes them
prone to corrosion in chloride-containing environments [6,7]. The ZK60A alloy has been
shown to be susceptible to corrosion attack in sodium chloride solutions. For example, Li
et al. [8] studied the effect of microstructure on the corrosion resistance of a commercial
ZK60 alloy in 0.1 mol.L−1 NaCl solution at room temperature. A strong micro-galvanic
effect was observed between the Mg-α and MgZn2 second-phase particles precipitated at
grain boundaries. Baek et al. [9] have also observed that intermetallic particles played a
major role in the corrosion behavior of the ZK60 alloy in sodium chloride solution due to
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microgalvanic effects between the anodic Mg-α matrix and precipitates containing zinc
and zirconium.

In light of the examples depicted in the previous paragraph, intense research activity
has been dedicated to improving the corrosion resistance of magnesium alloys. Several
different methods have been reported based on microstructural control by proper heat
treatments [10,11], deformation processes [12] and surface modification techniques, such
as ion implantation [13], plasma electrolytic oxidation (PEO) [14,15], electrodeposition [16]
and anodization [17]. Anodization is a common protective method for enhancing the
corrosion properties of magnesium alloys. The process is based on the electrolytic anodic
oxidation of the metallic surface, converting it into an oxide layer in an electrolyte with
controlled composition [18–20]. Species from the electrolyte are incorporated into the
anodized layer, providing it with functional properties [21,22]. Silicate-based electrolytes
have been extensively employed as environmentally friendly solutions to conduct the
anodizing of magnesium alloys, giving satisfactory corrosion protection to the underlying
substrate. As previously reported [23], silicate may enhance the compactness and increase
the thickness of the anodized film, thus improving its corrosion protection ability.

Due to the inherent porous structure of anodic films grown during anodization,
several researchers have developed electrolytic baths containing inorganic nanoparticles
as a strategy to enhance the barrier properties of the anodized layer [24–26]. For instance,
Zhang et al. [27] observed that the corrosion resistance of an anodized AZ31 magnesium
alloy was improved when Al2O3 nanoparticles were added to the anodizing electrolyte
due to the enhanced compactness of the anodic film. Similarly to oxide nanoparticles,
graphene and its derivatives may have a beneficial influence on the corrosion protection
ability of either organic or inorganic coatings [28]. Such a positive effect is mainly due to
an enhanced barrier effect as the presence of the graphene-based nanoparticles increases
the diffusion path of corrosive species in the electrolyte [29,30]. Graphene oxide (GO) plays
a central role in this scenario [31].

Among graphene derivatives, graphene oxide is often reported as having superior
corrosion resistance either when used directly as a coating layer or as an additive to improve
the barrier properties of organic and inorganic films [32–34]. Zhao et al. [35] employed GO
as an additive in the electrolyte of a PEO-treated AZ31 magnesium alloy. They observed
that, depending on the concentration of GO in the electrolyte, the corrosion resistance was
increased due to the pore-blocking effect of GO particles.

While some reports can be found with regard to the use of GO as an additive for
improving the corrosion protection ability of anodic oxide films obtained on magnesium
alloys, this information is scarce if one considers the anodization process of the ZK60 alloy.
Furthermore, the correlation between corrosion resistance and the surface chemistry of the
GO-doped anodized layer is not reported in the current literature. The aim of the present
work is to fill this gap by evaluating the effect of GO as an additive in the anodizing bath
of the ZK60A alloy on the corrosion resistance, surface chemistry and film morphology.
The anodizing bath consisted of an alkaline electrolyte containing sodium silicate. The
correlation between corrosion resistance in sodium chloride solution, the surface chemistry
of the anodized layer and its morphology is discussed.

2. Materials and Methods

2.1. Materials, Sample Preparation and Anodization

The substrate material used in the present work was an extruded bar (diameter of
90 mm) of the ZK60A alloy (nominal chemical composition in wt.%: Zn 4.8–6.2; Zr ≥ 0.45;
Mg Balance), supplied by Xi’an Yuechen Metal Products Co. Ltd. (Xi’an, China). Initially,
circular disks with a thickness of 3 mm were cut from the original bar using a cut-off
instrument equipped with silicon carbide blades and water-refrigerated. Next, rectangular
specimens were cut from these disks with dimensions of 10 mm × 10 mm × 3 mm.

The graphene oxide was a commercial product (UFMG, Belo Horizonte, Brazil) in the
form of an aqueous suspension with a nominal concentration of 5 g.L−1. All chemicals
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used in the anodizing process were reagent-grade products. The specimens for anodizing
were ground with silicon carbide waterproof papers up to grit 2000, followed by polishing
with 0.5 μm alumina suspension.

The composition of the anodizing electrolyte consisted of a mixture of 3 M KOH,
0.15 M Na2SiO3 and 0.1 M de Na2B4O7.10H2O (pH = 13.5) with additions of three different
concentrations of graphene oxide: 0.5 g.L−1, 1.0 g.L−1 and 3.0 g.L−1. The process was
conducted using a D.C. power supply (MP5003D, Shenzen, China) for 30 min at a constant
current density of 30 mA.cm−2, under magnetic stirring. A stainless steel vessel was used
as the cathode. After anodizing, the specimens were washed with deionized water and
dried in a warm air stream with a heat gun.

Samples designation throughout the text is as follows: 0-GO (anodized in the elec-
trolyte without GO addition); 0.5-GO, 1.0-GO and 3.0 GO (samples anodized in the elec-
trolytes with additions of 0.5 g.L−1, 1.0 g.L−1 and 3.0 g.L−1, respectively).

2.2. Characterization
2.2.1. Microstructural and Topographic Aspects

Surface and cross-sectional examination of the anodized samples were carried out
by scanning electron microscopy (SEM, Leica, LEO 440i, Wetzlar, Germany). For surface
topography examination, the micrographs were acquired in the secondary electrons mode
(SEM-SE). For atomic number contrast, the images were obtained in the backscattered
electrons mode (SEM-BSE). In the latter case, EDS (energy dispersive X-ray spectroscopy)
analyses were carried out to map the elemental distribution on the surface of the samples.
Surface roughness was measured by confocal laser scanning microscopy (Olympus Lext,
OLS 4100, Waltham, MA, USA) in a non-contact mode. The roughness values are expressed
as Ra (average roughness) and were obtained from an average value of 10 measurements.

2.2.2. Raman Spectroscopy and X-ray Photoelectron Spectroscopy (XPS)

Raman spectroscopy analysis (Horiba Scientific, T64000 dispersive Raman, Kyoto,
Japan), equipped with a laser excitation source of a wavelength of 532 nm was employed to
characterize the main structural aspects of the graphene oxide particles. Sample preparation
consisted of dispersing a droplet of the as-received graphene oxide aqueous suspension on
a glass plate and letting it dry overnight. After complete drying, the remaining graphene
oxide particles were analyzed in the Raman spectrometer.

XPS analysis of the anodized layers was carried out to assess their surface chemical
states. A ThermoFisher Scientific spectrometer (K-alpha, Waltham, MA, USA) was used,
operating with an Al-kα radiation source (1486.6 eV) with a spot size of 400 μm and
vacuum pressure of 10−7 Pa in the analysis chamber. Pass energies were 200 eV and 50 eV
for the wide and narrow scan spectra, respectively. Peak fitting was carried out using the
Smart algorithm for background subtraction in the Avantage 5.976© software, considering
a mixture of Lorentzian and Gaussian functions (70/30).

2.2.3. Electrochemical Tests

As-received and anodized (with and without graphene oxide addition) ZK60A sam-
ples were subjected to electrochemical characterization using a conventional three-electrode
cell setup. Autolab M101 potentiostat/galvanostat was employed for all measurements.
The ZK60A samples were the working electrodes, a platinum wire was used as the auxiliary
electrode and Ag/AgCl (KCl, 3 M) was the reference electrode. The electrolyte consisted
of a 3.5 wt.% NaCl solution at room temperature. This electrolyte was chosen to assess
the general corrosion properties of the different samples with regard to their potential
engineering applications as structural materials, allowing their comparison with other
published reports in the literature.

Initially, the open circuit potential (OCP) was monitored for 1 h. Next, electrochemical
impedance spectroscopy (EIS) measurements were conducted at the OCP in the frequency
range of 100 kHz to 10 mHz with an amplitude of the sinusoidal potential signal of ±10 mV
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(rms), and acquisition rate of 10 points per frequency decade. Potentiodynamic polarization
tests were carried out right after the EIS measurements in the potential range of −300 mV
versus the OCP up to −1.0 VAg/AgCl. The tests were conducted in triplicate.

3. Results and Discussion

3.1. Morphological and Topographic Aspects

SEM micrographs (secondary electrons mode) of the top surfaces of the anodized
ZK60A alloy with and without the addition of graphene oxide are shown in Figure 1.
The anodized layer without the incorporation of GO (Figure 1a) displays a flat surface,
permeated by microcracks and pores with small diameters that can be more easily ob-
served in the SEM-BSE micrographs (backscattered electrons mode) shown in Figure S1a
(Supplementary Files). By adding 0.5 g.L−1 of GO to the anodizing electrolyte, the number
of pores in the anodic film was greatly increased, as well as the pore diameter, as seen
in Figures 1b and S1b (0.5-GO). When the GO concentration was increased to 1.0 g.L−1

(Figures 1c and S1c) and 3.0 g.L−1 (Figures 1d and S1d), the surface morphology was
remarkably affected, exhibiting a more compact character when compared to the sample
obtained in the anodizing bath with the lowest GO concentration.

Figure 1. SEM micrographs (secondary electrons mode) of the anodized ZK60A alloy: (a) 0-GO;
(b) 0.5-GO; (c) 1.0-GO; (d) 3.0-GO.

Elemental analysis for the 0-GO sample (anodized ZK60A without GO addition) was
conducted over the surface displayed in the SEM-BSE image in Figure 2a. The distribution
of the main constituents of the ZK60A substrate (Mg, Zn and Zr) and the anodized layer
(Mg and Si) was examined by EDS mapping. Magnesium is distributed over the whole
surface, as part of the anodized layer. The main alloying elements of the ZK60A alloy, Zn
and Zr, displayed weak signals, confirming the good coverage of the underlying surface by
the anodic film. The silicon signal is also detected. In fact, for sodium silicate-containing
electrolytes, silicon-based species may be part of the anodic film, such as Mg2SiO4, as
reported in the literature [36,37].
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Figure 2. SEM-BSE micrograph (a) and corresponding EDS maps of the 0-GO sample: (b) Mg, (c) Zn,
(d) Zr; (e) Si.

The EDS maps of the 3.0-GO sample are displayed in Figure 3. The SEM-BSE micro-
graphs (Figure 3a) reveal its more compact surface when compared to the sample obtained
in the electrolyte without GO addition (Figure 2a). EDS maps gave similar information
with respect to those found in Figure 2. Magnesium is spread over the whole surface,
whereas Zn and Zr (signals from the ZK60A substrate) can be barely seen. Additionally,
the Si map (Figure 3e) confirms the incorporation of silicon species from the anodizing
electrolyte. The maps obtained for the 0.5 GO and 1.0 GO present similar features and are
available as Supplementary Materials (Figures S2 and S3, respectively).

a

ed

cb

Figure 3. SEM-BSE micrograph (a) and corresponding EDS maps of the 3.0-GO sample: (b) Mg,
(c) Zn, (d) Zr; (e) Si.
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The morphological aspects of the anodized layers were further examined by SEM-BSE
micrographs of the cross-sections. Figure 4 exhibits the SEM-BSE micrograph of the 0-G0
sample and corresponding EDS maps for Mg, O, Zn, Zr and Si. The anodic film is indicated
by a white arrow in Figure 4a. It is permeated by pores and cracks, reaching a maximum
thickness of approximately 10 μm. The presence of Mg, O and Si is clearly seen in the
anodic film.

Figure 4. Cross-sectional SEM-BSE micrograph (a) and corresponding EDS maps of the 0-GO sample:
(b) Mg, (c) O; (d) Zn, (e) Zr; (f) Si.

A representative EDS mapping of the cross-section of the anodized samples is given
in Figure 5 for the 3.0-GO sample. When compared to the 0-GO sample (Figure 4a), the
anodic film is much thinner, reaching only 5 μm. Additionally, it is more compact, being
permeated by fewer pores and cracks. A possible explanation for the decrease in the anodic
layer thickness with increasing GO concentration is related to the agglomeration of GO
particles that reduce the growth rate of the anodic film or blocks discharge channels during
the anodizing treatment, as suggested by Grigoriev et al. for a PEO/GO composite coating
formed on the Ti-6Al-4V alloy [38]. The main elements that constitute the anodic film are
also Mg, O and Si. Similar results were observed for the 0.5-GO and 1.0-GO samples with
respect to the chemical composition of the anodic film, as shown in the cross-sectional EDS
maps displayed in Figures S4 and S5, respectively (Supplementary Materials).

The roughness values (Ra) of the anodized ZK60A samples were determined using
confocal laser scanning microscopy (CLSM), as displayed in Table 1. The polished ZK60A
prior to anodizing is also included for comparison. As expected, after anodizing the values
of Ra increased with respect to the uncoated substrate. Interestingly, roughness exhibited a
remarkable increase for the 0.5-GO sample. As the GO concentration increased, the values
of Ra progressively decreased. This is in accordance with the surface aspect observed in
the top surface SEM micrographs (Figure 1). This finding may be due to the faster growth
rate of the anodic film with low GO concentration, which also makes it thicker, as observed
in the SEM micrographs, but more porous and cracked. As the GO concentration increased,
and the corresponding growth rate of the anodic film decreased, a thinner and less rough
oxide layer was formed.

90



Metals 2024, 14, 210

Figure 5. Cross-sectional SEM-BSE micrograph (a) and corresponding EDS maps of the 3.0-GO
sample: (b) O, (c) Mg; (d) Zn, (e) Zr; (f) Si.

Table 1. Roughness values (Ra) of the anodized ZK60A samples.

Sample Ra (μm)

Uncoated ZK60A 0.58
0-GO 1.91

0.5-GO 6.10
1.0-GO 2.74
3.0-GO 0.67

3.2. Raman Spectroscopy

The structural characteristics of the graphene oxide particles employed in the present
work were obtained by Raman spectroscopy. Figure 6 shows the Raman spectrum of GO.
The spectrum is characterized by two distinct bands, D and G bands, that are centered at
1352 cm−1 and 1606 cm−1, respectively, in reasonable agreement with the literature [39].

The D band is due to vibrations of sp3 hybridized carbon atoms and the G band is
due to in-plane vibrations of sp2 carbon atoms (graphitic carbons) [40]. The D band is
associated with defects in the hexagonal carbon lattice with graphitic structure [41]. The
ratio (ID/IG) between the intensities of the D (ID) and G (IG) bands is often used as a
criterion to evaluate the defective character of graphene and its derivatives [42]. The higher
the ID/IG ratio, the more defective the graphene structure. The ID/IG ratio obtained from
the spectrum shown in Figure 6 was 1.02, which is typical of GO structure with a low
degree of functionalization [43,44].
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Figure 6. Raman spectrum of the GO particles.

3.3. X-ray Photoelectron Spectroscopy (XPS)

The GO particles were further characterized by XPS. Figure 7a displays the C 1s
narrow scan spectrum of the GO particles. The spectrum was deconvoluted with four
components that were assigned to C-C/C=C (284.7 eV), C-O (285.3 eV), C=O (286.4 eV)
and O-C=O (288.8 eV) [45,46]. Figure 7b exhibits the O 1s narrow scan spectrum of the GO
particles. The spectrum was deconvoluted with three components that were assigned to
C-O, C=O and O-H bonds at 530.7 Ev, 531.5 eV and 532.3 eV, respectively, in agreement
with the literature [47,48].

The anodized films were also characterized by XPS. The Mg 1s, Si 2p, B 1s and O 1s
narrow scan spectra of the 0-GO sample are shown in Figure 8. The Mg 1s spectrum was
deconvoluted with three components that were assigned to Mg(OH)2, MgO and Mg2SiO4,
as reported by other authors [49,50]. The Si 2p spectrum (Figure 8b) displayed one single
component assigned to silicate bonds due to the Mg2SiO4 compound in the anodized layer.
The B 1s spectrum (Figure 8c) exhibited one single component assigned to B-O bonds,
confirming that borate species are part of the anodized layer, as also observed by Okamoto
et al. [49] and Ardelean et al. [51] for magnesium alloys anodized in borate-containing
electrolytes. Oxygen species were identified from the O 1s narrow scan spectrum displayed
in Figure 8d. The most intense peaks were assigned to O2− (oxide) and OH− (hydroxide)
bonds. Adsorbed water (H2Oads) was also observed at higher binding energies, in good
agreement with the literature [52,53].
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Figure 7. XPS narrow scan spectrum of the GO particles: (a) C 1s; (b) O 1s.

The Mg 1s, Si 2p and B 1s narrow scan spectra were not affected by GO addition. The
same components were identified for 0.5-GO, 1.0-GO and 3.0-GO. The results are shown as
Supplementary Materials (Figures S6–S8 for the Mg 1s, Si 2p and B 1s spectra, respectively).

The C 1s and O 1s narrow scan spectra of the GO-containing anodized samples, in turn,
exhibited additional features when compared to the GO particles (Figure 7). Representative
spectra are shown in Figure 9 for the 3.0-GO sample. Similar C 1s and O 1s spectra were
obtained for the 0.5-GO and 1.0-GO samples (Supplementary Materials, Figures S9 and
S10). As seen in the C 1s spectrum (Figure 9a) a strong π-π* satellite was observed at
the highest binding energy. This interaction has also been reported by other authors,
being associated with the increase in the aromatic character of the GO structure that can
originate from an oxidation process [48,54], such as the anodizing treatment of the ZK60A
alloy. The O 1s spectrum (Figure 9b) was deconvoluted with four components, showing a
mixture of bonds typical of the anodized layer (oxide and hydroxide bonds) and those of
the GO structure (C-O, C=O, C-O-C). Both the C 1s and O 1s narrow scan spectra of the
GO-containing samples show that GO was effectively incorporated into the anodic film
during the anodization of the ZK60A alloy.
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(a) (b)
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Figure 8. XPS narrow scan spectra of the 0-GO sample: (a) Mg 1s; (b) Si 2p; (c) B 1s; (d) O 1s.

(a)

(b)

Figure 9. XPS narrow scan spectra of the 3.0-GO sample: (a) C 1s; (b) O 1s.
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3.4. Corrosion Behavior
3.4.1. Electrochemical Impedance Spectroscopy (EIS)

Nyquist plots of the uncoated and anodized ZK60A alloy obtained in 3.5 wt.% NaCl
solution at room temperature are shown in Figure 10a. The diameter of the semicircle is
associated with the charge transfer resistance of the electrode surface [55,56]. The plot of
the uncoated ZK60A alloy can be barely seen in Figure 10a, as it exhibits a capacitive loop
whose diameter is much smaller than those of the anodized samples, thus indicating that
the anodizing treatment greatly enhanced the corrosion resistance of the alloy. Figure 10b
shows the Nyquist plots with expanded scales in order to allow one to visualize the result
obtained for the uncoated ZK60A alloy.

Figure 10. (a) Nyquist plots of the uncoated and anodized ZK60A alloy samples obtained in 3.5 wt.%
NaCl solution at room temperature; (b) The same plots shown in (a) with expanded scales.
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In addition to the capacitive loop that appears in the high-to-middle frequency range
for all samples, another time constant is observed at low frequencies. It is characterized by
an inductive loop. This behavior is typically found in magnesium alloys, being associated
with the adsorption of ionized intermediate corrosion products such as Mg(OH)+

ads [57,58].
The diameters of the capacitive loops were larger for the 0.5-GO and 1.0-GO samples

when compared to the 0-GO (without GO addition). By increasing the GO concentration in
the anodizing bath, the diameter of the capacitive loop decreased, as seen in Figure 10a
for the 3.0-GO sample, which is even smaller than that of the sample without GO addition
(0-GO). Electrical equivalent circuits (EECs) were used to fit the experimental EIS data, as
shown in Figure 11. The EEC shown in Figure 11a was used to simulate the EIS response
of the uncoated ZK60A substrate, whereas the one shown in Figure 11b simulated the
responses of the anodized samples (with and without GO addition).

(a) 

(b) 

Figure 11. EECs used to fit the experimental EIS data: (a) uncoated ZK60A substrate; (b) anodized
samples (with and without GO addition).

Constant phase elements (CPEs) were used instead of ideal capacitors to account for
the heterogeneities of the electrode surface. The impedance of a CPE(ZCPE) is given by
Equation (1), where Q is associated with the CPE capacitance, j is the complex operator, ω
is the angular frequency and n is the CPE exponent which varies from 0 for a pure resistor
to 1 for an ideal capacitor [59,60]. The physical meaning of the EEC parameters are given
as follows: Rs is the solution resistance; CPEox is the capacitance of the oxide layer and Rox
its resistance; CPEdl is the double layer capacitance and Rct is the charge transfer resistance.
The local corrosion processes at the substrate are modeled by the inductive element (L)
and its corresponding resistance (RL) [61]. The fitted values of the circuit parameters are
displayed in Table 2.

ZCPE =
1

Q(jω)n (1)
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Table 2. EIS fitting results using the EECs shown in Figure 11 for the uncoated ZK60A substrate and
the anodized samples.

Sample Rs (Ω.cm2)
CPEox (10−6

Ω−1.cm−2.sn)
Rox

(Ω.cm2)
nox

CPEdl (10−6

Ω−1.cm−2.sn)
Rct

(Ω.cm2)
ndl

RL

(Ω.cm2)
L

(H.cm2)

Uncoated ZK60A 18 ---- ---- ---- 138.0 97 0.91 134 287
0-GO 22 13.8 3993 0.78 5.6 860 0.82 608 474

0.5-GO 16 5.2 4595 0.72 7.5 920 0.86 784 704
1.0-GO 15 6.8 5215 0.70 6.8 1032 0.85 459 74
3.0-GO 15 17.4 853 0.70 8.5 750 0.83 335 540

The uncoated ZK60A substrate exhibited one time constant (CPEdl-Rct) in connection
with the inductive component (RL-L), modeling the charge transfer reactions and adsorp-
tion of corrosive species on the surface of the electrode. After anodizing, a second time
constant appeared due to the presence of the oxide layer (CPEox-Rox) in addition to the
charge transfer reactions and inductive components.

The higher impedance values of the 0.5-GO and 1.0-GO samples when compared to
the 0.G0 and 3.0-GO samples are also observed in the Bode magnitude plots(log |Z| vs. log
f) shown in Figure 12a. The value of the impedance magnitude at low frequencies can be
used to express the corrosion resistance of the electrode surface [62,63]. This trend confirms
the indication of the Nyquist plots, revealing the apparent higher corrosion resistance of
the 0.5-GO and 1.0-GO samples.

Figure 12. Bode plots of the uncoated and anodized ZK60A alloy samples obtained in 3.5 wt.% NaCl
solution at room temperature: (a) Impedance magnitude; (b) Phase angle.

97



Metals 2024, 14, 210

The Bode phase angle plots are displayed in Figure 12b. All anodized samples present
more capacitive phase angles than the uncoated ZK60A alloy over the whole frequency
range, indicating the increase in corrosion resistance after the anodizing treatment. The
samples lose their capacitive response at the lowest frequencies, as the phase angles drop off
at frequencies below 10 Hz, indicating that corrosion processes are taking place (inductive
response—positive phase angles). This feature corresponds to the inductive behavior also
observed in the low-frequency domain of the Nyquist plots (Figure 10). One can also
notice that the drop-off of the phase angles occurs at lower frequencies for the 0.5-GO and
1.0-GO when compared to the 0-GO and 3.0-GO samples. Hence, the onset of corrosion
processes is shifted to lower frequencies for the 0.5-GO and 1.0-GO samples, suggesting
their anodic films display improved corrosion protection ability. Moreover, these samples
exhibit two well-separated time constants in the frequency range of 105 to 101 Hz. The time
constant at the highest frequency may be associated with the EIS response of the anodic
film, whereas that at the lowest one is due to the charge transfer resistance arising from the
corrosion processes at the base of the defects of the anodized layer [64,65]. In this regard,
it is also noticeable that the high-frequency time constant of the 0.5-GO sample exhibits
a more capacitive phase angle than that of the 1.0-GO. This may be due to two distinct
effects, either related to the resistance or the capacitance of the anodic film. The capacitance
(C) of a coating layer depends on the area exposed to the electrolyte (A) and also on its
thickness (d), as seen in Equation (2), where ε0 is the vacuum permittivity and ε is the
coating dielectric constant [66,67].

C = εε0
A
d

(2)

Thus, based on Equation (2), the more capacitive phase angle of the 0.5-GO sample
could be due to either an increase in the area exposed to the electrolyte or an increased
resistance due to a high thickness of the anodic film, or a combination of both. In fact, the
SEM cross-sectional micrographs (Supplementary Materials—Figure S4) confirmed that
the thickness of the anodic film was increased for the 0.5-GO sample with respect to all
other GO-containing anodized layers. Moreover, the porous nature of its top surface was
also clearly seen in Figure 1b. As shown in Table 1, this was accompanied by a significant
increase in surface roughness that was likely due to the faster growth rate of the anodic
film for the 0.5-GO sample. This would lead to a reduced capacitance of the oxide layer
(CPEox). Indeed, as shown in Table 2, this sample exhibited the lowest value of CPEox.
As the GO concentration in the electrolyte increased, the surface roughness decreased, as
well as the thickness of the anodic film, as shown in Section 2. On one hand, this led to an
increase in the oxide film capacitance with respect to 0.5-GO, as can be seen in Table 2. On
the other hand, the lower growth rate of the oxide film could also lead to the formation
of a denser layer, thus increasing the corrosion protection ability, as observed for 1.0-GO.
However, when GO concentration is excessive, in spite of the lower growth rate of the
oxide film, agglomeration of GO particles may be detrimental to its corrosion resistance.
This would explain the decreased value of the oxide film resistance (Rox) for 3.0-GO, as
observed in Table 2. In order to give further understanding of the corrosion behavior of the
anodic films formed on the ZK60A alloy, and the effect of GO addition to the anodizing
bath, potentiodynamic polarization tests were also conducted, as described in the next
section.

3.4.2. Potentiodynamic Polarization Curves

Figure 13 shows the potentiodynamic polarization curves of the uncoated and an-
odized ZK60A alloy in 3.5 wt.% NaCl at room temperature. The electrochemical parameters
obtained from these curves are presented in Table 3. The corrosion current density (icorr)
values were obtained by the Tafel extrapolation method, using the cathodic branches.
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Figure 13. Potentiodynamic polarization curves of the uncoated and anodized ZK60A alloy samples
obtained in 3.5 wt.% NaCl solution at room temperature.

Table 3. Electrochemical parameters obtained from the potentiodynamic polarization curves shown
in Figure 13.

Sample Ecorr (mV vs. Ag/AgCl) icorr (μA.cm−2)

Uncoated ZK60A −1417 ± 20 24.5 ± 7.10
0-GO −1390 ± 22 3.16 ± 0.58

0.5-GO −1457 ± 7 2.40 ± 0.32
1.0-GO −1435 ± 28 1.66 ± 0.23
3.0-GO −1424 ± 10 2.75 ± 0.43

The corrosion potential (Ecorr) was little affected by the anodization process, inde-
pendently of the GO concentration in the anodizing electrolyte. Conversely, the corrosion
current density (icorr) was reduced by one order of magnitude after anodizing when com-
pared to the uncoated ZK60A alloy. Interestingly, GO addition further decreased the values
of icorr. As shown in Table 2, the slowing down of the corrosion rate was dependent on
the GO concentration in the anodizing electrolyte. The lowest icorr was obtained for the
1.0-GO, which was reduced compared to 0.5-GO, suggesting that, by increasing the GO
concentration from 0.5 g.L−1 to 1.0 g.L−1 in the anodizing electrolyte, the corrosion resis-
tance was enhanced. Notwithstanding this beneficial effect, when the GO concentration
was further increased to 3.0 g.L−1 (3.0-GO) the value of icorr was no longer reduced. This
result is in agreement with the EIS results, showing that the GO concentration exhibits an
optimum value in order to enhance the corrosion resistance of the anodized layer formed
on the ZK60A alloy.

The explanation for such behavior can be derived from the following aspects. If one
considers the roughness values (Ra) displayed in Table 1, there was a trend of increasing
the roughness after anodization with respect to the uncoated ZK60A alloy. This trend was
observed up to a GO concentration of 0.5 g.L−1 (0.5-GO). For higher GO concentrations, the
surface roughness decreased. Although the corrosion resistance displayed a similar trend,
being favored after anodization, it does not follow the same trend as the surface roughness.
This can be promptly seen if one notices that the sample with the lowest roughness (3.0-GO)
is not that with the lowest value of icorr (1.0-GO).
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The XPS results (Section 3.3) revealed that the composition of the anodized layer
was not significantly altered by GO addition with respect to the Mg 1s, Si 2p and B 1s
spectra. As Mg, Si and B are incorporated into the anodizing electrolyte into the anodic
film, it is reasonable to hypothesize that GO did not chemically interact with the main
components of the anodized layer. Nevertheless, XPS unequivocally showed that GO was
incorporated into the anodic film, as denoted by the C 1s and O 1s spectra of the anodized
samples (Figures 9, S9 and S10). The corrosion behavior could not, therefore, be explained
by differences between the surface chemical states of each sample.

As the compositional aspects and the surface topography were not the main factors
influencing the electrochemical response of the anodized samples, one further aspect must
be carefully examined. The morphology of the anodic films, as inferred from the SEM
results presented in Section 3.1, was dependent on the GO concentration in the anodizing
electrolyte. For example, when the GO was 0.5 g.L−1 (0.5-GO) the thickness of the anodic
film was increased, as well as defects, such as microcracks and pores (Figures 1b and S4)
when compared to 0-GO (Figures 1a and 4). The thick anodic film may be responsible
for the increase in the impedance values, as shown in the Nyquist and Bode magnitude
plots (Figures 10a and 12a). However, even though the thick anodized layer would imply
an impedance increase, it does not form a sufficiently compact film to slow down the
corrosion kinetics, as the defects in the anodic film would constitute a preferential pathway
to corrosive species. As reported in the literature, the main effect of GO particles is related
to the enhancement of the barrier properties of anodic films by increasing the diffusion
pathway of corrosive species [35]. There is, therefore, a critical GO concentration that
would give the necessary compactness and, hence, improve the corrosion resistance of the
anodic film. In this respect, the 1.0-G0 sample displayed a surface film that was thinner
than that formed on 0.5-GO (Figure S5) but exhibited fewer defects. Hence, on one hand, its
impedance values are lower due to the thinner oxide film, as observed in the Nyquist and
Bode impedance plots (Figures 10a and 11a). On the other hand, it also displayed the lowest
icorr (Table 3), indicating the thin and compact oxide film provided a better barrier property
than the thick and defective film formed on the 0.5-GO sample. By further increasing the
GO concentration (3.0-GO) the impedance values decreased (Figures 10a and 12a) and icorr
increased (Table 3). As shown in Figure 5, the anodic film of this sample is as thin as that of
1.0-GO. Figure 1d points to the formation of a surface film that is more compact than that of
the 0.5-GO as well. In spite of these apparently favorable morphological features, the loss
of corrosion resistance when compared to 1.0-GO is evident. It is likely that the increase
in GO concentration would cause an undesirable agglomeration effect, that hampers the
distribution of GO within the anodized layer, thus diminishing the pore-blocking effect of
GO, as reported by other authors for composite coatings containing GO [68–71].

4. Conclusions

Graphene oxide was effectively incorporated into the anodized layer when used as an
additive to the anodizing electrolyte of the ZK60A magnesium alloy. XPS results showed
that typical graphene oxide functional groups were observed in the anodized layers for all
concentrations tested in the present work.

In spite of the GO incorporation into the anodic films, the corrosion resistance of
GO-containing layers was dependent on the GO concentration in the anodizing bath. The
optimum concentration was 1.0 g.L−1, as denoted by the increase in impedance magnitude
and decrease in corrosion current density obtained at this condition. Further increase in
GO concentration to 3.0 g.L−1 reduced the corrosion resistance of the anodized layer.

The morphology of the anodic film was affected by GO concentration and influenced
its corrosion properties. A thick and defective film was obtained for the anodizing bath
containing a GO concentration of 0.5 g.L−1, whereas a thin and more compact layer was
formed when the GO concentration was raised to 1.0 g.L−1.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/met14020210/s1, Figure S1: SEM micrographs (secondary electrons
mode) of the anodized ZK60A alloy: (a) 0-GO; (b) 0.5-GO; (c) 1.0-GO; (d) 3.0-GO. Figure S2. SEM-BSE
micrograph (a) and corresponding EDS maps of the 0.5-GO sample: (b) Mg, (c) Zn, (d) Zr; (e) Si.
Figure S3. SEM-BSE micrograph (a) and corresponding EDS maps of the 1.0-GO sample: (b) Mg,
(c) Zn, (d) Zr; (e) Si. Figure S4. Cross-sectional SEM-BSE micrograph (a) and corresponding EDS
maps of the 0.5-GO sample: (b) O; (c) Mg, (d) Zn, (e) Zr; (f) Si. Figure S5. Cross-sectional SEM-BSE
micrograph (a) and corresponding EDS maps of the 1.0-GO sample: (b) Mg; (c) O; (d) Zn, (e) Zr; (f) Si.
Figure S6. XPS Mg 1s narrow scan spectra: (a) 0.5-GO; (b) 1.0-GO; (c) 3.0-GO. Figure S7. XPS Si 2p
narrow scan spectra: (a) 0.5-GO; (b) 1.0-GO; (c) 3.0-GO. Figure S8. XPS B 1s narrow scan spectra:
(a) 0.5-GO; (b) 1.0-GO; (c) 3.0-GO. Figure S9. XPS C 1s narrow scan spectra: (a) 0.5-GO; (b) 1.0-GO.
Figure S10. XPS O 1s narrow scan spectra: (a) 0.5-GO; (b) 1.0-GO.
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Abstract: Nowadays, different industries, such as the aerospace and biomedical industries, prefer
using Ti alloys due to their excellent anti-corrosion properties and ability to generate a TiO2 oxide
layer; this induces the use of anodization to increase the useful life of components. The aim of
this work is to characterize the electrochemical effect of anodizing treatment on titanium alloys (Ti
CP2, Ti-6Al-2Sn-4Zr-2Mo, Ti-6Al-4V, and Ti Beta-C) in NaOH and KOH at 1 M, applying a current
density of 0.0025 A/cm2. The electrochemical techniques employed were electrochemical noise (EN)
and electrochemical impedance spectroscopy (EIS), supported by ASTM G199 and ASTM G106 in
electrolytes of NaCl and H2SO4 at 3.5 wt. % as a simulation of marine and industrial atmospheres.
Also, the anodized transversal section and surface morphology were characterized by a scanning
electron microscope (SEM). The results of both electrochemical techniques indicated that Ti-6Al-2Sn-
4Zr-2Mo anodized in NaOH presented the best properties against corrosion, and the thickness of the
oxide was the biggest.

Keywords: titanium; anodized; alkaline; electrochemical noise; Hilbert–Huang recurrence plots;
electrochemical impedance spectroscopy

1. Introduction

The aerospace, biomedical, chemical, naval, and automotive industries need materials
with special anti-corrosion properties due to their high performance. Therefore, titanium
and its alloys have been considered an option for those industries [1–3].

Considering that titanium is a very reactive material, even when exposed to oxygen, it
generates an oxide layer, mostly of TiO2, depending on the alloying element. The generation
of the oxide layer increases the resistance against alloy corrosion. However, the quality
of the oxide layer will depend on the chemical composition of the alloy and factors such
as area, roughness, and material porosity. Other important factors are the oxygen in the
system, the humidity, and the environmental composition [4–9].

A good generation of a passive layer has many variables; for that reason, titanium
and its alloys are susceptible to attacks in different electrolytes because of irregular passive
layer formation. The predisposition of titanium to generate a natural oxide layer makes
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it perfect for being anodized. Authors have reported that anodized titanium generates a
bigger oxide layer than passivated titanium, making it more corrosion-resistant. Also, they
reported a homogeneous morphology, good thermodynamic stability, low conductivity,
and low ion formation [10–14].

The anodized process consists of two different stages. The first is generating a constant
oxide layer, which occurs quickly when applying a current. The next stages consist of the
porous layer generation, increasing the thickness of the coating. The anodization process
occurs due to a diffusion of oxygen and titanium on the surface; metal ions move to the
interface of anodization through oxygen adsorption, generating TiO2 on the surface [15,16].

However, the homogeneity of the oxide layer will depend on anodization factors such
as pH, current, oxygen in the system, electrolytes, and the chemical composition of the
Ti alloy. Usually, acid electrolytes are employed as anodizing bath solutions; however,
authors such as Hugot-Le Goff [17] report that anodizing in basic media generates good
oxide layers. Afshar and Veazi [18] reported an anodizing thickness from 0.4 to 1.5 μm
when a Ti CP1 was anodized in NaOH, varying the anodizing time. In both cases, the
corrosion resistance increased and was related to the high concentration of NaOH with
a compact and homogenous coating. Also, they reported differences between anodized
alloys obtained by acid media, mainly H2SO4 and H3PO4 [19].

It is important to mention that anodizing has several advantages compared to other
coating methods. Thermal oxidation, sputtering, passivation, electrodeposition, and sol-gel
generate an oxide layer in Ti and Ti alloys. Still, this method presents disadvantages such
as high costs, difficult application for complex geometries, and the lack of homogeneous
oxide generated.

The aim of this work is to characterize the electrochemical effect of anodizing treat-
ment on titanium alloys (Ti CP2, Ti-6Al-2Sn-4Zr-2Mo, Ti-6Al-4V, and Ti Beta-C) in NaOH
and KOH electrolytes. The electrochemical techniques employed were electrochemical
noise (EN) and electrochemical impedance spectroscopy (EIS), with the anodized alloys
exposed to NaCl and H2SO4 solutions at 3.5 wt. %, simulating marine and industrial
atmospheric conditions.

2. Materials and Methods

2.1. Materials

The materials employed were Ti CP2, Ti-6Al-2Sn-4Zr-2Mo, Ti-6Al-4V, and Ti Beta-C,
used in the received condition. Table 1 shows the chemical composition of these alloys
obtained by X-ray fluorescence (Olympus DELTA XRF, Houston, TX, USA).

Table 1. Chemical composition of Ti and its alloys (wt. %).

Elements Ti CP2
Alloys

Ti-6Al-2Sn-4Zr-2Mo Ti-6Al-4V Ti Beta-C

Fe 0.038 ± 0.005 – 0.21 ± 0.01 0.08 ± 01

Al – 6.75 ± 0.20 7.14 ± 0.37 4.2 ± 0.13

V – – 4.03 ± 0.08 8.1 ± 0.07

Zr – 4.18 ± 0.01 – 4.3 ± 0.01

Cr – – – 3.3 ± 0.07

Mo – 1.99 ± 0.008 – 3.9 ± 0.01

Sn – 2.08 ± 0.01 – –

Ti 99.94 ± 0.005 84.65 ± 0.19 87.71 ± 0.36 75.2 ± 0.14

2.2. Anodized Treatment

The alloys were pretreated for 10 min in an ultrasonic cleaner with ethanol and
deionized water. The anodized treatment employed a platinum mesh as a cathode, and the
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NaOH and KOH electrolytes were used at 1 M concentration. The anodized temperature
was 25 ◦C ± 1 [analytical grade reagents (JT Baker)]. The power source was the XLN300025-
GL, applying a current density of 2.5 × 10−3 A/cm2. The anodizing time was 10 min, and
the standards employed were AMS2487B and AMS2488E [20,21].

2.3. Microstructural Characterization

The Ti and Ti alloys were prepared employing the metallographic technique. The
materials were brazed with SiC sandpaper grade 800. All the samples were cleaned for
10 min in ethanol and deionized water by ultrasonic cleaning [22].

The surface and cross-section of anodized alloys were studied using secondary electron
(SE) and backscattered electron (BSE) detectors in a scanning electron microscope (SEM,
Hitachi, Tokyo, Japan) operating at 20 kV, with an 8.5 and 12 mm work distance.

2.4. Corrosion Measurements

Electrochemical noise (EN) and electrochemical impedance spectroscopy (EIS) were
performed at room temperature, using VersaSTAT4 Princeton Applied Research software
(Ametek, Inc., Oak Ridge, TN, USA), in 3.5 wt. % NaCl and H2SO4 electrolytes at room
temperature and all the corrosion tests were performed in duplicate. The cell configura-
tion was of three electrodes: the working electrode (WE), the reference of the saturated
calomel electrode (SCE), and the counter electrode (CE) of platinum. The area exposed was
1 cm2 [23]. For the EN technique, we acquired 4096 data points, at 1 datum per second,
and the signal was processed with MATLAB 2018a [24]. EIS measurements were recorded
at the corrosion potential over a frequency range from 100 kHz to 10 mHz, obtaining
10 points per decade, and applying an AC potential signal at 10 mV (root mean square,
rms) amplitude according to the ASTM G106-15 standard. The results were interpreted
through the development of typical impedance models for the electrode surface, as well as
curve fitting based on an equivalent circuit using the Zview Impedance program. The time
to obtain the steady state was 50 min in an open circuit.

3. Results

3.1. Microscopic Characterization

Figure 1 shows the superficial morphology of anodized alloys in NaOH obtained by
SEM-SE. In this anodizing electrolyte, the oxide distribution is heterogeneous. Figure 1b
shows the preferential oxide deposition, where Ti-6Al-2Sn-4Zr-2Mo presented different
altitudes. Also, the anodized alloy presented cracking in that zone. A similar morphol-
ogy is observed in Figure 1c, presenting a preference for the accumulation of oxide in
specific areas. The anodizing shown in Figure 1d, corresponding to Ti Beta-C, shows low
coating generation.

Figure 2 shows the micrographics of anodized alloys in KOH. When alloys were
anodized in KOH, they presented a higher heterogeneity than in KOH; in Figure 2a, the
anodized Ti CP2 presents different altitudes of oxide. A similar behavior is observed in
Figure 2d for Ti Beta-C, but the polish lines are higher. Figure 2b,c presents similar behavior,
with a higher anodized generation, but it continues to be non-homogenous.

Figure 3 shows the transversal section of anodized alloys in NaOH. Figure 3a shows
the transversal section of Ti CP2, where the anodized alloy presented a thickness of 376
to 400 nm, and the mapping shows the presence of O and an increase in the oxide layer.
Ti-6Al-2Sn-4Zr-2Mo presented a higher thickness, with values from 1.92 to 2.63 μm; the
presence of O and Ti in the oxide layer is higher (see Figure 3b). On the other hand,
Figure 3c shows the anodized alloy of Ti-6Al-4V, which presented lower values, with
thicknesses from 23 to 25 nm. Finally, Figure 3d shows the anodization of Ti Beta-C,
where the thickness obtained was 660 and 756 nm; the mapping shows the presence of
oxygen in the coating zone. Only the anodized version of Ti-6Al-2Sn-4Zr-2Mo meets the
requirements of AMS2487B specifications.
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Figure 1. SEM-SE of superficial morphology of anodized in NaOH in 2000×; (a) Ti CP2, (b) Ti-6Al-
2Sn-4Zr-2Mo, (c) Ti-6Al-4V y (d) Ti Beta C.

 

Figure 2. SEM-SE of superficial morphology of anodized in KOH in 2000×; (a) Ti CP2, (b) Ti-6Al-2Sn-
4Zr-2Mo, (c) Ti-6Al-4V y (d) Ti Beta C.
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Figure 3. SEM-SE/BSE of transversal section of anodized titanium alloys in NaOH at 10,000×, and
element mapping by EDS of (a) Ti CP2, (b) Ti-6Al-2Sn-4Zr-2Mo, (c) Ti-6Al-4V y (d) Ti Beta C.

Figure 4 shows the transversal section of anodized alloys in KOH, where Ti CP2
presents a thickness from 2.1 to 2.7 μm, being the highest in both anodizing electrolytes.
Also, this layer presented acceptable adhesion characteristics to metal; however, the thick-
ness is heterogeneous. Figure 4b shows the anodization of Ti-6Al-2Sn-4Zr-2Mo, where the
thickness varies from 1.02 to 2.02 μm and is non-homogenous. The mapping presented a
greater presence of oxygen in the anodized layer. Figure 4c presents a thickness from 208
to 248 nm, and the thickness of Figure 4d ranges from 525 to 1.03 μm (see Table 2). All the
anodized alloys presented oxygen in the coating. In this case, only the anodized Ti CP2
and Ti-6Al-2Sn-4Zr-2Mo satisfied the AMS2487B specifications.

 

Figure 4. SEM-SE/BSE of transversal section of anodized titanium alloys in KOH at 10,000×, and
element mapping by EDS of (a) Ti CP2, (b) Ti-6Al-2Sn-4Zr-2Mo, (c) Ti-6Al-4V y (d) Ti Beta C.
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Table 2. Thicknesses of anodized titanium alloys.

Alloy Electrolyte Average Thickness (μm)

Ti CP2
NaOH 0.45

KOH 2.4

Ti-6Al-2Sn-4Zr-2Mo
NaOH 2.45

KOH 1.5

Ti-6Al-4V
NaOH 0.024

KOH 0.2

Ti Beta-C
NaOH 0.67

KOH 0.75

3.2. Electrochemical Noise
3.2.1. Hilbert–Huang Transform (HHT)

The electrochemical noise (EN) technique describes the electrochemical phenomenon
that occurs during the corrosion process. One method to characterize the EN technique is
Hilbert–Huang analysis. This method helps the frequency and time in which an energy
interchange occurs; the energy is called instantaneous energy and is obtained by the
decomposition of the signal obtained by the intrinsic function of the signal [25–30]. The
empirical method of decomposition (EMD) can be explained by the Equation (1):

x(t) =
N

∑
i=1

h(i)(t) + d(t) (1)

where d(t) is the average of the trend at a low frequency of the time series x(t) and cannot
be decomposed and h(i)(t) is the i-th term of IMF that is generated. These numbers must
satisfy the conditions that the extreme and cross numbers are equal or differ by a maximum
of 1 and that each point using the local maximum and minimum must be 0. The HHT is
represented by Equation (2):

yj(t) =
1
π

p
∫ ∞

−∞

hj(τ)

t − τ
dτ (2)

where yj(t) is the Hilbert transform and IMF is represented with hj; p is related to the
Cauchy principle and is linked with an average of IMF.

Figure 5 shows the behavior of Ti alloys anodized in NaOH when analyzed using
the HHT method. All the alloys anodized shown in that figure demonstrate the same
pattern: the presence of energy in middle and low frequencies, with high energy at middle
frequencies. This behavior is related to non-homogenous anodization on the surface, but
a protective layer is present due to energy at a low frequency. The only anodized alloy
that presented energy at high frequencies is Ti Beta-C, anodized in H2SO4, in Figure 5h,
meaning that the anodized alloy is weak in the presence of the acid media. The high energy
at middle frequencies means that the ions first attack preference zones of the anodized
surface. However, after time passes, the energy decreases and is accumulated at low
frequencies due to the accumulation of those ions on the surface.

Figure 6 shows the Hilbert specters of Ti alloys anodized in KOH in both media. The
anodized Ti CP2 of Figure 6a,b presents energy at high and middle frequencies, even in
NaCl and H2SO4; irregular behavior is associated with a heterogeneous anodized alloy.
The energy at low frequencies in Figure 6b indicates the ions’ accumulation on the surface.
Figure 6c–f for Ti-6Al-2Sn-4Zr-2Mo and Ti-6Al-4V showed a more homogenous anodized
alloy than Ti CP2 and Ti Beta-C. The anodized Ti Beta-C presented high instability in
both media when exposed to NaCl (Figure 6g). The anodized alloy showed high energy
accumulation at high frequencies in all the time series, indicating that it is heterogeneous
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and that ions attack in preferential zones. Figure 6h shows a similar behavior, but the
presence of energy is not higher than in Figure 6g; this occurs due to the susceptibility of
anodized alloys to Cl− ions.

 

Figure 5. Hilber specter for anodized titanium alloys in NaOH in NaCl (left) and H2SO4 (right) of Ti
CP2 (a,b), Ti-6Al-2Sn-4Zr-2Mo (c,d), Ti-6Al-4V (e,f), and Ti Beta-C (g,h).
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Figure 6. Hilber specter for anodized titanium alloys in KOH in NaCl (left) and H2SO4 (right) of Ti
CP2 (a,b), Ti-6Al-2Sn-4Zr-2Mo (c,d), Ti-6Al-4V (e,f), and Ti Beta-C (g,h).
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3.2.2. Recurrence Plots Analysis (RP)

Recurrence plots are helpful tools for analyzing non-linear systems. As corrosion is a
chaotic and non-linear system, it is necessary to employ different techniques to evaluate
the corrosion type and process on the surface. RP is an excellent technique with which to
conduct that analysis.

Recurrence plots are two-dimensional diagrams that are realized in time function. The
trajectory of xi ∈ Rm, where a dimension (m) of space is prescribed at a time limit of ε to I
and j. The RP visualizes a two-dimensional square matrix from two dimensions with the
times ti and tj. Equation (3) shows the matrix [31–34]:

Rij(ε) = Θ
(

ε −
∥∥∥→x i −→

x j

∥∥∥), i, j = 1, . . . , N (3)

where N is the number of data or points xi, ε is the distance umbral, Θ(x) is the Heaviside
function, and ||. || is the norm (Euclidean, maximum, or Manhattan).

The recurrence density is determined by the recurrence rate that Equation (4) shows:

RR(ε) =
1

N2

N

∑
i, j=1

Ri, j (4)

The recurrence rate (RR) gives the probability of reconstruction of one trajectory in an
umbral zone.

The diagonal lines of RP represent the evolution of the trajectory in the space of the
phase on different occasions and indicate the system’s determinism. The determinism
(DET) is calculated by the next equation:

DET =
∑N

l=lmin
l p(l)

∑N
l=1 l p(l)

(5)

The laminarity is defined as the relation between the recurrence points in the vertical
structures and the total number shown in Equation (6):

LAM =
∑N

v=vmin
v p(v)

∑N
v=1 p(v)

(6)

Figure 7 shows the anodized alloys’ recurrence plots in NaOH when exposed to NaCl
and H2SO4. When the anodized alloys are exposed to NaCl, as Figure 7a–d shows, they
present different behaviors. The anodized Ti CP2 and Ti-6Al-4V presented less deterministic
behavior (see Table 3), meaning that the exposed oxide layer is more susceptible to Cl
ions. On the other hand, anodized Ti-6Al-2Sn-4Zr-2Mo and Ti Beta-C presented more
deterministic behavior, with values between 0.8270 and 0.9697, indicating that the localized
process is reduced. The alloys anodized in H2SO4 are shown in Figure 8a–d; in this case,
the anodized Ti-6Al-2Sn-4Zr-2Mo and Ti-6Al-4V (Figure 8b,c) presents low deterministic
values, from 0.4723 to 0.5373, indicating that a localized process occurs at the surface; this
is because horizontal and vertical lines decrease the laminarity of the system. The OH−
ions attack the porous surface.
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Figure 7. Recurrence plots of anodized titanium alloys in NaOH bath and exposed in NaCl for Ti
CP2 (a), Ti-6Al-2Sn-4Zr-2Mo (b), Ti-6Al-4V (c) y Ti Beta-C (d).

Table 3. Parameters obtained of anodized titanium alloys in NaOH bath by Recurrence Plots analysis.

Anodized Alloy RR DET

NaOH

NaCl

Ti CP2 0.0671 0.6951

Ti-6Al-2Sn-4Zr-2Mo 0.0927 0.827

Ti-6Al-4V 0.0816 0.7368

Ti Beta-C 0.0988 0.9697

H2SO4

Ti CP2 0.0991 0.9155

Ti-6Al-2Sn-4Zr-2Mo 0.0868 0.5373

Ti-6Al-4V 0.1666 0.4723

Ti Beta-C 0.1088 0.9001

Figure 8. Recurrence plots of anodized titanium alloys in NaOH bath and exposed in and H2SO4 for
Ti CP2 (a), Ti-6Al-2Sn-4Zr-2Mo (b), Ti-6Al-4V (c) y Ti Beta-C (d).
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Figure 9 shows the recurrence plots when alloys were anodized on KOH. The anodized
exposure in NaCl (Figure 9a–d presents results of low determinism, especially for Ti CP2
and Ti Beta-C); this behavior is attributed to the great number of anodic and cathodic
reactions occurring on the surface. Due to the low anodized quality in that medium and the
susceptibility to Cl− ions, the values of determinism are 0.5542 and 0.6901, respectively. The
low determinism decreases the laminarity value to 0.7094 and 0.8070 for Ti CP2 and Ti Beta-
C. The anodized Ti-6Al-2Sn-4Zr-2Mo and Ti-6Al-4V present a better performance in this
media. When anodized surfaces are exposed to H2SO4 (Figure 10a–d), Ti-6Al-4V showed
the lowest deterministic value (0.4718) due to transients that reflect instability on anodized
surfaces by anodic reactions. The anodized Ti Beta-C presents low determinism in the first
seconds and at the end, with values of 0.8696 and 0.9285 of determinism and laminarity,
respectively. When transients increase, the lines create cross-sections and decrease the
laminarity and determinism (see Table 4).

Figure 9. Recurrence plots of anodized in a KOH bath and exposed in NaCl for Ti CP2 (a), Ti-6Al-
2Sn-4Zr-2Mo (b), Ti-6Al-4V (c) y Ti Beta-C (d).

Figure 10. Recurrence plots of anodized in a KOH bath and exposed in H2SO4 for Ti CP2 (a),
Ti-6Al-2Sn-4Zr-2Mo (b), Ti-6Al-4V (c) y Ti Beta-C (d).
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Table 4. Parameters obtained of anodized titanium alloys in a KOH bath by recurrence plots analysis.

Anodized Alloy RR DET

KOH

NaCl

Ti CP2 0.0824 0.5542

Ti-6Al-2Sn-4Zr-2Mo 0.0788 0.8378

Ti-6Al-4V 0.5779 0.9962

Ti Beta-C 0.3508 0.6901

H2SO4

Ti CP2 0.3045 0.888

Ti-6Al-2Sn-4Zr-2Mo 0.1421 0.9126

Ti-6Al-4V 0.1105 0.4718

Ti Beta-C 0.0829 0.8696

3.3. Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) has been widely used to study the
electrochemical mechanisms at electrodes. The characteristics of the EIS spectra of the
samples investigated in the present study are presented in Figures 11–14; they show
Nyquist and Bode plots for anodized titanium alloys immersed in 3.5 wt. % NaCl and
H2SO4 solution.

Figure 11. EIS of anodized titanium alloys in NaOH exposed in NaCl. (a) Nyquist, (b) Bode of |Z|
vs. frequency, and (c) phase angle Bode.
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Figure 12. EIS of anodized titanium alloys in NaOH exposed in H2SO4. (a) Nyquist, (b) Bode of |Z|
vs. frequency, and (c) phase angle Bode.

 

Figure 13. EIS of anodized titanium alloys in KOH exposed in NaCl. (a) Nyquist, (b) Bode of |Z| vs.
frequency, and (c) phase angle Bode.
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Figure 14. EIS of anodized titanium alloys in KOH exposed in H2SO4. (a) Nyquist, (b) Bode of |Z|
vs. frequency, and (c) phase angle Bode.

Figure 11 shows Ti alloys anodized in NaOH exposed to NaCl. The anodized Ti CP2
showed a high resistance with 2.4 × 104 Ω·cm2, and the lowest capacitance of 3.37 × 10−5

and 4.75 × 10−5 F/cm2 (see Table 5). This behavior indicates that the layer of this anodized
alloy presented acceptable properties against corrosion. The “n” values for the anodized
Ti CP2 are 0.7 and 0.8 in both high- and low-frequency interfaces, meaning there is a
capacitive system predominance. On the other hand, the anodized Ti-6Al-4V and TI
Beta-C presented in the first have interface values of 0.8 and 0.7, respectively, indicating
capacitive behavior in the first porous layer. However, in the second interface, the n
values were 0.3 and 0.4, respectively, indicating more resistive behavior; the alloys acted
as resistors rather than capacitators. This is associated with the high value of capacitance
(1.27 × 10−4 and 3.16 × 10−5 F/cm2), which suggests a faster ionic dissolution process due
to the heterogeneities on the surface.

Table 5. Parameters obtained by EIS for anodized titanium alloy samples.

Alloy
Rs

(Ω·cm2)

Rpor

(Ω·cm2)

CPE-T
(F/cm2)

n
R

(Ω·cm2)
CPE-T2
(F/cm2)

n
W

(Ω·cm2)
X2

Ti CP2

3.5% NaCl

NaOH 19.1 2.4 × 104 3.37 × 10−5 0.7 1.72 × 105 4.75 × 10−5 0.8 - 0.01

KOH 20.3 92.4 9.78 × 10−6 0.8 1.01 × 106 1.36 × 10−5 0.8 - 0.01
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Table 5. Cont.

Alloy
Rs

(Ω·cm2)

Rpor

(Ω·cm2)

CPE-T
(F/cm2)

n
R

(Ω·cm2)
CPE-T2
(F/cm2)

n
W

(Ω·cm2)
X2

3.5% H2SO4

NaOH 9.8 1530 4.29 × 10−5 0.8 2.41 × 106 2.59 × 10−5 0.8 - 5 × 10−3

KOH 9.1 2.65 × 107 8.92 × 10−6 0.9 - - - - 5 × 10−2

Ti-6Al-2Sn-4Zr-2Mo

3.5% NaCl

NaOH 21.3 20.8 × 103 1.47 × 10−4 0.6 18 × 103 2.05 × 10−4 0.8 - 7 × 10−4

KOH 21.8 8409 1.34 × 10−4 0.7 2.88 × 104 1.11 × 10−4 0.7 - 9 × 10−3

3.5% H2SO4

NaOH 4.5 2473 1.96 × 10−4 0.8 3.15 × 105 4.06 × 10−4 0.8 - 2 × 10−3

KOH 4.6 83.5 5.64 × 10−6 - - - 1.39 × 105 6 × 10−3

Ti-6Al-4V

3.5% NaCl

NaOH 20.1 1761 6.55 × 10−5 0.7 7.85 × 105 1.27 × 10−4 0.3 - 3 × 10−4

KOH 14.8 1238 9.34 × 10−5 0.7 1.12 × 105 5.01 × 10−4 0.4 - 1 × 10−2

3.5% H2SO4

NaOH 3.7 296 7.61 × 10−5 0.7 - - - 2.7 × 104 1 × 10−2

KOH 3.57 2158 4.70 × 10−4 0.6 - - - 3.15 × 104 7 × 10−3

Ti Beta-C

3.5% NaCl

NaOH 66.9 1589 2.11 × 10−6 0.8 2.1 × 105 3.16 × 10−5 0.4 - 1 × 10−3

KOH 20.7 5418 6.23 × 10−7 0.9 2.43 × 106 2.17 × 10−6 0.7 - 6 × 10−3

3.5% H2SO4

NaOH 4.1 284 6.93 × 10−6 0.9 4.4 × 104 8.94 × 10−5 0.7 - 1 × 10−3

KOH 3.7 1201 1.05 × 10−7 0.9 8.54 × 105 4.31 × 10−6 0.6 - 1 × 10−3

Figure 12 shows the results of samples anodized in NaOH exposed to H2SO4. The
samples showed a similar trend to the samples exposed on NaCl, where the Nyquist and
frequency vs. |Z| diagrams of Figure 12a,b show a high impedance module for anodized
Ti CP2, as well as higher values of impedance in the Nyquist diagram. Ti Beta-C presented
high values of resistance. On the other hand, Ti-6Al-4V presented a behavior associated
with a diffusion system. The Warburg process can be observed in the windowing performed
on the Nyquist diagram of Figure 12a and in the diagram of Figure 12c, where the phase
angle finished at 45◦ at low frequencies, indicating that the diffusion process occurs at low
frequencies. The Warburg resistance is 2.7 × 104 Ω·cm2. At the same time, the first process
presented a resistance of 289 Ω·cm2 and a capacitance of 7.61 × 10−5 F/cm2, with an n
value of 0.7. The first process is related to a capacitive system with a heterogeneous surface.
Ti CP presented n values of 0.8 and 0.9, meaning that the distribution of ionic charges is
more homogenous [35].

Figure 13 shows the samples anodized on KOH exposed to NaCl. In this medium,
all the anodized alloys showed a double-layer behavior, where Ti Beta-C presented better
performance against corrosion. Ti CP2 also presented good behavior against corrosion.
Ti-6Al-4V presented the lower impedance values, with 1238 Ω·cm2, with n values of 0.7
and 0.4. This means that the surface is homogenous, and the process in the second layer
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is predominantly resistive. Also, this indicates a dissolution process that occurs on the
anodized surface.

Figure 14 shows the results of samples anodized in KOH exposed to H2SO4. Ti CP2
and Ti Beta-C alloys presented a higher impedance; however, Ti CP2 only presented a
one-time variable. This behavior is related to a compact oxide layer due to the impedance
value of 2.65 × 107 Ω·cm2 with a capacitance of 8.92 × 10−6 F/cm2 and an n value of
0.9, indicating that the charges distribution is homogenous. On the other hand, Ti-6Al-
4V and Ti-6Al-2Sn-4Zr-2Mo presented a diffusion process at low frequencies, indicating
the dissolution of the oxide layer. The Warburg resistance of alloys is 1.39 × 109 and
3.15 × 104 Ω·cm2.

The table below shows the results of EIS parameters. The results were discussed in
the diagram topic. The values of X2 are related to the error of fitting, meaning the values
are lower and the fitting is better [36]. In this case, the value increases when, at high
frequencies, the impedance is dispersed (the first four or five values).

The physical and mathematical model of the metal/anodized layer film/solution
system is presented in Figure 15. The electrochemical impedance technique provides
parameters such as solution resistance (Rs), transference charge resistance (Rct), capac-
itance (Cdl), constant phase element (CPE), or diffusion (W), depending on the case
[referencia nueva].

Figure 15. Equivalent circuits for (a) double-layer system and (b) Warburg’s system.

The impedance of the system is obtained using the following equation [37]:

Z =
E
I
= Z0exp(iΦ) = Z0(cosΦ + isinΦ) (7)

Z, E, I, ω, and Φ are the impedance, potential, current, frequency, and the phase angle
between E and I.

Hence, the following equation can interpret the capacitance obtained by EIS
measurements.

Zc(ω) =
1

iωC
(8)

where C is the capacitance value; nevertheless, if the value of the capacitance is not close,
it is possible that a CPE phenomenon is occurring in the system, and the equation that
governs this is:

ZCPE(ω) =
1

(iω)αdl Qdl (9)

where α is a constant related to the uniform charge distribution and Q is the system’s
capacitance.
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On the other hand, when a mass diffusion occurs in the system, a Warburg’s element
is possibly present on the equivalent circuits [38,39].

Zw(ω) = σω−1/2 − i
(

σω− 1
2

)
(10)

4. Discussion

The anodized NaOH noted in another paper was reported to have oxide-layer porosi-
ties of 0.1 to 1 μm. This supports the idea that the percentage of porosity depends directly on
the alloys’ chemical composition [40]. Also, Afshar et al. [18] obtained anodized alloys with
thicknesses from 0.4 to 1.5 μm. They related the anodized time to the thickness of the oxide
layer. In this research, the anodized thickness ranged from 23 nm to 2.63 μm, where Ti-6Al-
2Sn-4Zr-2Mo and Ti Beta-C presented higher thicknesses. Considering that the anodized
parameters were the same for all experiments, the anodized thickness depends on the
chemical composition of the alloy. Ti-6Al-4V generated an oxide layer of 23 nm related to
the presence of V. However, Mo, Cr, and Zr alloys presented better oxide-layer generation.

When the KOH was employed as the anodized electrolyte, Burleigh et al. [41] obtained
oxide layers of 300 nm; they concluded that NaOH and KOH are very similar in terms
of generating oxide layers in Ti alloys. Hsu et al. [42] conducted research in which they
anodized Ti-7.5 Mo in alkaline electrolytes and obtained a thin oxide layer with nanopores.
The generation of the porosities was attributed to the penetration of Na+ and OH− ions in
the anodized surface, provoking a porous layer of sodium and hydroxide titanate (NaxH2-
xTi3O7) after exposition to the alkaline media. Due to the valence number of K, the surface
reaction is very similar to the anodized NaOH.

Laurindo et al. [43] related the size porosity increase to the thickness when the current
density increases. However, this will create surface cracks. This occurs on anodized Ti
Beta-C. Additionally, Zhang et al. [44] found that pore size depends on the ionic current
anodized. Also, Mazzarolo et al. [45] conclude that an amorphous barrier is created on
the Ti surface, making the alloy susceptible to generating oxide in preferential zones when
small ions such as Na+ and K+ are deposited in specific zones and generate oxide in specific
zones. This behavior was presented in this research.

It is important to mention that Cl− acts as an interstitial element, so when the anodized
has tiny pores or cracks, the ion penetrates the surface to attack [46]. Cl−’s presence induces
localized corrosion because the ions attack the more susceptible zones. The accumulation
of oxychlorides is expected to occur on the metal–oxide interface; this is due to the breaking
of the oxide layer, and it provokes a localization process [47,48]. This occurs when the
“n” of CPE values differ by 0.5, which is associated with the accumulation of Cl− on the
surface until they break the interface; this is the double-layer mechanism. The capacitance
values obtained are related to the resistance or the opposition of ionic transference on
the surface [49].

Song et al. [50] reported the effects of different Ti alloys exposed to saline media. They
found that the alloys with V presented a lower corrosion resistance than the other alloys;
this occurred due to the V oxide layer created in the corrosion process being dissolved
faster than the other oxide layers. This behavior is presented in all Ti-6Al-4V alloys, with
lower corrosion resistance. The corrosion resistance increased for alloys that showed Cr,
Mo, or Zr. Also, the susceptibility to Cl− can be observed on HHT specters when high
energy is present at the middle and high frequencies.

A helpful technique is EIS for barrier systems. The values obtained on “n” are related
to capacitive behavior (near to 1), the diffusive system (0.5), or the resistive system (less
than 0.5) [51]. Gomes et al. [52] related the “n” value to the charge distribution on the oxide
layer determined by the thickness. Also, authors such as Gateman [53] conclude that the
CPE behavior is related to the interface system, and a correct analysis will depend on the
knowledge of the system. Therefore, if “n” is a value of 1, the surface is homogenous. Still,
a different value is associated with a heterogeneous surface.
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For the cases that presented diffusion, the processes that govern the Warburg element
are absorption, penetration, and diffusion. The absorption occurs in the porous zones,
while the diffusion occurs in the more compact oxide zones. This can create a higher
corrosion resistance when the diffuser elements generate another passive layer [54–57]. The
basic chemical reactions that occur in diffusion are:

Ti + H2O → TiO2 + 4H+ + 4e− (11)

However, when the diffusion process begins in a saline environment, the Cl− has an
important role and changes the chemical reactions:

Ti + 4Cl− → [TiCl4]
− → TiCl4 + 4e− (12)

TiCl4 + 2H2O → TiO2 + 4Cl− + 4H+ (13)

This behavior is very similar in all the aqueous solutions; independently of the com-
position, the hydrogen will react due to evolution, given by the next equation [58]:

2H+ + 2e− → H2 ↑ (14)

This phenomenon occurs in cathodic reactions where hydrogen reacts. On the other
hand, the growth of a passive layer in electrochemical conditions is represented by the next
equations [59–61]:

Ti → Ti3 + 3e− (15)

2Ti3 + 3H2O → Ti2O3 + 6H+ (16)

Ti3+ → Ti4+ + e− (17)

Ti4+ + H2O → TiO2 + 4H+ (18)

The results show that the diffusion process on titanium and anodized alloys occurs
in the solid state due to the ions’ diffusion in the porous zone. The micropores from the
first barrier act as diffusion zones [62–66]. That means the anodized alloys also have some
corrosion resistance, so the Cl− can break the protective barrier. Prando et al. [56] associated
this behavior with the susceptibility of Ti to halides and proposed the next reaction:

TiX4 + 2H2O → TiO2 + 4X− + 4H+ o TiO+ + 4X− + 2H+ (19)

X is a halide. When the solution does not have perturbation, water is the only transport
for pitting the TiO2 and H+ out of the system. This permits the electrolyte to permeate the
anodized breaking alloy and reduce the corrosion resistance. Additionally, elements such
as Nb, Pd, and Cr increase the corrosion resistance, as occurs on Ti Beta-C.

On the other hand, when the electrolyte is H2SO4, the ions generate cathodic reactions,
hydroxide diffusion, and passive layers. Therefore, the system with HHT and recurrence
plots must be studied. The common behavior of anodization in this medium is the gen-
eration of an oxide layer that is broken and re-generated. Also, OH− and SO4

− generate
unstable systems and generate cracks in anodized alloys [30,67].

Sadek et al. [59] mentioned that heterogeneities and susceptibility to localized attacks
are due to the formation of hydroxides (Ti (OH)xOy), as the hydroxides avoid the generation
of an oxide layer. The porous barrier of the hydroxides generates the anodized diffusion
process [68–73].

Also, when exposed to H2SO4, the reactions generate an oxide layer (diffusion).
However, if the oxide is not solid, it will degrade. The diffusion process is blocked when the
“n” values are 0.4 or 0.6. Authors Gonzalez, Pardave, Rodriguez, et al. [74–77] mentioned
that when the “n” value is 0.4 and 0.6, the diffusion process is not perfect; it may signal
trapped diffusion or blocked diffusion due to differences in surface quality. For that reason,
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in this research, when the “n” value was not 0.5, we did not consider it diffusion. The next
equation shows the behavior of a diffusion government process.

H2O → 1
2

O2 + 2H+ + 2e− (20)

2H2SO4 + 2e− → SO2−
4 + 2H2O + SO2 (21)

Ti + 2H2SO4 +2e−+ → TiSO2−
4 + H2 (22)

Figure 16 shows the equivalent circuit for the two different systems. Figure 16a shows
the double-layer system, where the first resistance is related to the solution resistance, the
second is with Rct (Rpor), and the third is more linked with the double layer of oxide. The
anodized alloys with less presence of β elements presented a higher Rpor when anodized
on NaOH than those with a high presence of β alloying elements, which presented higher
Rpor values when anodized in the KOH electrolyte.

 

Figure 16. Schematic of ECC for the two different models. (a) double-barrier system, (b) diffusion system.

Furthermore, the electrolyte of H2SO4 trends to generate a diffusion process in the
anodized Ti-6Al-2Sn-4Zr-2Mo and Ti-6Al-4V. In this last case, for anodized Ti-6Al-4V, the
ECC showed n values of 0.4 and 0.3. This is controversial because some authors related
it to a diffusion process and others to a resistive process. The physical value of “n” has
been discussed by many authors. CPE is related to the conductive behavior of the dielectric.
However, as the modeling is complex, it is difficult to determine the system. Moreover, the
authors related the “n” value to factors such as roughness; if “n” has values from 1 to 0.9, it
is governed by power law. However, if the value is from 0.5, it suggests a contorted surface,
indicating Warburg diffusion. Also, the value of “n” is linked with the homogeneity of the
surface and the variation in surface composition. For coatings, “n” values near 1 are related
to uniform surfaces that present good anti-corrosion properties [78–84].

The second corrosion process is linked to another porous layer, so the scheme of
Figure 16 is linked with two porous layers.

The use of recurrence plots in passive systems has been discussed because they
present similar values to uniform corrosion. However, when the porosities increase, the
determinism values decrease. This is due to the anodic–cathodic process that occurred
on the surface; this is characteristic of passivation systems. The low determinism values
occurred in anodized alloys with more corrosion resistance [85–89].

5. Conclusions

• The results indicated that the anodizing treatment on titanium alloys had a better
effect when NaOH baths were used due to increased impedance, meaning greater
corrosion resistance.
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• The chemical composition of alloys is vital to generate a good, anodized alloy. The
alloys with more β elements presented problems in generating a uniform oxide layer.

• Ti-6Al-4V presented more problems when generating a homogenous oxide layer
due to the presence of V in the alloy. The generation of vanadium oxide made the
anodized alloy susceptible to pitting attacks because the vanadium oxide has more
interstitial spaces.

• The anodized alloys with fewer β elements (Ti CP2 and Ti-6Al-2Sn-4Zr-2Mo) presented
higher Rpor (Rct) resistance when anodized on NaOH. On the other hand, alloys with
a high presence of β elements presented more anodized Rpor (Rct) on KOH.

• Ti-6Al-4V presented a lower thickness, at 25 nm, when it was anodized in an
NaOH bath.

• Ti Beta-C presented better activity against corrosion due to the presence of Cr in
the alloy.

• The EN technique analyzed by HHT and RP helps determine the type of corrosion
process that predominates in the electrochemical system. In this type of case, the
use of EN is helpful for observing the behavior of the localization process due to
the limitation of other techniques in evaluating systems that do not present uniform
corrosion processes.

• Recurrence plots analysis showed that anodized alloys are more susceptible to pitting
when exposed to NaCl media due to the vertical and horizontal reaction distribution.
On the other hand, when exposed to H2SO4, the anodized alloys presented behavior
related to passive and uniform systems.

• The EIS results indicated that Ti Beta-C presented better resistance against corrosion
for obtained values of 9.7 × 107 Ω·cm2. Also, the anodized KOH presented more
impedance.

• The values of CPE for the anodized alloy in KOH are in the order of 10−7 and
10−6 (F/cm2), indicating low capacitance and a better performance against ionic
transference.

• The H2SO4 made the anodized alloys susceptible to present diffusion. However,
NaCl can present more damage due to the generation of hydroxides and salts on the
metal–coating interface.
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Abstract: This study deals with the combination of two corrosion protection strategies for aluminium:
barrier protection (provided by a 3.8 μm thick hybrid sol–gel coating) and aluminium pore seal-
ing via the use of a 100 nm thick layer of aluminium oxide. A Si–O–Zr hybrid sol–gel coating
(TMZ) was synthesised by combining two separately prepared sols (i) tetraethyl orthosilicate and
3-methacryloxypropyl trimethoxysilane and (ii) zirconium(IV) n-propoxide chelated with methacrylic
acid. The synthesis of the Si–O–Zr hybrid sol–gel was evaluated at various stages using real-time
infrared spectroscopy. A 100 nm thick Al2O3 film was prepared via thermal atomic layer deposition
at 160 ◦C using trimethyl aluminium and water as precursors. The coating and film properties
were assessed via focused ion beam/scanning electron microscopy coupled with energy-dispersive
X-ray spectrometry. Sealing with the Al2O3 film did not affect the microstructure and composition
of the underlying sol–gel coating. The coating’s corrosion performance in 0.1 M NaCl solution
was evaluated using electrochemical impedance spectroscopy. Compared to individual coatings,
the multilayer TMZ/Al2O3 coating ensured prolonged (more than three weeks) durable corrosion
protection for the aluminium. The impedance magnitude increased by two orders compared to the
uncoated substrate (|Z|10 mHz from 16 kΩ cm2 to almost 830 MΩ cm2). Thus, the pore sealing of the
sol–gel coating using an ALD alumina film produced a protective multilayer coating system, with
|Z|10 mHz remaining above 5 MΩ cm2 after four weeks in NaCl solution.

Keywords: aluminium; hybrid sol–gel; atomic layer deposition; corrosion; pore sealing

1. Introduction

In recent decades, the protection of metals and alloys from corrosion in different
corrosive environments has been provided mainly via the hexavalent chromium-based
compounds (chromate) used in coating systems and chromate conversion coatings [1–4].
However, chromate compounds are hazardous for humans and the environment [5], and
their use must be reduced [6]. Since September 2017, stricter regulations have been man-
dated, and chromates have been banned or restricted in several industrial sectors [6]. As
a result, there is a significant need to develop and replace hazardous chromates with
environmentally friendly, non-toxic surface treatments capable of providing sufficient
corrosion protection [4,7,8].

One of the promising alternatives of surface barrier prevention is the deposition of
hybrid sol–gel coatings on the metal surface, which provide a physical barrier against
water and the penetration of aggressive ions (i.e., Cl−) to the metal surface [9,10]. In
the literature, many organically modified silicates (ormosils) have demonstrated good
corrosion protection on aluminium [11,12], even in acidic and alkaline conditions [11].
In addition, coatings containing zirconium in the sol–gel network further improve the
silane matrix’s coating properties [13–15]. This was confirmed in Si–O–Zr (Si/Zr) hybrid
coatings based on tetraethyl orthosilicate (TEOS), 3-methacryloxypropyl trimethoxysilane
(MAPTMS), zirconium(IV) n-propoxide (ZTP), and methacrylic acid (MAA) [11,16–20].

Metals 2023, 13, 1960. https://doi.org/10.3390/met13121960 https://www.mdpi.com/journal/metals129



Metals 2023, 13, 1960

Hydrolysis, condensation, and polymerisation reactions in such systems were studied in
detail at various stages using several techniques, such as spectroscopic techniques, solution
characterisation techniques, and coating characterisation techniques [11,16,18,20]. The
coatings deposited on the aluminium [11,18] or aluminium alloys [17,21] were amorphous,
homogeneous, and only a few micrometres thick, with very low porosity (between 0.85
and 0.49%) [20]. The degree of corrosion protection depends on several parameters, and
the ZTP content in the coating and ZTP/MAA ratio are the main ones [16]. Under optimal
conditions, ZTP can stimulate the condensation reaction and formation of large domains of
polycondensed Si species [11]. In neutral chloride solutions, TMZ coatings containing more
ZTP expressed greater corrosion resistance [20], but the dependence on coating properties is
not straightforward due to other parameters such as ageing time, curing temperature, etc.,
which are still poorly understood [21]. In the present study, we first focused on conducting
a real-time analysis of the kinetics of hydrolysis and condensation reactions for coatings
with greater ZTP contents (ZTP/MAA = 1:2) during synthesis and then characterised the
coatings’ morphologies, structures, and thicknesses.

Aluminium, in the presence of oxygen or humidity/water, instantly forms a native
(passive) oxide film that is a few nanometres thick [22,23]. Its thickness, composition, and
porosity depend on several parameters, such as temperature, surface structure, topography,
or other metal impurities present in the structure [22,24]. Such films are stable in a pH range
between 4.5 and 8 [25], but in more aggressive acidic [26,27] and alkaline media [27,28],
they can be dissolved [27,28]. In addition, pits can be formed in a chloride-containing
corrosive environment due to the passive film breakdown [22,29,30].

The shortcomings of the aluminium native passivation process can be minimised
by depositing an additional barrier film using atomic layer deposition (ALD). This tech-
nique allows for the deposition of highly uniform ultra-thin films with thicknesses in the
range of atomic or molecular layers due to the self-limiting reactions of the deposited
materials [23,31]. The use of ALD for protecting metallic substrates from corrosion was
proposed in the late 1980s and early 1990s [23]. Nowadays, ALD is widely used in the
industry for the deposition of metal and metal nitride films (Al, Ti, AlN, TiN) and the
deposition of dielectric thin films (HfO2, ZrO2, and Al2O3) [32–36]. The coatings deposited
by ALD provide new applications in diverse areas of corrosion [37] because a thin ALD
film serves as an efficient barrier protection against gases [38,39] and liquids [36,40]. Up to
now, the most frequently used ALD corrosion protection coating has been Al2O3, which
is usually deposited from trimethyl aluminium (Al(CH)3) and water [39,41–44] at tem-
peratures ranging from 33 to 500 ◦C [37,45–47]. The deposition of ALD films at higher
temperatures improves the reaction between TMA and Al–OH at the surface. However, de-
position at higher temperatures is challenging for metals, as overheating may cause surface
oxidation, potentially weakening the protective layer as a result [45]. This can be prob-
lematic, especially for corrosion-resistance applications that require dense films without
defects [33,45,48]. A low deposition temperature is also relevant to the energetic efficiency
for obtaining amorphous coatings, preventing the growth of crystallite-/grain-defective
boundaries as possible diffusion channels for corrosive species [35,45,48].

Ultra-thin Al2O3 films have been reported to efficiently protect various metals, such as
steel [47–50], copper [51,52], and aluminium and its alloys [40,47]. In addition to depositing
individual films, ALD is also used as a sealing method to block the pinholes in hard
coatings prepared via physical and chemical vapour deposition (PVD and CVD) [37,53] and
anodised aluminium [54]. ALD precursors penetrate deep into the coating, forming a film
and blocking the pinholes. The sealing performance is reflected by decreasing the corrosion
current density and increasing the corrosion potential to less negative potential [37,41].
Various ALD films have been tested to protect different polymeric surfaces or flexible
polymer films [55,56], but we failed to find any studies on pore sealing Si–O–Zr coatings
using ALD films in the literature.

Based on the literature summary presented above, the main aim of this work was
to investigate the possibility of using a thin ALD alumina film to seal the pores of a
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Si–O–Zr hybrid sol–gel coating. First, individual coatings (TMZ and ALD Al2O3) were
characterised using microstructure and compositional analysis at the top and cross-section.
In addition, the Si–O–Zr synthesis kinetics were followed using real-time Fourier-transform
infrared spectroscopy. The level of corrosion protection was analysed using electrochemical
impedance spectroscopy in 0.1 M NaCl solution. Second, a multilayer TMZ/Al2O3 coating
was prepared and comparatively analysed to confirm the benefits of multilayer coatings in
terms of prolonged corrosion protection.

2. Materials and Methods

2.1. Aluminium Substrate

One-millimetre-thick aluminium (Al > 99.0%) flat sheets were supplied by Goodfellow,
Cambridge Ltd. (Huntingdon, UK) The sheets were cut into 14 mm diameter disks, and
then the surface was ground using a Struers LaboSystem LaboPol-20 machine employing
2400- and 4000-grit SiC emery papers (distributed by Struers ApS, Ballerup, Denmark) to
remove the natural oxide layer from the aluminium surface. After the grinding process, the
sample was rinsed with distilled water and further cleaned in anhydrous ethanol utilising
an ultrasonic cleaner for 10 min to eliminate any organic substances. Finally, the samples
were dried using compressed nitrogen.

2.2. Coating/Film Deposition

Table 1 summarises the coatings’ precursors, deposition methods, and thicknesses.

Table 1. Summary of the coatings’ characteristics.

Coating Precursors Preparation Coating Deposition Thickness

TMZ
sol–gel

MAPTMS, TEOS,
ZTP and MAA

Synthesis at room
temperature. Spin-coating. 3.8 μm

Al2O3-ALD TMA, H2O Deposition in
vacuum at 150 ◦C.

Layer-by-layer
deposition. 100 nm

2.2.1. Hybrid Sol–Gel Coating

The hybrid sol–gel coating was synthesised by mixing two separately prepared solutions
from silicon (Sol 1) and zirconium sol–gel reagents (precursors) (Sol 2): tetraethyl orthosili-
cate (TEOS: Si(OC2H5)4, 99.9%, Sigma-Aldrich (St. Louis, MO, USA), CAS Number 78-10-4),
3-methacryloxypropyl trimethoxysilane (MAPTMS: H2C=C(CH3)CO2(CH2)3Si(OCH3)3,
≥98%, Sigma-Aldrich, CAS Number 2530-85-0), zirconium(IV) n-propoxide solution,
(ZTP: Zr(OPr)4, 70 wt.%, in 1-propanol, Sigma-Aldrich, CAS Number 23519-77-9), and
methacrylic acid (MAA: H2C=C(CH3)COOH, 99.0% Sigma-Aldrich, CAS Number 79-41-4).
The hydrolysis was initiated by adding deionised Milli-Q water containing hydrochloric
acid (HCl: >37%, AppliChem, Darmstadt, Germany).

The detailed synthesis procedure has been described in the literature [11,16–18]. The
molar ratio of the reagents was as follows: TEOS/MAPTMS/ZTP/MAA = 0.18:1:0.48:0.96
(ZTP/(TEOS + MAPTMS) = 0.48/1.18; Zr/Si = 0.41). The final sol and coating are denoted
with the abbreviation TMZ. All syntheses were performed in a 25 mL reactor at atmospheric
pressure open to the air using the EasyMax 102 advanced synthesis workstation. The reactor
jacket temperature was kept constant at 23 ± 0.1 ◦C.

The sol–gel synthesis reactions were characterised by recording real-time ATR-FTIR
spectra at intervals of 1 min in the range of 600–2800 cm−1. The spectra were measured
using a ReactIR™ 45 spectrometer (Mettler Toledo, Columbus, OH, USA) with a resolution
of 4 cm−1, averaging 256 scans. An EasyMax 102 controller (Mettler Toledo, Columbus,
OH, USA) was used to control the conditions during the reaction. The instruments were
controlled using iControl EasyMax 6.1 and iC IR 7.1 software. The spectra were recorded
from 1800 to 500 cm−1, where the most intensive and characteristic bands were present.
The intensities of the spectra are shown in absorbance units (A.U.). The intensity of the
selected band was compared to zero in the spectra baseline.
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The prepared sol–gel solutions were applied to the ground aluminium substrate after
one hour of synthesis using a spin-coater (Laurell—WS-650-23NPP/LITE/IND, Laurell
Technology Corporation, Lansdale, PA, USA). Excess sol was applied by injecting the fluid
through a polytetrafluoroethylene (PTFE) syringe filter with a 0.2 μm membrane onto the
centre of the substrate. Then, the sample was spun with a rotation speed of 4000 rpm for
30 s. During rotation, excess sol was removed, leaving the substrate covered with an evenly
thick coating. The coated samples were kept in ambient conditions for 10 min and then
cured on a preheated hot plate at 160 ◦C for 1 h in an air atmosphere.

2.2.2. Atomic Layer Deposition of the ALD Al2O3 Film

The thermal ALD Al2O3 (alumina) films were grown in a flow-type ALD reactor
Beneq (Beneq Qy, Espoo, Finland). The films were grown using trimethyl aluminium
(TMA, Al(CH3)3, Elec. Gr., 99.99%-Al, Puratrem, manufactured by STREM Chemmicals,
Inc, Bischheim, France, Europe) as a precursor and H2O (deionised Milli-Q water) as
a co-reagent. Both chemicals were vapourised at room temperature. Dry compressed
nitrogen (>99.999%, HiQ Nitrogen 5.0, Instrabenz Plini, Bertoki, Slovenia) was used as
a carrier and purging gas. The chamber of the ALD system was constantly pumped
using a turbomolecular vacuum pump, and the chamber pressure during the process was
approximately 10 mbar. The time sequence of deposition precursor/purge/water/purge
was 0.3/1/0.35/1 s. The deposition temperature was set to 160 ◦C. The stabilisation time
(heating the chamber to set temperature) was about 30 min. The final Al2O3 film thickness
was ~100 nm (obtained after 1000 cycles). The samples were taken from the ALD chamber
when the chamber temperature was below 100 ◦C.

2.2.3. Multilayer TMZ/Al2O3 System

A multilayer Si–O–Zr hybrid sol–gel/Al2O3 system (abbreviation TMZ/Al2O3) was
prepared by applying one layer of TMZ coating followed by the deposition of 100 nm ALD
film (as described in the above text).

2.3. Coating Characterisation
2.3.1. Composition Characterisation

FTIR spectra of the uncoated (ground) aluminium and aluminium coated with the
TMZ, Al2O3, and TMZ/Al2O3 coatings were recorded using a PerkinElmer Spectrum
100 (PerkinElmer Life and Analytical Sciences, Shelton, CT, USA) instrument with the
attenuated total reflection (ATR) sampling accessory. The spectra were recorded from 4000
to 500 cm−1 with a resolution of 4 cm−1, averaging 4 scans. The spectra were normalised
and are presented as transmittance in % from 3800 to 2800 cm−1 and 1800 to 500 cm−1,
where the most intensive and characteristic bands were present.

2.3.2. Surface and Cross-Section Analysis

Field emission scanning electron microscopy (FE-SEM) was used to analyse the
morphologies and microstructures of the TMZ, Al2O3, and TMZ/Al2O3 deposited on
the aluminium. Coating thickness and composition were evaluated via focused ion
beam/scanning electron microscopy (FEI Helios NanoLab 600 Dual beam, Waltham, MA,
USA). The cross-section of selected regions on the samples was obtained after the depo-
sition of a thin layer of platinum on the surface (first, 0.2 μm thick layer at 2 kV, 0.4 nA;
second, 1 μm thick layer deposited at 30 kV, 0.24 nA), followed by cutting the coating using
a Ga FIB beam at 30 kV, 9.4 nA. Ultimately, the surface was polished using a Ga beam at
30 kV, 0.4 nA. Imaging along the cross-section was performed via SEM using the secondary
electron and (SE) and back-scattered electron (BSE) modes at 5 kV energy. EDS mapping
analysis of the caotings’compositions was conducted using EDS Aztec software at 10 kV
voltage. The mapping of EDS lasted for 1000 s.
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2.3.3. Electrochemical Corrosion Testing

Corrosion performance was tested using EIS. Measurements were performed in a
three-electrode corrosion cell, where 1 cm2 of the sample was exposed to the corrosive
medium (0.1 M NaCl). Silver/silver chloride (Ag/AgCl 0.25 V vs. saturated hydrogen
electrode) were used as reference electrodes, and a carbon rod served as a counter electrode.
Measurements were performed at ambient temperature using a Multi Autolab PGSTAT
M204 (Metrohm Autolab, Utrecht, The Netherlands) potentiostat/galvanostat controlled
via Nova 2.1 software. Electrochemical impedance spectra were recorded between 10 mHz
and 100 kHz using a frequency response analyser (FRA) module. The amplitude of the
sinusoidal voltage signal was 10 mV (RMS). Impedance responses were recorded after
selected periods of immersion (from 1 h up to 4 weeks). Measurements were performed at
least in triplicate for each sample type (uncoated and coated). The representative ones are
plotted in the Bode plots as impedance magnitude and phase angle versus frequency.

3. Results and Discussion

3.1. Preparation and Analysis of the TMZ Sol–Gel
3.1.1. Real-Time FTIR Analysis of the Sol–Gel TMZ Solution

The hydrolysis and condensation reactions during the synthesis of hybrid sol–gel
coatings are essential for obtaining desirable properties, such as a desirable composition,
homogeneity, and density. Therefore, the synthesis process at selected steps was optimised
using real-time FTIR spectroscopy. In the first step, the synthesis of Sol 1 was followed at
different synthesis stages (Figure 1).

FTIR spectra from 1250 to 750 cm−1 were recorded to determine the hydrolysis of the
mixture of MAPTMS and TEOS after adding acidic water (H2O/H+) (Table 2).

The mixture spectrum shows that the most intensive initial bands of both reagents were
at 1164, 1081, 815, and 785 cm−1. Molecular structures are presented in Figure 1b. Reactions
between the initial reagents did not occur, and the changes in the band intensities were
solely due to the fact that they were combined in the reactor (Figure 1c, relative time less
than 10 min). This process has been described in detail for similar systems [11,18]. The focus
herein is on the kinetics of the reactions (Figure 1c). The reactions started immediately after
the addition of H2O/H+, as evident due to the intensive decrease in all the characteristic
bands of initial precursors (1164, 1081, and 815 cm−1) and the appearance of an intensive
broad Si–O–Si band at 1027 cm−1. The latter is related to asymmetric stretching; another
Si–O–Si band was also noticed at 1084 cm−1 (Figure 1a,b). The hydrolysis and condensation
reactions were accompanied by by-products such as ethanol (a bond at 882 cm−1) and the
formation of a Si–O− band at 914 cm−1 and Si–OH at 942 cm−1.

The reactions were most predominant after the first 10 min after the addition of
H2O/H. At longer times, the changes were smaller (Figure 1c). In the next 30 min, the
intensities of the Si–OR and Si–O–Si bands changed slowly, but the Si–OH band gradually
increased even after 45 min of mixing. This is due to the instability of Sol 1, with many
Si–OH groups available for further condensation. However, a band at 1164 cm−1 repre-
senting the methoxy silane (Si–O–Me) in the MAPTMS molecule remained in the spectra,
confirming that all groups did not react. This is probably related to the low ratio between
the three methoxy groups in MAPTMS and H2O/H+. The unreacted groups can be further
hydrolysed/condensed after combining with Sol 2.

The MAPTMS precursor also contains an acrylate group (Figure 1b). Due to the
absence of a polymerisation initiator, the reaction of acrylate groups did not occur at this
preparation stage at ambient temperature [11,16].

In the second step, the characterisation of Sol 2 was related to reducing the high
reactivity of ZTP with water and its chelation with MAA (Figure 2).
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Figure 1. (a) Three-dimensional real-time FTIR spectra of hydrolysed MAPTMS and TEOS to obtain
Sol 1; (b) molecular structures of 3-methacryloxypropyl trimethoxysilane (MAPTMS) and tetraethyl
orthosilicate TEOS; (c) intensities of selected bands in the FTIR spectra vs. the time denoted in (a).

Table 2. Most characteristic bands in the FTIR spectra for bonds in initial precursors and TMZ sols.
Data from [11,16].

Chemical Bonds Wavenumber [cm−1]

Si–O–R (MAPTMS or TEOS) 1164, 1081, 815, 785
Si–OH 942
Si–O–Si 1084, 1027

Zr–O–R (ZTP) 1555, 1376, 1459, 1130, 1044, 1003, 890, 834
MAA 1691, 1634, 1455, 1428, 1298, 1203, 810

ZTP/MAA 1646, 1055, 1248, 834
Si–O–Zr (TMZ) 1014, 1031, 943, 969
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Figure 2. (a) Individual FTIR spectra of ZTP, MAA, and ZTP+MAA of Sol 2; (b) molecular struc-
tures of zirconium(IV) n-propoxide and methacrylic acid; (c) intensities of selected bands de-
noted in (a) during the chelation process of ZTP during the addition of MAA to obtain the Sol 2
(ZTP/MAA = 1:2).

The molecular structures of the reagents are presented in Figure 2b. ZTP shows six
characteristic absorbance bands at 1130, 1044, 1003, 890, and 834 cm−1, and the two other
characteristic bands located between 1376 and 1459 cm−1 are related to the stretching
vibrations of the aliphatic C–H groups in the ZTP molecule (Figure 2a) (Table 2). Bands
related to the chelating product (1-propanol) also appeared between 970 and 1100 cm−1

and can partially contribute to the ZTP bands in this range. The MAA can be characterised
by the bands at 1691 cm−1 (C=O), 1634 cm−1 (C=C), 1455 and 1428 cm−1 (CH3 and CH2),
1298 and 1203 cm−1 (C–O stretching in acid), 945 cm−1 (COO−), and 810 cm−1 (C=C).

After the dropwise addition of MAA to ZTP, the FTIR spectra provided clear evidence
of the formation of a zirconium complex with an organic ligand (MAA) (Figure 2c). This
process can be described by reaction (1):

Zr(OCH2CH2CH3)4 + CH2=CCH3COOH
→ Zr(OCH2CH2CH3)3OOCCH3C=CH2 + CH3CH2CH2OH

(1)

The spectrum of chelated ZTP/MAA (Sol 2) spectra combine the spectral characteris-
tics of both substances, ZTP and MAA, and show two additional bands characteristic of
chelating at 1555 and 834 cm−1. The bands characteristic for ZTP remained visible. Except
for the bands in the CH3 range, all bands characteristic of MAA were almost absent in the
spectrum for Sol 2, showing a small amount of free MAA during chelation.
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In the next 40 min of mixing, the most characteristic bands did not change significantly
(Figure 2c). The only exception was the band at 1555 cm−1 (related to the chelating process
of ZTP/MAA), which confirmed that Sol 2 was incompletely stabilised. Therefore, the ZTP
remained active for further reactions.

In the last step, Sol 2 was added to Sol 1 to form the final sol TMZ (Figure 3).
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Figure 3. (a) Three-dimensional real-time FTIR spectra of hydrolysed MAPTMS and TEOS (Sol 1),
followed by the addition of ZTP/MAA (Sol 2) to obtain the final TMZ sol; (b) intensities of selected
bands in the FTIR spectra vs. time from (a) (part of the FTIR spectra for bands 1428 and 1550 cm−1 is
not shown).

The marked decrease in the characteristic bands between 650 and 940 cm−1 for Sol 1
occurred due to dilution after adding Sol 2. The reactions between the sols took place in
the first 5 min (Figure 3b). The decrease in the Si–OH groups at 942 cm−1 and non-reacted
Si–O− (ion) at 914 cm−1 indicate the induction of condensation and the formation of more
complex networks (Si–O–Zr) after the addition of ZTP/MAA to the hydrolysed sol. The
decrease in the band at 942 cm−1 is less significant due to the overlapping with the formed
product of Si–O–Zr at 943 and 969 cm−1; the condensation can be better seen via the
Si–O–Zr bands at 1014 and 1031 cm−1. The presence of these bands confirms a co-hybrid
system between the two precursors. The intensive band at 1027 cm−1 corresponds to the
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linear Si–O–Si groups, whilst that at 1031 cm−1 is related to cyclic, more condensed groups
(Figure 3b). The intensive bands for non-hydrolysed Si–O–R at 1084 and 1164 cm−1 were
also reduced.

The characteristic C–H band related to 1-propanol (formed as a by-product) is at
881 cm−1. The slow release of MAA during condensation was identified via the increase
in the characteristic bands at 1428 and 1550 cm−1, corresponding to vibrations of the
carboxylic group (COO−) (Figure 3b). During the coating thermal curing process, the
released MAA can later participate in co-polymerisation with MAPTMS.

Hydrolysis–condensation reactions proceeded continuously for 1 h of mixing
(Figure 3b). The main effect was on the siloxane bands due to the formation of more
complex networks with linear or cyclic chains. The characteristic bands of the remaining
non-reacted species are located between 914 and 942 cm−1; their intensity decreased during
mixing due to the formation of a more condensed solution.

To sum up, the hydrolyses and condensation reactions formed Si–O–Si and Si–O–Zr
networks. The reactions proceeded faster at the beginning, but after optimised times, the
sols were partially stabilised to obtain a good incorporation of Zr and the formation of the
solution network.

3.1.2. FTIR Analysis of the Sol–Gel TMZ Coating

Sol TMZ was deposited on the ground Al surface as a coating. Several main differences
between the real-time FTIR spectrum of the TMZ sol (Figure 3) and the ATR FTIR spectrum
of TMZ coating (Figure 4) were observed in the region between 1250 and 700 cm−1. These
differences resulted from the network formed between silicon, zirconium, and oxygen
(Si–O–Si and Si–O–Zr). The decrease in the bands characteristic of the initial precursors
between 750 and 850 cm−1 indicates that hydrolysis and condensation reactions finally
occurred during the curing process. As a result, several characteristic siloxane (Si–O–Si)
and siloxane-Zr (Si–O–Zr) bands appeared between 1200 and 900 cm−1, with the maximum
appearing at 1010 cm−1.
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Figure 4. Normalised FTIR spectra of (a) the ground aluminium surface and ground aluminium
surfaces coated with (b) the TMZ coating, (c) the Al2O3 film, and (d) the multilayer TMZ/Al2O3

system (vertical dashed lines denote some of the characteristic bands in the FTIR spectra).

Additionally, the co-polymerisation process of acrylate groups in the MAPTMS and
MAA was thermally induced during curing at 160 ◦C (Figure 4).
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The low intensity of the C=C bands at 1640 cm−1 and slightly shifted carbonyl group
C=O (from 1720 cm−1 to 1725 cm−1) indicate that co-polymerisation occurred, as evidenced
by the band at 1640 cm−1, which is related to the C=C bond. The co-polymerisation re-
mained incomplete due to the absence of a co-polymerisation initiator. The polymerisation
degree is difficult to evaluate due to the overlapping of the C=C band with a band char-
acteristic of water (1638 cm−1). In addition, the broad absorption band, extending from
3000 cm−1 to 3800 cm−1, is the sum of the band at wavenumber generated by the stretching
vibration of the O–H groups belonging to the external silanols (Si–OH) at 3610 cm−1 and
water molecules adsorbed in solution (free water is at ca. 3600 cm−1) (Figure 4).

3.2. Preparation and Analysis of the ALD Al2O3 Film

The growth mechanism of ALD Al2O3 films fabricated using trimethylaluminium
(TMA; Al(CH3)) and H2O vapour has been studied extensively [39,48,57]. The ALD process
is well controlled and self-limiting, and it occurs on the exposed surface. During deposition,
precursors are separately present in the chamber (Figure 5a).

Figure 5. Schematic presentation of (a) the ALD cycle using trimethyl aluminium (TMA) and water as
co-reagent and (b) the multilayer TMZ/Al2O3 coatings system deposited on the aluminium surface.
The inset figure schematically presents the principle of the ALD pore-sealing effect of a TMZ coating
(Si–O–Zr hybrid sol–gel coating).

The first ALD reaction cycle reaction occurs on the aluminium surface. After one cycle,
it is adsorbent only on ALD-grown film [23]. The reagent completely covers the metal
surface regardless of the shape, and during one cycle, deposition occurs half a monolayer
at a time.
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The water vapour is introduced into the chamber, leading to hydroxyl groups forming
bonds with the metal surface. Excess water is then purged from the chamber. The purge is
followed by introducing TMA, which reacts with the adsorbed hydroxyl groups. The metal
atom bonds react with oxygen. Meanwhile, the hydrogen atom leaves the surface as a
reaction by-product in methane, which is evacuated from the chamber. TMA continuously
reacts with the remaining hydroxyl group but does not react with itself. Thus, the growth
is terminated after one layer. The remaining precursor TMA is then evacuated from the
chamber and purged with nitrogen. The cycle is repeated until the desired thickness is
achieved. Another critical parameter is the water dose, which should be optimised because
increasing the water dose could enhance the growth rate [58]. However, the amount of
water has a low influence on the composition and electrical or optical properties [58].

Formed aluminium oxide is a chemically stable amphoteric compound, but its stability
is reduced in acid or base solutions. The solubility is higher if the film is formed at lower
temperatures [42].

The mechanism of film formation can be described by reactions (2) and (3):

Al-OH + Al(CH3)3 → Al-O-Al(CH3)2 + CH4 (2)

Al-CH3 + H2O → Al-OH + CH4 (3)

In the reaction processes, the surface –OH is a crucial reactive group that determines
the successive self-limiting reactions. Higher temperatures can reduce the number of
reactive surface sites and the type of chemisorbed species [23].

FTIR Analysis of the Ground Al and Al Coated with the Al2O3 ALD Film

FTIR spectra of ground Al covered by a naturally formed oxide (passive) film and
Al2O3-coated Al are presented in Figure 4. The naturally formed passive film on the Al
is a mixture of aluminium oxide (Al2O3) and hydroxide (Al(OH)3, AlO(OH)) [59]. The
band at ~1060 cm−1 is characteristic of the Al–O vibration mode in alumina. The band at
890 cm−1 is assigned to the bending vibrations of the Al–O bond. The Al–O–Al bond in
the γ-alumina generates the broad band centred at 710 cm−1 [60]. The bands between 2900
and 3000 cm−1 and at 1400 cm−1 are characteristic of CH groups. They are present due
to organic contamination during surface preparation (grinding the surface). The critical
information that can be derived from these FTIR spectra is the presence of hydroxide groups
on the aluminium surface, evidenced by an intensive band at 910 cm−1. As explained in
the text above, –OH groups help form strong covalent bonds with the substrate.

The differences in the FTIR spectra of natural passivated and thermally deposited
ALD Al2O3 films are compared in Figure 4. For the former, the broad absorption band
in the range of 750–1100 cm−1 was attributed to the mixed contributions of the Al–O
bending and stretching modes. The absorption peak at 905 cm−1 represents O–Al–O
bending. Compared to the naturally passivated surface, the FTIR spectrum of the ALD
film exhibits a relatively small band intensity of the C–H bending modes. The absorption
band at 1385 cm−1 usually reflected the remaining formate species’ OCOH bending [57,61],
but due to the efficient reaction, this band was not present in the FTIR spectra. Some
other relatively very small bands for the C–H bending mode of the H2O-based Al2O3 film
were observed, such as the absorption band attributable to carbon species, including C–H
stretching vibrations, at 2850–3050 cm−1, but its intensity was much lower compared to
the ground surface (Figure 4). During the ALD process at 160 ◦C, the carbon species of
the TMA are not entirely removed from the surface, and their presence in the H2O-based
Al2O3 film hinders the self-limiting reaction of the ALD process. In addition, the absence
of a broad band between 3200 and 3700 cm−1, the band at 1638 cm−1, and the band at
1470 cm−1 in the ALD/Al2O3 FTIR spectrum confirmed that applying the controlled pulse
and purge process during thermal ALD deposition allowed for the formation of the film
without any physisorbed water.
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3.3. Preparation and Analysis of the Multilayer TMZ/Al2O3

The multilayer Si–O–Zr hybrid sol–gel/Al2O3 (abbreviation TMZ/Al2O3) was pre-
pared by applying one layer of TMZ coating, followed by the deposition of 100 nm ALD.
This multilayer thus consists of a thick sol–gel TMZ coating sealed by a thin ALD film.

The corresponding FTIR spectrum confirmed the presence of the ALD Al2O3 film on
the TMZ coating (Figure 4) since it shows a characteristic band of Al–O–Al at 920 cm−1.
The spectrum also contained several bands related to TMZ coating (Si–O–Si and Si–O–Zr
bands), which can be detected below that of the thin ALD Al2O3 film. The main difference
is the reduced intensity of the band related to hydroxy groups at ~3500 cm−1, confirming
the reaction between non-hydrolysed –OH groups on the TMZ surface with the ALD film
according to reaction (4).

Si/Zr-OH* + Al(CH3)3 → Si/Zr-O-Al(CH3)2* + CH4 (4)

The asterisks mark the surface species during film deposition. Therefore, the FTIR
spectrum confirmed that the deposited ALD Al2O3 film reacted with the hydroxyl groups
on the TMZ coating surface, forming a more condensed coating. Further, the spectrum
of the multilayer system is comparable to that of the TMZ coating, indicating similar
polymerisation degrees and Si–O–Zr network formation (band at 1640 cm−1).

3.3.1. Surface and Cross-Section Analysis

SEM/EDS analysis results are shown for uncoated (ground) aluminium and alu-
minium coated with TMZ, Al2O3, and TMZ/Al2O3 in Figures 6–10. Since Al is a relatively
soft metal (the Rockwell hardness of pure aluminium is typically in the range of B20 to B30),
grinding affects its surface texture. The top-view SEM image of the ground Al (Figure 6a,b)
shows an uneven surface with many irregularities and grinding residuals in the direction of
the grinding (marked with black arrows), resulting in a complex and rough surface texture.

Figure 6. SEM morphology images of the ground aluminium surface at (a,b) low and (c,d) high
magnification. The black arrows in (a,b) mark the irregularities and grinding residuals in the direction
of the grinding. The white arrows in (c,d) mark the voids and pores in the naturally passivated
aluminium surface.
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At higher SEM magnification (Figure 6c,d), many small, nanometre-sized voids
(marked with white arrows) can be noticed. These represent weak points for surface
passivation and, consequently, for initiating corrosion.

The aluminium surface coated with the TMZ coating is characterised by the top-view
SEM image in Figure 7a.

Figure 7. SEM morphology images of aluminium coated with TMZ coating using (a) the secondary
electron (SE) and (b) back-scattering electron (BSE) imaging modes. The square marks the positions
where the EDS mapping was performed. The elemental mapping analyses of silicon, zirconium, and
oxygen are shown on the right. Additionally, the EDS spectrum and composition are given in the
atomic percentage.

The coating was uniform and smooth without any micro-cracks or visible defects. Its
composition was homogenous, even at high magnifications (see BSE SEM image Figure 7b).
EDS mapping was performed at the area marked in Figure 7b. Si and Zr are evenly
distributed in the formed coating. The atomic ratio between Zr and Si is 1:2.5, which agrees
with the starting composition of the sol (Zr/Si = 0.41). Such an evenly formed structure is
related to well-optimised synthesis conditions to achieve efficient degrees of condensation
between the initial Si and Zr precursors and co-polymerisation between the acrylate group
in MAPTMS and MAA forming dense coating [18,20].

The coating composition along the cross-section was characterised via FIB/SEM/EDS
(Figure 8). The compact coating structure without any visible defects along the performed
cross-section was confirmed. Based on previous research, these types of coatings are slightly
porous, but this porosity cannot be observed using SEM. In previous publications, the
determined porosity for similar coatings using photothermal beam deflection spectroscopy
or electrochemical measurements was between 0.85 and 0.49% [20]. The coating covered
the aluminium surface entirely despite its rough surface. The coating thickness estimated
based on FIB-SEM imaging was ~3.8 μm (Figure 8).

141



Metals 2023, 13, 1960

Figure 8. FIB-SEM cross-section morphology of aluminium coated with TMZ coating and ele-
mental mapping analysis of aluminium, oxygen, silicon, zirconium, and platinum of the marked
white rectangle.

The coating appearance resembles other TMZ coatings with different TEOS/MAPTMS
and ZTP ratios [18]. Still, the slightly greater thickness of the TMZ coating is probably
related to the higher condensation degree between ZTP and TEOS/MAPTMS. In addition,
the MAA remained unreacted during the incomplete chelation of ZTP in Sol 2 (Figure 2)
and can further co-polymerise with MAPTMS. The homogeneity of the coating was also
confirmed with EDS mapping analysis on the marked rectangle in Figure 8, where the
efficient incorporation of Zr in the Si–O–Si sol–gel structure is evidenced.

Top-view and cross-section SEM images of the ALD Al2O3-coated Al are presented in
Figure 9.
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Figure 9. SEM morphology images of the surface of ground aluminium after the thermal deposition
of 100 nm ALD Al2O3 at 160 ◦C presented at (a,b) at low and (c,d) high magnification. The black
arrows in (a,b) mark the grinding residuals, and the white arrows in (b) mark the voids and pores.
Figure (e) shows a cross-section of ALD film on the ground Al. The red arrows in (e) mark the
naturally formed aluminium oxide film, and the yellow arrows mark the uncoated voids in the
aluminium structure.
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Despite the ALD film having a small thickness of only 100 nm, there was a difference in
the macroscopic observations of the alumina (Figure 9a) compared to the ground aluminium
(Figure 6a). The number of irregularities and voids observed on the ground Al was signifi-
cantly reduced after the deposition of the ALD film (Figure 6c,d). The surface was more
uniform, containing less visible lines from the grinding process (Figures 6a,b and 9a,b).
The deposited Al2O3 film perfectly covers the surface and decreases the surface roughness.
From the top-view imaging, it is impossible to distinguish the naturally formed Al2O3
and the ALD Al2O3 film (Figures 6d and 9d). This was obtained using a FIB-SEM cross-
section (Figure 9e). The ALD Al2O3 film is much thicker (~100 nm), more compact, and
more homogeneous compared to a naturally formed layer. The ALD film also covers the
irregularities in the Al structure and the other defects marked with white arrows.

Top-view SEM images of the aluminium coated with a multilayer (TMZ/Al2O3)
system is presented in Figure 10.

Figure 10. (a,b) SEM morphology images of the TMZ/Al2O3 multilayer system on Al. (c) FIB-SEM
cross-section image of the multilayer system and (d) elemental mapping analysis of aluminium,
oxygen, silicon, zirconium, and platinum of the marked white rectangle in (c).

Due to the low thickness of the ALD film (100 nm thin Al2O3), there were no signif-
icant differences observed between the TMZ and TMZ/Al2O3 coatings’ surface appear-
ances (Figures 7 and 10a,b). The ALD film was better distinguished in the cross-section
FIB-SEM imaging and analyses where the in-depth chemical composition was obtained
(Figure 10c,d). EDS maps of aluminium, oxygen, silicon zirconium, and platinum are pre-
sented in Figure 10d. Please note that the upper part of the cross-section is related to the
carbon and platinum layers deposited during the FIB procedure. The multilayer compo-
sition is divided into two layers: Al2O3 at the top and TMZ at the bottom. The reaction
between the TMZ coating and ALD film is presented in Figure 5b. It is thought that the
TMA reacts with the Si–OH and Zr–OH bonds and forms a covalent bond Si/Zr–O–Al,
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as described in reaction (4). The TMZ was homogeneous throughout the whole depth.
The signal ratio of Si and Zr follows the molar composition of the synthesised TMZ sols,
confirming the homogeneous contribution of both of the major elements in the coating.
The increased content of Al and O at the top is related to the formed Al2O3. The thickness
of the Al2O3 film on the TMZ coating was determined from the cross-section mapping. The
estimated thickness of the Al2O3 film was ~200 nm. There is a discrepancy between the
thickness of the individual ALD Al2O3 film (100 nm, Figure 9e) and the multilayer system
(200 nm, Figure 10c,d). The reason for this is probably the sealing of the open pores within
the sol–gel coating, where alumina diffuses during the ALD process through the coating
pores in the outer part (ca. 100 nm), reacts with Si/Zr–OH groups, and forms a denser
structure, as shown schematically in Figure 5b.

3.3.2. Electrochemical Corrosion Testing

The electrochemical properties of the uncoated and TMZ-, Al2O3- and TMZ/Al2O3-
coated Al samples were studied via EIS while being immersed in 0.1 M NaCl. The EIS
spectra recorded after 1 h immersion are given in the Bode plots (magnitudes of the
impedance, |Z|, and the phase angle, φ, as a function of the frequency) presented in
Figure 11. The Nyquist spectra are presented in Figures S1–S3.

Figure 11. Bode plots (impedance magnitude and phase angle) of the aluminium coated with TMZ,
ALD Al2O3, and TMZ/Al2O3 after 1 h of immersion. A curve for the ground aluminium immersed
for 1 h has been plotted for comparison.

The impedance magnitudes at the lowest frequency of 10 mHz (|Z|10 mHz) were taken
as critical values to be considered when evaluating the protective properties of different
protective systems. Table 3 summarises the |Z|10 mHz values for the TMZ-, Al2O3- and
TMZ/Al2O3-coated Al samples after different immersion times.

The Bode plots reflect that the aluminium surface was passivated with spontaneously
formed oxide. The impedance magnitude at low frequency (|Z|10 mHz) was 16 kΩ cm2,
and the maximum φ of around −61◦ was in the middle range frequency. These data
indicate that the oxide layer offers a limited barrier to the diffusion of corrosive species.
In contrast, the TMZ-, Al2O3-, and especially the multilayer TMZ/Al2O3-coated samples
showed different Bode plots compared to the uncoated Al (Figure 11). The EIS response
of the TMZ-coated Al showed improved corrosion protection, as expressed by a more
extended constant impedance modulus plateau in the low- and middle-frequency part.
After 1 h of immersion, the |Z|10 mHz of the TMZ coating was significantly greater than
that of the uncoated coating (25.5 MΩ cm2 compared to 16 kΩ cm2, respectively). For the
Bode φ vs. f plot, values close to −90◦ were obtained, stretching over a high-frequency
range and indicating the coating’s highly capacitive character. The plateau of the constant
phase angle was extended up to 102 Hz frequencies, showing the capacitive behaviour of
the coating. The measured values of the studied TMZ coating were greater than similar
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TMZ coatings with a lower amount of Zr, confirming the beneficial effect of increasing the
Zr content in the coating [11,18,20].

Table 3. Impedance magnitude at 10 mHz (|Z|10 mHz) determined from EIS spectra in Figure 12 for
the TMZ-, Al2O3- and TMZ/Al2O3-coated Al samples after different immersion times in 0.1 M NaCl.

Sample Immersion Time |Z|10 mHz [MΩ cm2]

Ground Al 1 h 0.016
Al coated with TMZ 1 h 25.5

1 day 15.4
1 week 6.1
2 weeks 4.1
3 weeks 2.5
4 weeks 0.54

Al coated with ALD 1 h 80.4
1 day 78.5

1 week 11.1
2 weeks 0.23

Al coated TMZ+ALD 1 h 827.2
1 day 580.9

1 week 280.2
2 weeks 124.8
3 weeks 31.9
4 weeks 5.0

The results regarding the EIS measurements on the ALD Al2O3-coated aluminium
(Figure 11, Table 3) indicated impedance values even higher (80.4 MΩ cm2) than those of the
TMZ-coated aluminium. The deposited ALD coating showed increased impedance values
and a widened high phase angle region, reflecting the extended passivation range in the
case of the samples coated with 100 nm thin coating compared to the naturally passivated
aluminium surface. Thus, the ALD Al2O3 film presents better (more efficient) resistance
against corrosion. The Bode φ vs. f plot showed that values close to −90◦ were obtained,
stretching over a high-frequency range and indicating that the ALD Al2O3 exhibits a highly
capacitive character.

The greatest |Z|10 mHz values of 827.2 MΩ cm2 were obtained for the multilayer
TMZ/Al2O3 system coating (Figure 11). The Bode φ vs. f plot showed values close to −90◦
stretching from 5 Hz to a high-frequency range. The enhanced barrier properties of the
multilayer system are related to the pore-sealing effect of the outer part of the TMZ coating
with the ALD film, thus blocking the ingress of corrosive species from the solution.

The EIS measurements pertaining to an extended immersion time are presented in
Figure 12. Deduced |Z|10 mHz values are presented in Table 3, and the Nyquist spectra are
presented in Figures S1–S3. The layer formed spontaneously on the Al surface offers only a
limited degree of protection [18]. Thus, only the curve recorded after immersion for one
hour is presented. The |Z|10 mHz of the TMZ coating slightly decreased during immersion
(to 15.4 MΩ cm2 after 1 day and 2.5 MΩ cm2 after 3 weeks), and the phase angle values
shifted to higher frequencies (Figure 12a).

The extent of the impedance plateau remained unchanged, indicating that the degrada-
tion processes did not significantly affect the coating’s structure and, in turn, the corrosion
rate of the underlying Al substrate. However, the obtained spectra indicate that despite a
minimal coating porosity [20,21], it can generate diffusion pathways for the aggressive elec-
trolyte to access the substrate after a longer immersion time. This process was reflected in
the shape of the middle-frequency part after 2 weeks of immersion. In the φ vs. f plot, signs
of corrosion at the inner substrate/coating interface (low frequency) are visible (Figure 12a).
On the high-frequency side, which reflects the coating capacitance, the value of φ also
decreased, indicating the deterioration of the TMZ coating with increasing immersion time.
Therefore, although the TMZ coating imparts good corrosion protection for the underlying
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Al substrate, some pores and pathways were formed in the coating, starting after 2 weeks
of the immersion, enabling the electrolyte to ingress to the substrate.

Figure 12. Bode plots (impedance magnitude and phase angle) of the aluminium coated with (a) TMZ,
(b) ALD Al2O3, and (c) TMZ/Al2O3 at different immersion times. A curve for the ground aluminium
immersed for 1 h has been plotted for comparison.

The ALD Al2O3-coated Al samples showed less durable protection than the TMZ-
coated samples (Figure 12b). Despite higher impedance at the beginning of immersion,
the |Z|10 mHz values decreased after one week for almost one order of magnitude and
then gradually further decreased after 2 weeks of immersion (Table 3). The low durability
of the ALD Al2O3 film is probably related to the nanometric thickness of the film and,
possibly, voids in the film (Figure 9c). Further, due to deposition at low temperatures,
the chemisorption of Al(CH3)3 to the surface may not be completed [45,48] (Figure 4).
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Therefore, the film formed under such conditions contains carbon at the surface, reducing
the corrosion efficiency after extended immersion time.

In the Bode plots for the multilayer TMZ/Al2O3 coating system, two distinct regions
can be observed (Figure 12c). The high-frequency range is related to the outer part of the
TMZ/Al2O3 coating at the coating/electrolyte interface, and the intermediate frequency
range is related to the inner part of the TMZ coating. For up to 4 weeks of immersion, the
multilayer coating acted as a barrier, as evidenced by the increased |Z|10 mHz for over one
order of magnitude compared to the TMZ-coated Al (Table 3). After 4 weeks of immersion,
the impedance magnitude decreased in the whole frequency range, but this decrease was
much slower than that of the TMZ-coated Al (|Z|10 mHz 5 MΩ cm2). Despite a stable
and dense interface, the coating formed some pores, but in the φ vs. f plot, no signs of
corrosion at the inner substrate/coating interface (low frequency) were visible (Figure 12c).
On the high-frequency side, reflecting the coating capacitance, the value of φ also remained
similar, indicating that the multilayer coating system remained more protective at longer
immersion times.

4. Conclusions

This study focused on the possibility of combining two strategies of corrosion
protection—a micrometre-thick sol–gel hybrid coating sealed with a nanometre-thick alu-
mina layer—and evaluating their properties and corrosion resistance in 0.1 M NaCl when
deposited on aluminium.

The preparation of hybrid sol–gel coatings from silica and zirconia precursors Si/Zr
was characterised using real-time FTIR spectroscopy. After hydrolysis and condensation,
chelating reactions stopped at a certain level, at which the efficient incorporation of zirconia
into the siloxane network occurred. The reactions were completed after thermal curing.

FTIR spectra of the aluminium surface showed the difference in composition between
the naturally formed aluminium oxide film (consisting of a mixture of aluminium oxides)
and the well-defined ALD Al2O3 deposited film.

The FTIR spectrum of the multilayer system showed the presence of the ALD film on
the TMZ coating. During deposition, the ALD film reacted with a Si–O–Zr network, mainly
with unreacted –OH groups forming a Si/Zr–O–Al film. The multilayer was homogeneous
and exhibited a low number of defects, as shown by the top and cross-section SEM/EDS
images. The ALD alumina film diffused in the TMZ coating structure, thus sealing the
pores in the outer part of the TMZ coating.

The aluminium coated with the multilayer TMZ/Al2O3 coating imparted excellent
corrosion resistance to the underlying aluminium substrate during three weeks of immer-
sion in 0.1 M NaCl. The impedance magnitude increased by two orders compared to the
uncoated aluminium substrate (|Z|10 mHz from 16 kΩ cm2 to almost 830 MΩ cm2). Thus,
the pore sealing of the sol–gel coating using the ALD alumina film produced a protective
multilayer coating system because |Z|10 mHz remained above 5 MΩ cm2 after four weeks
in sodium chloride solution.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/met13121960/s1, Figure S1: Nyquist plots of the aluminium
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coated with the ALD Al2O3 coating at different immersion times; Figure S3: Nyquist plots of the
aluminium coated with the TMZ/Al2O3 coating at different immersion times.
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48. Díaz, B.; Härkönen, E.; Światowska, J.; Maurice, V.; Seyeux, A.; Marcus, P.; Ritala, M. Low-Temperature Atomic Layer Deposition
of Al2O3 Thin Coatings for Corrosion Protection of Steel: Surface and Electrochemical Analysis. Corros. Sci. 2011, 53, 2168–2175.
[CrossRef]
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Abstract: The present work focuses on the investigation of protective coatings produced on zinc from
chitosan (Chit) and an anionic dye, namely cresol red. Cresol red (CR) fulfills the basic requirements
to be used as a corrosion inhibitor because it possesses a relatively high molecular weight and
includes in its structure oxygen and sulfur atoms as well as aromatic rings. Moreover, it is an anionic
compound that can interact with positively charged chitosan to produce reinforced coatings for
zinc anti-corrosion protection. The influence of cresol red as a possible corrosion inhibitor for zinc
substrates was investigated either in solution or incorporated in Chit coatings. Two preparation
methods for the coatings were used: (i) Chit coating impregnation by immersion in the CR solution
after Chit deposition on Zn, and (ii) chitosan mixing with the CR solution before applying the
dip-coating technique. Potentiodynamic polarization curves were used to determine the kinetic
parameters of the corrosion process. Long-term measurements were carried out in wet/dry cyclic
conditions by using electrochemical impedance spectroscopy. EIS measurements recorded in 0.2 g/L
Na2SO4 at pH = 7 show an important increase in the impedance of the coatings occurring from
the first until the fifty-fifth day in a row, in dry–wet cycles. This increase is due to the beneficial
effect of CR incorporated in Chitosan and could be, at least partially, related to a consolidation of the
Chit coating structure in the presence of CR by crosslinking between Chit and CR molecules. The
structure of the coatings was studied, and the interactions between chitosan and cresol red were
put into evidence by using FT-IR spectroscopy. Adhesion and wettability measurements were also
carried out. The adhesion of Chit incorporating CR on Zn was better than that on glass substrates
and reached ~99.99%, suggesting a better affinity of the chitosan coating towards the Zn substrate
due to the existence of ZnO on the substrate surface. All the results show that CR could be used on
zinc as a corrosion inhibitor incorporated in chitosan at basic pHs, but without taking advantage of
its pH-indicating properties, which are lost due to the interactions occurring between the positively
charged biopolymer and the negatively charged dye molecule. The preparation method of Chit
coating impregnation with CR by immersion in the solution after deposition on Zn led to poorer
results than the method in which chitosan was previously mixed with CR before applying the
dip-coating technique.

Keywords: chitosan; cresol red; electrochemical methods; pH effect; zinc corrosion

1. Introduction

Zinc is a very important metal used in a wide range of applications by various
industries, including civil engineering, constructions, etc., where it is often chosen as
a sacrificial coating to protect iron and steel against corrosion. As zinc is an active metal
that corrodes very quickly, its anti-corrosion protection is of real interest. In this regard,
one commonly used method involves corrosion inhibitors, which minimize the corrosive
attack of the environment and prolong the lifetime of zinc coatings.
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A large number of chemical substances, especially organic, can be used as corrosion
inhibitors for zinc, especially compounds containing heteroatoms such as nitrogen, oxygen,
or sulfur [1,2], aromatic rings [3], or triple bonds [4]. Natural compounds were also
reported [5,6], even if their efficiency is not as good as that of synthetic compounds.

In an attempt to improve the corrosion resistance of zinc, coating its surface with pro-
tective films of different natures is also a promising solution. Inorganic compounds [7–10],
but also synthetic [11,12] and natural polymers [13–16] are used to modify the zinc surface
by using different techniques such as sol–gel [7–9], electrodeposition [17], layer-by-layer
deposition [18], electropolymerization [19], etc.

Among environmentally friendly polymers, chitosan (Chit) is a promising choice due
to its low cost, lack of toxicity, and versatility. Chitosan (Chit) is a water-soluble, partially
deacetylated derivate of chitin that can be easily applied to metal substrates as a protective
coating [20] or used as a matrix for various composite materials [21–23]. Although there
are countless arguments in favor of the production of chitosan coatings, such as thermal
stability, chemical resistance, bioavailability, biocompatibility, and biodegradability, due to
their loose structure, they can easily lose their barrier properties. This disadvantage can be
eliminated through functionalization and the incorporation of various additives. Through
its positive charge, chitosan can interact with anionic species, resulting in an efficient ionic
crosslinking effect [16], leading to consolidated coatings with enhanced mechanical and
insulating properties.

In our previous work [16], chitosan coatings crosslinked with indigo carmine (IC)
were prepared on zinc by the dip-coating technique. The addition of IC to Chit coatings
was proven to be useful in terms of active corrosion protection, with the Chit coatings
acting as a reservoir for the corrosion inhibitor. The corrosion current density decreased by
one order of magnitude, suggesting an ionic crosslinking of Chit.

Unfortunately, as a result of external factors (e.g., heat, light, moisture, and aggressive
skin), the protective effect of the coating deteriorates. For this reason, it has become impor-
tant to develop functions that can be used to monitor the deterioration of coatings. This
can be imagined if the coating responds to the external factors that cause the deterioration
and its result becomes noticeable. There have already been some solutions for this. Fluo-
rescence detection of Fe3+ [24] and Cu2+ ions formed during corrosion through complex
formation [25]. The detection of OH- ions produced during corrosion with pH indicators
can also be a solution [26].

In this context, the present work focuses on the investigation of coatings produced
on zinc from chitosan and another anionic dye, namely cresol red. Cresol red (CR) has
a high molecular weight and includes in its structure oxygen and sulfur atoms as well
as aromatic rings; these properties recommend it as a possible corrosion inhibitor. More-
over, it is an anionic compound that could interact with positively charged chitosan to
produce reinforced coatings for zinc anti-corrosion protection. The influence of cresol red
embedded in chitosan thin layers as a possible corrosion inhibitor for zinc substrates was
investigated in wet/dry cyclic conditions. Moreover, as CR is a pH indicator in solution,
early detection of corrosion processes in its presence would be a solution to tackle corrosion
in a cost-effective way. Chitosan microspheres loaded with organic compounds having
pH-indicating ability have been reported in the literature [27], but it is for the first time that
Cresol read incorporated in a Chitosan coating deposited on zinc was investigated from
both its inhibitive and pH sensing points of view.

For this purpose, the corrosion behavior of cresol red-loaded chitosan coatings on zinc
prepared by dip-coating was investigated using potentiodynamic polarization and electro-
chemical impedance spectroscopy (EIS) techniques. The interactions between chitosan and
cresol red were put into evidence by using FT-IR spectroscopy. Adhesion and wettability
measurements were also carried out.
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2. Experimental

2.1. Materials and Methods

Both zinc and glass plates were used as substrates. The zinc plates were obtained from
AltDepozit (99% Zn) and the glass microscope slides from Biozyme. Medium-molecular-
weight chitosan was purchased from Aldrich, Romania, cresol red from Chinoin Budapest,
Hungary, 99.8% ethanol isopropanol from Nordic Chemicals, Romania and 99% Na2SO4
from Merck, Rahway, NJ, USA. In addition, 96% sulfuric acid was provided by Reactivul,
and 99% NaOH was from Merck, Rahway, NJ, USA. All chemicals were of analytical grade
and used without any purification steps.

Chitosan Cresol Red

2.2. Coating Preparation

Before the coating preparation, the glass microscope substrates were 2 × 5 min ultra-
sonicated using an aqueous detergent solution, cleaned with a 10% V/V H2SO4 solution,
isopropanol, and distilled water.

The zinc plates were polished with emery paper (different roughness: 1500, 2000,
2500, and 5000) and 2 × 5 min ultrasonicated in distilled water. Finally, 0.1 M HCl and
isopropanol solutions were used to clean the surface of any remaining zinc oxide.

Two preparation methods for the coatings were used: (i) Chit coating impregnation by
immersion in the CR solution after Chit deposition on Zn, and (ii) chitosan mixing with the
CR solution before applying the dip-coating technique. Here, 1 w/w% chitosan solution
prepared in 1 w/w% acetic acid solution was used, and the solution was prepared from
chitosan powder by mixing until all the chitosan was totally dissolved and left overnight.

Method (i): chitosan coatings deposited on glass by dip-coating from chitosan solution
prepared as described above were impregnated with cresol red by immersion in aqueous
cresol red solution with different concentrations (10−5, 5 × 10−4, 10−4, 10−3, 10−2 M). The
immersion time was 10 min.

Method (ii): the cresol red powder was added to the chitosan solution in different
concentrations (10−5, 5 × 10−4, 10−4, 10−3, 10−2 M) and ultrasonicated for 24 h, until
it totally dissolved. The coatings were prepared by the dip-coating method from the
previously prepared cresol red containing chitosan solution with a withdrawal speed of
5 cm/min. The apparatus we used was a home-made dip coater machine. The coated
samples were left to dry for 24 h at room temperature.

After that, the samples were left to dry, examined by sight, and then examined by
optical spectroscopy.

2.3. Optical Characterization

The optical properties of different chitosan coatings deposited on glass substrates were
determined by UV-VIS spectroscopy. For the measurements, a homemade spectrophotome-
ter was used. The device contains a light source from a Spekol 20 spectrophotometer. The
instrument’s light beam was coupled to a homemade sample holder through an optical
cable. The transmitted light was also sent to the spectrometer using another optical cable.
An Ocean Optics HR 4000CG UV-VIS-NIR microspectrometer (Dunedin, FL, USA) was
used to acquire the spectra. The spectrometer has the following characteristic parameters:
a measurement range of 200–1100 nm, an entrance slit of 50 μm, a Toshiba CCD detector,
a pixel count of 3648, and a spectral resolution of approximately 1.5 nm. The Spectra
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Suite (Ocean Optics) program was used for processing the acquired data, enabling baseline
correction, signal averaging, and various integration times. As a reference, we used an
uncoated glass sample. The integration time was constant at 70 s.

2.4. Wettability Measurements

Wettability can be determined by measurements of the contact angle and the inter-
facial tension [28,29]. The wettability of cresol red-containing coatings was measured in
comparison with native chitosan coatings by a sessile drop method. A sessile drop method
based on the European Pharmacopoeia [30] was used to determine the contact angle using
a drop of 0.2 g/L aqueous Na2SO4 solution, used in electrochemical measurements too,
with a volume of 20 μL. Measurements were carried out in a closed space saturated with
the vapor of the studied electrolyte. In each case, the contact angle evaluation was followed
by taking pictures every minute for 20 min. To determine the contact angle evaluation, we
used a specific measuring program.

2.5. Adhesion and Coating Thickness Measurements

For determining the adhesion between the substrate and the coating, the tape peel
method was used with the Elcometer Cross Hatch Adhesion Tester. This is a qualitative
mechanical method of determination. For the measurements, a special cutter with multiple
preset blades is needed to make sure the incisions are properly spaced and parallel. The
coatings were scratched by dividing them into 49 equal cubes. After the tape has been
applied and pulled off, the cut area is then inspected and rated. The adhesion of thin
films is influenced by a large number of parameters; some of these parameters are the
substrate/coating materials, the substrate preparation, or the coating method.

The thickness of the coatings was measured by the TROTEC BB25 instrument, (GmbH
and Co. KG Deutschland), a layer measuring instrument that works according to magnetic
induction or turbulent flow principles for determining the coating thickness on magnetic
and non-ferromagnetic metals.

2.6. FT-IR Analysis

For FT-IR analysis, chitosan and cresol red powder were used. The cresol red con-
taining chitosan sol was prepared, evenly distributed on a clean Petri dish, and left to
dry for 2 weeks, then scraped off the glass and powdered in an agate mortar. Infrared
spectra for chitosan, cresol red, and chitosan containing cresol red were recorded on a Jasco
FT/IR-6800 type A Spectrometer.

2.7. Electrochemical Measurements

Electrochemical measurements were carried out using a PARSTAT-2273 single channel
potentiostat (Princeton Applied Research, UK) in a three-electrode cell containing the zinc
substrates (2 cm2 surface area) as a working electrode, a platinum electrode as a counter,
and an Ag/AgCl, KClsat reference electrode connected to the potentiostat. All experiments
were made at room temperature (25 ◦C) with an adjusted pH.

2.7.1. Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy measurements were made for samples in
two different ways: firstly, the samples were kept continuously in an electrolyte solution
between the measurements (wet method), and secondly, the samples were taken out of
the corrosive solution after every measurement and the solution was wiped off the sample
(wet–dry method), left overnight in laboratory circumstances.

EIS measurements were conducted in a 0.2 g/L aqueous Na2SO4 solution at four
different pH values (pH = 5, 7, 8, and 9). The frequency interval of the measurements
was 10−2 Hz–104 Hz at open circuit potential (OCP) measured for 60 min before EIS
measurements. For pH studies, the pH of the electrolyte was adjusted with NaOH and
H2SO4 to the corresponding levels.
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2.7.2. Polarization Curves

Potentiodynamic polarization curves were recorded with a scan rate of 0.166 mV/s
in a potential range of OCP ± 20 mV vs. Ag/AgCl, KClsat (to determine the polarization
resistance) and OCP ± 200 mV vs. Ag/AgCl, KClsat (to determine the kinetic parameters
with the Tafel method).

Corrosion current densities (icorr) were determined using the Stern–Geary equation [31]:

icorr =
ba × bc

2.3Rp × (ba + bc)
(1)

where ba and bc are the Tafel coefficients determined from the polarization curves, and Rp
is the polarization resistance determined from the Nyquist impedance diagrams.

The inhibition efficiency of the coatings was determined using the following equation:

IE = 100 × io
corr − icorr

io
corr

(2)

where iocorr is the value of the corrosion current density of the uncoated Zn sample, while
icorr is the corrosion current density of coated systems.

3. Results and Discussion

3.1. Chitosan Coatings Impregnated with Cresol Red

Both glass and zinc substrates were used to investigate CR incorporation in the chi-
tosan layer. As expected, the visual examination of the glass samples coated with chitosan
and impregnated with CR by immersion put in evidence different color intensities, depend-
ing on the CR solution concentration (Figure 1a), proving the presence of the compound
in the chitosan layer in an increasing amount, proportional to solution concentration. The
impregnation with 10−5 M was invisible to the naked eye and is not shown in Figure 1.
The incorporation of CR in the Chit coatings deposited on zinc is less visible than on glass
(Figure 1b). Nevertheless, a concentration dependence was also noticed, reflecting the
impregnation of the chitosan coatings with CR.

  

Figure 1. Chitosan coatings on glass (a) and on zinc substrates (b) impregnated with 0, 10−4 M,
10−3 M, and 10−2 M cresol red solutions (from left to right, respectively) for 10 min.

3.2. Optical Characterization

In order to establish the proportionality between the CR concentration and the color
intensity of the coatings, three glass samples on which the color of CR was visible to the
naked eye were analyzed with UV-Vis spectroscopy.

It can be observed from Figure 2 that, for cresol red, the spectrum exhibits two peaks,
one larger at 442.01 nm and one smaller at 590.16 nm. The literature data [32] mention a
peak appearance in the visible region of the cresol red spectrum in solution: at 430 nm at
pH 4.5 and at 573 nm at pH 12. It can therefore be said that the maximum absorption of
cresol red is influenced by the pH of the medium. The differences between the literature
data reported for cresol red and those from our experiments could be attributed to the
different pHs used and to the fact that in the first case, the values correspond to CR in
solution, while in the later case, the values were recorded on chitosan coatings deposited
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on glass sheets. The contribution of the glass sheets used in our experiments should also be
taken into consideration.

Wavelength, nm 

A
bs

or
ba

nc
e 

Figure 2. Absorbance spectra for samples of chitosan on glass substrates impregnated with three
concentrations of cresol red. Inset: calibration curve for absorbances measured at 442 nm.

Moreover, the small second peak that appears is due either to the fact that the pH
distribution within the chitosan-containing CR layer is not uniform or to the coexistence
of the protonated form and the unprotonated one. Nevertheless, a linear dependence of
the absorbance on the CR concentration in the layer is observed, (y = 113.18x − 0.0005,
R2 = 0.9997) proving its incorporation in chitosan (see inset in Figure 2).

3.3. FT-IR Measurements

Taking into account that CR is an anionic compound that could interact with positively
charged chitosan, FT-IR spectroscopy was used to provide evidence of possible interactions
between the two components of the coatings.

As it can be observed from Figure 3, the chitosan spectrum showed the character-
istic 3500–3300 cm−1 band caused by the hydroxyl and amino groups’ O--H and N--H
stretchings. Bands at 2920 and 2870 cm−1 resulted from C--H stretching. Bands for C = O
stretching at 1646 cm−1 (amide I), N--H bending at 1601 cm−1 (amide II), and C--N stretch-
ing (amide III) at 1323 cm−1 were visible. The peaks at 1423, 1385, and 1073 cm−1 are CH2,
CH3 bending, and C--O stretching signals. For the chitosan spectra, the peaks seem to be
weak, but when it is alone, the spectra are similar to those found in the literature [32,33].

The Chit/CR_10−3 M spectrum showed strong OH stretches at about 3250 cm−1 in
chitosan, which decreased highly because an etheric bond was formed between cresol
and chitosan.

The C-O-C stretching from ether shows up in the region 1050 cm−1. The chitosan-
cresol complex showed a band at 1450 cm−1 for C-H bendings and C-C bands at 1500 cm−1

from chitosan. Also, C-H bendings from the aromatic ring are present at 1050 cm−1.
As it will be demonstrated by the electrochemical measurements, the interactions between

Chit and CR could explain the behavior of Chit-CR coatings in zinc anti-corrosion protection.

157



Metals 2023, 13, 1958

 
Figure 3. FT-IR spectra recorded for chitosan, cresol red, and Chit/CR_10−3 samples.

3.4. Influence of pH

It is well known that in aqueous solutions, CR changes color from yellow (in acidic
media) to magenta (in basic solutions). In order to verify if CR still behaves as a pH
indicator when it is incorporated in chitosan layers, glass samples covered with chitosan
loaded with Cresol red 10−3 M were contacted with Na2SO4 solutions having different pH
values: 5 (left) and 8.2 (right). Chit/CR_10−3 M in contact with a Na2SO4 solution of pH 5
changed to yellow, and the sample at pH = 8.2 showed a specific dark pink color (Figure 4).

  

Figure 4. Color change of the chitosan/CR_10−3 g/L coatings at two different pH values, pH = 5
(left), pH = 8.2 (right), on glass substrates.

The color change in solutions as a function of pH is due to reactions (Figure 5).
Unfortunately, the color change of chitosan coatings incorporating CR deposited on

zinc is less visible. Besides the dark color of the zinc substrate, it is possible that the
incorporated CR does react with a zinc surface covered with a thin layer of ZnO, so that
the functionalities acting in pH indication are blocked and the color change is no longer
visible. ZnO interaction with CR was reported in the literature [33], as a function of pH. At
acid pHs (<7), ZnO and CR molecules are both positively charged, so repulsion occurs. At
neutral pHs, (7–8.2) ZnO is still positive, while the CR molecule is neutral or negatively
charged, which results in a weak interaction between the two compounds. Finally, at strong
basic pHs (>8.2), ZnO becomes negatively charged, which results in a strong repulsion
between ZnO and CR.

158



Metals 2023, 13, 1958

Figure 5. Structure of cresol red as a function of pH.

3.5. Electrochemical Measurements
3.5.1. Polarization Curves

To put in evidence if there is any effect of CR on zinc corrosion, potentiodynamic
polarization curves in the absence and in the presence of different concentrations of CR-
containing solutions were recorded on bare Zn. The semi-logarithmic polarization curves
of Chit and Chit/CR-coated Zn samples are presented in Figure 6 and their characteristics
in Table 1.

  
Figure 6. Semi-logarithmic polarization curves measured on Zn (a) and on Zn/Chit (b) in Na2SO4 so-
lution containing different concentrations of cresol red. Experimental conditions: support electrolyte,
0.2 g/L aqueous Na2SO4 (pH = 7); scan rate, 0.166 mV/s; OCP, 60 min.

As it can be observed from Figure 6a, in solution, CR has a beneficial effect on Zn
corrosion resistance, as even at small concentrations of the organic compound, a serious
decrease in the corrosion current density is noticed, from 20.67 μ/Acm−2 for bare Zn to
4.78 μ/Acm−2 in the presence of 10−3 M CR (Table 1).

Encouraged by this result, potentiodynamic polarization curves were recorded for Zn
coated with chitosan in CR solutions of different concentrations (Zn/Chit_CR 10−x sol).
The results are depicted in Figure 6b, and the kinetic parameters, including the current
density (icorr) and the corrosion potential (Ecorr), are presented in Table 1.

When Cresol Read was added to the solution, the Ecorr of Zn was shifted toward
positive values, suggesting that an ennoblement of the surface took place. Surprisingly,
even if all values of icorr are smaller in the presence of CR in solution for both Zn and
Zn/Chit than in its absence, it seems that the Chit layer does not offer convenient protection
to Zn when CR is present in solution. Thus, the CR inhibiting effect is less effective when
a Chit film is interposed between the solution and the zinc substrate, suggesting that the
CR inhibiting effect is somewhat blocked after its immobilization in Chit. It should also be
mentioned that high concentrations of CR are not beneficial, which is not surprising, as
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for any specific inhibitor in any given medium there is an optimal concentration (in this
case, 10−3 M).

Table 1. Kinetic parameters of the corrosion process of Zn and of Zn/Chit in solutions of different
concentrations (10−5 M to 10−1 M) at pH 7.

Sample
Ecorr

(mV vs. RE)
icorr

(μ/Acm−2)
ba

mV/dec
/bc/

(mV/dec)
IE

(%)

Zn

Zn −942.5 20.67 112 389 -

Zn/CR 10−5 M sol −708.9 18.49 99 622 10.54

Zn/CR 10−4 M sol −736.9 15.99 73 301 22.64

Zn/CR 10−3 M sol −773 4.78 82 191 76.87

Zn/CR 10−2 M sol −855.4 9.44 141 194 54.32

Zn/Chit

Zn/Chit −892.7 22.93 110 745 -

Zn/Chit_CR 10−5 M sol −1131.8 18.41 139 439 19.71

Zn/Chit_CR 10−4 M sol −1242.5 12.94 134 403 43.56

Zn/Chit_CR 10−3 M sol −784.4 11.25 70 208 50.93

Zn/Chit_CR 10−2 M sol −808.8 18.17 67 213 20.75

In an attempt to improve the protective effect of the biopolymer layer in the presence
of CR, another preparation method for the coatings was used. The chitosan solution was
prepared, and cresol red was added in the same concentration previously mentioned. This
mixture was ultrasonicated until a uniform solution was received, then deposited on Zn
by the dip-coating technique. The zinc samples coated with this type of layer were named
Zn/Chit_CR_10−xM coat (10−x = CR solution concentration). Next, corrosion tests of the
coated zinc samples were carried out in Na2SO4 solutions of various pHs, with the results
being presented in Figure 7 and Table 2.

Table 2. Kinetic parameters of the corrosion process on Zn, Zn/Chit, and Zn/Chit/CR_10−3 M coat
samples at different pH values. Electrolyte: Na2SO4 with pH 5, 7, 8, and 9, respectively.

pH Sample
Ecorr

mV vs. RE
icorr

μAcm−2
/bc/

mV/dec
ba

mV/dec
IE

(%)

5
Zn −1025 38.89 105 140 -

Zn/Chit −921 25.53 - 79 34.35

Zn/Chit_CR_10−3 M coat −917 17.10 926 73 56.02

7
Zn −942 20.67 112 106 -

Zn/Chit −856 19.00 110 745 8.07

Zn/Chit_CR_10−3 M coat −922 11.17 59 476 45.96

8
Zn −887 32.35 642 88 -

Zn/Chit −928 14.03 - 59 56.63

Zn/Chit_CR_10−3 M coat −784 8.95 804 63 72.98

9
Zn −1219 47.75 31 111 -

Zn/Chit −880 9.13 - 63 80.87

Zn/Chit_CR_10−3 M coat −730 7.21 424 26 84.90
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(a) (b) 

  
(c) (d) 

Figure 7. Semi-logarithmic polarization curves of Zn, Zn/Chit, and Zn/Chit_CR_10−3 M coat.
Experimental conditions: 0.2 g/L aqueous Na2SO4 solution at pH = 5 (a), pH = 7 (b), pH = 8 (c), and
pH = 9 (d); scan rate, 0.166 mV/s; OCP, 60 min.

Similar to the case when CR was present in the solution, the Ecorr values of Zn samples
coated with CR incorporated in Chit are shifted toward positive values, suggesting that an
ennoblement of the surface takes place. The inhibiting effect of CR is more pronounced in
the anodic branches of the polarization curves of the samples (Figure 7), suggesting that CR
acts more as an anodic inhibitor. Looking at the results from Figure 7 and Table 2, it can be
concluded that CR diminishes the corrosion current density at all pHs, but basic pHs seem
to be more favorable than neutral or acidic ones, where chitosan is vulnerable and can be
destroyed. At pH 9, CR decreases the corrosion current density of Zn and of Zn/Chit by
one order of magnitude, and at a concentration of 10−3 M, it acts as an efficient corrosion
inhibitor. A significant positive shift in the corrosion potential is also observed, especially
at pH 9, suggesting an ennoblement of the coating in the presence of Chit and CR.

The explanation of the coating behavior at this pH could be the interactions taking
place between the Zn surface (naturally covered with ZnO) and CR, whose electrical
charge changes as a function of pH. Thus, at basic pHs (>8.2), ZnO is negatively charged,
which results in a strong repulsion between ZnO and CR, which is also negative. The
intercalation of the Chit layer between ZnO and the dianionic CR molecules reduces the
repulsion between them, and at the same time, the Chitosan protective layer is consolidated
through a crosslinking between Chitosan and CR, as confirmed by FT-IR measurements.
The possibility of interactions between Chit and propane-sulfone rings was mentioned in
the literature [34]. The formation of sulfopropyl chitosan derivatives at a pH exceeding
8 involves the engagement of the amino group of chitosan in a nucleophilic substitution
on the benzene ring, leading to the opening of the sulfopropyl ring and the formation of
sulfonic groups (see Scheme 1).
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Scheme 1. Synthesis of chitosan derivatives by sulfopropyl ring opening.

Tafel slope can provide an important reference for exploring the reaction mechanism,
especially in clarifying the reaction rate-determining steps and reaction paths. The results
suggest that the corrosion mechanism differs from uncoated to coated zinc and, moreover,
from one pH to another. It should also be mentioned that cathodic values should be
regarded as less precise than the anodic ones, taking into account the horizontal shape
of the cathodic branch in some cases due to the oxygen diffusion step that takes over the
charge transfer.

It should be mentioned that the pH indicator property of CR is also affected by its
incorporation in the Chit coating. CR becomes less active due to its immobilization in the
biopolymer. Thus, the color change is not observed, and CR does not act as a pH indicator,
its activity being partially ruined due to its incorporation in the coating. Nevertheless, at
pHs > 8.2, it has a beneficial effect on the corrosion resistance of coated Zn, acting as a
corrosion inhibitor when used in proper concentration.

3.5.2. Electrochemical Impedance Spectroscopy
Influence of pH

To gain a deeper insight into the corrosion process, electrochemical impedance spec-
troscopy (EIS) measurements were carried out on zinc, Zn/Chit, and Zn/Chit_CR_10−3

M coat samples at the same pH values as in the case of polarization measurements. The
corresponding Bode plots of the impedance are presented in Figure 8.

As expected, all /Z/0.01Hz values are higher when Chit and CR are present and are
clearly the largest at pH 9, meaning the coatings have the best corrosion resistance (Table 3).
Moreover, the Zn/Chit_CR_10−3 M coat exhibited the largest /Z/0.01Hz value, possibly
due to the smaller permeability of the Chit-CR layer, which could lengthen the pathway
of the electrolyte. At the same time, it could be seen that the shape of the impedance
curves at pH 9 is different from that of the diagrams recorded at lower pHs, suggesting a
change in corrosion mechanism, which is in accordance with the results extracted from the
polarization curves.

Table 3. /Z/0.01Hz values extracted from Bode curves presented in Figure 8 at different pHs.

Sample

/Z/0.01Hz

(Ω)

pH 5 pH 7 pH 8 pH 9

Zn 260 1384 915 65

Zn/Chit 1747 1393 2064 459

Zn/Chit_CR_10−3 M coat 2333 1568 2388 7140
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Figure 8. Initial Bode impedance curves obtained for Zn, Zn/Chit, and Zn/Chit_CR_10−3 M coat
recorded in a 0.2 g/L aqueous Na2SO4 solution at various pHs. Experimental conditions: 0.2 g/L
aqueous Na2SO4 solution; scan rate, 0.166 mV/s; OCP recorded during 60 min.

Long-Term Measurements

Further investigation performed over time reveals interesting behavior (Figure 9). It
can be seen that Nyquist impedance diagrams exhibit capacitive behavior with a small
inductive loop. According to the literature, the inductive loop originates from the coverage
relaxation of the adsorbed species ZnI, ZnII, and ZnOH formed during the corrosion
process [35].

Ω

ΩΩ

Ω

Ω

Ω

Ω

Ω  
Figure 9. Nyquist impedance curves obtained for Zn/Chit and Zn/Chit_CR_10−3 M coat from the
first until fifty-five days in a row recorded in 0.2 g/L Na2SO4 at pH = 7 in dry–wet cycles (left) and a
direct comparison between Zn/Chit and Zn/Chit_CR_10−3 M coat after fifty-five days of dry–wet
cycles (right).
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A study carried out at pH 7 demonstrates that on the first day of immersion, the
Zn/Chit_CR_10−x M coat samples exhibit a smaller capacitive loop than the Zn/Chit
sample, but the situation improves significantly after several dry-wet cycles.

As it can be observed from Figure 9, an important increase in the coating impedance
recorded in 0.2 g/L Na2SO4 at pH = 7 in dry-wet cycles takes place from the first until the
fifty-fiveth day in a row. This increase is related to the beneficial effect of CR incorporated
in Chitosan and could be, at least partially, related to a change in the Chit coating structure
in the presence of CR due to the interaction between Chit and CR molecules, as revealed
by the FT-IR spectra (Figure 3). It suggests a crosslinking of Chit by CR anion, which is a
process leading to a consolidated coating. The increase in impedance in time could also
be due to the formation of corrosion products at the interface, which exert a protective
effect [36], and/or to a reaction of CR with the main reactive corrosion products during
wet/dry cyclic conditions.

Moreover, it is also possible that SO4
2− ions penetrate the Chit structure over time

and consolidate the coating even more. This possibility is mentioned in the literature:
SO4

2− anions slowly interact with chitosan NH3+ groups to form ionic bridges between
the polymer chains [37]. This also points to a consolidation of the coating over time.

In order to better understand the underlying mechanism at the interface, the electrical
equivalent circuits (EC) were fitted to EIS data for Zn/Chit_CR_10−3 M coat samples
recorded in time. The obtained values are presented in Table 4 and the fitted EC in
Figure 10. For the first 8 days, the appropriate EC was found to be R(Q1(R1(CR2))), where
R stands for the electrolyte solution resistance, Q1 and R1 are attributed to the coating,
and C and R2 represent the charge transfer at the metal/coating interface (Figure 10A).
From the polarization resistance value Rp obtained as a sum of R1 and R2, one can observe
that over time, this parameter shows an increasing tendency, suggesting an increasing
anti-corrosion resistance. However, the corrosion process cannot be neglected, and the
accumulation of the formed species as a result of metal oxidation changes the mechanism.
Thus, as a result of fitting to the EIS data for the days that follow after the 8h, the obtained
EC is R(Q1(R1(LR3))), where L represents the system’s inductive behavior (Figure 10B). As
already mentioned, the inductive loop originates from the coverage relaxation of adsorbed
species ZnI, ZnII, and ZnOH formed during the corrosion process [35] and reflects the
instability of the system.

Table 4. Electrochemical parameter values for Zn/Chit_CR_10−3 M coat samples obtained by fitting
equivalent circuits to EIS diagrams from Figure 9.

Days
R

(kΩcm2)
R1

(kΩcm2)
Q1

(μSsn)
n

R2

(kΩcm2)
C

(μSsn)
Rp

(kΩcm2)
L

(kH)
R3

(kΩcm2)

1 0.400 1.49 40.690 0.602 2.02 6.37 3.51
2 0.476 2.52 8.696 0.748 2.57 5.14 7.66
5 0.705 10.22 5.591 0.650 3.34 1191 13.56
8 0.662 17.01 3.229 0.691 6.89 576.4 23.90

18 0.327 108.80 0.887 0.781 - - 913 263.1
22 0.703 116.00 0.763 0.793 - - 1243 213.8
23 0.771 114.50 0.776 0.788 - - 957 211.0
24 0.348 112.50 0.762 0.789 - - 781 229.7
31 0.837 136.90 0.687 0.794 947 236.9
32 0.893 146.4 0.711 0.778 2938 437.7
55 0.340 159.5 0.597 0.826 4487 573.4
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(A) (B) 

Figure 10. The fitted equivalent circuits to EIS plots for Zn/Chit_CR_10−3 M coat:for the first
8 days (A) and for the next days (B).

The analysis of Bode plots (Figure 11) also reveals that the impedance modulus
/Z/0.01Hz for both Zn/Chit and Zn/Chit_CR_10−3 M coat samples is larger after 55 days
of dry–wet cycles than in the first immersion day, and the /Z/0.01Hz value is the highest
in the case of Zn/Chit/loaded with CR. This also points to a consolidation of the coating
over time.

  
(a) (b) 

Figure 11. Bode plot obtained for Zn/Chit (a) and for Zn/Chit_CR_10−3 M coat (b) at the first day
and after fifty-five days measured in dry–wet cycles. Electrolyte: 0.2 g/L Na2SO4 at a pH of 7.

3.6. Adhesion Measurements

Adhesion plays an important role in governing the performance of the coatings. The
dependence of film integrity on adhesion forces is important from the viewpoint of the
performance of the coatings. Thus, their durability is also determined by their adhesion to
the substrate, since this determines the ease of removal. The adhesion was calculated with
the formula:

Adhesion (%) = 100 × Total number of cubes
Total number of riped cubes by tape peel method

The results of the peel-off method applied in the case of Zn and glass samples coated
with Chit without or with CR led to the results presented in Figure 12 and Table 5.

Table 5. Results of the adhesion measurements. Total cubes: 49.

Substrate Coating
Number of Ripped Cubes
by the Tape Peel Method

Adhesion Ratio

Zn Chit 0 ~99.99%

Zn Chit_CR_10−3 M coat 0 ~99.99%

Glass Chit_CR_10−3 M coat 4 ~91.84%
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A B 

C D 

E F 

Figure 12. Chit/CR_10−3 Mcoat before (A) and after (B) adhesion test on glass substrate;
Chit/CR_10−3 M coat on zinc substrates before (C) and after (D) test; Chit coating test on zinc
substrate before (E) and after (F).

The adhesion of Chit incorporating CR was better on Zn than on glass substrate.
It is confirmed once more that adhesion depends strongly on the physical and chemical
properties of the substrate as well as its morphology. The nature and strength of the binding
forces between the two materials in contact clearly determine the adhesion of the coatings
to the substrate. The ZnO existence on Zn substrates plays a certain positive role in the
Chit_CR layer adhesion.

3.7. Wettability Measurements

A more hydrophobic surface is beneficial for the anti-corrosion protection of metals.
The hydrophobicity of the coatings increased slightly after CR incorporation in Chitosan, as
proven by the increase in contact angle (Figure 13). This result differs from other situations
reported in the literature, when a slight decrease in hydrophobicity was noticed after
the introduction of indigo carmine molecules in chitosan coatings [16]. However, the
differences between these values and those noticed for Chit containing CR are not very
large and are probably due to the different water-absorption properties of the involved
compounds and to the swelling and/or reorientation of the surface groups of the coatings.
Moreover, the different film-forming conditions also had an influence on the surface
porosity and, hence, on the wettability of the coatings.
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Figure 13. Results of contact angle measurements for Zn/Chit (A), Zn/Chit_CR-10−3 M coat (B),
and uncoated Zn (C) samples using droplets of 20 μL Na2SO4 solution.

4. Conclusions

After analyzing the results, several conclusions can be drawn:

• Cresol red acts as a corrosion inhibitor of zinc corrosion when used in solution in
different concentrations; this effect is smaller when CR is embedded in chitosan due
to the blocking of its functional groups during incorporation.

• The preparation method of Chit coating impregnation with CR by immersion in the
solution after deposition on Zn led to poorer results than the method in which chitosan
was previously mixed with CR before applying the dip-coating technique.

• FT-IR measurements carried out on chitosan powder embedding CR provided evi-
dence that anionic CR interacts with positively charged chitosan. The pH indicator
property of CR is affected by its incorporation in the Chit coating. CR becomes less
active due to its immobilization in the biopolymer. Consequently, no color change is
observed, and CR does not act as a pH indicator.

• The examination of the potentiodynamic polarization curves indicates that corrosion
at higher pHs of zinc coated with Chit and CR is slower than in neutral or acidic media,
where Chitosan is more vulnerable and can be destroyed. At pH 9, CR decreases
the corrosion current density of Zn and of Zn/Chit, and in proper concentrations
(10−4 M–10−3 M), it acts as a corrosion inhibitor.

• The chitosan coatings containing cresol red prepared by method (ii) were monitored in
dry–wet cycles for 55 days. EIS measurements recorded in 0.2 g/L Na2SO4 at pH = 7
show an important increase in the impedance of the coatings occurring from the first
until the fifty-fifth day in a row, in dry–wet cycles. This increase is related to the
beneficial effect of CR incorporated in Chitosan and could be, at least partially, related
to a consolidation of the Chit coating structure in the presence of CR by crosslinking
between Chit and CR molecules.

• A change in the corrosion mechanism at pH 9 is observed from the shape of the
impedance diagrams.

• The adhesion of Chit incorporating CR on Zn was better than that on glass substrates
and reached ~99.99%, suggesting a better affinity of the chitosan coating towards the
Zn substrate, probably due to the existence of ZnO on the substrate surface.

Concluding, CR could be used on zinc as a corrosion inhibitor incorporated in chitosan
at basic pHs, but without taking advantage of its pH-indicating properties, which are lost
due to the interactions occurring between the biopolymer and the dye molecule.
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Abstract: The results of this research on the electrochemical behavior of Cu24Zn5Al alloy in a
0.1 mol/dm3 sodium sulfate (Na2SO4) solution containing 1-phenyl-5-mercaptotetrazole (PMT)
are presented in this paper. The influence of PMT concentration, chloride ion concentration, and
pre-treatment were examined. The influence of pre-treatment was studied in terms of the effect of
the immersion time of the electrode in the appropriate inhibitor solution. After selecting the optimal
immersion time, its effect on the behavior of the Cu24Zn5Al alloy was tested in a 0.1 mol/dm3

solution of sodium sulfate in the presence of different concentrations of chloride ions. Research
shown that with the increase of PMT concentration, the anodic current density around the corrosion
potential decreases, indicating that PMT behaves as a corrosion inhibitor for Cu24Zn5Al alloy.

Keywords: Cu24Zn5Al; corrosion inhibitor; 1-phenyl-5-mercaptotetrazole; electrochemical measurement;
sodium sulfate solution; azoles

1. Introduction

CuZnAl is one of the first shape memory alloys (SMAs) based on copper, which has
found its commercial application [1]; for example, the devices of fire-preventing systems in
underground pit, the damper for reducing vibration [2], fluid fitting system [3], automotive
industry [4], various applications in engineering fields [5–7]. The primary benefit of CuZ-
nAl alloys is that they can be produced using conventional metallurgical methods from
relatively low-cost metals, which makes them more affordable compared to commercial
shape memory alloys (SMAs) [8–11]. The transformation temperature of the binary alloy is
typically too elevated for practical applications, and a third element (Zn) is usually incor-
porated to create a useful alloy [12]. Also, elevating the concentration of zinc enhances the
corrosion resistance of the alloys. CuAlNi-based SMAs have also shown some advantages,
but their use in biomedicine is problematic due to the fact that nickel is an allergen and
due to the tendency of these alloys towards pitting corrosion [13].

Due to the application of SMA alloys in the fluid fitting system [3], an investigation of
the corrosion behavior of SMA alloys in different environments is necessary.

The behavior of copper-based alloys in sodium sulfate solutions in the presence
of halides has been the subject of investigation by some researchers. Majed et al. [14]
investigated the behavior of brass in a sodium sulfate solution, with and without various
halides. It was observed that the corrosion potential shifts toward lower values in a sodium
sulfate solution with the presence of halide ions, compared to the corrosion potential of
brass in a sodium sulfate solution. Also, it was found that the presence of iodide ions had
the greatest influence on increasing the rate of brass corrosion.

Vrsalovic et al. [15] investigated the behavior of the CuAlNi shape memory alloy in
sodium chloride solutions. The corrosion potential shift towards more negative values, with
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increasing chloride ion concentration, was observed. No pitting corrosion was identified on
the electrode surface as shown by the results obtained using scanning electron microscopy
with energy-dispersive X-ray spectroscopy (SEM/EDS) in a 0.1 wt.% sodium chloride
(NaCl) solution. However, it was identified in NaCl solutions of concentrations higher than
0.1 wt.%. EDS analysis showed the presence of copper oxide on the electrode surface, with
a small proportion of aluminum in the form of aluminum oxide. Many researchers have in-
vestigated the possibility of inhibiting the corrosion of copper and copper alloys. Inhibition
of the corrosion process using some organic compounds containing N and/or S atoms has
been particularly studied and explained by the fact that a bond with transition metals, such
as copper, is easily formed through these atoms [16–19]. The effectiveness of inhibition
can be ascribed to the adsorption process, i.e., the formation of a thin film of complexes on
the copper surface, which was represented as an inhibitor–copper bond [20–23]. For these
reasons, a large number of copper and copper alloy corrosion inhibitors from the group
of azoles [16–18], amines [19–23], amino acids [24–26], and others have been investigated.
The copper atom has an unoccupied d orbital, allowing it to form coordinate bonds with
atoms that donate electrons [27].

Due to the application of CuZnAl alloys in the fluid fitting system [3], as well as
various applications in engineering fields where the CuZnAl alloy can be exposed to various
corrosion environments, it is necessary to test the effectiveness of the application of various
corrosion inhibitors. In their research, Ye et al. [28] showed that the coordinative compound
formed on the surface of copper in the presence of 1-phenyl-5-mercaptotetrazole (PMT)
more efficiently inhibited the corrosion process of copper compared to the films formed
in the presence of tetrazole (TTA), benzotriazole (BTA), hydroxy benzotriazole (HBTA), 2-
mercaptobenzotriazole (MBT), 2-mercaptobenzimidazole (MBI), 2-aminopyrimidine (2-AP),
imidazole (IBM), and chromate. In the presence of PMT, a film was formed on the surface
of copper that can be best described as a composite structure Cu-PMT/Cu2O/Cu. By
measuring the weight loss in a solution of 1 mmol/dm3 sulfuric acid (H2SO4) in the
presence of 5-mercapto-1-phenyltetrazole and without the presence of an inhibitor, it was
found that the weight loss was reduced in the solution with the inhibitor. This can be related
to the strong chemical bond of 5-mercapto-1-phenyltetrazole to the surface of copper [29].

The electron donating nitrogen atom and the properties of the -SH group have an
important role in the process of adsorption [1]. The PMT molecule probably adsorbs via the
-S or the coordinative bond of the -N atom from the tetrazole. Szocs et al. [30] evaluated the
inhibitory properties of PMT in acidic sulfate solutions, in which PMT exhibited excellent
inhibitory characteristics.

The aim of this study is to evaluate the corrosion behavior of the copper alloy
Cu24Zn5Al in blank 0.1 mol/dm3 sodium sulfate, and in the presence of PMT as an
inhibitor. Additionally, the electrochemical behavior of the copper alloy was investigated
in 0.1 mol/dm3 sodium sulfate in the presence of different concentrations of chloride.

2. Materials and Methods

2.1. Materials

For the experimental investigations, a Cu24Zn5Al electrode was used as the working
electrode, which was obtained by sealing a Cu24Zn5Al wire in a methyl methacrylate-
based mixture. The electrode surface area was 0.5 cm2. The chemical composition of the
electrode was determined by measuring with an optical emission spectrometer (Spectro 20,
Boschstrasse 10, Kleve, Germany) and is shown in Table 1.

Table 1. Chemical composition of the investigated alloy (wt.%).

Cu Zn Al Fe Other

70.91 24.00 5.02 0.05 0.02
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All solutions were prepared from chemicals of analytical purity. The test solution was
a 0.1 mol/dm3 sodium sulfate solution.

The influence of the inhibitor on the corrosion behavior of the copper alloy was
investigated in solutions of different concentrations of 1-phenyl-5-mercaptotetrazole (PMT)
as follows: 2.5 × 10−3, 1 × 10−3, 5 × 10−4, 1 × 10−4, and 1 × 10−5 mol/dm3 of PMT in a
0.1 mol/dm3 sodium sulfate solution.

The impact of chloride ions on the corrosion behavior of the copper alloy was investi-
gated in a 0.1 mol/dm3 sodium sulfate solution with the following concentrations of Cl−:
5 × 10−2, 1 × 10−2, 1 × 10−3, and 1 × 10−4 mol/dm3.

To investigate the effect of electrode immersion time in the inhibitor solution, a PMT so-
lution with a concentration of 0.017 mol/dm3 was used, which was prepared by dissolving
3.0298 g of PMT in 1 dm3 of distilled water.

2.2. Methods

The samples of the investigated alloy were polished with alumina (Al2O3) with a
coarseness of 1 μm, washed with distilled water, dried, and immersed in the appropri-
ate solutions.

The electrochemical measurements were performed using a potentiostat that was
directly connected to a computer via an AD card, with a three-electrode cell. The saturated
calomel electrode (SCE) was used as the reference electrode, while a platinum electrode
was utilized as the auxiliary electrode.

The open circuit potential was determined for 30 min, after which anodic polarization
curves were recorded from the open circuit potential to approximately 1.0 V vs. SCE. The
measurements were performed at a scan rate of 1 mV/s. Cyclic voltammograms were
recorded from the corrosion potential to 1.0 V vs. SCE as well as from −1.0 V to 1.0 V vs.
SCE, with scan rates of 10 mV/s. All measurements were performed at room temperature.

The electrochemical characteristics of Cu24Zn5Al alloy in a sodium sulfate solution
with the addition of the investigated inhibitor, 1-phenyl-5-mercaptotetrazole, and chloride
ions, were tested as follows:

(A) Potentiodynamic polarization measurements (linear and cyclic voltammetry) were
conducted in a 0.1 mol/dm3 sodium sulfate solution without and with the addition
of various concentrations of the inhibitor (2.5 × 10−3 mol/dm3, 1 × 10−3 mol/dm3,
5 × 10−4 mol/dm3, 1 × 10−4 mol/dm3, 1 × 10−5 mol/dm3), as well as in 0.1 mol/dm3

sodium sulfate solutions containing various concentrations of chloride ions
(5 × 10−2 mol/dm3, 1 × 10−2 mol/dm3, 1 × 10−3 mol/dm3, 1 × 10−4 mol/dm3).

(B) The testing of the effect of the immersion time of the Cu24Zn5Al alloy in the 0.017 mol/dm3

PMT solution was conducted by allowing the Cu24Zn5Al electrode to stand in the
solution for 15 min, 60 min, and 240 min, then rinsing with distilled water and imme-
diately subjecting it to potentiodynamic polarization measurements (linear and cyclic
voltammetry) in a 0.1 mol/dm3 sodium sulfate solution. After obtaining the optimal
exposure time, the effect of chloride ions was examined by rinsing the Cu24Zn5Al elec-
trode that was immersed for 60 min (optimal time) in the 0.017 mol/dm3 PMT solution
with distilled water and immediately subjecting it to potentiodynamic polarization
measurements (linear and cyclic voltammetry) in a 0.1 mol/dm3 sodium sulfate
solution containing different concentrations of chloride ions (5 × 10−2 mol/dm3,
1 × 10−2 mol/dm3, 1 × 10−3 mol/dm3, 1 × 10−4 mol/dm3).

All tests were performed in duplicate.

3. Results and Discussion

3.1. Electrochemical Measurements

Influence of the Concentration of PMT
The electrochemical behavior of the Cu24Zn5Al alloy was investigated in a sodium

sulfate solution with different concentrations of PMT (1 × 10−5, 1 × 10−4, 5 × 10−4,
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1 × 10−3, and 2.5 × 10−3 mol/dm3). The obtained results are shown in Figure 1 and
Table 2.

Figure 1. Potentiodynamic polarization curves of the Cu24Zn5Al alloy in 0.1 mol/dm3 sodium
sulfate solution without and with the addition of various concentrations of PMT (scan rate 1 mV/s).

Table 2. Corrosion parameters of the Cu24Zn5Al alloy in 0.1 mol/dm3 Na2SO4 without and with the
addition of various concentrations of PMT.

Parameters

Inhibitor
Concentration

OCP Ecorr jcorr βc βa IE

Unit

mol/dm3 PMT V vs. SCE V vs. SCE μA/cm2 V/dec V/dec %

/ −0.030 −0.040 4.7 −0.292 0.148 /

1 × 10−5 −0.040 −0.054 2.1 −0.238 0.087 54.9

1 × 10−4 −0.035 −0.054 1.9 −0.379 0.084 58.4

5 × 10−4 −0.022 −0.020 2.0 −0.302 0.120 56.4

1 × 10−3 0.012 0.018 1.6 −0.299 0.091 66.1

2.5 × 10−3 0.010 0.011 2.4 −0.440 0.110 48.5

From Figure 1, it can be observed that the corrosion potential shifts towards positive
values with the increase of PMT concentration in the solution [31]. Additionally, all current
densities, obtained by the polarization of the Cu24Zn5Al alloy in the solution of sodium
sulfate in the presence of different concentrations of PMT inhibitor, have lower values
(curves 2, 3, 4, 5, and 6) than the current density obtained by polarization of the Cu24Zn5Al
alloy in the solution of sodium sulfate without an inhibitor (curve 1) [1,31–33].

This fact indicates that the tested PMT has an inhibitory effect in the vicinity of the
corrosion potential [31].

From Table 2, it can be seen that the OCP established on the Cu24Zn5Al alloy in the
sodium sulfate solution in the presence of different concentrations of the PMT inhibitor de-
pends on the concentration of the inhibitor. The obtained OCP of the Cu24Zn5Al alloy with
PMT concentrations of 5 × 10−4 mol/dm3, 1 × 10−3 mol/dm3, and 2.5 × 10−3 mol/dm3

173



Metals 2023, 13, 1863

was more positive than the OCP of the alloy in the blank solution. In the presence of lower
PMT concentrations, the OCP values were close to the OCP in the blank solution (Table 2).
By comparing these values, it can be said that there is a shift in the OCP in the positive
direction, which is consistent with the literature [24]. However, the OCP shift was less than
85 mV, indicating that PMT behaved as a mixed type [1,31,34].

The mechanism of inhibition relies on the creation of a polymer film consisting of
Cu-PMT [28,35]. Through the dissolution of the relatively more electronegative zinc and
aluminum, the copper content on the surface of the alloy increases, enabling the inhibitor to
form a protective film that strongly attaches to the surface by reacting with Cu+ ions [29,36].

The inhibition efficiency (IE) is calculated according to the following equation [1,37]:

IE(%) =

(
jcorr − jcorr(inh)

)
jcorr

× 100 (1)

where the symbols are:

jcorr—corrosion current density in the sodium sulfate solution without inhibitor (μA/cm2);
jcorr(inh)—corrosion current density in the sodium sulfate solution with PMT (μA/cm2).

The electrochemical corrosion parameters of Cu24Zn5Al alloy, such as open circuit
potential (OCP), corrosion potential (Ecorr), corrosion current density (jcorr), cathodic and
anodic Tafel slopes (βc and βa), inhibition efficiency (IE), are summarized in Table 2. The
values for Ecorr, jcorr, βc, and βa were obtained based on the polarization curves shown in
Figure 1.

The highest efficiency of corrosion inhibition for the Cu24Zn5Al alloy in 0.1 mol/dm3

sodium sulfate solution was achieved at a PMT concentration of 1 × 10−3 mol/dm3 [29,30].
Further, increase in the PMT concentration led to a diminution in the inhibition efficiency,
which can be explained by the fact that an increase in the inhibitor concentration led to a
faster formation of the protective layer on the alloy surface, causing the layer to become
more porous and less compact, resulting in a reduced protective effect [29,30].

Figure 2 shows the results obtained by cyclic voltammetry from −1 V to 1 V vs. SCE
for Cu24Zn5Al alloy in 0.1 mol/dm3 sodium sulfate solution in the presence of different
concentrations of the PMT inhibitor (scan rate 10 mV/s).

Figure 2. Anodic curves of the Cu24Zn5Al alloy in 0.1 mol/dm3 sodium sulfate solution without
and with the addition of various concentrations of PMT obtained by cyclic voltammetry (scan rate
10 mV/s).
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The results obtained by cyclic voltammetry from OCP to 1 V of Cu24Zn5Al alloy in a
0.1 mol/dm3 sodium sulfate solution in the presence of different concentrations of PMT
inhibitor (scan rate 10 mV/s) are shown in Figure 3.

Figure 3. Langmuir adsorption isotherm model of PMT.

On some polarization curves (curves 1 and 2) in Figure 2, a peak originating from the
formation of Cu2O can be observed [38]. This peak is not present on the polarization curves
5 and 6 [38,39], due to the relatively rapid formation of a stable protective film of Cu-PMT,
which completely prevents the formation of Cu2O. The creation of the Cu2O protective
film in a neutral environment has been confirmed by other authors as well [40,41].

A slight increase in the corrosion current can also be observed in the polarization
curves obtained from solutions containing inhibitors at potentials more positive than 0.4 V,
compared to the increase in corrosion current obtained in the blank solution, as seen in
Figure 2. This can be explained by the disruption of the compactness of the Cu-PMT
protective film, which results in its damage [29]. At even higher potentials, greater than
0.5 V, the curve becomes steeper, which concurs with the research of Ye et al. [28], where it
was found that complete destruction of the Cu-PMT protective film occurs at potentials
greater than 0.6 V. At a potential of 0.8 V, there is a sudden increase in current density,
indicating the onset of PMT oxidation in the solution [42,43]. Also, Figure 1 shows that the
lowest current density value was obtained at a PMT concentration of 1 × 10−3 mol/dm3.
Mihit et al. [44], conducted polarization measurements of brass in 0.2 mol/dm3 HNO3
with and without the addition of PMT and concluded that the anodic current density
decreased with increasing PMT concentration. The optimal inhibitor concentration was
1 × 10−3 mol/dm3. At the lowest PMT concentration and up to a potential of 0.3 V, the
current density was the highest compared to the current densities in the polarization curves
recorded in solutions with higher inhibitor concentrations, indicating that the formation of
a protective film on the alloy surface in sodium sulfate solution at neutral pH was relatively
slow and thin [28,45,46].

3.2. Adsorption Isotherm

Potentiodynamic polarization measurements provided results for the determination
of adsorption mechanisms. The adsorption isotherm that best fits the obtained data was
determined. Research results showed that PMT adsorption on the surface of Cu24Zn5Al
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alloy can best be described by the Langmuir adsorption isotherm [47]. The Langmuir
adsorption isotherm was formulated using the following relationships [1,38,44]:

IE
1 − IE

= A·c·e(− ΔG
RT ) = K·C (2)

where they are:

K—adsorptive equilibrium constant;
ΔG—the Gibbs free energy of adsorption (J/mol);
c—the concentration of PMT (mol/dm3);
IE—the inhibition efficiency (%).

Equation (2) can be represented as follows:

c
IE

=
1
K

+ c (3)

The adsorption constant K can be expressed by the following equation:

K =
1

55.55
e(−

ΔG
RT ) (4)

lnK − ln
(

1
55.55

)
= −ΔG

RT
(5)

− ΔG =

(
lnK − ln

(
1

55.55

))
× RT (6)

where the symbols are:

R—the universal gas constant;
T—the thermodynamic temperature (293 K).

Based on Equation (2) and Figure 3 the adsorption constant K is calculated. Further,
the Gibbs free energy of PMT adsorption in the sodium sulfate solution is calculated based
on Equation (6). The calculated value of the Gibbs free energy of PMT adsorption in the
sodium sulfate solution was ΔG = −43.44 kJ/mol. The obtained value of the ΔG indicates
spontaneous PMT adsorption on the surface of the Cu24Zn5Al alloy. Also, based on the
value of the Gibbs free energy, it can be concluded that the chemisorption of the inhibitor
occurs on the surface of the Cu24Zn5Al alloy in a neutral Na2SO4 solution [1,48–50].

3.3. The Effect of Chloride Ion Concentration

The electrochemical behavior of the Cu24Zn5Al alloy was investigated in a 0.1 mol/dm3

sodium sulfate solution containing various concentrations of chloride ions (1 × 10−4,
1 × 10−3, 1 × 10−2, and 5 × 10−2 mol/dm3), and the obtained results are presented in
Figure 4 and Table 3. Figure 4 shows that all recorded anodic currents of the Cu24Zn5Al
alloy in solutions containing chloride ions are higher than the anodic current observed in
sodium sulfate solutions without Cl− ions.

It was also observed that the OCP shifts in the negative direction with the increasing
concentration of chloride ions.

The observed behavior of the Cu24Zn5Al alloy in 0.1 mol/dm3 Na2SO4 contain-
ing chloride ions can be explained through Reactions (7)–(19) that occur at the cathode
and anode.

The cathodic reaction represents the reduction of dissolved oxygen according to the
following reaction [1,37,50–53]:

O2 + 2H2O + 4e → 4OH− (7)
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The main anodic reaction of Cu24Zn5Al alloy in 0.1 mol/dm3 Na2SO4 containing
chloride ions can be represented by the following equations [1,38,51–56]:

Cu + 2Cl− → CuCl−2 + e− (8)

2CuCl−2 + H2O → Cu2O + 4Cl− + 2H+ (9)

With prolonged immersion time in the solution containing dissolved oxygen copper,
from the surface of the Cu24Zn5Al alloy, it oxidizes according to the following reac-
tions [50–55]:

Cu2O + O2 + H2O → 2CuO + H2O2 (10)

Cu2O + H2O2 → 2CuO + H2O (11)

At the same time, the dezincification process takes place according to the following
equation [50,51,54]:

Zn → Zn2+ + 2e− (12)

As well as the oxidation of zinc which can lead to passivation by the formation of a
zinc oxide layer on the surface of the alloy according to the following equation [50,51,54]:

Zn + H2O → ZnO + 2H+ + 2e− (13)

Due to the presence of aluminum as an alloy element, additional passivation occurs
due to the dissolution of aluminum and the formation of an aluminum oxide layer on the
surface of the alloy according to the following equations [50,51,53–55]:

Al + 4Cl− → AlCl−4 + 3e− (14)

AlCl−4 + 3H2O → Al2O3 + 6H+ + 8Cl− (15)

The aluminum oxide film can protect the surface of the alloy from severe corrosion,
but it also dissolves in chloride solutions, according to the following equations [51]:

Al3+(izAl2O3x nH2O crystal lattices) + Cl− + 2H2O → Al(OH)2Cl + 2H+ (16)

Al(OH)2Cl + H2O → Al(OH)3 + H+ + Cl− (17)

or
Al3+(izAl2O3x nH2O crystal lattices) + Cl− + 2H2O → Al(OH)2Cl−2 + 2H+ (18)

Al(OH)2Cl−2 + H2O → Al(OH)3 + H+ + Cl− (19)

The anodic reactions according to Equations (9), (13), (15)–(17) or (18), and (19) result
in the release of hydrogen ions, which causes local acidity and further promotes surface
dezincation [36] and dealumination reactions, leading to a potential shift in the negative
direction and increased corrosion currents compared to the solution without chloride ions
present [32].

According to this, the surface becomes enriched in copper content and Equations (8)
and (9) become dominant.

The electrochemical corrosion parameters of Cu24Zn5Al alloy in a 0.1 mol/dm3

sodium sulfate solution containing various concentrations of Cl− ions are presented in
Table 3. The values of Ecorr, jcorr, βc, and βa were obtained based on the polarization curves
shown in Figure 4.
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Figure 4. Potentiodynamic polarization curves of Cu24Zn5Al alloy in 0.1 mol/dm3 sodium sulfate
solution with the addition of various concentration of chloride ions (scan rate 1 mV/s).

Table 3. Corrosion parameters of Cu24Zn5Al alloy in 0.1 mol/dm3 Na2SO4 in the presence of various
concentrations of Cl− ions.

Parameters

Concentration of Chloride Ions in
0.1 mol/dm3 Na2SO4

OCP Ecorr jcorr βc βa

Unit

mol/dm3 Cl− V vs. SCE V vs. SCE μA/cm2 V/dec V/dec

/ −0.030 −0.040 4.7 −0.292 0.148

1 × 10−4 −0.198 −0.082 2.9 −0.388 0.108

1 × 10−3 −0.144 −0.090 3.5 −0.413 0.130

1 × 10−2 −0.094 −0.144 4.5 −0.432 0.137

5 × 10−2 −0.077 −0.200 11.8 −0.552 0.255

Based on the results presented in Table 3, it can be concluded that the presence of chlo-
ride ions at concentrations of 1 × 10−4 mol/dm3, 1 × 10−3 mol/dm3, and 1 × 10−2 mol/dm3

has an inhibitory effect, as the corrosion current obtained in these solutions is lower than
that obtained in the 0.1 mol/dm3 sodium sulfate solution, while the concentration of
chloride ions of 5 × 10−2 mol/dm3 has a significant influence on increasing the corrosion
current of the Cu24Zn5Al alloy. The inhibitory effect of the present chloride ions has been
confirmed by other authors as well [35,56,57].

3.4. The Influence of the Immersion Time of Cu24Zn5Al Alloy in a Solution of
0.017 mol/dm3 PMT

The influence of the immersion time was investigated by immersing the Cu24Zn5Al
electrode in a 0.017 mol/dm3 PMT solution for a specific time (15 min, 60 min, and 240 min).
Afterwards, the electrode was taken out, washed with distilled water and alcohol, and moved
into an electrochemical cell where open circuit potential (OCP) was determined, followed by
polarization testing in a sodium sulfate solution with a concentration of 0.1 mol/dm3. The
results of these experiments are shown in Figure 5 and Table 4. Based on the recorded OCP
values, it can be said that the OCPs after immersion in the inhibitor solution for 15 min, 60 min,
and 240 min (−0.035 V, −0.045 V, and −0.035 V) were close to the OCP value of the electrode
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obtained without the pretreatment (−0.030 V). This confirms the assertion that a Cu2O film
was formed on the surface of the copper alloy in a neutral medium [41], which has a similar
role as the film formed during immersion in the PMT solution [58]. From Figure 6, it can be
seen that the lowest current densities were obtained when the Cu24Zn5Al alloy was immersed
in the inhibitor solution for 240 min. By analyzing the results shown in Figures 1 and 5, it can
be concluded that the current densities in the case when the electrode was pretreated in the
inhibitor solution for a period of 15 min do not differ significantly from the current densities
when the Cu24Zn5Al alloy was in the solution of PMT. This also supports the claim that the
Cu-PMT protective layer forms more slowly in neutral sodium sulfate solutions. However,
the inhibition efficiency was higher with immersion times of 60 min and 240 min compared
to the maximum inhibition efficiency value recorded in solutions with the inhibitor present.
This observation supports the fact that the thickness of the Cu-PMT protective film formed on
the surface of the alloy increases over time [30,50,59].

Figure 5. Potentiodynamic polarization curves of Cu24Zn5Al alloy in 0.1 mol/dm3 Na2SO4 solution:
1—without pretreatment, and with different immersion time of electrode in 0.017 mol/dm3 PMT:
2—15 min, 3—60 min, 4—240 min.

Table 4. Electrochemical parameters of Cu24Zn5Al alloy in 0.1 mol/dm3 Na2SO4 without and after
pretreatment in a 0.017 mol/dm3 PMT solution.

Parameters

Immersion Time of Electrode in
0.017 mol/dm3 PMT Solution

OCP Ecorr jcorr βc βa IE

Unit

min V vs. SCE V vs. SCE μA/cm2 V/dec V/dec %

0 −0.030 −0.040 4.7 −0.292 0.148 /

15 min −0.035 −0.157 1.9 −0.390 0.196 59.6

60 min −0.045 −0.113 1.3 −0.341 0.144 72.3

240 min −0.035 −0.105 0.9 −0.344 0.159 80.8

The OCP of Cu24Zn5Al alloy after 15 min, 60 min, and 240 min of immersion in the
solution of sodium sulfate varies from −0.045 V to −0.035 V, which is close to the OCP
value of Cu24Zn5Al alloy without immersion in the sodium sulfate solution, −0.030 V. The
OCP of the Cu-PMT protective film is similar to the OCP of Cu24Zn5Al alloy in the sodium
sulfate solution.
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The inhibition efficiency (IE) is calculated according to the following equation:

IE(%) =

(
jcorr − jcorr(immersion)

)
jcorr

× 100 (20)

where they are:

jcorr—corrosion current density obtained in sodium sulfate solution without pretreatment
(μA/cm2);
jcorr(immersion)—current density obtained in the sodium sulfate solution after pretreatment
in the 0.017 mol/dm3 PMT solution (μA/cm2).

Electrochemical corrosion parameters of Cu24Zn5Al alloy such as open circuit poten-
tial (OCP), corrosion potential (Ecorr), corrosion current density (jcorr), cathodic and anodic
Tafel slopes (βc and βa), and inhibition efficiency (IE) are also shown in Table 4. The values
for Ecorr, jcorr, βc, and βa were obtained based on the polarization curves shown in Figure 5.

The effect of Cu24Zn5Al alloy immersing in a solution of 0.017 mol/dm3 PMT can
also be observed from Figure 6, which shows the results obtained by cyclic voltammetry
from a potential of −1 V to 1 V (vs. SCE).

Figure 6. Cyclic voltametric curves of Cu24Zn5Al without pretreatment and with pretreatment of 60
min in 0.017 mol/dm3 PMT solution (scan rate 10 mV/s).

Figure 6 clearly shows a shift of the peak originating from the formation of Cu2O
towards more positive potentials, as well as a decrease in anodic current densities obtained
by recording the behavior of the Cu24Zn5Al alloy that had previously been allowed to
stand for 60 min in 0.017 mol/dm3 PMT solution. This clearly shows the formation of a
protective Cu-PMT film on the surface of the alloy during its standing in a PMT solution
with a concentration of 0.017 mol/dm3 [58].

The inhibition efficiency (IE) is calculated according to the following equation:

IE(%) =

(
Acorr − Acorr(immersion)

)
Acorr

× 100 (21)

where they are:

Acorr—the area provided by integrated curve obtained in the sodium sulfate solution
without pretreatment (mV mA/cm2);
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Acorr(immersion)—the area provided by integrated curve obtained in the sodium sulfate
solution after pretreatment in the 0.017 mol/dm3 PMT solution (μA/cm2).

The values for area under each peak are provided by integrating the curves in Figure 6
in range of potential from 0 mV to 1 mV and from 0 mV to 0.3 mV. Results are shown in
Table 5.

Table 5. The inhibition efficiency (IE) of Cu24Zn5Al without pretreatment and with pretreatment of
60 min in 0.017 mol/dm3 PMT solution in different range of potential.

Parameters

Immersion Time of Electrode in
0.017 mol/dm3 PMT Solution

Range of Potential Obtained Area by Integrating IE

min V vs. SCE mVmA/cm2 %

0 0–1 0.911 /

60 min 0–1 0.576 36.77

0 0–0.3 0.069 /

60 min 0–0.3 0.027 60.87

We obtained the inhibition efficiency (IE) by integrating the curves in Figure 6 in range
of potential from 0 mV to 0.3 mV confirm data for inhibition efficiency (IE) given in Table 4
and Figure 5.

The Effect of Chloride Ion Concentration
The electrochemical behavior of the Cu24Zn5Al alloy was tested in a 0.1 mol/dm3

sodium sulfate solution containing various concentrations of chloride ions (1 × 10−4, 1 × 10−3,
1 × 10−2, and 5 × 10−2 mol/dm3), and after 60 min of immersing in a 0.017 mol/dm3 PMT
solution. The results obtained are shown in Figure 7 and Table 5. As seen in Figure 7, an
increase in the concentration of chloride ions leads to a shift in the potential of Cu24Zn5Al
in the negative direction [32,60] after 60 min of immersion in a 0.017 mol/dm3 PMT solution.
The current density is higher in all solutions containing chloride ions in comparison to the
current density in the sodium sulfate solution measured under the same conditions, but
significantly lower than the current densities obtained by polarization in solutions with
chloride ions of the same concentration, without 60 min of immersion in a 0.017 mol/dm3

PMT solution. The results obtained in this way indicate the influence and importance of
the process of immersing the alloy in the inhibitor solution.

The degree of corrosion current density reduction (%) is calculated according to the
following equations:

Sjcorr
(%) =

(
jcorr(Na2SO4)

− jcorr(immersion)

)
jcorr(Na2SO4)

× 100 (22)

where they are:

Sjcorr—the degree of corrosion current reduction (%);
jcorr(Na2SO4)

—corrosion current density obtained in sodium sulfate solution (μA/cm2);
jcorr(immersion)—current density obtained in the sodium sulfate solution without and with
the presence of different concentrations of chloride ions, after the immersion time of 60 min
in a solution of 0.017 mol/dm3 PMT (μA/cm2).

And

Sjcorr
(%) =

(
jcorr(Cl) − jcorr(immersion)(Cl)

)
jcorr(Cl)

× 100 (23)
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where they are:

Sjcorr
—the degree of corrosion current reduction (%);

jcorr(Cl)—corrosion current density obtained in sodium sulfatase solution with different
concentrations of chloride ions (μA/cm2);
jcorr(immersion)(Cl)—current density obtained in sodium sulfate solution with different con-
centrations of chloride ions, and after the immersion time of 60 min in 0.017 mol/dm3 PMT
solution (μA/cm2).

Electrochemical corrosion parameters of the Cu24Zn5Al alloy, such as open circuit
potential (OCP), corrosion potential (Ecorr), corrosion current density (jcorr), cathodic and
anodic Tafel slopes (βc and βa), and corrosion current reduction efficiency (S) are presented
in Table 6. The values for Ecorr, jcorr, βc, and βa were obtained based on the polarization
curves shown in Figure 7.

Figure 7. Potentiodynamic polarization curves of Cu24Zn5Al alloy in 0.1 mol/dm3 Na2SO4 in the
presence of various chloride ions concentrations, after 60 min pretreatment in 0.017 mol/dm3 PMT
(scan rate 1 mV/s).

Table 6. Electrochemical corrosion parameters of the Cu24Zn5Al alloy in 0.1 mol/dm3 Na2SO4 without
and with the presence of chloride ions, without and after 60 min immersion time in 0.017 mol/dm3 PMT.

Parameters

0.1 mol/dm3 Na2SO4 Containing
Various Concentrations of Cl− OCP Ecorr jcorr βc βa IE

Unit

mol/dm3 Cl− V vs. SCE V vs. SCE μA/cm2 V/dec V/dec % %

Without immersion in 0.017 mol/dm3 PMT

/ −0.030 −0.040 4.7 −0.292 0.148 / /

After 60 min immersion time in 0.017 mol/dm3 PMT

/ −0.045 −0.113 1.3 −0.341 0.144 72.3 /

1 × 10−4 −0.082 −0.128 2.7 −0.234 0.116 42.6 6.90

1 × 10−3 −0.076 −0.181 3.3 −0.207 0.249 29.8 7.14

1 × 10−2 −0.077 −0.198 4.1 −0.255 0.268 12.8 7.87

5 × 10−2 −0.073 −0.248 9.8 −0.275 0.219 n/a 16.95
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Based on the results presented in Table 6, it can be concluded that by immersing
the Cu24Zn5Al alloy in a 0.017 mol/dm3 PMT solution, there is an additional influence
on the reduction of the corrosion current density compared to the results presented in
Table 3, which shows the electrochemical corrosion parameters of the Cu24Zn5Al alloy in a
0.1 mol/dm3 sodium sulfate solution with varying concentrations of chloride ions, without
prior immersing.

4. Conclusions

Polarization measurements have shown that with the increase of the PMT concentra-
tion, the anodic current density around the corrosion potential decreases, indicating that
PMT behaves as a corrosion inhibitor for the Cu24Zn5Al alloy.

The investigation that involved immersing the alloy in a 0.017 mol/dm3 inhibitor
solution suggests the formation of a protective layer (Cu-PMT).

The presence of chloride ions in the tested solutions has an impact on the corrosion
behavior of the Cu24Zn5Al alloy, causing a negative shift in the corrosion potential and an
increase in the current density as the concentration of chloride ions rises.

The investigation that involved immersing the alloy in a 0.017 mol/dm3 inhibitor
solution and testing it in sodium sulfate solutions with different concentrations of chloride
indicates the formation of a protective layer (Cu-PMT), as the current densities measured
in chloride solutions with prior immersion of the alloy in the inhibitor solution are lower
than those measured in chloride solutions of the same concentrations without immersion
in the inhibitor solution.
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Abstract: The main objective established in this work was to develop a model based on artificial neural
networks (ANNs) to predict the corrosion status of stainless steel involved in biogas production,
analyzing the influence of the material composition and the breakdown potential value. To achieve
this objective, an ANN model capable of predicting the corrosion status of the material without the
need to perform microscopic analysis on the material surface was proposed. The applicability of the
corrosion models was verified via the experimental data considering different factors such as stainless
steel composition, biogas environments simulated by artificial solution, temperature, surface finish,
and the breakdown potential of the passive layer of stainless steel obtained from electrochemical
tests. The optimal prediction performance shown by the model in terms of specificity and sensitivity
values were 0.969 and 0.971, respectively, obtaining an accuracy of 0.966. Furthermore, analyzing the
influence of the breakdown potential on corrosion modelling, an alternative model was presented
capable of predicting the corrosion status automatically, without the need to resort to electrochemical
tests for new conditions. The results demonstrated the utility of this technique to be considered in
design and maintenance planning tasks for stainless steel structures subjected to localized corrosion
in biogas production.

Keywords: biogas; corrosion modelling; artificial neural network; stainless steel; electrochemical tests

1. Introduction

In recent decades, the increasing energy requirements, in addition to the need to face
the consequences of climate change, have encouraged looking for alternative renewable
energy sources [1]. The International Energy Agency has estimated that global energy
demand will increase by two to three times in this century. With the aim to reduce global
warming, in addition to transforming pollutant waste into a valuable resource, the pro-
duction of bioenergy has become a viable alternative to obtain more cost-effective and less
polluting economic activity. It is estimated that the global bioenergy demand will increase
by 20% in 2050 [2]. This bioenergy is represented mostly by biogas, bioethanol, and bioelec-
tricity. Biogas is considered a versatile renewable energy source that can replace fossil fuels
in power and heat production. It is obtained via anaerobic digestion of organic wastes,
offering significant advantages over other types of bioenergy. The use of biodigesters to
produce and store biogas via anaerobic digestion can be considered an environmentally
friendly technology [3]. Biodigesters are tanks used for energy and biogas production. Raw
biogas consists of 60–65% of methane, 30–35% of carbon dioxide, and small percentages of
water vapour, H2, H2S, and other impurities [4]. The presence of hydrogen sulphide and
other impurities in the production process may cause corrosion, leading to the deterioration
of appliances and engines involved in biogas production [5].

Corrosion is considered one of the most critical issues in industrial processes [6]. It can
be defined as the degradation of metal or alloy in contact with the environment, reducing
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its durability. For most applications, it is possible to select materials that show excellent
corrosion resistance; however, their costs are often prohibitive. In practice, it is usual to
select materials that corrode slowly under uniform corrosion. Nevertheless, a significant
proportion of corrosion failures occur due to localized corrosion, which results in failure
in a much shorter time. The increasing price of energy encourages the development of
cost-effective design solutions for biogas production. In this context, although concrete
has been a widely used material in the manufacture of biodigesters, the reduction or even
the elimination of corrosion in these tanks is difficult even when special coating is applied.
In order to solve these disadvantages, stainless steel has become a suitable option for this
application due to its great corrosion resistance, among other factors [7,8].

The high corrosion resistance of stainless steel is explained by the formation of the pas-
sive film on the material surface that protects it from aggressive environments. Chromium
is the principal element in the composition of stainless steel responsible for the formation
of the passive layer. Moreover, other alloying elements may appear in the chemical compo-
sition of the alloy, primarily nickel or molybdenum, improving the resistant behaviour of
the material. According to the chemical composition, different grades of stainless steel can
be obtained with different mechanical, physical, and chemical properties. The chemical
composition of the alloy and its surface finish are factors that may have an influence on the
corrosion behaviour of the material depending on the environmental conditions [9].

Over the past 50 years, different corrosion studies have concluded that corrosion costs
can be estimated to be 3–4% of each nation’s gross domestic product (GDP) [10]. These
estimated costs do not consider individual safety or environmental consequences such
as incidents, accidents, or outages, among others. Several industries have exposed that
via adequate corrosion management, significant cost savings can be achieved [11]. In
this context, electrochemical techniques have become a widely used tool in the study of
corrosion behaviour [12]. The application of polarization techniques, both potentiostatic
and dynamic methods, has been very successful in studying the phenomena involved
in the corrosion process. However, in order to understand the behaviour of materials in
different environmental conditions, a large number of experimental tests must be carried
out. Moreover, the application of electrochemical methods to study the corrosion behaviour
of material may influence the corrosion reaction of the samples, and they may not be capable
of identifying localized corrosion accurately since these tests often require microscopic
analysis of the material surface [13]. This can be tedious and lead to possible undesirable
errors, including subjectivity in the experimental results. In order to solve these drawbacks
and to improve precision, save time in the evaluation, and eliminate human error, the use
of artificial intelligence-based models has been proposed by many researchers. In recent
years, the adoption of machine learning in modelling real engineering problems was built
on its ability to understand the interrelationships between real input and output data. The
potential of these techniques to predict material properties has been reported in scientific
literature [14–19]. Among the different techniques proposed in the literature, Artificial
Neural Networks (ANNs) have become a promising tool that offers great computational
power even when a small experimental dataset is considered [20]. In the literature, different
models based on ANNs have been presented to model corrosion behaviour.

Pintos et al. [21] developed an ANN model to model atmospheric corrosion processes
of carbon steel. The proposed model was compared against a classical regression model to
predict the corrosion rate of this material. Diaz et al. [22] proposed an ANN model for the
prediction of corrosion damage under different climatological and pollution conditions.
The number of neurons in the input layer was defined according to the number of meteoro-
logical variables considered in the experimental procedure, whereas the output layer had
one unit corresponding to the cumulated penetration. The authors concluded that the pre-
sented methodology based on ANNs was an efficient tool for corrosion process modelling
from experimental data. These authors continued their studies in [23], where they pre-
sented an ANN-based methodology to predict corrosion damage of atmospheric corrosion
problems for carbon steel expressed in terms of corrosion penetration. The authors used
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the model to analyze the relevance of meteorological and pollution factors on corrosion
behaviour. Silva et al. [24] applied an ANN to analyze the corrosion defects in pipelines
with the aim of finding out the influence of the geometry of the defects on the pipe pressure
capacity. Kenny et al. [25] developed an ANN model to analyze the factors that influence
the atmospheric corrosion of carbon steel, copper, and aluminum. The authors considered
the following as inputs for modelling the meteorological data in addition to local pollution:
temperature, solar radiation, relative humidity, precipitation, time of exposure, time of
wetness, wind velocity, chloride ions, sulphur compounds, and dustfall. According to the
results, the authors concluded that the proposed ANN model could be considered as a
good corrosion estimator to predict corrosion rates of the materials. Halama et al. [26]
designed a model based on ANN for the assessment of atmospheric corrosion of carbon
steel under local geographical conditions, considering climatic conditions (temperature and
relative humidity) in addition to pollutant concentrations and precipitation. In that work,
the objective was to construct an ANN model that operates with numerous time-dependent
parameters predicting related corrosion mass losses accurately. Lin et al. [27] employed
the ANN model to predict atmospheric corrosion rates of carbon steel subjected to general
and coastal industrial zones. The model was used to determine the most significant factors
in corrosion behaviour for the different environments. Tran et al. [28] proposed an ANN
model to model atmospheric corrosion in tropical climate conditions. Different meteoro-
logical and chemical factors were considered as inputs for modelling, whereas the output
provided by the model was related to the atmospheric corrosion rate of carbon steel. Kim
et al. [29] used an ANN model to examine the oxidation resistance of Ni-based superalloys,
analyzing the effect of the elements to define the optimum composition of the alloy. Zhu
et al. [30] presented an ANN model to study the corrosion of carbon steel in reinforced
concrete. The authors considered different physical and chemical parameters, including
pH, corrosion potential, breakdown potential, and temperature, in addition to cement
composition, concrete porosity, and water/cement ratio. They demonstrated the utility
of the proposed model to evaluate the corrosion behaviour of materials. Wang et al. [31]
presented a model based on ANN as a novel non-destructive testing method of corrosion.
According to the electrochemical laboratory tests, the authors predicted the corrosion
current density of the gas pipeline accurately. Li et al. [32] proposed an ANN corrosion
model to predict the corrosion rate of Q345R steel, considering different factors as input
variables: MDEA concentration, total amine concentration, pH, conductivity, and solution
type, whereas the target value was defined as the corrosion rate. Soomro et al. [33] applied
an ANN to predict the integrity of damaged oil and gas pipelines, considering temperature,
pH, pressure, and velocity as input characteristics, whereas Li et al. [34] proposed an ANN
for quantitative modelling of corrosion degradation prediction of offshore oil pipelines.

Although there are numerous applications in which neural network-based techniques
have been successfully implemented in energy fields [35–37], no studies focused on lo-
calized corrosion modelling of stainless steel in biogas environments have been found
in the literature. This work presents the application of the ANN model to predict the
corrosion status of different grades of stainless steel in biogas environments. The proposed
model was also applied to analyze the influence of different factors that may affect the
corrosion behaviour of stainless steel subjected to these environments. The validity of the
model was evaluated with the experimental data set obtained from electrochemical tests in
addition to the microscopic analysis of the tested sample. In the experimental procedure,
the polarization curves were carried out to assess the localized corrosion resistance of
different stainless steel grades, namely pitting [38,39] and crevice [40] corrosion since they
are the most important corrosion forms in biogas production [41,42].

In this study, the use of the ANN model allows us to determine the corrosion state of
the sample under different conditions simulating biogas environments. Based on our expe-
rience in corrosion modelling [43,44], different ANN model configurations were proposed
to achieve the established objectives:
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Objective 1—To develop an ANN model capable of predicting the corrosion state of
stainless steel involved in biogas production without the need for microscopic analysis of
the analyzed sample after electrochemical tests.

In this case, three configurations were developed:
MODEL 1: In this case, the ANN model was presented to predict the pitting corrosion

status of stainless steel considering data related to the properties of the material (stainless
steel composition and surface finish), data obtained from the electrochemical test (break-
down potential of the passive layer) and those data related to the environment to which
the material may be exposed in biogas production (temperature and the type of artificial
solution). All these data were considered as inputs for the ANN model, while the output
was defined by the pitting corrosion status of the sample: 1 for the patterns that suffer
pitting corrosion under the conditions analyzed in each case and 0 for those patterns that
resist the attack.

MODEL 2: In this case, the model was presented to predict crevice corrosion sta-
tus. Similar to the previous model, the input variables were defined by the properties
of the material (stainless steel composition and surface finish), data obtained from the
electrochemical test (breakdown potential of the passive layer) and data related to the
environment to which the material may be exposed in biogas production (temperature and
the type of artificial solution). However, the output in this case corresponded to the state of
crevice corrosion of the sample under study: 1 for the patterns that suffer crevice corrosion
and 0 otherwise.

MODEL 3: It was presented as a global model to predict the pitting or crevice corrosion
state of the material. In this case, the experimental data used in Model 1, in addition to the
data used to develop Model 2, were considered. An additional input variable related to
the type of corrosion to be evaluated was included, namely pitting or crevice corrosion.
In this way, the input data presented to the model for each pattern were defined by the
composition of the stainless steel, surface finish, breakdown potential value obtained from
electrochemical tests, temperature, and type of artificial solution, in addition to the type of
corrosion that was intended to be predicted (pitting or crevice corrosion). For this model,
the output was defined by the corrosion status of the sample under study: 1 for samples
that suffered corrosion and 0 otherwise.

The advantage of the proposed models to achieve Objective 1 is that all the models
were developed to predict the corrosion status of the stainless steel involved in biogas
production without the need to perform microscopic analysis of the material surface after
electrochemical tests. This fact avoids adding subjectivity to the results since the optical
analysis of the surface depends on the experience of the analyst and may be confusing.

Objective 2—To analyze the effect of PREN (Pitting Resistance Equivalent Number)
as an input for corrosion behaviour modelling instead of considering the concentration of
the alloying elements in the material.

In this case, MODEL 4, the composition of the material expressed as a percentage of
the alloying elements that took part in the composition of the material was replaced by
PREN, reducing the number of inputs that were considered in the ANN model.

Objective 3—To analyze the influence of the breakdown potential value obtained from
electrochemical techniques in the corrosion modelling of stainless steel in biogas production.

In this case, a new configuration for the ANN model was proposed: MODEL 5.
This configuration allowed predicting the corrosion status of stainless steel automatically,
without the need to resort to electrochemical tests or microscopic analysis of stainless steel.
This can be considered a great advantage in terms of cost savings since it allows knowing,
in advance, the corrosion resistance of the material for new environmental conditions
related to biogas production automatically.

2. Materials and Methods

With the aim to evaluate the susceptibility of different grades of stainless steel to
suffer localized corrosion in biogas production, electrochemical tests were carried out in

189



Metals 2023, 13, 1811

two different solutions simulating biogas environments. The composition of the different
stainless steel grades analyzed is collected in Table 1.

Table 1. Stainless steel composition for experimental tests.

Stainless Steel Grade Cr (%) Mo (%) N (%) Mn (%) Ti (%) Nb (%)

EN 1.4404 16.71 2.018 0.038 1.291 0.016 0.016
EN 1.4462 22.892 3.279 0.1619 1.397 0.034 0.011
EN 1.4482 19.94 0.223 0.1374 4.016 0.025 0.006
EN 1.4003 11.45 0.01 0.0115 0.547 0.015 0.006
EN 1.4571 16.801 2.066 0.0134 1.578 0.301 0.008
EN 1.4509 18.492 0.051 0.0235 0.43 0.148 0.393
EN 1.4521 18.555 1.999 0.024 0.507 0.127 0.416
EN 1.4318 17.744 0.089 0.144 1.258 0.002 0.007

The polarization curves for each sample in different environmental conditions sim-
ulating biogas environments were obtained according to ASTM standards: “Convention
applicable to electrochemical measurements in corrosion testing” and “Making potentio-
static and potentiodynamic anodic polarization measurements” [45]. The electrochemical
tests were carried out in a flat cell for both the pitting and the crevice corrosion analysis,
where the temperature was controlled at a constant value by a thermostatic bath (Figure 1b).
The test equipment consisted of a potentiostat (EG&G PARC model 263) connected to
a computer with the software “Power suite 2.58”. The solution was stirred during the
test to homogenize its composition. Two different temperatures were analyzed: 35 ◦C
representing the mesophilic conditions and 50 ◦C corresponding to thermophilic ones.
With the aim to ensure reproducibility in the experimental results, each condition was
tested three times. The composition of each artificial solution (AS), representing the biogas
environment, is collected in Table 2.

 

Figure 1. Experimental procedure of stainless steel EN 1.4462: (a) polishing, (b) electrochemical cell
design, (c) potentiodynamic curves, (d) microscopic analysis.
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Table 2. Artificial solutions conditions.

Reagent g/L AS 1 AS 2

Sodium Sulphate, Na2SO3 12.67 X X
Ammonium Chloride, NH4Cl 69.81 X X
Ammonium carbonate, (NH4)2CO3 15.13 X X
Sodium Acetate Trihydrate,
NaCH3COOH·3H2O

17.06 X X

Hydrogen chloride, HCl, from FeCl2
desulfuration

7.31 -- X

pH range 8.2–8.5 6.6–7.2

During the experimental procedure, to obtain a comparative assessment of the cor-
rosion resistance of the different grades of stainless steel, the breakdown potential was
evaluated for each condition according to the polarization curve obtained from the elec-
trochemical test of each sample according to the environmental conditions. This po-
tential is defined as the potential at which current density suffers an abrupt increase
(Figure 1c). Many authors determine this potential as the value of potential corresponding to
100 μA/cm2 at the polarization curve [46]. After the electrochemical test, each sample
was analyzed under a microscope to confirm whether it had suffered a localized corrosion
attack, see Figure 1d. Therefore, each sample was defined according to the experimental
conditions tested: types of artificial solution, temperature, chemical composition of the
alloy, surface finish, breakdown potential, and finally, the localized corrosion status. In
this way, the experimental database was obtained considering the most relevant factors
involved in biogas production that may have an influence on stainless steel durability.
This data set was used to develop ANN models to predict the corrosion behaviour of the
different grades of stainless steel when they are exposed to the environmental conditions
involved in the biogas production process.

2.1. Methodology

Artificial Neural Networks are considered a powerful machine learning technique for
modelling real problems, including function approximation and classification problems
that cannot be described with traditional mathematical models [47].

The fundamental unit in the ANN architecture is called a neuron or node that mimics
the properties of biological neurons. Although there are many different types of ANNs, all
of them consist of a set of neurons connected between them. Each unit receives inputs and
produces the output based on a mathematical operation. In this case, the input entering
the unit is weighted, and a bias is added to its value after passing through the activation
function. A structural model is shown in Figure 2.

Figure 2. Mathematical model of an artificial neuron.

The structural type of the ANN model proposed in this study was the multilayer
feedforward network, see Figure 3. This structure consists of multiple layers of neurons
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where each neuron in the first layer receives the input while the neurons in the last layer
provide the output. The layer between the input and the output is referred to as the hidden
layer. All neurons in the input layer are connected to all neurons in the hidden layer, and
so on to the output layer.

Figure 3. Structure for the proposed ANN model (Model 1) to predict the pitting corrosion status
of stainless steel in biogas production. The input variables considered in this case were alloy
composition, Eb (breakdown potential of passive layer), Temperature, AS (type of artificial solution
simulating biogas environment), and SF (surface finish of the material).

ANNs technique uses a perceptron to classify a set of patterns of different classes
that are linearly separable in the input space. However, the classification fails when
non-separable data are presented to the model. In order to solve this drawback, a back-
propagation algorithm is introduced [48]. It consists of a supervised learning method that
considers the desired output value to train the model. This algorithm is used for backward
propagation errors in feed-forward networks. According to the evaluated error, the weights
of the network are updated. The algorithm can be considered as a recursive process that
continues until a satisfactory performance is achieved.

For ANN models, a critical step is to find the optimal structure since there is no
systematic method to determine it. The network incorporated in this study used a two-
layer feed-forward network with one hidden layer, as depicted in Figure 3. The number
of units in the input layer was specified by the number of parameters considered in each
case, as shown in the results section, whereas the number of units in the output layer
was specified according to the different corrosion statuses: 1 for corrosion samples and
0, otherwise. Moreover, the selection of the optimal number of hidden layers was made,
knowing that those models with one hidden layer can solve most of the non-linear functions
in real problems [49].

The optimal ANN structure is defined according to the number of neurons in each
hidden layer, the number of hidden layers, the activation function, the learning algorithm
and training parameters. Related to the activation functions, they were selected according
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to the type of layer: the activation function applied in the hidden layer of the multilayer
network presented in this study was the sigmoid transfer function since it is the most
commonly used function for this layer, whereas the linear transfer function is generally
employed in the final layer of a multilayer network with backpropagation. For the learning
stage, the Levenberg–Marquardt training algorithm, based on the minimization of the sum
of square error, was applied [50]. This algorithm was introduced by Levenberg in 1944
and then rediscovered by Marquardt. It was applied to train the model due to its speed to
converge as well as its stability.

For the training stage, the input and output values were normalized to fall in a certain
range to increase the convergence ability of the network, improving the training process
of the ANN model. Training a neural network that can generalize well to new data is
a challenging problem. One of the problems to avoid in the training stage is overfitting.
Overfitting occurs when the model classifies those patterns that are presented in the training
set correctly. However, the network fails when patterns that have not been used for training
are presented to the model.

One method for avoiding overfitting is an early learning-stopping mechanism. In this
case, the original data is divided into three subsets: the training set, the validation set, and
the test set. The training set is used to adjust the parameters of the network. Out of the
patterns that make up the training set, 25% of the data is not used for training and is set
aside to form the validation set. This set is used to provide an unbiased evaluation of a
model fit tuning model hyperparameters. The validation test determines when overfitting
occurs. Finally, the test dataset is used to provide the generalization of the model. In this
work, with the aim to avoid overfitting, the experimental data set was divided randomly
into three subsets according to the 5-fold cross-validation method for the training stage.
The model was trained on the training set and evaluated on the validation set to determine
when overfitting occurs. This step is repeated until the optimal values for the ANN model
are found. Once the optimal configuration is defined, the classification performance of the
model is measured based on the test set, the independent set that has not been presented to
the network before. The test set was applied to assess the behaviour of the model to predict
the corrosion status of stainless steel. This process was implemented in MATLAB®, 2021. It
was repeated 20 times with the different configurations proposed for the ANN model to
determine the optimal number of neurons in the hidden layer since too few units in the
hidden layer may result in underfitting, whereas too many hidden neurons may lead to
overfitting, consuming more time for training the model. The steps for the design of the
ANN models are represented in Figure 4.

Figure 4. Methodology proposed to model the corrosion behaviour of stainless steel in biogas environments.

2.2. Classification Performance of ANN Models

Confusion matrix has been commonly used to evaluate the classification performance
of the classification models. In this case, the accuracy of the model is measured based on
the comparison between the target value and the output provided by the model. For a
classifier and a pattern considered, there are four possible outcomes: true positive, true
negative, false positive, and false negative. True positive is a correct classification result
(the number of corrosion patterns that have been classified correctly by the model). A
false positive is an incorrect result; this means those original no-corrosion patterns have
been incorrectly classified by the model as corrosion patterns. The possible outcomes of a
classification model are collected in the confusion matrix shown in Table 3.
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Table 3. Confusion matrix for corrosion modelling.

Target Status

Positive
(Corrosion Pattern)

Negative
(No-Corrosion Pattern)

Classification results
Positive TP (True Positive) FP (False Positive)
Negative FN (False Negative) TN (True Negative)

According to the confusion matrix, the classification performance of the model can be
evaluated according to the following equations:

Precision = TPR =
TP

TP + FP
(1)

Accuracy =
TP + TN

TP + FP + TN + FN
(2)

According to Lemeshow and Hosmer [51], the classification models can be divided
into the following four categories based on accuracy results:

- Fail classifier: 0.5 ≤ Accuracy < 0.6;
- Poor Classifier: 0.6 ≤ Accuracy < 0.7;
- Fair Classifier: 0.7 ≤ Accuracy < 0.8;
- Good Classifier: 0.8 ≤ Accuracy < 0.9;
- Excellent Classifier: 0.9 ≤ Accuracy ≤ 1.0.

3. Results and Discussion

In the study, the main objective was to develop ANN models capable of predicting
the corrosion state of different stainless steel grades in biogas environments since local-
ized corrosion can be considered one of the most critical problems in the maintenance of
biodigestors used in biogas production. This work focused on pitting and crevice corrosion
modelling since they are the two types of localized corrosion that can cause more dangerous
damage to the material, affecting its durability. In this section, the results obtained for the
different cases proposed in this work are shown in addition to the influence analysis of the
parameters considered in the experimental procedure on corrosion modelling.

3.1. Localized Corrosion Behaviour Modelling: Results from OBJECTIVE 1

Three different ANN models were developed to predict the corrosion status of stainless
steel used in biogas production. The most relevant characteristics of each ANN model
proposed are shown in Table 4. In this case, Model 1 was developed for pitting corrosion
modelling; Model 2 was presented to model crevice corrosion behaviour; and Model 3 was
proposed to model both corrosion types.

Table 4. Structure of the proposed ANN model to model localized corrosion of stainless steel
in biogas production. The inputs variables considered in this case were: alloy composition, Eb
(breakdown potential of passive layer), Temperature, AS (type of artificial solution simulating biogas
environment), and SF (surface finish of the material).

Identity Corrosion Type Input Neurons Output Neurons:

Model 1 Pitting 10 units:
%Cr, %Mo, %N, %Mn, %Ti, %Nb,
Eb, T, AS, SF

2 units:
1: corrosion pattern
0: no-corrosion pattern
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Table 4. Cont.

Identity Corrosion Type Input Neurons Output Neurons:

Model 2 Crevice 10 units:
%Cr, %Mo, %N, %Mn, %Ti, %Nb,
Eb, T, AS, SF

2 units:
1: corrosion pattern
0: no-corrosion pattern

Model 3 Pitting and Crevice 11 units:
%Cr, %Mo, %N, %Mn, %Ti, %Nb,
Eb, T, AS, SF, corrosion type (pitting
or crevice)

2 units:
1: corrosion pattern
0: no-corrosion pattern

For each case, the number of neurons in the input layer was determined by the number
of factors considered in the experimental procedure, whereas the number of neurons in the
output layer was defined as a function of the corrosion state: 1 for corrosion patterns and 0
for no-corrosion patterns. For all the models, different numbers of hidden neurons were
considered to determine their optimal configurations, from 1 to 15 hidden neurons.

For all cases, the key challenge was to define the optimal structure for the ANN models
proposed. In this study, the backpropagation algorithm was applied. The classification
performance was validated by comparing the real corrosion status of the original samples
with the predictive status provided by the model. As it was indicated previously, the
performance of the models was tested by using 5-fold cross validation. This process was
repeated 20 times.

The classification performance of Model 1 proposed to predict the pitting corrosion
status of stainless steel in a biogas environment is collected in Figure 5 in terms of precision
and accuracy.

Figure 5. Influence of the number of hidden neurons in ANN models on precision and accuracy
results for Model 1. Mean values (20 repetitions) for each case are pointed out with an asterisk.

According to Figure 5, it is observed that the maximum precision value reached by
MODEL 1 to predict the pitting corrosion status of stainless steel in a biogas environment
was 0.984 using six neurons in the hidden layer. In terms of accuracy, the maximum value
reached by Model 1 was 0.958 with three hidden neurons. As can be seen in Figure 5, as
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the number of hidden units increased, the model showed a worse performance for both
indices: precision and accuracy.

Similar behaviour was obtained for Model 2, which proposed to predict the crevice
corrosion status of stainless steel. In this case, the results are shown in Figure 6. According
to the figure, the maximum values reached in terms of precision and accuracy were 0.971
and 0.949, respectively. In this case, the optimal structure of the ANN model was obtained
by considering three neurons in the hidden layer.

Figure 6. Influence of the number of hidden neurons in ANN models on precision and accuracy
results (Model 2). Mean values for each case are pointed out with an asterisk.

According to the results collected in Figures 5 and 6, the proposed models can be used
effectively to determine the corrosion status of both types of attack: pitting (Model 1) and
crevice corrosion (Model 2). In this case, the behaviour is similar for both proposed cases,
and the capability to predict the corrosion status in terms of precision and accuracy reached
maximum values of 0.97 and 0.95, respectively. However, in order to develop a model with
greater predictive capacity, a new scenario is proposed (Model 3). In this case, both types of
localized corrosion are considered together in the same data set. As shown in Table 4, when
Model 3 was proposed, a new input variable was included in the ANN model compared
with the previous models. This new input corresponded to the type of corrosion analyzed
for each pattern: pitting or crevice corrosion. The results obtained for this model are shown
in Figure 7. As shown in the figure, the maximum precision and accuracy values obtained
for Model 3 are 0.968 and 0.966, respectively. It is observed that, as in the previous cases,
an increase in the number of hidden neurons led to a worse classification performance.

In order to compare the prediction performance for each model (Model 1, Model 2
and Model 3) and to determine the optimal configuration for the proposed models, it is
useful to resort to the ROC (receiver operator characteristic) space [52]. In this graphic,
the performance of different classification models can be compared. An ROC space is a
two-dimensional graph in which the true positive rate (TPR) is plotted against the false
positive rate (FPR) for each model. In the ROC space, the better configurations are those
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located in the upper left corner since these points represent models with high true positive
rates and low false positive rates.

Figure 7. Influence of the number of hidden neurons in ANN models on precision and accuracy
results (Model 3). Mean values for each case are pointed out with an asterisk.

Given a model, TPR is the proportion of positive patterns correctly classified by the
model over the total number of positive patterns, whereas FPR represents the proportion
of incorrectly classified negative patterns over the total number of negative patterns, as
shown in the following equations:

TPR =
TP

TP + FN
(3)

FPR = 1 − TN
TN + FP

(4)

According to Figure 8, it is observed that the different configurations proposed for
Model 1 stood out for their specificity values, while for Model 2, its different configura-
tions with different numbers of hidden units stood out for its sensitivity values. Further-
more, according to Figure 8, Model 3 showed the best classification performance. This
model, considering both types of localized corrosion, outperformed single models: Model
1 and Model 2. In this case, for Model 3, the optimal configuration was obtained when
three hidden units were considered in the ANN structure since this is the configuration
that is located closest to the upper left corner of ROC space. In this case, specificity values
(1 − FPR) of 0.969, sensitivity (TPR) of 0.971 and accuracy of 0.966 are obtained. Based
on these values and according to Lemeshow and Hosmer, Model 3 can be defined as
an excellent classifier since the accuracy was greater than 0.9. These results showed the
usefulness of considering the proposed Model 3 to predict the behaviour against localized
corrosion (pitting and crevice) for the different types of stainless steels evaluated in biogas
environments. In this case, the model presented the advantage of being able to predict
when the material will suffer the attack of localized corrosion (pitting or crevice) without
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the need to perform microscopic analysis after the electrochemical test. This allowed for
automation of part of the process, reducing subjectivity in the results.

Figure 8. ROC graph for the different configurations of Model 1, Model 2, and Model 3.

Once the optimal configuration for the ANN model to predict localized corrosion
status has been defined, an analysis of the influence of the different factors considered in
this study could be developed.

3.2. Influence of PREN on Corrosion Modelling of Stainless Steel in Biogas Production

The previous models presented in this study considered, among the input variables,
six variables related to the composition of the stainless steel: %Cr, %Mo, %N, %Mn, %Ti, and
%Nb. Among the alloying elements, those that increase the resistance to pitting and crevice
corrosion are molibdenum and chromium. Based on Mo and Cr content, among other
alloying elements, a formula expressed as pitting resistance equivalent number (PREN) can
be defined. PREN provides a qualitative method to predict the susceptibility of stainless
steel to suffer pitting corrosion. This number is calculated using an empirical formula on
the basis of the weight content of Nitrogen (N), Chromium (Cr), and Molibdenum (Mo) of
stainless steel.

PREN = 1 × %Cr + 3.3% × Mo + 16% × N (5)

According to this expression, a new model is proposed. In this case, the number of
inputs in the ANN model was reduced in order to improve the prediction performance of
the model since an excessive number of input variables can lead to a poor-quality model.
For this reason, Model 4 considered as inputs six factors: PREN (related to the chemical
composition of the stainless steel), surface finish, breakdown potential value obtained
from electrochemical tests, temperature, the type of artificial solution simulating biogas
environment in addition to the type of corrosion that is intended to be predicted (pitting or
crevice corrosion). For this model, the output was defined by the corrosion status of the
sample under study: 1 for samples that suffered corrosion and 0 otherwise. Table 5 collects
the structure proposed for this model.

Table 5. Structure of the proposed ANN model to model localized corrosion of stainless steel in
biogas production (MODEL 4).

Identity Corrosion Type Input Neurons Output Neurons:

Model 4 Pitting and Crevice 6 units:
PREN, Eb, T, AS, SF,
corrosion type (pitting or
crevice)

2 units:
1: corrosion pattern
0: no-corrosion pattern

The results obtained from Model 4, as a function of the number of hidden neurons,
are shown in the Figure 9:

198



Metals 2023, 13, 1811

Figure 9. Influence of the number of hidden neurons in ANN models on precision and accuracy
results (Model 4). Mean values for each case are pointed out with an asterisk.

Analyzing the results obtained for Model 4, it is observed that for the proposed
configurations of the ANN model, greater precision and accuracy values were achieved
compared to Model 3. In this case, reducing the number of input variables in the model
(six inputs instead of eleven used in Model 3) improved the classification performance of
the ANN model to predict the corrosion status of stainless steels in biogas environments.

The maximum precision and accuracy values obtained by the model were 0.985 and
0.967, respectively, using seven neurons in the hidden layer. In this case, an excessive
number of hidden neurons led to poor classification performance. Comparing these results
with those obtained for Model 3, it can be concluded that considering PREN allowed obtaining
a more accurate model. Furthermore, according to Lemeshow and Hosmer, Model 4 can be
defined as an excellent classifier since the accuracy value was greater than 0.9.

3.3. Influence of Breakdown Potential on Corrosion Modelling of Stainless Steel in Biogas Production

Finally, the objective was to analyze the influence of the breakdown potential of
the passive layer obtained from the polarization curve on the classification performance.
MODEL 5 was proposed, and its characteristics are specified in Table 6. In this case, the
breakdown potential value was not considered an input variable. Compared with the pre-
viously proposed models, this approach had the advantage that it allowed us to determine
the corrosion status of stainless steel automatically, with no need to carry out electrochemical
tests or the microscopic analysis of the material surface. In this case, the model was trained
considering as input variables the following ones: stainless steel composition, temperature,
type of artificial solution simulating biogas environment, surface finish of the material under
study, and the type of localized corrosion (pitting or crevice corrosion).

The results for Model 5, in terms of precision and accuracy, are shown in Figure 10:
According to Figure 10, the maximum precision and accuracy values reached for the

different configurations proposed for Model 5 were 0.907 and 0.902, respectively. In this
case, the optimal configuration was obtained when three neurons were considered in the
hidden layer. These results demonstrated that the model showed a good capability to
predict the corrosion status of stainless steel for this application automatically. However, the
results related to precision and accuracy values were much lower than those obtained for
Model 3, where the breakdown potential value was considered an input in the ANN model.
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This fact emphasizes the importance of considering the breakdown potential value of the
passive layer to model the corrosion behaviour of stainless steel in biogas environments.

Table 6. Structure of the proposed ANN model to model localized corrosion of stainless steel in
biogas production (MODEL 5).

Identity Corrosion Type Input Neurons Output Neurons:

Model 5 Pitting and Crevice 10 units:
%Cr, %Mo, %N, %Mn, %Ti,
%Nb, T, AS, SF, corrosion
type (pitting or crevice)

2 units:
1: corrosion pattern
0: no-corrosion pattern

Figure 10. Influence of the number of hidden neurons in ANN models on precision and accuracy
results (Model 5). Mean values for each case are pointed out with an asterisk.

Figure 11 depicts the results obtained from Model 5 using three neurons in the hidden
layer. This figure shows the corrosion status predicted by the model under different
conditions simulating biogas environments. In this case, following the experimental
procedure, the corrosion state predicted by the model will be determined based on the
artificial solution (AS1 or AS2), the thermal conditions (mesophilic or thermophilic), and
the surface finish. In this case, the corrosion state is represented considering a pitting
attack (P) or crevice attack (C). Cases in which the model predicts that the material will
not undergo corrosion are shown in black, while cases in which the model predicts that
the material will experience corrosion are shown in red. Furthermore, for those cases in
which the corrosion state predicted by the model matches the one obtained experimentally,
the box is coloured green, while in cases where they do not match, orange is used. While
the graph represents the case for three grades of stainless steel (EN 1.4462, EN 1.4404, and
EN 1.4521), the model is applicable to any alloy composition of stainless steel within the
studied range.
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Figure 11. Corrosion behaviour predicted by the model under different conditions simulating biogas
environments, considering different artificial solutions (AS1 or AS2), thermal conditions (mesophilic
or thermophilic), and the surface finish. In this case, the corrosion state is represented considering
a pitting attack (P) or crevice attack (C). Corrosion cases are represented with red letters, while
no-corrosion cases are indicated with black letters.

4. Conclusions

In order to minimize the impact of corrosion on the durability of stainless steel structures
used in biogas production, different models based on ANN were proposed in this study.

The main objective was to develop an ANN model capable of predicting the corrosion
state of stainless steel involved in biogas production. The two most important types of
localized corrosion that can affect stainless steel in this type of application were analyzed:
pitting and crevice corrosion. The variables considered to model corrosion behaviour were
those related to the composition of the material, the breakdown potential of the passive
layer obtained from electrochemical tests and the conditions to which the material may be
exposed in biogas production (temperature and type of artificial solution simulating the
biogas environmental conditions). Different configurations were proposed, concluding the
following aspects:

The proposed ANN model presented in this work to predict the corrosion status
of the material after electrochemical tests with no need to analyze the material surface
microscopically, MODEL 3, showed high classification performance. In this case, the
precision and accuracy values obtained were 96.8% and 96.6%, respectively. These values
demonstrated the usefulness of Model 3 to predict the corrosion status of the material
without resorting to microscopic analysis of its surface and thus reducing the subjectivity
in the results. However, the proposed model was not completely automatic; as for new
experimental conditions, it was necessary to know the value of the breakdown potential
from electrochemical tests since it was defined as input to the model. In order to obtain
an automatic model to predict corrosion status, Model 5 was proposed, excluding the
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breakdown potential value as input for modelling. In this case, the corrosion behaviour
of stainless steel could be predicted automatically for new exposure conditions without
the need to perform electrochemical tests for the new samples. However, the precision
(90.7%) and accuracy (90.2%) of the model decreased compared with Model 3. This result
demonstrated the importance of considering the breakdown potential of the passive layer
to model corrosion behaviour in biogas environments.

In addition, the composition of the stainless steel considered as input to model cor-
rosion behaviour can be represented by PREN. This index is calculated based on the
percentage of the alloying elements. In this way, when PREN was considered as input
for modelling, the number of input variables was reduced, improving the classification
performance. In this case, for Model 4, the maximum values for precision and accuracy
were 98.5% and 96.7%, respectively.

These results showed that ANN-based models could be shown as a useful tool in the
design of biodigester since they predict the corrosion behaviour of stainless steel accurately
depending on the environmental conditions to which the material will be exposed in biogas
production. Therefore, the model allows for selecting the correct grade of stainless steel in
biogas production based on the environmental conditions to which it will be exposed.
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