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Preface to ”Advances in Organic Corrosion Inhibitors

and Protective Coatings”

Metallic components consisting of magnesium, aluminum, steel, and their alloys are widely used 
in a plethora of applications because of their exceptional mechanical properties and their overall 
durability. However, they are often damaged by mechanical or chemical processes. Mechanical 
damage that is caused by the impact of solid particles is called erosion, while electrochemical damage 
that results from chemical degradation is termed corrosion. The corrosion phenomena, to which 
every metallic substrate is subjected to, eventually result in the degradation of the metal and the 
deterioration of its properties. The interaction of a metal with its environment that results to its 
chemical alteration is called metallic corrosion. According to the literature, corrosion is classified 
into two types: uniform and localized corrosion. The intervention of either in the alloy environment 
or in the alloy structure can influence the corrosion protection of metallic materials. Furthermore, 
interference in the metal alloy environment can be conducted with the utilization of cathodic or 
anodic protection via the corresponding inhibitors. Therefore, the most common categorization is 
cathodic, anodic, and mixed-type inhibitors, taking into account which half-reaction they suppress 
during corrosion phenomena. The majority of the organic inhibitors are of mixed type and perform 
through chemisorption. The corrosion control of metallic structures is an important task in technical, 
economic, environmental, and safety terms. Several types of corrosion inhibitors are being employed 
to prevent metallic dissolution in corrosive media, for which the use of organic inhibitors is one of the 
most frequent and economic methods. Heteroatoms (O, S, N, and P) and π-electrons in the 
conjugated form act as excellent corrosion inhibitors for metals and alloys in aggressive solutions [1]. 
These inhibitors can be incorporated into corrosion-protective coatings. Coatings considered for 
corrosion inhibition must offer an effective physical barrier, impeding the access of violent materials 
to the metal surface. In order to update the field of corrosion protection of metal and metal alloys 
with the use of organic inhibitors, a Special Issue entitled ”Advances in Organic Corrosion Inhibitors 
and Protective Coatings” is introduced. This book gathers and reviews a collection of ten 
contributions (nine articles and one review), from authors from Europe, Asia, and Africa, that were 
accepted for publication in this Special Issue of Applied Sciences.

Ioannis Kartsonakis

Editor
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Abstract: Featured ApplicationThis Special Issue collects new findings and recent advances in the

development, synthesis, and structure–activity relationships of organic corrosion inhibitors and

protective coatings.

1. Introduction

Metallic components consisting of magnesium, aluminum, steel, and their alloys are widely used
in a plethora of applications because of their exceptional mechanical properties and their overall
durability. However, they are often damaged by mechanical or chemical processes. Mechanical damage
that is caused by the impact of solid particles is called erosion, while electrochemical damage that
results from chemical degradation is termed corrosion. The corrosion phenomena, to which every
metallic substrate is subjected, eventually result in the degradation of the metal and the deterioration
of its properties.

The interaction of a metal with its environment that results in its chemical alteration is called
metallic corrosion. According to the literature, corrosion is classified into two types; uniform and
localized corrosion. The intervention of either in the alloy environment or in the alloy structure can
influence the corrosion protection of metallic materials. Furthermore, the interference in the metal alloy
environment can be conducted with the utilization of cathodic or anodic protection via the corresponding
inhibitors. Therefore, the most common categorization is among cathodic, anodic and mixed-type
inhibitors, taking into account which half-reaction they suppress during corrosion phenomena. The
majority of the organic inhibitors are of mixed-type and perform through chemisorption.

Corrosion control of metallic structures is an important task in technical, economic, environmental,
and safety terms. Several types of corrosion inhibitors are being employed to prevent metallic
dissolution in corrosive media, for which the use of organic inhibitors is one of the most frequent
and economic methods. Heteroatoms (O, S, N, and P) and π-electrons in the conjugated form act as
excellent corrosion inhibitors for metals and alloys in aggressive solutions [1]. These inhibitors can be
incorporated into corrosion-protective coatings. Coatings considered for corrosion inhibition must
offer an effective physical barrier, impeding the access of violent materials to the metal surface.

In order to update the field of corrosion protection of metal and metal alloys with the use of
organic inhibitors, a Special Issue entitled “Advances in Organic Corrosion Inhibitors and Protective
Coatings” has been introduced. This editorial manuscript gathers and reviews the collection of ten
contributions (nine articles and one review), with authors from Europe, Asia and Africa accepted for
publication in the aforementioned Special Issue of Applied Sciences.

2. Corrosion Inhibitors

Steel has gained an increasing utilization and is widely used for machinery parts, building
construction, and pipelines, because of its low price as well as its machinability and weldability.

Appl. Sci. 2021, 11, 123; doi:10.3390/app11010123 www.mdpi.com/journal/applsci1
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Three articles were published in this Special Issue related to corrosion protection of steel in the
presence of inhibitors. The corrosion resistance of mild steel under the conditions used for industrial
applications was investigated by Kartsonakis et al. [2]. Their study investigated the application
of organic 2-mecraptobenzothiazole (MBT) and inorganic Na2HPO4 as corrosion inhibitors for the
protection of API 5L X42 pipeline steel. The electrochemical characterizations proved that both
compounds can be considered as corrosion inhibitors of steel and the corrosion protection mechanisms
can be assigned to the protective layers created onto the metal surface through chemisorption of the
inhibitors, which prevent chloride’s penetration. The synergistic effect of the MBT and Na2HPO4,
in a molar ratio of 1:1, revealed the effective performance of the additives with corrosion inhibition
efficiency above 90%.

Lahrour et al. [3] investigated the use of glycerin-grafted starch as a bio-copolymer working
as a corrosion inhibitor for the protection of C-Mn steel, in the presence of HCl, by electrochemical
techniques and the weight loss method. The obtained results revealed that inhibition efficiency
enhances with increasing bio-copolymer concentration, reaching a maximum of 94%. Moreover, it was
concluded that the corrosion inhibition mechanism might be not only a simple physisorption process
on the steel surface, but can also be explained in terms of chemisorption of polymer on the steel surface.
The corrosion behavior of steel reinforcement incorporated in mortar specimens, in which both the
cement and aggregate are partially substituted by ladle furnace slag (LFS) in respect of the presence of
chloride ions, was investigated in the work of the Prieto et al. [4]. Electrochemical techniques were
used to estimate the corrosion rate as well as the symptoms created in steel rebars in the presence of
LFS. Considering the obtained results, it was concluded that in mortars with the presence of mixed-in
chlorides, the embodiment of LFS in the mortar at the time of kneading does not negatively influence
the corrosive process of the steel rebar.

In recent years, studies on copper alloy corrosion have gained much attention in the industrial
sector due to the fact that copper and its alloys create several industrially important materials. Many
important properties ranged from good thermal properties, formability, electrical conductivities and
visual appearance to good corrosion resistance influenced by the alloying elements of copper. Two
articles based on copper alloy corrosion protection were published in this Special Issue. In the
work of Kozaderov et al. [5], the corrosion inhibition efficiency of 3-mercaptoalkyl derivatives of
5-amino-1H-1,2,4-triazole for the a-brass (copper > 65 wt.% and zinc < 35 wt.%) in a chloride media
was investigated using electrochemical techniques. Taking into account the obtained result, it was
estimated that the degree of protection achieved for all inhibitors can reach a maximum of over 99%.
Moreover, it was proven that the protective effect enhances with the length of the alkyl chain. The
corrosion protective mechanism is based on the formation of a protective film on the a-brass surface
that contains oxides as well as complex compounds of copper and zinc with the inhibitor molecules.

In the work of Shinato et al. [6], the protection role of cysteine for the copper-based alloys
Cu-5Zn-5Al-1Sn, containing zinc (5 wt.%), aluminum (5 wt.%) and tin (1 wt.%) corrosion in sodium
chloride solutions, was studied. The electrochemical results proved that the inhibition efficiency
improved with increasing cysteine concentration. Furthermore, the results of the surface analysis
techniques indicated that the corrosion inhibition was based on the adsorption of the inhibitor molecules
onto the copper alloy surface.

Aluminum alloy is one of the most widely used materials in the subsea industry due to its
excellent thermal conductivity, low cost, acceptability for short-term development, good strength,
and low density. One article related to corrosion protection of aluminum alloy 7075 was published
in this Special Issue. The study of Seo et al. [7] examined the corrosion resistance of oil impregnated
anodic aluminum oxide surfaces of aluminum 7075 for subsea application. Several experiments were
conducted based on contact angle measurements together with salt spray and pressure tests. The
obtained results revealed that the corrosion resistance of aluminum 7075 could be improved by oil
impregnation on the aluminum alloy surface, and therefore can be used in the subsea industry.
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3. Corrosion Protective Coatings

In general, three different types of coatings exist for corrosion protection of metal alloys. Barrier
coatings prevent the aggressive elements from coming together with the substrate to onset the corrosion
process. Inhibitive coatings actively block the electrochemical reaction from happening by interfering
with the electrolytes needed to start the corrosion process. Sacrificial coatings are a type of metal
coatings that become more oxidated than the metal surface they protect. Three articles and one review
based on corrosion protective coatings were published in this Special Issue. In the work of Shi et al. [8],
smooth coatings of TiNb and TiNbN were deposited on 316L stainless steel by magnetron sputtering
in order both to improve the corrosion resistance and the electronic conductivity of bipolar plates for
proton exchange membrane fuel cells.

In the study by D’Elia et al. [9], poly(phenylene methylene)-based coatings were developed for
corrosion protection of aluminum alloy AA2024. These copolymer-based coatings contained n-octyloxy
side chains and their anti-corrosion behavior was estimated via several electrochemical methods. The
obtained results revealed that these coatings exhibited good corrosion protection of the metal surface
towards a sodium chloride solution. Thin multifunctional coatings of cerium oxide nanoparticles with
anti-reflective properties were developed onto glass and silicon substrates by Romasanta et al. [10].
These coatings could be used as an intermediate layer between air and substrates for providing
anti-reflection features. Finally, in the review paper of Fu et al. [11], the advances and challenges of
corrosion and topology detection of grounding grid are discussed. This paper presents the research
status of grounding corrosion and topological detection in detail and introduces the basic principles,
research difficulties and existing problems of the methods such as the electromagnetic field method,
electric network method, ultrasonic detection method, electrochemical method and electromagnetic
imaging method.

4. Future Strategies

Although the Special Issue has been closed, more in-depth research in the field of corrosion
protection technologies with the use of organic inhibitors together with coatings development is
expected. It can be anticipated that more friendly applications will be demanded in large numbers in
the future for the protection of metal alloys against corrosion.
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Abstract: Mild or low-carbon steel has an increasing utilization and is widely used for building
construction, machinery parts, and pipelines, because it can be machined easily and has enhanced
weldability as well as a low price. In any case, the corrosion resistance of mild steel under the
conditions in industrial applications or in atmosphere is a thoughtful concern. This study inquires
into the application of 2-mecraptobenzothiazole (MBT) and Na2HPO4 as corrosion inhibitors for the
protection of API 5L X42 pipeline steel in 3.5 wt % NaCl as well as in water from the Athens city
supply system. The electrochemical/morphological characterizations of the aforementioned mild
steel proved that the corrosion protection mechanisms can be assigned to the protective layers created
onto the metal surface because of the presence of the inhibitors, which prevent chloride’s penetration.
The synergistic effect of the MBT and Na2HPO4 corrosion inhibition behavior, in a molar ratio of 1:1,
revealed that the additives performed effectively with corrosion inhibition efficiency above 90%.

Keywords: mild steel; EIS; SEM; Raman spectroscopy; pitting corrosion; synergistic effect

1. Introduction

One of the most widespread kinds of steel is low-carbon or mild steel, not only for structural
purposes but also for several applications in industry. Therefore, its usage and operation range from
machinery parts, building materials, and domestic appliances to cutting tools, conveying tubes, cables,
and magnets. Due to its low concentration in carbon (up to 0.29 wt %), mild steel exhibits extreme
durability, great affordability, and significant mechanical, thermal, and magnetic properties [1–3].
Due to mild steel’s increasing utilization, there has been great concern for the susceptibility of such
steels caused by environmental corrosive factors, such as the humidity, acidity, or salinity of the
atmosphere [4–6]. Thus, lots of studies have been focusing on low-alloy (weathering) steel corrosion
and how to encounter it in a functional way [7–9].

In general, metallic corrosion is associated with any chemical alteration of the metal that stems
from interaction with its environment [10]. Although intense research studies have taken place over
all these decades in order to face corrosion, it still remains in the foreground since it is a continuous
and inevitable process [11]. The main classification of corrosion types emphasized in the literature
is between uniform and localized corrosion [12]. Pitting corrosion is a type of localized corrosion
in which the metal is corroded in depth via the formation of indistinguishable pits. In the case of
water and usually oil-conveying pipes, the corrosion effect often triggers uniform surface degradation
internally, in parallel with localized corrosion underneath and oxide film formation [13,14]. Taking into
account that pitting may cause the initiation of stress corrosion cracking [15], it is considered as the
most detrimental corrosion effect. While uniform corrosion occurs during the subjection of mild steel

Appl. Sci. 2020, 10, 290; doi:10.3390/app10010290 www.mdpi.com/journal/applsci5
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in various environmental conditions [8,16], localized corrosion, such as pitting and scaling, takes place
in the presence of heavy metal ions [17,18] or in locally high pH values [19]. Localized corrosion
phenomena may thin locally the inner wall in a pipe, resulting in the creation of areas susceptible to
cracking [20].

The protection of metallic materials from the corrosion effect could be achieved by intervening
either in the alloy structure or in the alloy environment. The intervention in the alloy structure can be
performed by changing the alloying ratio, by creating/applying metallic or organic coatings/films on the
surface, by decreasing mechanical operation tensions, by the use of anodic or cathodic protection, and by
adding corrosion inhibitors in the corroding solution [21]. In the literature, several studies indicate
corrosion inhibition as an effective protection method [22,23]. A conventional classification of corrosion
inhibitors is according to their inhibiting action. Therefore, there are adsorption inhibitors that undergo
chemisorption in the metallic surface, film-forming inhibitors, which are divided into passivation
inhibitors (oxidizing or non-oxidizing) and precipitation inhibitors (deposition of three-dimensional
film). However, the most common discrimination is between anodic, cathodic, and mixed-type
inhibitors, considering which half-reaction they suppress during corrosion phenomena. Most organic
inhibitors are of mixed-type and act as chemisorptive inhibitors. Phosphates act as cathodic inhibitors,
whereas benzoates and azelates represent non-oxidizing film-forming inhibitors [24].

Concerning inorganic inhibitors, ideally the central atom of the inhibitor tends to form a complex
entering the metallic lattice, without the need of additional energy and with the necessary stability [25].
Refaey et al. compared the inhibition ability of phosphate, chromate, molybdate, and nitrite as
potential inhibitors for mild steel, in 0.1 M NaCl near neutral solutions. They concluded that phosphate
demonstrated higher inhibition efficiency compared to the other inhibitors. Furthermore, phosphate
deposited a strongly adherent layer, consisting of γ-Fe2O3 and FePO4·2H2O, from the solution on
the metal surface [26]. Regarding organic corrosion inhibitors, a perusal of the literature reveals a
variety of organic compounds that have been suggested for encountering pitting corrosion on mild
steel. An outstanding investigation was carried out by Marczewska-Boczkowska and Kosmulski
using steel samples in aqueous solutions and indicating certain derivatives of azoles and thiazoles.
They reported that imidazoles, benzothiazoles, and mercaptobenzothiazoles behaved as significantly
efficient corrosion inhibitors against pitting. They claimed that these organic substances are capable of
forming self-assembled monolayers, which improve inhibition and confer a protective layer of great
stability, due to the spontaneous self-assembly process [27]. Moreover, Wang et al. synthesized and
utilized an organic chemical compound, 4-salicylideneamino-3-phenyl-5-mercapto-1,2,4-triazole, as a
corrosion inhibitor for mild steel, in electrolytic solution of 1 M HCl solution in several temperatures,
which was based on the enhanced corrosion inhibition of the combined N and S elements in heterocyclic
organic compounds [26]. They also pointed out that the presence of both elements functions more
efficiently instead of the use of substances that contain only nitrogen or sulfur separately. This outcome
was attributed to the combination of phenyl, mercapto, and azomethine reactive groups. Taking into
account these claims, 2-mercaptobenzothiazole (MBT) was rendered as one of the most preferable
mixed-type organic inhibitors for mild steel in aqueous solutions [28].

The self-assembling effect [29] and the chemisorption ability in conjunction with the aromatic
nature of the inhibitor, which confers increased stability [25], lead to the need to investigate how to
optimize inhibition by the use of MBT. Furthermore, its efficiency in near neutral aqueous solutions
was taken into account. A common utilization of MBT was in coolant mixtures as a corrosion
inhibitor for low-carbon steel pipes [30]. It exhibited improved inhibition efficiency when mixed
with different organic inhibitors, denoting the advanced synergistic inhibition effect through smart
combinations. Gunasekaran et al. evaluated the synergistic corrosion inhibition of several phosphonic
acids substituting metal ions for azoles, provided that phosphorous inhibition ability could be exploited
in chemically different systems [31]. A conventional use of phosphate anions in corrosion inhibitors is in
cooling systems that maintain cavitation problems and intense corrosion phenomena [32]. Calmon et al.
patented certain mixtures against pitting and the galvanic corrosion of copper and iron surface,
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consisting of sodium phosphates (Na2HPO4) or polyphosphates (Na2P4O13) synergistically with
sodium mercaptobenzothiazole in aqueous solutions emphasizing the immediate connection between
inhibition efficiency and inhibitor concentration [33].

The aim of this study is to investigate the susceptibility of mild steel to corrosion in industrial
hot/cooling systems after its exposure in 3.5 wt % NaCl as well as in the water of the Athens city supply
system. The main goal of the presented experiments is to identify which inhibitors perform best at
restricting the aforementioned corrosion process. The importance of these experiments is directly
linked to the current urgent need for industrial mild steel pipeline corrosion protection.

In this regard, the protection effectiveness of the complexes, oxides, or salts that are created
on the mild steel surface, as well as the morphological conversions that occur on the surface of
the metal alloy panels following exposure in the presence or absence of MBT and Na2HPO4,
were evaluated by three families of techniques: electrochemical, microscopy, and spectroscopy.
The electrochemical characterization demonstrated that MBT and Na2HPO4 can be considered
as corrosion inhibitors of mild steel as they reduced the corresponding anodic and/or cathodic
corroding reactions. Moreover, the synergistic effect of the corrosion inhibition behavior of MBT
and Na2HPO4 in a molar ratio 1:1 at several concentrations was studied. The analysis revealed that
the admixtures performed effectively with inhibition efficiency above 90%. The presence of both
aforementioned inhibitors into the corrosive environment exhibited the highest impedance modulus
(|Z|) and polarization resistance (Rp) value as the exposure time elapsed.

Regarding the X-ray diffraction (XRD) measurements and scanning electron microscopy (SEM)
characterization, it was disclosed that the exposure of mild steel to a corrosive environment in the presence
or absence of inhibitors resulted in the creation of several oxide, hydroxide, and hydroxide–phosphate
compounds on the steel surface. According to the aforementioned characterization techniques,
the corrosion protection mechanisms of steel can be ascribed to the protective films created onto
the metal surface because of the inhibitors’ presence, which prevent chlorides’ insertion. The performed
experiments shed light on the corrosion mechanisms of mild steel in industrial hot/cooling systems.

2. Materials and Methods

2.1. Reagents and Solutions

All the compounds and reagents were of analytical reagent grade. Sodium phosphate dibasic
dihydrate (Na2HPO4·2H2O, Sigma-Aldrich) and 2-mercaptobenzothiazole (MBT, Sigma-Aldrich)
were used without further purification. Hot-rolled black (non-galvanized) mild steel panels were
manufactured by TMK-ARTROM S.A. and accompanied with all certifications required (ASTM
A568/A568M-09 [34]). Electrochemical measurements were performed on mild steel grade API 5L
X42 conveying a pipeline with the following chemical composition (wt %): C: 0.15, Mn: 0.56, S: 0.002,
P: 0.12, Si: 0.21, Ni: 0.07, Cr: 0.04, Mo: 0.01, Cu: 0.22, Al: 0.020, N: 0.009, V+Ti+Nb: 0.004, and Fe
as remainder.

2.2. Preparation of Substrates

The mild steel panels were abraded with SiC paper up to 5 μm grain size (P4000) and then
cleaned in agreement with ASTM D6386-99 (reapproved 2005) [35] prior to being used in the conducted
experiments. This procedure is necessary because the exposed steel interacts with the environment to
form several iron oxides such as α-FeO(OH), γ-FeO(OH), β-FeO(OH), and Fe3O4 [36]. According to
the aforementioned standard, the cleaning procedure includes the degreasing of steel panels with their
subjection in a mixture of acetone and ethanol (50:50) of purity 96% v/v for about 20 min, and then their
exposure to NaOH solution of pH 11 for 5 min at 60 ◦C. Finally, the panels are rinsed with distilled
water and dried in a desiccator in order to avoid the formation of new corrosion products, as uncoated
black mild steel is susceptible to corrosion by humidity, as analyzed above.
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2.3. Characterization

Several imaging techniques providing information at macro- and microscopic scales were used
in order to evaluate the surface morphology of the mild steel panels. The microscale information
was collected with SEM imaging performance using a Hitachi Tabletop Microscope TM3030 Scanning
Electron Microscopy equipped with an energy dispersive X-ray spectrophotometer (EDS) system
(QUANTAX 70), and with an ultra-high resolution scanning electron microscopy (UHR-SEM) using
NOVA NANOSEM 230 (FEI Company). The macroscale information with respect to optical details was
acquired using a Samsung Galaxy A7 auto focus triple camera 24 MP + 5 MP + 8 MP. The chemical
analysis was conducted via micro-Raman measurements using a Renishaw inVia spectrometer working
in backscattering configuration and equipped with a near-infrared diode laser emitting at 532 and
785 nm. The spectra were recorded by focusing the laser beam on the sample surface and adjusting the
light power so that 1 mW was provided for a spot of about 1 μm diameter. The compounds that are
created on the subjected mild steel panels were studied via XRD measurements. The crystal structure
was identified by powder X-ray diffraction using an X Bruker D8 Advance Twin Twin, employing
Cu–Kα radiation (λ = 1.5418 Å).

The electrochemical characterizations based on linear polarization resistance
(LPR) and potentiodynamic polarization (PP) were conducted using a VersaSTAT 3
Potentiostat/Galvanostat/Frequency Response Analyzer instrument (Princeton Applied Research,
AMETEK). Concerning the PP measurements, a three-electrode electrochemical cell was used, consisting
of a saturated silver chloride electrode [Ag/AgCl,KCl(sat)] as reference, a working electrode (≈1.0 cm2 of
exposed area), and a platinum foil as counter electrode. The assessment of the polarization curves on
the bare alloy was accomplished after different exposure intervals. Cathodic and anodic branches of
polarization curves were recorded separately with the potential scan rate of 1 mVs−1 in the cathodic
and in the anodic directions, starting from the open circuit potential (OCP, EOC, corrosion potential),
at room temperature. Regarding the LPR measurements, the scan rate was 0.1 mVs−1 and the potential
range was ± 2.5 mV versus OCP. The Rp (polarization resistance) is the definition of the ratio of
the applied potential to the applied current (ΔE/ΔI). The slope of the potential versus current plot
is used for the calculation of the Rp [37]. The Rp denotes the degree of the specimen susceptibility
to be corroded [38,39]. The corrosion protection performance of the inhibitors was estimated via
electrochemical impedance spectroscopy (EIS). The EIS measurements were conducted using the
aforementioned potentiostat instrument with the arrangement of the three-electrode electrochemical
cell, in a frequency range from 10 μHz to 1 MHz. All spectra were recorded at open circuit potential,
applying a 10 mV sinusoidal perturbation (rms signal) at room temperature. During all measurements,
the electrochemical cell was placed in a Faraday cage. The Z-view Software (Scribner Associates
Incorporated, SAI) was used for the analysis of the obtained spectra utilizing the adequate equivalent
electric circuits. Two different types of electrolytic solutions (300 mL) were used: (i) water from the
supply system of Athens city (WSS: water of the Athens city supply system after a softening process,
Table 1), and (ii) 3.5 wt % NaCl solution prepared in distilled water [ASTM G44-99 (2013)] [40].

Table 1. Ion composition of the water of the Athens city supply system after a softening process (WSS)
estimated via atomic absorption spectroscopy (mg/L).

K Ca Mg Fe Mn Zn

1.7733 0.346 0.09755 1.36 0.005 0.0052

Moreover, the corrosion phenomena on a metallic uncoated surface was further evaluated with
respect to the influence of corrosion inhibitors. Consecutively, 6 mM electrolytic solutions of the
impending corrosion inhibitors were prepared for each compound as well as certain equimolecular
6 mM solutions of both Na2HPO4 and MBT for the investigation of their synergistic inhibition effect
(Table 2). The sample Steel-blank is ascribed to mild steel panel prior to subjection in electrolytic solutions.
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Table 2. Composition of the solutions for testing the effectiveness of the inhibitors onto mild steel.
Reagents concentration 6 mM, reagents solubility in water (mg/100 g, 20 ◦C) 1.7 × 103 Na2HPO4,
1.9 × 101 MBT.

Composition pH Sample

- - Steel–blank
WSS 7.41–7.52 Steel–WSS–blank

WSS + 0.849 g/L Na2HPO4 7.78–7.97 Steel–WSS–Na2HPO4
WSS + 1.014 g/L MBT 7.33–7.52 Steel–WSS–MBT

WSS + 0.849 g/L Na2HPO4 + 1.014 g/L MBT 7.38–7.82 Steel–WSS–Na2HPO4–MBT
NaCl 3.5 wt % 7.71–7.72 Steel–NaCl–blank

NaCl 3.5 wt % + 0.849 g/L Na2HPO4 7.78–7.97 Steel–NaCl–Na2HPO4
NaCl 3.5 wt % + 1.014 g/L MBT 7.33–7.52 Steel–NaCl–MBT

NaCl 3.5 wt % + 0.849 g/L Na2HPO4 + 1.014 g/L MBT 7.38–7.82 Steel–NaCl–Na2HPO4–MBT

The corrosion inhibition efficiency, η(%), was estimated by Equation (1):

η(%) =
Rct(inhibitor) −Rct(bareMetal)

R(inhibitor)
× 100 (1)

where Rct(inhibitor) and Rct(bareMetal) represent the charge transfer resistances in the presence and in the
absence of an inhibitor, respectively [41,42].

The synergistic parameter (Si) was calculated from Equation (2) given by Aramaki and
Hackerman [43]:

Si =
1 − η1+2

1 − η∗1+2
, (2)

where η1 is the inhibition efficiency of the Na2HPO4, η2 is the inhibition efficiency of the MBT, and η1+2

= (η1 + η2) − (η1 × η2), η∗1+2 is the measured inhibition efficiency of the MBT in combination with
Na2HPO4.

3. Results and Discussion

3.1. Morphology Evaluation

The visual pictures of mild steel immersed in WSS for 96 h, in the presence of inhibitors or not,
are demonstrated in Figure 1a–d. Onto the slightly rinsed corroded surface of Figure 1a, ferrous
yellowish, orange, and brownish red species create a hardly homogenous layer, as expected from the
literature for the mild steel surface in the absence of inhibitors (Steel–WSS–blank). Susceptible to a series
of local corrosion phenomena as well as to the creation of local galvanic cells and pits, the final layer
emerges in dependence with the local composition and physicochemical conditions of the system [44].
In depth, it is claimed that reddish hues stem from hematite (α-Fe2O3) in a hexagonal crystal system, in
which the face-sharing octahedral keeps the Fe centers at the shortest distance (0.29 nm), whereas the
yellowish ones are caused by the edge- or/and corner-sharing octahedral of lepidocrocite [γ-FeO(OH)],
maghemite (γ-Fe2O3), goethite [α-FeO(OH)] and other compounds, with Fe center distances from
0.30 to 0.35 nm. In the presence of each inhibitor separately, the mild steel surface is either converted
by the phosphate invasion into the crystal lattice, in case of phosphate solution in Steel–WSS–Na2HPO4

(Figure 1b), or covered by the organic three-dimensional organic layer precipitated, in the case of MBT
in Steel–WSS–MBT (Figure 1c). In mere phosphate solutions, the lack of reddish corrosion products and
the development of a thinner and yellower final layer, as shown in Figure 1b (Steel–WSS–Na2HPO4)
and Figure 1f (Steel–NaCl–Na2HPO4), are characteristic of the corrosion process due to the hindrance
of hematite formation, as detailed below. Since the earlier stages and according to the literature,
the inner layer (2D layer) is expected to consist of gray and blackish magnetite (Fe3O4) and maybe
wustite (FeO). Supplementary to the electrochemical and spectroscopic measurement analyses that are
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discussed in detail below, the visual image of Figure 1d confirms the synergistic action of the inhibitors
(Steel–WSS–Na2HPO4–MBT), overcoming the defects and enhancing the advantages of the preceded
separate use of MBT and Na2HPO4. After the exposure tests, a compact, resistant, uniform, protective
layer was created, appearing to have a light-colored saline coating in the outer and a metallic gray or
blackish inner layer, which is the magnetite layer. At a first glance, the lack of brown, reddish, and
yellowish hues in the corrosion products incline us toward the conception that the main and more
time-consuming corrosion processes were restricted successfully, resulting in a resistant and adherent
protective layer on mild steel, which was almost intact after 96 h of subjection in a slightly saline
environment and even after drying.

 
Figure 1. Visual images of mild steel after submission for 96 h: in WSS (a) Steel–WSS–blank,
(b) Steel–WSS–Na2HPO4, (c) Steel–WSS–MBT, (d) Steel–WSS–Na2HPO4–MBT; in 3.5 wt % NaCl (e)
Steel–NaCl–blank, (f) Steel–NaCl–Na2HPO4, (g) Steel–NaCl–MBT, (h) Steel–NaCl–Na2HPO4–MBT.

The mild steel visual pictures after exposure to 3.5 wt % NaCl for 96 h, in the presence or absence
of inhibitors, are illustrated in Figure 1e–h. It can be seen that the surface of mild steel without the
influence of inhibitors has lots of corrosion signs, as it is the bluish gray stain, indicating that uniform
and local corrosion phenomena took place, with an accelerated rate regarding to the blank system
(Steel–NaCl–blank, Figure 1e). On the other hand, corrosion products are also observed on the surface
of both Steel–NaCl–Na2HPO4 and Steel–NaCl–MBT (Figure 1f,g), reassuring that the chosen inhibitors
are appropriate for the present system. Moreover, the surface of the sample with the presence of both
inhibitors seems free from corrosion products in the outer area and a more compact, dark-colored
adherent layer onto the metallic surface was developed, with brown-gray color, which was probably
brown due to the organic tail of MBT and blackish/gray due to magnetite and/or wustite compounds,
as will be discussed below (Steel–NaCl–Na2HPO4–MBT, Figure 1h) [45].

The SEM images of mild steel prior to exposure to electrolytes (Steel–blank) are illustrated in
Figure 2. It can be seen that there are holes, dents, and scratches on the surface either due to the
fabrication of the specimens or due to the cleaning process. Taking into account the EDS analysis,
the iron value concentration was measured to be approximately 92.9 wt %, while the corresponding
oxygen value was estimated very low, roughly 0.1 wt % indicating the absence of iron oxide products
(Table 3).
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Figure 2. SEM images of mild steel prior exposure to electrolytes (Steel–blank).

 
Figure 3. SEM images of mild steel immersed in WSS for 96 h in the absence of inhibitors.

 
Figure 4. SEM images of mild steel immersed in WSS for 96 h in the presence of Na2HPO4.
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Table 3. Tabulated values of wt % element concentration of mild steel panels prior and after subjection
in either WSS, or 3.5 wt % NaCl for 96 h in the presence of inhibitors or not.

Sample Spectrum at
wt % Element Concentration

O Fe C Si P S Na

Steel–blank Figure 2a 0.1 92.9 3.7 2.0 - - -
Steel–WSS–blank Figure 3b 52.3 44.0 1.5 2.3 - - -

Steel–WSS–Na2HPO4
Figure 4b 39.9 39.5 2.6 0.2 14.2 - 2.4
Figure 4f 16.9 72.4 3.0 1.7 2.7 - 2.3

Steel–WSS–MBT
Figure 5e 44.6 46.1 4.2 1.2 - 3.6 -
Figure 5f 44.4 46.9 4.3 1.5 - 2.9 -

Steel–WSS–Na2HPO4–MBT Figure 6c 31.2 40.0 7.8 0.4 11.3 3.6 2.6
Steel–NaCl–Blank Figure 7e 61.3 38.7 - - - - -

Steel–NaCl–Na2HPO4
Figure 8b 39.3 39.0 3.0 0.3 14.9 - -
Figure 8d 35.5 49.9 3.3 0.1 6.5 - 3.0

Steel–NaCl–MBT Figure 9b 23.0 67.4 4.7 1.5 - 2.2 -
Steel–NaCl–Na2HPO4–MBT Figure 10b 47.1 26.8 4.5 - 16.0 5.2 0.4

Figure 5. SEM images of mild steel immersed in WSS for 96 h in the presence of MBT.

 

Figure 6. SEM images of mild steel immersed in WSS for 96 h in the presence of Na2HPO4 and
2-mecraptobenzothiazole (MBT).
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Figure 7. SEM images of mild steel immersed in 3.5 wt % NaCl for 96 h in the absence of inhibitors.

 

Figure 8. SEM images of mild steel immersed in 3.5 wt % NaCl for 96 h in the presence of Na2HPO4.

 
Figure 9. SEM images of mild steel immersed in 3.5 wt % NaCl for 96 h in the presence of MBT.

In general, the surface characterization of mild steel corrosion products remains a quite demanding
issue, as denoted by previous works [46]. Various image analyzing techniques were deployed in order
to assess the mild steel surface relating to its corrosion products structure and behavior after immersion
in the studied inhibitor solutions.
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Figure 10. SEM images of mild steel immersed in 3.5 wt % NaCl for 96 h in the presence of Na2HPO4

+MBT.

In order to extract as much information as possible, it is a prerequisite to adopt a circumstantial
model for the mild steel surface corrosion system during subjection in aquatic solutions, such as
those proposed in the literature [7,47]. It is commonly accepted that the initial mixture of corrosion
products consists of a primary viscous layer on a mild steel surface, to undergo afterwards gradation
and separation into two distinguishable layers (an electrochemical double layer), an adherent rust
layer, and a loosely adherent anodic oxide film [3,48]. At an early stage, amorphous masses of
oxides with a spongy appearance are created, to transform primarily to lepidocrocite, part of which
is further transformed in goethite. The studied phases have been generated either from the direct
precipitation from a ferrous or a ferric solution, or by transformation of another iron oxide, at room
temperature [3,49]. At a first glance at preceding investigations, Evan’s model [50] regarding phase
transition during wetting and drying conditions could contribute to illustrating the expended phase
composition of a mild steel surface, after the prolonged exposure tests [51]. Consequently, during
exposure, the reduction of lepidocrocite to a hydrated Fe2+- intermediate takes place (phenomenon of
olation) due to metal anodic dissolution, especially near the steel surface, where magnetite appears.
However, oxidizing reactions can result in the emersion of lepidocrocite and maghemite phases [1,50,51]
when oxygen circulation is evitable by drying [7].

The SEM images of mild steel immersed in WSS (Steel–WSS–blank) for 96 h, in the absence of
inhibitors, are illustrated in Figure 3. Characteristic laminar morphologies of lepidocrocite were
captured on the reference sample surface, exhibiting a large spectrum of more or less known crystalline
formations, as it is denoted in the literature. Near the mild steel surface broken glass type [3],
flowery and worm nest shapes dominate, in parallel with the gradual growth of miscellaneous laminar
volumes of lepidocrocite formed radially outward from the metal surface. This particular formation is
also described by many as cotton balls [3] and defined as crystalline phases due to the aggregation
of flat grains of lepidocrocite grown on top of amorphous γ-Fe2O3·H2O [46,48]. The EDS analysis of
Figure 3b discloses enhanced oxygen value concentration compared to that of the Steel–blank sample
due to the creation of the aforementioned iron oxides (Table 3).

The surface SEM images of Steel–WSS–Na2HPO4 after subjection in WSS for 96 h are depicted
in Figure 4. It can be seen that characteristic tassel-like structures, mainly consisting of [FeII-OH]
compounds, with substituted hydroxyls by phosphate anions (H2PO4

−, HPO4
2−, PO4

3−) [52], reveal the
phosphates incorporation, thus making possible the identification of iron phosphates, appearing
in amorphous or crystal phases. The latter are often observed as filamentous agglomerates [53]
(Figure 4a,b). However, phosphorous detection through microscopy techniques of EDS analysis of the
surface has been considered harsh, as phosphate anions get incorporated in steel crystal lattice [26].
Furthermore, ordinary structures of lepidocrocite spongy structure (and probably parts of maghemite,
a phase that usually adopts the shape of its precursor [54]) and smaller aggregations of magnetite
(as more globular, smooth) seem to be present, while a compact continuous inner layer (with cracks
from drying process) has been obviously generated, which is indicative of steel surface passivation
by phosphates (Figure 4c,d). In addition, large platy crystals of nanocrystalline phases are captured,
reassuring the creation of the expected thin adherent passive layer of iron phosphates, maghemite,
and lepidocrocite in crystalline and amorphous formations [26,53] (Figure 4e,f). It should be taken
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into account that the special influence of phosphate anion is participating in various chemical paths.
Although adsorbed phosphate is assumed to act as a precursor for hematite creation and often for
goethite nucleation and growth, at different concentrations and especially at locally more basic areas,
phosphate anions increase the negative electronic charge of ferrihydrite (present at earlier stages)
between particles. Therefore, the formation of hematite retards or is limited [44]. Since the samples
have undergone primary aging, in conjunction with the spectroscopic measurement results, it is
considered that a part of the magnetite layer has decomposed in a binary solid-state transformation.
At the same time, a structural conversion of magnetite, oxidizing partially to form maghemite and a
compositional frontal transformation to hematite take place [55]. The choice of the physicochemical
path that will be followed depends primarily on the anion concentration [56,57]. The EDS analysis of
Figure 4b,f reveals elevated oxygen value concentrations compare to that of the sample Steel–blank
due to the formation of the aforementioned iron oxides as well as the presence of phosphorus that is
assigned to the adsorbed phosphates (Table 3).

Figure 5 pictures the surface SEM images of mild steel submitted to WSS for 96 h in the presence
of MBT (Steel–WSS–MBT). It can be seen that hexagonal double-plates are illustrated, revealing the
presence of magnetite [58], the precipitation of Fe2+ and Fe3+ ions from the solution, and the creation of
green rust particles (general type [Fe2+

(1−x)Fe3+
x(OH)2]x+) (Figure 5a,b). Positively charged ions from

corroded iron forms sediments of double-hydroxide layers, consisting of coordinated Fe2+ and Fe3+

octahedra with hydroxylate groups between them [48,59]. Green rust acts as an ion exchange surface
withholding other species of metal ions and decreasing locally the negative charge between the particles
of the corrosion products, conferring more stability to the final layer [54,59]. Moreover, unattached
geode type formations are present, enhancing the assumption of magnetite creation with smaller
crystals of lepidocrocite inside the cavity, as the former is mostly detected near the metallic surface
as a blackish oxide [58], while the latter usually constitutes the biggest part of the total corrosion
products above (Figure 5c,d). Additionally, the creation of primarily small amounts of akaganeite
[β-FeO(OH)] is considered, whereas the precise identification of these phases was complicated using
the SEM technique [46,47]. Taking into account the capture of cracks (Figure 5e,f), it may be remarked
that a quite thick and compact inner layer was generated from the inhibitor (MBT) adsorption [29],
in parallel with the conventional corrosion products of the mild steel, such as crystals of lepidocrocite
and other aforementioned bulk structures of goethite, maghemite and lepidocrocite. The EDS analysis
of Figure 5e,f discloses elevated oxygen value concentrations compared to that of the Steel–blank sample
due to the formation of the aforementioned iron oxides as well as the presence of sulfur that is ascribed
to the adsorbed organic MBT (Table 3).

The surface SEM images of mild steel immersed in WSS for 96 h in the presence of MBT together
with Na2HPO4 (Steel–WSS–Na2HPO4–MBT) are demonstrated in Figure 6. Bulky corrosion products as
tubular rods are predicting the creation of α and β phases of iron oxides, as well as more fine-grained
phases of the expended corroded phases, as the interactivity of the mild steel with the inhibitors
lessened the rate and the extent of the corrosion process (Figure 6a,b). The successful generation of
a layer with cracks is probably due to the drying process, implying the conjunction of the organic
inhibitor molecule (MBT) to a mild steel surface, as well as the formation of tertiary phosphates [26,60]
(Figure 6c,d). The EDS analysis of Figure 6c reveals elevated oxygen value concentrations compared to
that of the sample Steel–blank due to the creation of the aforementioned iron oxides along with the
presence of sulfur and phosphorus elements that are attributed to the adsorbed organic MBT and
inorganic phosphates, respectively (Table 3).

The surface SEM images of mild steel subjected to 3.5 wt % NaCl (Steel–NaCl–blank) for 96 h
are illustrated in Figure 7. It can be seen that there is a surface distinctly damaged by the saline
solution, with the characteristic appearance of an etched layer near the metal surface, as chloride
anions accelerate corrosion phenomena (Figure 7a,b). In several areas, bigger bulk crystalline tubular
or rod-like forms of goethite (often visually yellowish to reddish rust) or hematite (visually metallic
gray rust) [54,61] and distinguishable cloud-like [3] lepidocrocite crystals are depicted (Figure 7c,e).

15



Appl. Sci. 2020, 10, 290

As commented in preceding studies, it seems that small amounts of goethite were formed after a
significant exposure time [3] by lepidocrocite solid transformation due to the presence of chloride
ions as well as by the transformation of green rust (FeII

xFey
III(OH)3x+2y−z(A−)z [54]) during the drying

process (Figure 7d,e). The chloride ions, as aggressive anions, are considered [49] to accelerate the
corrosion process, penetrating the protective layer and hence attacking the fresh unharmed metal
surface beneath the layer, triggering pitting corrosion. Therefore, chloride anions may not be detected
onto the corrosion product layer neither as ferrous (FeCl2) nor as ferric (FeCl3) salts, which are initially
formed [47,62], since these salts are meant to be significantly soluble in water. The EDS analysis of
Figure 7e reveals an elevated oxygen value concentration compared to that of the Steel–blank sample
due to the formation of the previously mentioned iron oxides (Table 3).

The surface SEM images of Steel–NaCl–Na2HPO4 after exposure in 3.5 wt % NaCl for 96 h are
depicted in Figure 8. It seems that globular axially generated spongy agglomerations have constructed
a quite homogenous voluminous layer, currently hindering the exposure of the inner layer on the metal
surface. As mentioned before, these agglomerations are attributed to lepidocrocite, maghemite, and
precursors of green rust (as magnetite) created in NaCl solution [15] and are not yet removed, due to
the prolonged exposure process [3,63] (Figure 8a,b). Furthermore, miscellaneous laminas accreting
in thorny three-dimensional structures [3] resemble hematite and goethite (sharper, more acicular) α
phases with small aggregates of more globular lepidocrocite (or/and maghemite), which are precipitated
during the submission together with tertiary phosphates [46,60,64] (Figure 8c,d). As mentioned before,
cracks with diameters of a few micrometers are considered to be due to the drying stage (Figure 8b).
The EDS analysis of Figure 8b,d reveals elevated oxygen value concentrations compare to that of the
sample Steel–blank due to the formation of the aforementioned iron oxides as well as the presence of
phosphorus, which is assigned to the adsorbed phosphates (Table 3).

The surface SEM images of mild steel immersed in 3.5 wt % NaCl for 96 h in the presence of MBT
(Steel–NaCl–MBT) are demonstrated in Figure 9. Characteristic laminar and eroded rosettes of green
rust, lepidocrocite, and hematite consist of the three-dimensional structures (Figure 9a), while the
ruptured inner layer (Figure 9c) indicates the inhibitor (MBT) interaction with the steel surface [29,64,65].
The EDS analysis of Figure 9b reveals elevated oxygen value concentrations compared to that of the
Steel–blank sample due to the creation of the previously mentioned iron oxides along with the presence
of sulfur that is assigned to the adsorbed organic MBT (Table 3).

The surface SEM images of mild steel submitted to NaCl for 96 h in the presence of MBT together
with Na2HPO4 (Steel–NaCl–Na2HPO4–MBT) are demonstrated in Figure 10. The accelerated corrosion
test validates the aforementioned protective layer creation, in parallel with the emergence of both less
and more fine-grained phases (tubular rods and laminar lepidocrocite and maghemite structures),
attributing to the enhanced corroding environment in saline solution and to the prolonged submission
process as well as to the formation of tertiary phosphates [26,60] (Figure 10). The EDS analysis of
Figure 10b reveals elevated oxygen value concentrations compared to that of the Steel–blank sample due
to the formation of the aforementioned iron oxides along with the presence of phosphorus and sulfur
elements that are attributed to the adsorption of inorganic phosphates and organic MBT, respectively
(Table 3).

3.2. Raman Spectroscopy Analysis

The Raman spectra of the mild steel panels after subjection to WSS for 96 h, in the presence
of inhibitors or not, are depicted in Figure 11. The corresponding classification of the Raman
spectra peaks is in Table S1. Regarding the Steel–WSS–blank, it can be mentioned that the region
between 200 and 450 cm−1 of the Raman graph belongs to α, β, and γ-crystalline iron oxides and
oxyhydroxides, accompanied with amorphous products, but is not considered as appropriate for
the precise identification of the rust compounds (Figure 11a). Quite guardedly, it could be claimed
that the pair of peaks near 225 and 290 cm−1 is assigned to the presence of hematite, the peak near
298 cm−1 is assigned to the presence of goethite, and that around 663 cm−1 is assigned to the presence
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of magnetite [66]. The pair of peaks with the shoulders at about 1320 and 1630 cm−1 is attributed to
ferrihydrites, which is the main iron oxyhydroxide rust compound of the present system [7].

Figure 11. Raman spectra of the mild steel panels after subjection in WSS for 96 h: (a) Steel–WSS–blank,
(b) Steel–WSS–Na2HPO4, (c) Steel–WSS–MBT, (d) Steel–WSS–Na2HPO4–MBT.

Taking into account the Raman spectrum of Steel–WSS–Na2HPO4 (Figure 11b), it may be remarked
that except for the initial noisy fluctuations from iron oxyhydroxides and oxides [63,67] or either from
Fe–O lattice vibrations [68], the most intense peak at about 1310 cm−1 arrives from iron phosphate
species and may be addressed to PO2 asymmetric stretch [69], whereas the less intense (accompanied
with a shoulder) near 1600 cm−1 could be attributed to bending vibrations of water molecules [68]
attached to the more hygroscopic phases.

Considering the Steel–WSS–MBT, it can be mentioned that the organic inhibitor adsorption on
[Fe–O–OH] species mitigated their characteristic Raman shifts, assuming that the elevated experimental
line in the region 200–400 cm−1 implies their presence under MBT (Figure 11c). The two most discrete
peaks were captured near 1380 cm−1 and 1590 cm−1 with a neck between them, which was a shifted
pattern that was commented previously to emerge due to ferrihydrites. Furthermore, it could be
claimed that the pair of peaks at 220 and 290 cm−1 with the detection of the primarily lower peak
near 700 cm−1 is related to pyrite characteristic Raman shift, meaning the identification of the Fe–S
band [70]. Enhancing this option, it should be considered that after drying at specific areas, the organic
voluminous MBT molecule would be detected, hiding the rest, more crystalline structures underneath,
whereas there would be sites where the organic layer would have been partially detached.
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In view of the Steel–WSS–Na2HPO4–MBT Raman spectrum, it can be said that despite the fact
that the first peak at 1050 cm−1 seems to be attributed to bending vibrations of C–H bands of the
MBT aromatic ring [65], its emergence in combination with the shoulder up to the next peak around
1185 cm−1 and the smaller peak at 1316 cm−1 reveal the identification of iron phosphate crystalline or
amorphous compounds [69] (Figure 11d). The latter peak at 1628 cm−1 is believed to correspond to the
thione mode of the MBT molecule, which is indicative of being perpendicular to the metal surface
orientation of the aromatic ring [65].

The Raman spectra of the mild steel panels after exposure to 3.5 wt % NaCl for 96 h, in the
presence of inhibitors or not, are illustrated in Figure 12. Regarding the Steel–NaCl–blank, it can be
mentioned that the generated thick three-dimensional amorphous corrosion products and the most
dense and stable generated passive layer on the mild steel measured surface are considered to hinder
the detection of the Raman shifts of more crystalline phases beneath (Figure 12a). Hence, the initial
expected peaks of iron oxides and oxyhydroxides [67] are distorted due to the voluminous amorphous
compounds. An intense peak at 1319 cm−1 [63] is attributed to hematite (α-Fe2O3) and the less intense
peak at 1593 cm−1 [46] is attributed to (2-line) ferrihydrite (Fe5HO8·4H2O), which makes its appearance
between 1380 cm−1 and 1600 cm−1 [7].

Figure 12. Raman spectra of the mild steel panels after subjection in 3.5 wt % NaCl for 96 h:
(a) Steel–NaCl–blank, (b) Steel–NaCl–Na2HPO4, (c) Steel–NaCl–MBT, (d) Steel–NaCl–Na2HPO4–MBT.

Taking into account the Raman spectrum of Steel–NaCl–Na2HPO4 (Figure 12b), it may be remarked
that the absence of a peak near 218–221 cm−1, which is attributed in the literature to the symmetric
stretch of interlayer chloride ions in green rust [63,68] in combination with the detection of iron
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phosphate salts vibrations, at 430–450 cm−1 for Fe4(P2O7)3 and at 1011 cm−1 for a symmetric PO3
2−

symmetric stretch of Fe3(PO4)2A (A for anion) [69], reassures mild steel surface phosphating and
consequently the increase of crystallinity in corrosion products after exposure and drying processes.

Considering the Steel–NaCl–MBT (Figure 12c), it can be noticed that although low wavenumbers
of Raman shift are connected with iron oxides as commented, the differentiation of mild steel spectrum
enhances the surmise of MBT physical and chemical adsorption, which is in accordance with the
absence of other characteristic peaks of MBT, as at 717 cm−1, 1013 cm−1, 1564 cm−1, and 1593 cm−1.
The strongest peak near 278 cm−1 in conjunction with noisy, less intense peaks at 350 cm−1, 470–480
cm−1, 530–540 cm−1, and 610 cm−1 reveal the generation of the Fe–S bond [71]. A less intense but
relatively obvious peak obtained near 1320 cm−1 is connected to the N = C–S ring stretching mode, with
its intensity considered in the literature as proportionate to the inhibitor chemisorption progress [71].
The peak at 1395 cm−1 is considered to stem from stretching vibrations of the C–C band in the aromatic
ring of MBT [65].

In view of the Steel–NaCl–Na2HPO4–MBT (Figure 12d), it can be said that a more clarifying Raman
spectrum with more than 15 Raman shift peaks was gained under accelerating corrosion conditions,
as there are in the saline solution. The smaller peaks near 300 cm−1 (shoulder) and 400 cm−1 in addition
to those near 500 cm−1 and 530 cm−1 are assumed to be caused by Fe–S generated by the chemisorption
of MBT on the surface of the sample [71]. The peak that arises near 700 cm−1 may be attributed to
P–O–P symmetric stretch vibrations, taking into account the simultaneous appearance of a smaller peak
near 850 cm−1 generated by [HPO4]−2 anion symmetric stretch [54,63]. The next pair of Raman shifts
near 1000 cm−1 (shoulder) and 1120 cm−1 comes to identify iron phosphate crystalline or amorphous
phases [69] in conjunction with the combination of two other shifts near 1250 cm−1 and 1270 cm−1 and
a smaller shift at 1310 cm−1, the latter of which may have been gained from PO2 asymmetric stretch.
Moreover, the pair of 1430 cm−1 and 1480 cm−1 peaks in combination with those at 1580 cm−1 and
1590 cm−1 were noted to be in accordance with experimental Raman shift values for the adsorbed MBT
molecule, especially when it is measured in its thione mode [65,72].

3.3. X-ray Diffraction Analysis

The XRD patterns of the mild steel panels after subjection in WSS for 96 h in the presence or absence
of the evaluated corrosion inhibitors are depicted in Figure 13. The collected XRD spectra reveal that
the exposure of the mild steel panels to WSS + Na2HPO4 leads to the detection of XRD diffraction
peaks corresponding to [65-4899 Fe iron], [30-0662 Fe3(PO4)2*8H2O vivianite, syn], [01-074-5846
Fe0.96P0.04 iron phosphide], goethite [α-FeO(OH)], and lepidocrocite [γ-FeO(OH)] [73] (Figure 13b).
Moreover, the same diffraction peaks are detected via the exposure of mild steel panels to WSS in the
presence of Na2HPO4 and MBT (Figure 13d). Furthermore, the exposure of mild steel panels to WSS in
the absence or presence of MBT leads to the verification of XRD diffraction peaks that are attributed to
[65-4899 Fe Iron], goethite [α-FeO(OH)], and lepidocrocite [γ-FeO(OH)] (Figure 13a,c).

The mild steel specimen surfaces after subjection in 3.5 wt % NaCl for 96 h were also analyzed by
XRD to determine the crystal structure (Figure 14). XRD diffraction peaks corresponding to [65-4899
Fe iron], [30-0662 Fe3(PO4)2*8H2O vivianite, syn], [01-074-5846 Fe0.96P0.04 iron phosphide], goethite
[α-FeO(OH)], and lepidocrocite [γ-FeO(OH)] are ascertained after the exposure of mild steel panels
to 3.5 wt % NaCl in the presence of either Na2HPO4 (Figure 14b) or Na2HPO4 along with MBT
(Figure 14d) [73]. Finally, the submission of the mild steel panels in 3.5 wt % NaCl in the absence or
presence of MBT leads to the verification of XRD diffraction peaks that are attributed to [65-4899 Fe iron],
goethite [α-FeO(OH)], and lepidocrocite [γ-FeO(OH)] (Figure 14a,c). According to the literature [74],
vivianite is a common and complicated breakdown product of the interaction of phosphate, iron,
and H2O.
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Figure 13. XRD spectra of the mild steel panels after submission in WSS for 96 h: (a) Steel–WSS–blank,
(b) Steel–WSS–Na2HPO4, (c) Steel–WSS–MBT, (d) Steel–WSS–Na2HPO4–MBT.

 
Figure 14. XRD spectra of the mild steel panels after submission in 3.5 wt % NaCl for 96 h:
(a) Steel–NaCl–blank, (b) Steel–NaCl–Na2HPO4, (c) Steel–NaCl–MBT, (d) Steel–NaCl–Na2HPO4–MBT.

3.4. Electrochemical Studies

All the EIS, PP, and LPR electrochemical characterizations were performed in a pH range from
7.33 to 7.97 (Table 2). It should be taken into consideration that all the electrochemical measurements
were conducted in triplicate, and a corresponding representative curve is illustrated for each sample.

In general, the presence of a compound into an electrolyte solution can shift the OCP either into
positive values if the compound reacts as an anodic inhibitor retarding the oxidation process, or into
negative values if the compound inhibits the cathodic reactions. The observation of the OCP values in
respect of the time can provide information related to the stability of the electrolytic system in order
for linear sweep voltammetry characterizations such as PP to be conducted.

Taking into account the evolution of OCP versus time in the case of mild steel panels after
subjection in WSS for 23 h at room temperature (Figure 15), it is observed that the system including the
mild steel together with the phosphates (Steel–WSS–Na2HPO4) shifts the OCP to more positive values
after the fourth hour compared to the one of the Steel–WSS–blank. This indication clearly denotes that
Na2HPO4 acts as an anodic inhibitor for mild steel, which is a result that is also confirmed by the
literature [75]. On the other hand, for the system Steel–WSS–MBT, the OCP shifts to negative values,
indicating that the presence of MBT inhibits the cathodic reactions [76]. Finally, the presence of both
Na2HPO4 and MBT into the WSS (Steel–WSS–Na2HPO4–MBT) results in OCP values more negative
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than those of Steel–WSS–blank and more positive than those of Steel–WSS–MBT. This behavior can
be assigned to the simultaneous inhibition of the cathodic reactions as well as to the formation of
a protective layer that inhibits the anodic reactions. Moreover, it can be mentioned that during the
beginning of exposure (0–2 h), the corrosion potential (OCP) is lower than in isolated inhibitor systems
due to passivation, but as the exposure time elapses, the OCP increases up to an almost stable moderate
value for many hours. This behavior is characteristic of the accelerated formation of metastable pits at
first and the gradual passivation of all of them, up to the restoration of the passive layer and the return
of the system to the initial OCP, which is a process known as re-passivation [77].

Figure 15. The evolution of open circuit potential (OCP) versus time in case of the mild steel panels after
submission in WSS for 23 h: (� filled square) Steel–WSS–blank, (� filled circle) Steel–WSS–Na2HPO4,
(� filled triangleD) Steel–WSS–MBT, (� filled triangleU) Steel–WSS–Na2HPO4–MBT.

Considering the evolution of OCP versus time in the case of the mild steel panels after subjection
in 3.5 wt % NaCl for 23 h at room temperature (Figure 16), it can be noticed that the presence of
Na2HPO4 and MBT in the electrolytic solutions increases the OCP compared to the Steel–NaCl–blank.
These facts denote that there is an inhibition to the anodic reactions resulting in the corrosion protection
of the mild steel. The increase in potential is assigned to the creation of protective films onto the metal
surface, making it more resistant to corrosion than the panel subjected to the solution without inhibitor
additives. Moreover, it may be remarked that MBT acts as a mixed inhibitor for mild steel in NaCl
solutions [78].

Figure 16. The evolution of OCP versus time in case of the mild steel panels after submission in 3.5 wt
% NaCl for 23 h: (� filled square) Steel–NaCl–blank, (� filled circle) Steel–NaCl–Na2HPO4, (� filled

triangleD) Steel–NaCl–MBT, (� filled triangleU) Steel–NaCl–Na2HPO4–MBT.
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The polarization curves recorded for mild steel panels in the presence or absence of inhibitors after
subjection in WSS for 24 h are demonstrated in Figure 17. Considering the cathodic branches of the
diagram (Figure 17a), it can be seen that the presence of MBT into the solution (Steel–WSS–MBT) results
to the appearance of lower cathodic current densities compared to the Steel–WSS–blank, indicating a
possible reduction of the cathodic reactions. On the other hand, according to the same diagram, there
is no evidence that the other two systems (Steel–WSS–Na2HPO4, Steel–WSS–Na2HPO4–MBT) affect the
cathodic reactions. Taking into account the anodic branches of the polarization curves (Figure 17b),
it may be remarked that the addition of Na2HPO4 into the commensurate solution retards the anodic
reactions effectively, since the corresponding anodic current densities are decreased compared to
those of the Steel–WSS–blank. On the contrary, there is no indication that the Steel–WSS–MBT and
Steel–WSS–Na2HPO4–MBT systems influence the anodic reactions.

Figure 17. The polarization curves (a) cathodic, (b) anodic, recorded for mild steel panels after
submission in WSS for 24 h: (� filled square) Steel–WSS–blank, (� filled circle) Steel–WSS–Na2HPO4,
(� filled triangleD) Steel–WSS–MBT, (� filled triangleU) Steel–WSS–Na2HPO4–MBT.

Furthermore, studying the cathodic branches of the polarization curves recorded for mild steel
panels in the presence or absence of inhibitors after subjection in 3.5 wt % NaCl for 24 h, it is
mentioned that the addition of Na2HPO4 either alone or in combination with MBT affected the cathodic
reactions by lowering the corresponding cathodic current densities (Figure 18a). Therefore, there is
an indication of a possible reduction of the cathodic reactions for both the Steel–NaCl–Na2HPO4,
and Steel–NaCl–Na2HPO4–MBT systems. Considering the anodic branches, it could be documented
that the introduction of the inhibitors suppresses the anodic reactions because of the reduction of
the correlative anodic corrosion current densities (Figure 18b). This outcome can be attributed to the
formation of corresponding protective layers.

Taking into account the Pourbaix diagram of iron [79], it may be remarked that in all the PP
characterizations, reductions of both water and oxygen take place because the PP measurements were
conducted in a pH range from 7.33 to 7.97 (Table 2) as well as the cathodic and anodic branches of
polarization curves being recorded in a potential range between −1.6 V and 0 V versus Ag/AgCl,KCl(sat)

electrode. Furthermore, in the aforementioned ranges of pH and potential, dissolution of iron exists but,
be that as it may, the oxidation of iron does not involve the oxidation of water. In addition, it should
be taken into consideration that the PP characterization technique was used only for qualitative
interpretations, because the calculation of both the corrosion current (icorr) and Rp values via the linear
fitting of the polarization curves according to the Tafel method is not feasible, due to the existence
of two reduction processes in the system: the reduction of water and the reduction of oxygen [80].
Moreover, the corrosion current density cannot be determined from the anodic branches, as there is no
clear linear region. Finally, under the aforementioned experimental conditions, steel is also corroded
via localized corrosion with the formation of pits [81,82]. Therefore, the Tafel method is not appropriate
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to be used for localized corrosion, such as pitting corrosion, as it only yields an average uniform
corrosion rate [83].

Figure 18. The polarization curves (a) cathodic and (b) anodic, recorded for mild steel panels after submission
in 3.5 wt % NaCl for 24 h: (� filled square) Steel–NaCl–blank, (� filled circle) Steel–NaCl–Na2HPO4, (� filled

triangleD) Steel–NaCl–MBT, (� filled triangleU) Steel–NaCl–Na2HPO4–MBT.

Regarding the LPR measurements, it can be noted that all the mild steel panels were exposed
to either WSS or 3.5 wt % NaCl for 96 h, in the presence of inhibitors or not. Bearing in mind
the obtained Rp values (Table 4), it can be assumed that the presence of both Na2HPO4 and MBT
in the electrolytic solutions has as an outcome enhanced corrosion protection of mild steel, as the
Steel–WSS–Na2HPO4–MBT and Steel–NaCl–Na2HPO4–MBT systems exhibit Rp values higher compared
to either the systems without inhibitors (Steel–WSS–blank and Steel–NaCl–blank) or to those systems
including only one inhibitor.

Table 4. Tabulated values of EOC [V vs. Ag/AgCl,KCl(sat)] obtained from the potentiodynamic
polarization (PP) technique and of Rp estimated via the linear polarization resistance (LPR) method
acquired for all mild steel panels after subjection in either WSS or 3.5 wt % NaCl in the presence of
inhibitors or not.

Sample
EOC (V)

(Cathodic Branch)
(24 h Exposure)

EOC (V)
(Anodic Branch)
(24 h Exposure)

Rp (Kohm cm2)
(96 h Exposure)

Steel–WSS–blank −0.361 −0.386 6.279
Steel–WSS–Na2HPO4 −0.303 −0.374 2.852

Steel–WSS–MBT −0.394 −0.415 4.731
Steel–WSS–Na2HPO4–MBT −0.253 −0.463 6.730

Steel–NaCl–blank −0.435 −0.462 2.822
Steel–NaCl–Na2HPO4 −0.586 −0.406 1.800

Steel–NaCl–MBT −0.282 −0.412 3.132
Steel–NaCl–Na2HPO4–MBT −0.536 −0.408 4.054

The EIS plots of mild steel panels in the presence or absence of inhibitors after subjection in
WSS are demonstrated in Figure 19. Taking into account the EIS Bode curves after 24 h of exposure
(Figure 19a), it can be seen that the Steel–WSS–Na2HPO4 and Steel–WSS–Na2HPO4–MBT systems
illustrate higher EIS moduli compared to the one of the Steel–WSS–blank, indicating that the presence
of the Na2HPO4 inhibitor alone or together with MBT into the corrosive environment increases the
mild steel corrosion protection. On the contrary, the addition of an MBT compound into the WSS
solution does not seem to improve the corrosion protection of the mild steel. Regarding the EIS Bode
curves obtained after 96 h of exposure to WSS (Figure 19b), the same results are observed denoting
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that the introduction of the Na2HPO4 inhibitor alone or together with MBT in to the WSS solution
protects the mild steel from corrosion.

Figure 19. Electrochemical impedance spectroscopy (EIS) plots recorded for mild steel panels
after submission in WSS for (a) 24 h and (b) 96 h: (� filled square) Steel–WSS–blank,
(� filled circle) Steel–WSS–Na2HPO4, (� filled triangleD) Steel–WSS–MBT, (� filled triangleU)
Steel–WSS–Na2HPO4–MBT, (—-) Fitted curve.

Considering the EIS plots of mild steel panels in the presence or absence of inhibitors after
subjection in 3.5 wt % NaCl (Figure 20), it is clearly seen that after 24 h of exposure (Figure 20a),
the system Steel–NaCl–Na2HPO4–MBT illustrates the highest EIS modulus in the low-frequency range,
denoting that the presence of the Na2HPO4 inhibitor in accordance with MBT into the corrosive
environment increases the mild steel corrosion protection. On the other hand, the insertion of either
Na2HPO4 or MBT compounds into the 3.5 wt % NaCl electrolytic solution does not remarkably improve
the corrosion protection of the mild steel. In view of the EIS Bode curves acquired after 96 h of exposure
to 3.5 wt % NaCl (Figure 20b), it may be remarked that the addition of Na2HPO4 inhibitor alone or
together with MBT into the electrolytic solution protects the mild steel from corrosion.

The EIS Bode plots for both the untreated mild steel and the systems including MBT
(Steel–WSS–MBT, Steel–NaCl–MBT) after exposure to either WSS or 3.5 wt % NaCl for 24 h can
be described with one time constant in the middle–low-frequency range that is attributed to the
corrosion process (Figures 19 and 20). However, as corrosion progresses from 24 h to 96 h, the relative
relaxation process moves to lower frequencies because of the increase of the corrosion active area and
the corresponding double-layer capacitance enhancement.
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Figure 20. EIS plots recorded for mild steel panels after submission in 3.5 wt % NaCl for (a) 24 h and
(b) 96 h: (� filled square) Steel–NaCl–blank, (� filled circle) Steel–NaCl–Na2HPO4, (� filled triangleD)
Steel–NaCl–MBT, (� filled triangleU) Steel–NaCl–Na2HPO4–MBT, (–) Fitted curve.

On the other hand, estimating the EIS Bode plots for the systems including both Na2HPO4–MBT
or only Na2HPO4 in either WSS or 3.5 wt % NaCl for 24 h, it can be noted that two time constants
are illustrated: one in the high–middle frequency range that is ascribed to a film formation between
the mild steel surface and the phosphate compounds, and a second one in the middle–low-frequency
range that is assigned to corrosion process (Figures 19 and 20). As the exposure time elapses from
24 h to 96 h, the time constant assigned to corrosion process is shifted to lower frequencies due to the
enhancement of the corrosion area and the corresponding double-layer capacitance increment.

The interpretation of the obtained EIS results for the mild steel panels after subjection in the
electrolytic solutions in the absence or presence of corrosion inhibitors was conducted by numerical
fitting using the equivalent circuits depicted in Figure 21. According to these equivalent circuits, the
pure capacitors have been replaced by constant phase elements (CPE). This adaptation is mandatory
when the phase shift of a capacitor is different from −90◦ [84]. The impedance of an R-CPE parallel
connection is given by:

ZR−CPE =
R

1 + RY0( jω)n , (3)

where Y0 is the admittance of the CPE and n is the CPE exponent. The n takes the value of 1 when it
corresponds to a capacitor, it is between 0.5 < n < 1 when a non-ideal capacitor behavior occurs, n equals
0.5 when the CPE corresponds to a Warburg impedance describing a diffusion process, and finally, n
equals 0 when it represents a resistor [85]. Using the CPE together with the Cole–Cole approach [83,86],
the capacitance can be calculated from the fittings by:

C =
n

√
RY0

Rn . (4)
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Figure 21. Electrochemical impedance spectroscopy (EIS) equivalent circuits used for numerical
simulation of the EIS data obtained for the mild steel panels after submission in the electrolytic
solutions in the absence or presence of corrosion inhibitors: (a) equivalent circuit with three elements,
(b) equivalent circuit with five elements.

The equivalent circuit for both the untreated mild steel and the systems including MBT
(Steel–WSS–MBT, Steel–NaCl–MBT) after exposure to either WSS or 3.5 wt % NaCl includes three
components and corresponds to an EIS spectrum comprising of one time constant. In particular,
it consists of the solution resistance (Rsol), the charge transfer resistance together with a double-layer
CPE (Rct-CPEdl) that are attributed to the presence of corrosion active pits either at the mild steel
surface or at the metal–inhibitor interface, as shown in Figure 21a.

Regarding the systems including both Na2HPO4–MBT or only Na2HPO4 in either WSS
or 3.5 wt % NaCl (Steel–WSS–Na2HPO4, Steel–WSS–Na2HPO4–MBT, Steel–NaCl–Na2HPO4,
Steel–NaCl–Na2HPO4–MBT), the relative equivalent circuit consists of five components and corresponds
to an EIS spectra of two relaxation times. More specifically, it includes the resistance of the solution (Rsol),
the pore resistance, and the CPE of the inhibitor layer (Rinh-CPEinh) in parallel connection, which are
attributed to the response of the electrolyte inside the pores of the layer, and finally, the charge transfer
resistance and the double-layer CPE (Rct-CPEdl) that are due to the presence of the corrosion process.

Taking into account the aforementioned Equation (4), the Cinh, Cint, and Cdl parameters were
calculated. In principal, the Cdl value is influenced by the roughness of the metal surface [38,39].
The determined values of the EIS fitting parameters for the WSS and 3.5 wt % NaCl electrolytic
solutions are tabulated in Tables S2 and S3, respectively. However, taking into account the CPEinh-P
values [CPEinh-P represents the n which is the CPE exponent in Equations (3) and (4)] calculated for
the Steel–WSS–Na2HPO4–MBT (0.50334) and Steel–WSS–Na2HPO4 (0.50486) samples after exposure to
WSS solution for 96 h, it can be mentioned that these elements cannot be associated to a non-ideal
capacitor (Table S2) [84]. Similar assessments can be reported for the CPEinh-P values determined
for the Steel–NaCl–Na2HPO4–MBT sample after exposure to 3.5 wt % NaCl solution for 24 h (0.5009),
48 h (0.50201), 72 h (0.50471), and 96 h (0.50474), as well as for the Steel–NaCl–Na2HPO4 sample after
exposure to 3.5 wt % NaCl solution for 96 h (0.50913) (Table S3). Nevertheless, it should be mentioned
that the introduction of a Warburg impedance component did not improve the numerical fitting of the
EIS results. Moreover, it should be taken into consideration that Tables S2 and S3 do not demonstrate
the mean values of the EIS fitting parameters. Finally, considering the obtained Rp and Rct values
of Table 4 and Tables S2 and S3, it can be stated that both LPR and EIS methods confirm that the
systems including both Na2HPO4 and MBT inhibitors exhibit the best anticorrosive behavior after 96 h
of exposure to either WSS or 3.5 wt % NaCl electrolytic solutions.

The evolution of the mean values together with the corresponding error bars of the EIS fitting
parameters Rct, Cdl of the mild steel panels after their exposure to WSS solution for 96 h in the presence
or absence of corrosion inhibitors is depicted in Figure 22. Concerning the determined values, it can be
mentioned that the system including both the inhibitors Na2HPO4 and MBT exhibits the highest Rct

values for all the exposure time intervals. It is important to notice that high Rct values indicate enhanced
resistance to the corrosion process [87]. On the other hand, the lowest low Cdl values are observed for the
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system containing the inhibitors Na2HPO4, revealing a low corrosion reaction area [87]. Furthermore,
small variations are discerned in the Cdl of this system, indicating that the corrosion reaction area does
not undergo changes. Consequently, the inhibitor Na2HPO4 either alone or in combination with MBT
provides the best protection to mild steel against corrosion in WSS solution (Table S2).

Figure 22. The evolution of the mean values of the EIS fitting parameters as a function of time for mild
steel panels after submission in WSS: (a) Rct, (b) Cdl.

Analyzing the evolution of the EIS fitting parameters Rct, Cdl of the mild steel panels after their
subjection in 3.5 wt % NaCl solution for 96 h in the presence or absence of corrosion inhibitors
(Figure 23), it can be noticed that that the system including both the inhibitors Na2HPO4 and MBT
reveals the highest Rct values together with the lowest Cdl values for all the exposure time intervals.
Therefore, the combination of both inhibitors Na2HPO4 and MBT performs the best protection to mild
steel against corrosion in 3.5 wt % NaCl solution (Table S3). Furthermore, it appears that all the systems
including inhibitors exhibit higher Rct values compared to the Steel–NaCl–blank, indicating effective
corrosion protection to mild steel.

Figure 23. The evolution of the mean values of the EIS fitting parameters as a function of time for mild
steel panels after submission in 3.5 wt % NaCl: (a) Rct, (b) Cdl.
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The tabulated values of η(%) derived from Equation (1) after 24, 48, 72, and 96 h of mild steel
samples submission either in WWS solution or into 3.5 wt % NaCl solution, in the presence or absence
of inhibitor, are illustrated in Tables S2 and S3, respectively. The results reveal that for all the time
intervals, the highest values of η(%) appear for the systems including both inhibitors Na2HPO4 and
MBT, denoting enhanced corrosion inhibition to mild steel. Furthermore, according to the obtained η(%)
values, it may be remarked that the system containing the Na2HPO4 provides also improved protection
to mild steel against corrosion. Finally, it should be noted that for the Steel–WSS–MBT sample, the η(%)
values could be calculated for 48, 72, and 96 h since the corresponding Rct values are lower than those
of the Steel–WSS–blank sample. The same result was revealed for the Steel–WSS–Na2HPO4 sample after
96 h of subjection in WSS solution as well as for the Steel–NaCl–MBT after 48 h of exposure to 3.5 wt %
NaCl solution. These outcomes clearly denote that the presence of the inhibitor MBT into the WWS
solution cannot provide adequate corrosion protection to mild steel after 48 h.

3.5. Corrosion Inhibition Mechanism

Taking into account the aforementioned obtained results, the following corrosion inhibition
mechanism can be claimed that is in accordance with the dry–wet–dry model, which is illustrated by
the equal model of Evans (differential aeration corrosion cell), considering the four-stage model of
Fontana and Greene [77].

3.5.1. The Main Pathway of Corrosion Process in an Fe–C/NaCl (aq) System

Taking into account the mild steel submission in the saline solution, a milestone for the initiation of
corrosion could be considered the time when the first ferrous ions (Fe2+) or ferric ions (Fe3+) ions release
(Reactions 5 and 6), defining the anodic site that emerges near the metallic surface. Subsequently, the
local charge density increases, causing the appearance of the cathodic current, and taking into account
that the pH of the electrolytic solutions was in a range from 7.33 to 7.97, the dissolved O2 reacts with
H2O and becomes reduced to OH− ions (Reaction 7). In the same way, as in the case of mild steel,
the alloying elements release Mn2+, Cu2+, and other cations, originating from the dissolution of the
alloy equally to Fe oxidation and maintaining the stoichiometric ratio they used to have in the alloy.
The consequent excess either of Fe2+ or Fe3+ and OH− of the main oxidation–reduction reactions (8, 9)
results in the precipitation of iron hydroxides from the solution to the corroded surface.

Fe→ Fe2+ + 2e−, anode (5)

Fe→ Fe3+ + 3e−, anode (6)

O2 + 2H2O + 4e− → 4OH−, cathode (7)

Fe+2 + 2OH− → Fe(OH)2(s), (8)

Fe+3 + 3OH− → Fe(OH)3(s), (9)

The obtained Fe(OH)2(s) and Fe(OH)3(s) create a thick gel, either precipitating from the solution
or created very close to the metallic surface where oxygen concentration is very low to negligible.
This thick gel is characteristic of wet rapid corrosion [88], which represent an appropriate precursor
for the first types of iron oxides and oxide–hydroxides. Moreover, the visualization of the primary
redox processes arises as an initial thin adherent layer on the steel surface, which is empirically
metallic gray or black in color. This inner layer consists mainly of Fe3O4 (magnetite) and γ-Fe2O3

(maghemite) and/or γ-FeO(OH) (lepidocrocite), insoluble Fe(III) solid phases, as was also commented
in spectroscopic measurements. On the other hand, the bulk layer (of the overall electrochemical
double layer) consists of (i) oxides from the alloying elements dissolution such as heavy metal oxides,
i.e., Mn2O7, (ii) interstitial complex phases, i.e., the known ferrites and ferrates (mixtures chiefly of
iron oxides and other metallic oxides) [89], and (iii) various intermediates stemming from olation and

28



Appl. Sci. 2020, 10, 290

corrosion phenomena, local physicochemical conditions (pH, ions concentration etc.) and physical
parameters such as the humidity or aeration level of the surface.

Consequently, charge separation takes place and signals the start of the second phase of the
corrosion mechanism on a mild steel surface, according to the Evans model perspective. As mentioned,
in anodic areas, Fe(OH)2 and Fe(OH)3 create a characteristic thick gel that restricts the diffusion of
the products of reduction semi-reactions such as O2 and OH−, which are usually responsible for the
rust layer deterioration at a later stage. Additionally, Cl−, which originates in the NaCl(aq) solution
and the soluble forming Fe–Cl salts ionization (reactions 10, 11), since they are more reactive than
OH−, they tend to attack the protective layer, reacting with the agile Fe2+ of the anodic dissolution,
triggering a series of local corrosion phenomena, which would open the way even to reach and hazard
the inner layer (reactions 12, 13). For example, in wet conditions, the chemical reactions (5) and (14)
occur, indicatively:

Fe+2 + 2Cl− → FeCl2, (10)

Fe+3 + 3Cl− → FeCl3, (11)

FeCl2 + 2H2O − → Fe(OH)2(s) + 2HCl, (12)

FeCl3 + 3H2O→ Fe(OH)3(s) + 3HCl, (13)

8FeOOH + Fe2+ + 2e− → 3Fe3O4 + 4H2O, (14)

After a relative stabilization of the primary olation processes and iron oxides and hydroxides
interaction, the eventually generated [Fe–O–OH] thick gel, which is chemically attached to the inner
layer of corrosion products, obtains a unique for each system constitution of crystalline iron oxide
phases. This constitution depends on the Fe2+, Fe3+, and dissolved O2, OH− availability, the mixture
of which is responsible for the emergence of a pioneering family of materials, the layered double
hydroxides (LDH) [90,91], with green rust as the main representatives in literature [92,93]. Taking into
account that the direct oxidation of iron or low-alloyed steel to the unstable ferric ions (Fe3+) is
restricted thermodynamically against the generation of ferrous ions (Fe2+), it could be assumed that the
concentration of the former would be found to be negligible, referring to the whole rust layer structure.

In particular, the identification of green rusts (LDH structures) in the obtained corrosion products
denotes that ferric ion creation is favored. Moreover, as the forming Fe–Cl salts were expected
to have been dissolved, and were considered totally soluble in the present aqueous system, the
chlorides detection in the rust layer indicates that sulfate green rust structures could have captured
chlorides [94–96]. After a relative stabilization of the double layer, with the inner layer to consist
mainly of magnetite (Fe3O4), mass transfer, electromigration and more time-consuming phenomena
take place, depending on the local physicochemical conditions and compounds concentrations. In the
mere aqueous saline system of mild steel, it was expected that the Cl− would attack and damage
the magnetite passive film, triggering a series of local corrosion phenomena, as analyzed in the
aforementioned paragraph. Hence, as referred also in spectroscopic measurements, Cl− were not
expected to be detected in solid phases, as they are very soluble in the current system [97].

Essentially, the generated Fe2+ and e− from the mild steel dissolution in anode diffuse through
the inner layer (or magnetite layer) and provoke the cathodic precipitation of magnetite, reducing the
continuously forming oxyhydroxides according to reaction (9) and conferring a particular thickness
to the bulk rust layer. In case of aeration or in the presence of a sufficient quantity of dissolved
oxygen, for the wet condition, water and oxygen molecules pass through the FeO(OH) outer layer
and oxidize magnetite, forming again stacking oxyhydroxides and interstitial species mainly of [Fe, O,
OH], bonding with oxygen bridges and hydrogen bonds in a near-neutral environment (reaction (15)).

3Fe3O4 + 3/4O2 + 9/2H2O→ 9FeOOH, (15)
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A more acceptable approximation for the latter would be the formation of Fe·OH·OH, which is
more stable [44]. A significant variable is the surface charge of the outer FeO(OH) layer, depending on
the protonation of Fe·OH·OH for a wet near-neutral environment, and deprotonation of the Fe·OH·OH
layer in more acidic conditions. In the conventional natural mild steel saline system, the more
time-consuming mechanisms and solid-state transformations are considered to proceed evermore,
due to the thermodynamic equilibriums of each particular molecular interaction (aging). Characteristic
processes of that stage are the further dehydration and crystallization of the oxyhydroxides and of the
Fe(OH)3, as previously observed even in wet conditions, underlying the outer rust layer. Additionally,
complicated structures of crystalline flowers, honeycombs, nests, rods, and other unique formations
emerge, as described elaborately in our SEM analysis, which were generated axially with regard to
the metallic surface, as part of a family of processes that is responsible for illustrating the rust layer
constitution for the most of the mild steel corrosion investigations in the past.

3.5.2. Corrosion Inhibitors

According to the literature, two main corrosion inhibition mechanisms for mild steel protection
have proved to be more reliable [77]. The first one is through chemisoption onto the mild steel surface,
limiting the metal dissolution rate by forming an adherent passive film, as MBT does for lightly acidic
and near-neutral aqueous systems [78]. The second one is by the formation of a new phase onto the
metallic surface, creating a conversion coating, as during the phosphating process.

Mercapto functional azole compounds present enhanced inhibitive efficiency to mild steel.
The coexistence of sulfur and nitrogen atoms in the heterocyclic ring of the inhibitor molecule provides
increased binding capability for the inhibitor attachment [98,99]; the aromatic ring of the molecule
is known for its contribution to increase electronic density [100], whilst the higher electronegativity
of sulfur than that of nitrogen renders the thiol group an especially efficient electron donor [29,99].
Particularly, according to the works of Chen et al. [29] and Obot et al. [101], it can be claimed that of the
two tautomers of MBT, thiol (MBT-thiol) or thione (MBT-thione) (Figure 24a), coexisting usually in ionic
solutions and ambient temperatures, the second seems to be more stable, especially in solid state, as in
rusts. The latter group of researchers mentioned by the means of chemical hardness measurements
that MBT-thione has increased electronegativity compared to MBT-thiol, which confers to the former a
denser electronic cloud around the functional mercapto group of the molecule, and hence enhanced
inhibition ability. Considering that electronegativity is proportionate to the chemisorption of the
inhibitor and therefore to the level of its inhibition ability [100], they found that the heterocyclic ring
could bond to the metallic surface through the endocyclic nitrogen, as the most electronegative of
the three more possible donors. Furthermore, and at the same time, the heterocyclic ring could also
bond with the exocyclic sulfur, chelating in that manner the iron cations and attaching, with its planar
aromatic ring parallel to the metallic surface.

Figure 24. Schematic representation of (a) 2-mercaptobenzothiazole (thiol form) and
2(3H)-benzothaizolethion (thion form); (b) sodium phosphate dibasic [Na2HPO4].

In our study, the most electronegative positions would be the two atoms of sulfur. In spite of the
electrostatic interaction preference, due to steric hindrance, the more stable coordination geometry of
the MBT-thione with mild steel was commented to realize by means of the exocyclic sulfur, with the
aromatic plane perpendicular to the metallic surface. The two tautomeric types of MBT usually coexist
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in circumneutral aquatic and ionic solutions [102], but be that as it may, a supplementary clue in favor
of the thione mode, as predominant in the rust layer, emerges from a characteristic Raman shift in the
Steel–WSS–Na2HPO4–MBT sample.

Taking into account that MBT-thione inhibition efficiency upon time depends on the rate of
the attachment of the exocyclic sulfur to mild steel, two stages of the inhibitor adsorption were
distinguished [29]. The first stage is meant to be a physisorption process of the organic hydrolyzed
molecule to the solid metallic surface, leading to the creation of a primary monomolecular layer.
Physical binding of the inhibitor needs relatively low quantities of exchangeable energy, takes place
to a limited extent as a front reaction, and is the prominent and necessary process for the inhibitor ‘s
attaching and hence to initiate the adsorption of the inhibitor [99]. The second stage, chemisorption,
is also quickly initiated, as Fe–S chemical bonding is considered to be prompt and more powerful.
The two adsorption processes were identified as similar systems to MBT-thione and iron by Obot
et al. in 2018. However, the duration of each stage and even of the whole adsorption process and
the enhanced stability and uniformity of the final layer imply that a more complicated process had
actualized. It was found that MBT has the tendency to form hydrophobic bonds in neutral aquatic
electrolytic solutions [103], followed by a self-assembly ordering with characteristic duration [104].
In case of parallel plane geometry to the metallic surface, hydrophobic-originating complexes create
locally hydrophobic complexes as metal islands that combine afterwards to a uniform protective layer.
In perpendicular orientation, similar mechanisms with hydrophobic intermolecular connections were
suggested [65].

Despite the appearing complexity of the adsorption process of MBT, its kinetics were already
specified and recorded in the literature, as also the self-assembly process through which the inhibitor
lays the protective layer [29,65]. At a second glance, a precise orientation of the planar organic inhibitor
could be similar to that proposed in the study of Venkataramanan et al. on the Ag surface [72]. Due to
the increased local electronic density and the negative δ contribution on the thiol edge, in conjunction
with a commonly observed attitude of S to alter the planarity of MBT-thione [100,105] and bend the S–C
bond [103], it seems as the most probable scenario that the inhibitor attaches onto a mild steel surface,
with the exocyclic sulfur–carbon bond perpendicular to metal and the remainder planar molecule
angled [65]. In that way, the imminent rearrangement process, which initiates the self-assembly of the
protective layer, would lack steric hindrance, as each molecule-plane could be simultaneously strongly
chemically bonded onto the metal through an exocyclic sulfur atom. On the other hand, the slightly
negatively charged remainder planes would be free to rotate, providing a relevant ionic permeability
to the protective layer and diminishing the possibility for the layer rupture.

Phosphorus consists of a significant alloying element of low-alloyed and carbon steels against
atmospheric corrosion [106] and Cl− attack [107], and it is considered to improve machinability,
fatigue, and hardenability. Phosphating through immersion baths, as conventionally realized in
industry, is considered to be complete after several days, mainly due to recrystallization and solid-state
transformation processes and in order to enhance surface coherence with metallic coatings, as zinc
phosphating [53] and even with organic protective coatings. There has been a variety of chiefly organic
substances proposed as accelerators of phosphating, such as certain imines, pyridines, and other
oxidizing substances [108]. Phosphate anions have been considered to confer satisfying corrosion
resistance, stabilizing both crystalline and amorphous phases in the corrosion product layer [109].
Although inorganic phosphorus-containing compounds were broadly utilized against the corrosion
and wear phenomena of mild steel, and its crystallization kinetics and pathways were intricately
investigated in ambient conditions [110], there are impenetrable aspects to explore up to date, from the
interatomic to hypercrystallic level. Not only does phosphorus bind strongly to common non-metals
such as oxygen and nitrogen, it also does so with metals and minerals consisting of oligomeric
or near-polymeric complexes, such as ferrates and polyoxometallates. In phosphate tetrahedra,
the phosphorus is strongly bonded to oxygen atoms, and their bond length could found to be even
fourfold inside the same solid (bond–stretch isomerism) [59,110]. In particular, inorganic phosphate
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tetrahedra (mainly PO4
3−, HPO4

2−) behave as relatively strong Lewis bases, maintain their bonding in
aquatic near-neutral solutions, and precipitate forming insoluble salts with the locally available cations
(Figure 24b). In ambient conditions, they coordinate in hypercrystallic structures and minerals through
tetrahedra or octahedra (or connected trioctahedra by others [111], linking by corners or edge sharing
that form chains, clusters, and sheets [112–114].

In the aquatic system of our study, equally to the increase in local electronegativity and valence of
the cations, phosphates tend to form the most thermodynamically stable hypercrystallic structures,
with an ascending affinity to cyclic or/and branched complexes, with the latter to be achieved either
through electrostatic attraction to small cations, as Cl−, SO4

2−, CO3
2− or with ligand exchange, as with

solid crystalline phases and metastable iron aqua ions [indicatively FeOH2+, Fe(OH)4
−, Fe(OH)2+,

and Fe(H2O)6
2+], which were formed through the hydration, olation, or oxolation of ferrous and

ferric species [109,113,115,116]. It is established that transition metals can exchange a mere electron,
whereas non-metal reactive species, as dioxygen and radical species, are restricted by Pauli’s principle,
reacting in a slower way [109]. Specifically, between 5 and 9 pH values, the instantly forming ferric
salts hydrolyze immediately, while ferrous salts, in the absence of oxidizing substances, react with
water, resulting in aqua ions generation, as Fe(H2O)6

2+.
Generally, ferric complexes tend to condense from very acidic (near pH 1, room temperature) up

to near neutral solutions, conferring interstitial oligomeric or/and polymeric Fe(III) compounds that
are named as ferrihydrites [117], while ferrous complexes condense only above pH 6 and in oxygen
deprivation onto the hardly accessible metal surface, where they are hydrolyzed, to precipitate as
Fe(OH)2. A chain of reactions occur in the meanwhile, as the olation of the dimeric [Fe2(OH)8(H2O)8]2+

complex to planar tetrameric [Fe4(OH)8(H2O)8]0, and the following rapid nucleation of the mentioned
tetrahedral and/or octahedral interstitial formations, simultaneously at many sites of each emerging
plane, initiating a process of crystalline epitaxial growth for the generation of the layered double
hydroxides. The ferrous phases, either in solution or in solid state, have expressed a propensity to
oxidation, from which mixed ferric-ferrous phases are considered to be formed, known as green rust,
magnetite, goethite and lepidocrocite. In the literature, two physicochemical pathways for phosphorus
bonding are distinguished. A fraction of it is rapidly adsorbed and triggers the conversion process
of mild steel surface, whereas most of the phosphorus is gradually diffusing into the crystalline iron
oxide and hydroxide compounds of the inner layer, as in case of goethite, either into the pores or into
the crystal lattice [118].

It was reported that at pH 7, the transformation of Fe(OH)2 to lepidocrocite is a characteristic
reaction, in conjunction with a noted elevation of the potential [109], whereas the hydrolysis and then the
aggregation of ferrihydrites often results in the crystallization of goethite and hematite, which is a process
chiefly depending on the oxolation of metastable [Fe,OH,O] species [107,117,119]. Phosphate anions
are considered to have a unique coordination effect in the corrosion process by executing selective
adsorption in different phases [21,107]. Ascending to the microscale, phosphates seem to play a binary
role in ferrous corrosion products, either by being adsorbed into iron oxides and oxyhydroxides,
as into goethite and lepidocrocite crystal lattices, with the creation of bidentate surface complexes
by replacing two hydroxyls—their main ion competitor in aquatic solutions [118,120–123]—or by
binding on mild steel surface molecules and forming phosphate and iron phosphate crystalline
structures, creating new active sites for further phosphorus adsorption [122]. After all, it could be
claimed that the dominant structures of the double-layer compounds are those of iron oxides and
hydroxides, whereas into the inner layer of mild steel, hybrid crystalline and amorphous combinations
of [Fe,[O2],H2O,HPO4

2−,PO4
3−] compounds are commonly solidified, providing a unique composition

and behavior for each layer.
The investigation of ambient aquatic circumneutral systems of corroding mild steel revealed

that a variety of crystalline iron–phosphate products were to be detected, interstitial of the different
stoichiometry and oxidation states of iron, during the successive alteration of local conditions,
from vivianite (ferrous phosphate), Fe3(PO4)2·8H2O, to strengite (ferric), FePO4·8H2O (reactions 16,
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17) [74,124,125]. The final constitution of the converted coating is meant to emerge by the balancing
of the competitive processes of ionic precipitation, solid-state transformations, and crystallization,
in conjunction with the local reagent concentrations and aeration level. In accordance with the
experimental results, we assume that phosphate anions converted successfully onto the steel surface,
participating in green rust stabilization, preventing GRI(Cl−) oxidation [107] and fine-grained crystalline
well-ordered structures in the final rust layer.

H3PO4 → H2PO4
− + H+→ HPO4

2− + 2H+→ PO4
3− + 3H+ (16)

3Fe2+ + 2PO4
3− + 8H2O→ Fe3(PO4)2·8H2O(s) (17)

3.5.3. The Synergistic Effect

Table 5 presents the calculated values of the synergistic parameter (Si) using Equation (2).
In general, the synergistic effect can be described as the trend, whereas the combination of two or
more compounds results in greater action than of those of the individual compounds. Regarding the
corrosion inhibition, the synergistic effect refers to the effective interaction of two or more substances
in respect of the protection of a material against corrosion.

Table 5. Tabulated values of the synergistic parameter (Si) calculated using Equation (2).

Time of Exposure (h) Synergistic Parameter (Si)

Steel–WSS–Na2HPO4–MBT 24 4.76
Steel–NaCl–Na2HPO4–MBT 24 22.6
Steel–WSS–Na2HPO4–MBT 96 1.99
Steel–NaCl–Na2HPO4–MBT 96 4.22

The synergistic effect can be considered as an effective method to enhance the inhibitive properties
of a compound corrosive media. A value of (Si) >1 indicates the existence of inhibition synergism
between the two compounds, whereas (Si) = 1 means that no interaction between the two compounds
exists; when (Si) < 1, it denotes toward an antagonistic effect. The synergistic effect of the corrosion
inhibition behavior of MBT and Na2HPO4 in a molar ratio of 1:1 revealed that the admixture performed
effectively with an inhibition efficiency above 90%, Rct up to 6.7 kohm cm2 and with a synergistic
parameter above 22. The synergistic effect of the corrosion inhibition behavior of MBT and Na2HPO4

is increased in the presence of NaCl due to the Cl− interaction. In synergism with the organic inhibitor,
phosphate was capable of converting appropriately the corroding surface and in parallel to enhancing
the local positive electronic cloud, above the inner layer, encountering the negative abundance of the
organic voluminous inhibitor, accelerating and boosting in that way the corrosion inhibitive action of
both substances. By the means of electrochemical, spectroscopic, microscopic, and image analyzing
techniques of characterization, it is excluded that the acceleration and enhancement of the highly
efficient Na2HPO4 inhibition was achieved, in combination with the mitigation of the disadvantages
of MBT, especially in near-neutral aquatic solutions of mild and low-alloyed steel. The synergistic
effect resulted in the formation of more compact and more durable film, which significantly retards the
corrosion process.

Surface hardening was achieved as well as a considerable increase in the coherence of corrosion
product layer, by developing microstructures with ameliorated resistance against the wear effects of
mild steel at the micro and nanoscale, originating from fine-grained phases with powerful bonding
not only inside the various chemical species but also between them [124]. Achieving the creation of
α-crystals, as goethite and hematite, and the prolonged protection of the converted magnetite layer,
it seems reasonable that we have the most thermodynamically stable phases due to the face-centered
cubic (fcc)and hexagonal close-packed (hcp)systems, which are the crystalline structures with the
highest density, and due to their connectivity provided by phosphorus [126]. The unique chemical
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connection of the phosphated mild steel surface, by means of the electronegative, non-polar –SH edge of
the organic planar part of the layer, is able to rotate, conferring to the bonding flexibility, as it facilitates
ions mobility, which confers the most powerful chemical bonding to the metal (Figure 25). The complex
interacts with the outer iron oxides and hydroxides, thus maintaining relatively electrical surface
neutrality. Moreover, it was intervened not only in interatomic but also in intermolecular interactions,
with the final layer to have significantly increased resistance to corrosive factors, encountering both
mass transfer and electrochemical attacking phenomena. The rust layer’s outer surface is considered to
have a chemical composition consisting of green rusts, FeO(OH), and FexO compounds, binding with
hydrogen bonds and oxygen bridges; therefore, the point of zero charge of them fluctuates, especially
for the α-crystals, between iron oxides and oxyhydroxides, from 7.5 to 9.38 at 22 ◦C. That confers to the
layer to have a dynamic response to the increase of the pH locally, for a specific quantity i.e., of a basic
compound and to function as an ion trap for the metallic surface [111,124,127].

Figure 25. Schematic representation of the phosphate anions and MBT connections onto the mild steel
surface, resulting in the formation of the protective film.

4. Conclusions

The electrochemical characterizations demonstrated that MBT and Na2HPO4 can be considered
as corrosion inhibitors of steel. The initial mixture of corrosion products constitutes a primary viscous
layer on the mild steel surface, which afterwards undergoes gradation and is separated into two
distinguishable layers: an adherent rust layer and a loosely adherent anodic oxide film. At an early
stage, amorphous masses of oxides with spongy appearance are created that transform chiefly to
lepidocrocite, part of which is further transformed in goethite. During submission, the reduction of
lepidocrocite to hydrated Fe2+ intermediate takes place due to metal anodic dissolution, especially
near the steel surface, where magnetite appears. The chloride ions are considered to accelerate the
corrosion process as aggressive anions, penetrating the protective layer and hence attacking the fresh
unharmed metal surface beneath the layer, triggering pitting corrosion.

Adsorbed phosphate is assumed to act as a precursor for hematite creation and often for goethite
nucleation and growth; at different concentrations and especially at locally more basic areas, phosphate
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anions increase the negative electronic charge of ferrihydrite (present at earlier stages) between
particles, and therefore, the formation of hematite retards or is limited. The interaction of ions or
neutral molecules at the electrical double layer changes its properties and structures. The water
molecules pre-adsorbed at the metal surface in contact with the aqueous solution are involved in the
successive adsorption processes. A thin multimolecular adsorption layer via the self-assembly process
was formed (phosphonate layer formation) due to the intermolecular interaction between phosphonate
groups. The inhibition mechanism is anodic type, hindering the active iron dissolution to a large extent.

Since MBT contains polar groups with an atom of nitrogen and sulfur, the inhibiting properties
were determined by the electron density at the reaction center. With an increase in the electron density
at the reaction center, the chemisorption bonds between the MBT and the metal are strengthened.
Therefore, MBT is adsorbed on the surface of mild steel, formatting stable produced self-assembled
monolayers of MBT compounds on the surface of mild steel, protecting from aggressive ions.
The inhibitive action of MBT takes place through the adsorption of its molecules onto the mild
steel surface via the lone pair of electrons of the N and S atoms. The presence of both aforementioned
inhibitors into the corrosive environment exhibited the highest impedance modulus and Rct value
as the exposure time elapsed. The synergistic effect of the corrosion inhibition behavior of MBT and
Na2HPO4 in a molar ratio of 1:1 revealed that the admixture performed effectively with inhibition
efficiency above 90% and with a synergistic parameter above 22. The synergistic effect of the corrosion
inhibition behavior of MBT and Na2HPO4 is increased in the presence of NaCl due to the Cl−
interaction. Considering the electrochemical, spectroscopy, and morphology characterizations, the
corrosion protection mechanisms of steel can be attributed to the protective layers formed onto the
metal surface due to the presence of the inhibitors, which prevent chloride’s penetration.
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Featured Application: In the last decade, many research works were focused on the use of “green”

corrosion inhibitors, lacking in the adverse health issues connected to the organic compounds

used in the past. The use of biomaterials as corrosion inhibitors takes considerable attention due

to their inherent stability, availability, cost effectiveness, and environmentally-friendly nature.

Abstract: C-Mn steels, commonly employed in structural applications, are often exposed to
near-neutral aerated environments and hence subjected to general corrosion. In broader contexts,
for example during pickling, acidizing treatments, or acid-releasing processes, where steel comes in
contact with more aggressive solutions, the use of corrosion inhibitors is a supplementary strategy
to cathodic protection and/or coating. This work focuses on the C-Mn steel corrosion protection
in the presence of HCl, either as process fluid or by product. In order to avoid the toxicological
issues related to conventional synthetic products, a bio-copolymer containing glycerin-grafted starch,
synthesized by modification of maize starch, was studied as a “green” corrosion inhibitor by the weight
loss method and electrochemical techniques (open circuit potential, potentiodynamic polarization
and electrochemical impedance spectroscopy). Corrosion-related parameters, such as inhibitor
concentration and temperature, were varied and optimized to characterize the corrosion process.
Results showed that inhibition efficiency increases with increasing bio-copolymer concentration,
reaching a maximum of 94%at the concentration of 300 mg L−1. The kinetic and thermodynamic
parameters were determined and discussed. The obtained values of corrosion potential and corrosion
current density, Ecorr and icorr, obtained by potentiodynamic polarization, are in agreement with
the weight loss method. The corrosion current densities decrease when the concentration of the
inhibitor increases.

Keywords: C-Mnsteel; corrosion inhibitors; bio-copolymer; starch; glycerin

1. Introduction

Hypoeutectoid C-Mn steels are typically employed in many structural applications and,
being commonly exposed to near-neutral aerated environment, undergo general corrosion in the form
of rust. Cathodic protection and/or coating, together with the use of adequate corrosion allowance,
enables the phenomenon to be controlled, thus reducing the risk of failure [1]. The use of C-Mn steel
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in a broader context, where the steel comes in contact with more aggressive solutions (for example,
during pickling or oil well acidizing treatments as well as acid-releasing processes [2,3], might need
diverse technologies, such as addition of inhibitor products.

In this work, we propose to investigate a method to control and minimize the steel corrosion in
the presence of HCl by adding a corrosion inhibitor of bio-polymeric nature. The test solutions are
meant to mimic the aggressiveness of the environment due to in-situ generation of harsh byproducts
(i.e., during plastic or biomass combustion) or due to an environment that is aggressive itself in the
exercise conditions (i.e., pickling or acidizing treatments).

The corrosion inhibition strategy is well-known to help in reducing the economic input of
corrosion damage [4,5]. Moreover, through a proper selection of the nature of the used inhibitor
compounds, the related toxicological aspects can be controlled. Efficient inhibitors are compounds
whose activity is related to the presence in their structure of hetero atoms like nitrogen, oxygen,
or sulfur [6]. It was observed that adsorption depends mainly on the presence of lone pair electrons,
electron-donating groups and π-orbital character of the molecule [7]. However, even if many synthetic
organic compounds are effective inhibitors, regarding their cost and toxic nature, researches were
compelled [8,9]. The concern is not only related to the environmental poisoning, needing effective
procedures of inhibitor removal before flowing the used solution out of the industrial plant, but also to
the contact of the protected metal, for example, with food, beverages, and medicals, during its lifecycle.
In the last decade, many research works were focused on the use of “green” corrosion inhibitors,
lacking in the adverse health issues connected to the organic compounds used in the past [8,9]. The use
of biomaterials as corrosion inhibitors takes considerable attention due to their inherent stability,
availability, cost effectiveness, and environmentally-friendly nature [10,11].

The protection of a steel structure against corrosion has already been studied by means of
biopolymers as corrosion inhibitors [12,13]. Bio-copolymers derived from starch, already used in the
literature as a corrosion inhibitor, motivated our research [14,15].

The present work reports on the establishment of different possibilities of grafting glycerin on
starch. We looked at the different grafting sites on amylopectin that can receive glycerin molecules.
By the conditions, this was possible by eliminating amylose chains. The obtained product was
used as corrosion inhibitor of C-Mn steel in 1 M HCl solution in the temperature range 25–50 ◦C.
The corrosion inhibition was investigated by weight loss measurements, potentiodynamic polarization,
and electrochemical impedance spectroscopy (EIS). Appropriate corrosion parameters such as corrosion
current density (icorr), polarization resistance (Rp), and parameters derived from EIS were derived
to characterize the corrosion process. The kinetic and thermodynamic parameters were determined
and discussed.

2. Materials and Methods

2.1. Reagents

The used reagents were maize starch (St), glycerin (Gly), hydrochloric acid 37%, and sodium
hydroxide. They were supplied by the Aldrich Company. The only solvent used was bi-distilled water.

2.2. C-Mn Steel

Tests were conducted on C-Mn steel samples obtained and treated according to the procedure
described in our previous work [4].

Atomic composition was compared to the one quoted in the material test certificates [16].
Elemental composition of the cutting samples (Table 1) was determined by emission spectroscopy
analysis type “Spectro RP 212”. Composition and microstructure can vary significantly, resulting in
substantial differences in corrosion performances in a corrosion regime. Chemical composition of steel,
displayed in Table 1, was in compliance with the API norm (American Petroleum Institute).
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Table 1. Chemical composition of C-Mn steel.

Element C Si P Mn S Al Mo

Mass % 0.129 0.290 0.016 1.590 0.018 0.024 0.008

Element Cr Cu Pb Zn Ni V Fe

Mass % 0.015 0.024 0.0016 0.003 0.007 0.004 98.06

We observed a low carbon composition (0.129%), providing high chemical resistance,
high concentration of manganese (1.590%), and low sulfur and phosphorus content. This composition
can lead to the formation of manganese sulfide (MnS) inclusions, which are not desirable in the
microstructure, being able to start corrosion pitting [7,17].

The surfaces of steel samples were observed under an optical microscope and SEM (Figure 1).
The metallographic images revealed a fine microstructure of ferrito-perlitictype, with ferritic
prevalencein the presence of clusters of pearlite in the grain boundaries withsome inclusion fields.

  
(a) (b) 

Figure 1. Micrographs of ×60 steel. (a) Optical microscope observation; (b) SEM imaging (scale bar =
5 μm).

The refinement of ferritic size was obtained by different hardening and precipitation mechanisms
based on a dislocation movement that increases elasticity limit and steel resistance. The SEM image
(Figure 1b) confirms the fine microstructure of steel.

2.3. Test Solution

The chosen solution for corrosion tests was 1 M HCl solution prepared from analytical grade 37%
(Aldrich) by dilution with bi-distilled water.

2.4. Synthesis of Bio-Copolymer (St63Gly37)

Anew glycerin-starch bio-copolymer (abbreviated from now on by (St63Gly37) was synthesized
by modification of maize starch and used as corrosion inhibitor. Glycerin grafting on the starch takes
place in three stages. The first and second steps consisted of the preparation of aqueous solutions
of 50% glycerin (A) and 50% starch (B), respectively. In the third step, the glycerin (A) and starch
(B) solutions were poured into a 200 mL Erlenmeyer flask, to which 3 mL of 1 M HCl were added
under stirring and heating to evaporate all the water. Heating and stirring were continued for the sole
purpose of evaporating all the water contained in the solution. The obtained mixture was neutralized
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by adding 3 mL of 1 M NaOH. The molecular structures of the involved species are displayed in
Figure 2.

  
 

(A) (B) (C) 

Figure 2. (A)Chemical structure of glycerin; (B) chemical structure of native starch; (C) chemical
structure of St63Gly37.

2.5. 1H NMR Characterization of St63Gly37

The 1H NMR spectrum of the starch grafted with glycerin St63Gly37 was recorded on a Brucker
spectrometer of 400 MHz and dissolved in DMSO-d6 as solvent. The interpretation of the 1H NMR
results of the product St63Gly37 was carried out by comparison with the peaks of the native starch
found in the literature [18,19].

2.6. FT-IR Characterization of St63Gly37 Bio-Copolymer

FT-IR spectra were recorded on a Fourier transform infrared (FT-IR) spectrometer Agilent
Technologies Cary 600 Series with a resolution of 4 cm−1 in the LAEPO laboratory, University of
Tlemcen. They were employed to observe the characteristic transmittance bands in St63Gly37.
The FT-IR spectra were recorded over the frequency range between 500 and 4000 cm−1.

2.7. Corrosion Inhibitor Tests

The weight loss (2 cm2 apparent surface area) and electrochemical tests (1 cm2 exposed surface to
the corrosive solution) were carried out according to procedures described in previous works [4,13].
St63Gly37 testing was carried out in 1 M HCl solution, varying the concentration of the inhibitor
between 5 and 300 mg L−1. The temperature range was 25–50 ◦C.

The inhibition efficiency (Ew %) was calculated using the following Equation (1):

Ew = (1− Wcorr

W
◦
corr

) × 100, (1)

where Wcorr and W◦corr are the corrosion rates of steel samples in the absence and presence of
St63Gly37, respectively.

A potentiostat (Amel 549) and linear sweep generator (Amel 567) were used to record the
current–voltage curves. The scan rate was 1 V min−1. The reference electrode was a saturated
calomel electrode (SCE); the counter electrode was the platinum electrode. The working electrode
was polarized at 800 mV for 10 min before recording the cathodic curves. For the anodic curves,
the potential of the electrode was swept from its open circuit value after 30 min. A Voltalab PGZ-100
electrochemical system was used for the determination of the electrochemical impedance spectroscopy
(EIS) at Ecorr after immersion in solution. After determination of the steady-state current at a given
potential, sine wave voltage (10 mV) peak to peak, at frequencies between 100 kHz and 10 mHz,
was superimposed on the rest potential. The measurements performed at rest potentials after 30 min
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of exposure were automatically controlled by computer programs. EIS diagrams are detailed in the
Nyquist representations.

3. Results

3.1. St63Gly37 Characterization

The grafting of the glycerin may take place preferentially on the 7-position of the starch. It could
also occur on positions 8 or 9 of the starch (Figure 2). On the other hand, glycerin can be grafted via its
OH-13 or OH-14 functions. For the characterization of our products, we used 1H NMR and Fourier
transform infrared (FT-IR) spectroscopy techniques.

3.1.1. 1H NMR Characterization

The 1H NMR spectrum of the starch grafted with glycerin St63Gly37 was recorded on a Brucker
spectrometer of 400 MHz and dissolved in DMSO as solvent. Results are displayed in Figure 3.

 
Figure 3. 1H NMR Spectrum of St63Gly37.

3.1.2. FT-IR Characterization

The FT-IR technique is largely used for the characterization of starch as a natural polymer [20].
Examination of the FT-IR spectrum confirms the grafting of glycerin on the starch, by the CH2 bands
and the characteristic OH bands of glycerin. Figure 4 shows the FT-IR spectra of the native starch in
comparison with the St63Gly37 copolymer.
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Figure 4. FT-IR spectra of the St63Gly37 copolymer (top) and native starch (bottom).

3.2. Weight Loss Measurements

3.2.1. Effect of Inhibitor Concentration

The results of C-Mn steel in HCl solution with different concentrations of St63Gly37 at 25 ◦C,
using weight loss measurements, are reported in Table 2.

Table 2. Inhibition efficiency (Ew%) of C-Mn steel in 1 M HCl solution at different concentrations of
St63Gly37, measured by weight loss at 25 ◦C.

Inhibitor Concentration (mg L−1) Wcorr (mgcm−2h−1) Ew (%)

0 0.661 -
5 0.471 29
10 0.404 39
50 0.330 50
100 0.225 66
200 0.113 83
300 0.038 94

Ew%—Inhibition efficiency, Wcorr—corrosion rates.

3.2.2. Effect of Temperature

In order to study the effect of temperature on corrosion inhibition of C-Mn steel in HCl solution
after two hours at different bio-copolymer concentrations, weight loss studies were carried out in a
temperature range from 25 to 50 ◦C.

The variation of corrosion rate (Wcorr) and inhibition efficiency Ew (%) with the temperature for
different concentrations of St63Gly37 bio-copolymer are displayed in Figures 5 and 6, respectively.
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Figure 5. Variation of corrosion rate (Wcorr) as a function of temperature for different concentrations of
St63Gly37 bio-copolymer.

Figure 6. Variation of inhibition efficiency Ew (%) as a function of temperature for different concentrations
of St63Gly37 bio-copolymer.

3.3. Thermodynamic and Kinetic Parameters

Thermodynamic and kinetic parameters, such as activation energy Ea, enthalpy, and entropy
of adsorption of St63Gly37 on steel, were calculated building the Arrhenius plot. Figure 7
presents the Arrhenius plots of corrosion rate logarithm vs. 1000/T related to blank solution and
bio-copolymer solution.
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Figure 7. Arrhenius plots of the corrosion rate for both the blank solution and the solution
of bio-copolymer.

The activation parameters for the corrosion process can be regarded as an Arrhenius-type process
according to the following Equations (2) and (3):

ln(Wcorr) =
−Ea

RT
+ A. (2)

ln(W′corr) =
−E′a
RT

+ A. (3)

Ea and E’a are the apparent activation energies with and without the bio-copolymer, respectively.
T is the absolute temperature, A is a constant, and R is the universal gas constant. Wcorr and W’corr are
the steel corrosion rates in the absence and presence of the bio copolymer inhibitor, respectively.

3.4. Adsorption Isotherms

Figure 8 shows the results of adsorption isotherms. Linear plots were obtained in the studied
temperature range.

Figure 8. (A) Freundlich adsorption plot at different temperatures in the studied range; and (B)
linearization of Freundlich isotherm.
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The equilibrium constant of adsorption K is related to the standard free energy ΔGads [21].
ΔGads values at different temperatures can be calculated by Equation (4):

K =
1

55.5
exp(

−ΔGads
RT

), (4)

where 55.5 represents the concentration of water in solution expressed in mol L−1.

3.5. Electrochemical Tests

3.5.1. Polarizations

Current–potential plots resulting from cathodic and anodic polarization curves of steel in 1 M
HCl in the presence of the studied bio-copolymer at various concentrations were recorded. The Tafel
plots, recorded with a cathodic-to-anodic polarization of the system are shown in Figure 9.

Figure 9. Cathodic and anodic polarization curves of C-Mn steel in 1 M HCl at different concentrations
of St63Gly37. Scan rate 1 V min−1.

The electrochemical parameters and the inhibition efficiencies (EI), determined by the following
Equation (5), are presented in Table 3:

EI% =

(
1− Icorr

I◦corr

)
· 100, (5)

where icorr and i◦corr are the corrosion current density values with and without St63Gly37 bio-copolymer
inhibitor, respectively, determined by extrapolation of the cathodicbranch of the Tafel plot.

Table 3. Polarization parameters (Ecorr and Icorr) values and inhibition efficiencies of C-Mn steel
corrosion in 1 M HCl at different concentrations of St63Gly37 bio-copolymer at 298 K.

Inhibitor Concentration (mg L−1) Ecorr (mV vs. SCE) βc (Vdec−1) icorr (μAcm−2) EI (%)

0 −439 0.155 304 -
5 −440 0.180 223 27
10 −444 0.185 192 37
50 −455 0.190 157 48

100 −458 0.191 113 63
200 −459 0.187 56 82
300 −460 0.190 27 91

Ecorr—corrosion potential, icorr—corrosion current density, EI—inhibition efficiencies, βc—Tafel slope constant.
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3.5.2. Electrochemical Impedance Spectroscopy

A study of C-Mn steel corrosion behavior in 1 M HCl solution with and without St63Gly37 at 298 K
was studied by EIS after an immersion time of 30 min. The purpose was to compare and complete the
results obtained by the previous weight loss and polarization methods [22]. Nyquist diagrams obtained
in the presence of various concentrations of bio-copolymer are shown in Figure 10. The deduced
impedance parameters, as charge transfer resistance Rt (Ω cm2), double-layer capacitance Cdl (μFcm−2),
and inhibition efficiency (ERt%), are shown in Table 4.

Ω

Figure 10. Nyquist plots for C-Mn steel in 1 M HCl at different concentrations of St63Gly37
bio-copolymer (298 K).

Table 4. Impedance parameters for corrosion of C-Mn steel in 1 M HCl at different concentrations of
St63Gly37 at 298 K.

St63Gly37 (mg L−1) Rt (Ωcm2) fmax (Hz) Cdl (μFcm−2) ERt (%)

0 110 16.32 88.7 -
5 146 12.88 84.6 24
10 167 12.81 74.4 34
50 200 11.39 69.9 45
100 275 9.08 63.8 60
200 458 6.52 53.3 76
300 1100 4.57 31.6 90

Rt—charge transfer resistance, fmax—maximum frequency, Cdl—double-layer capacitance, ERt—inhibition efficiency
from the charge transfer resistance.

The charge transfer resistance values were qualitatively estimated from the difference in impedance
at lower and higher frequencies [23]. The double-layer capacitance was obtained at the frequency fm,
at which the imaginary component of the impedance is maximal (−Zi,max) according the following
Equation (6):

Cdl =
1

2π fm ·Rt
. (6)

The inhibition efficiency from the charge transfer resistance was calculated by the following
Equation (7):

ERt(%) =
R′t −Rt

R′t
× 100, (7)

where R’t and Rt are the charge transfer resistances with and without the St63Gly37 bio-copolymer as a
corrosion inhibitor, respectively.
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4. Discussions

4.1. St63Gly37 Synthetisis

The 1H NMR spectrum interpretation of the product St63Gly37 is carried out by comparison with
the peaks of the native starch found in the literature [20]. The spectrum of native starch is shown in
Table 5. The glycerin has two chemical shifts at 4.3 ppm corresponding to the proton of the CH, and at
4.4 ppm corresponding to the protons of CH2.

Table 5. Chemical shifts of native starch [20].

Chemical Shifts δ (ppm) Attributions

3.6 H 2,3,4,5,6
4.6 H7
5.1 H1
5.6 H8, H9

Chemical shifts of native starch and St63Gly37 bio-copolymer are comparable. The starch and
glycerin signals are also found together, thus proving the success of the grafting reaction. The glycerin
OH signals can be confused with those of the starch OHs (H8, H9).

After concluding that glycerin is well grafted on starch, the question that still remains is how this
grafting takes place. Glycerin grafting may occur preferentially on the 7-position of the starch. It could
also occur on positions 8 or 9 of the starch (see Figure 2). On the other hand, glycerin can be grafted via
its OH-13 or OH-14 functions. Indeed, the possible reacting OH hydrogens are: H7, H8 and H9. For the
positions H8 and H9, they are still visible on the 1H NMR spectrum displayed in Figure 3 and Table 3.
We can; therefore, conclude that H7 reacted to give modified patterns according to the structure shown
in Figure 2. The presence of the peaks at chemical shifts of 4.4 ppm (triplet) and 4.5 ppm (doublet)
correspond, respectively, to the CH and CH2 of the structure.

The 1H NMR spectrum also enables the calculation of relative amounts of starch and glycerin in
St63Gly37. The copolymer contains 63% starch and 37% glycerin. The chemical shifts are represented
in the following Table 6.

Table 6. Chemical shifts δ (ppm) of St63Gly37.

Chemical Shifts δ (ppm) Attributions

3.2–3.7 H 2,3,4,5,6
4.4 H 11
4.5 H 10
4.6 H 13, 12
5.1 H 1

5.4–5.6 H 8,9,14

The FT-IR technique is largely used for the characterization of starch as a natural polymer [20].
Examination of the FT-IR spectrum confirms the grafting of glycerin on the starch, by the CH2 bands
and the characteristic OH bands of glycerin, as reported in Table 7. Figure 4 shows the FT-IR spectra
of the native starch in comparison with the St63Gly37 copolymer. It is visible that the C–O–C bond
bands change frequency because of the effect of the proportion of glycerin in the copolymer. The two
spectra are almost of the same nature. The assignment of the different vibration bands of the native
starch have been previously reported [20]. The comparison of the two FT-IR spectra shows a slight
displacement of the elongation bands.
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Table 7. Attribution of the different vibration bands of St63Gly37.

Wavenumber: υ (cm−1) Attribution Nature

below 600 Vibration of the polysaccharide backbone
998.71–1000.10 Antisymmetric C–O–C bond Elongation

1078.59 Antisymmetric C–O–C bond Elongation
1149.84 Antisymmetric C–O–C bond Elongation

1362.59–1359.95 –OH in the plan Deformation
1416.76–1415.06 C–H bond Deformation
1641.98–1644.62 H–O–H vibration of adsorbed water Deformation
2929.18–2931.80 C–H and CH2 of a polysaccharide Elongation
3274.32–3284.70 OH associated Elongation

4.2. EffectOfinhibitor Concentration

The results of C-Mn steel in HCl solution with different concentrations of St63Gly37 at 25 ◦C,
using weight loss measurements, are reported in Table 8.

Table 8. Data from the literature correlated to the type, concentration, and maximum inhibition
efficiency (Ew,max) obtained at 25 ◦C in HCl for Carbon-steel.

Type of Inhibitor
Inhibitor Concentration

(mg L−1)
Ew,max (%) Ref.

Glycerin-grafted starch 300 94 This work
Ochrosiaoppositifolia extract 25 94 [24]

Olive leavesextract 900 91 [25]
2-amino-4-methylpentanoicacid 7200 87.46 [26]

L-tryptophan 2000 90.8 [27]
Gallicacid 1000 59.64 [28]

3,5-bis(n-aminophenyl)-4-amino-1,2,4-triazole 300 99 [29]
Vanillin 1520 86.1 [30]

Results showed that the inhibition efficiency calculated according to Equation (1) increases with
increasing inhibitor concentrations. The highest concentration of inhibitor, equal to 300 mg L−1,
corres ponded to a maximum efficiency of 94%. For comparison, in Table 8, some data from the
literature are reported. The cited papers deal with corrosion inhibition in a HCl environment by
some investigated bio-based or synthetic compounds. A comparison of reported data demonstrates
how the inhibition efficiency varies depending on the species involved in the inhibition mechanism.
Moreover, it is also noticeable that the quantity needed to achieve a satisfying corrosion rate control
strongly depends on the selected compounds. In a few cases, reported in Table 8, the used quantities
are even excessive, losing the reasonable meaning of “corrosion inhibitors” as “compounds added in
low amount to the aggressive environment”. The concentration of 300 ppm used in this work was not
increased more for the purpose of keeping the inhibitor amount in a logical range.

4.3. Effect of Temperature

The variation of corrosion rate (Wcorr) and inhibition efficiency Ew (%) in the temperature range
25–50 ◦C for different concentrations of St63Gly37 bio-copolymer, obtained by weight loss studies,
are displayed in Figures 5 and 6.

Results showed that the inhibition efficiency increases with increasing temperature. As expected,
corrosion process and inhibition efficiency are significantly dependent on the temperature [31–33].
Optimum temperature was found equal to 323 K, with a maximum efficiency of 98.07% with inhibitor
concentration of 300 mg L−1.

In the absence of corrosion inhibitor (blank solution), corrosion rate increases with increasing
temperature, but when St63Gly37 bio-copolymeris added, the dissolution of C-Mn steel is widely

54



Appl. Sci. 2019, 9, 4684

retarded. These results indicate that the corrosion inhibition mechanism might be more complex than
a simple physisorption process on the steel surface. The values of inhibition efficiency, obtained using
the weight loss method in the experimented temperature range, show that higher temperatures might
favor the inhibitor sorption onto the steel surface. This might be explained in terms of chemisorption
of polymer on the steel surface. In fact, in case of chemisorption, the extent of adsorption increases
with rise in temperature, as reported in a previous work [34].

4.4. Thermodynamic and Kinetic Parameters

Results showed that the corrosion process for C-Mn steel increases more rapidly according to
the temperature in the absence of inhibitor, rather than in its presence. This result confirms that the
inhibitor acts as an efficient corrosion inhibitor in the range of temperatures studied.

Enthalpy and entropy of the corrosion process may be evaluated from the effect of temperature by
an alternative formulation of transition state, as displayed in the following Equation (8) [35].

W =
RT
Nh

exp
(ΔS◦a

R

)
exp
(
−ΔH◦a

RT

)
, (8)

where h is Plank’s constant, N is Avogadro number, and ΔS◦a and ΔH◦a are the entropy and enthalpy
of activation, respectively. Table 9 presents the calculated values of Ea, ΔS◦a, and ΔH◦a in inhibited and
uninhibited corrosive solutions. It is observed that the activation energy value is higher in the presence
of the bio-copolymer inhibitor than in the uninhibited solution. The obtained activation energy value
of the corrosion process in the inhibitor’s presence, compared to its absence, can be attributed to its
sorption. It is the result of electrostatic attraction between charged metal surface and charged species
in solution and/or chemical interaction between polymer and metal.

Table 9. Calculated parameters at different concentrations of the bio-copolymer.

Inhibitor Concentration (mg L−1) Ea (kJmol−1) ΔHa (kJmol−1) ΔSa (Jmol−1)

0 40.9 38.5 −36.7
5 36.6 34.1 −37.1

10 35.7 33.3 −37.2
50 35.3 32.9 −37.4
100 26.5 24.0 −37.5
200 27.5 25.0 −38.0
300 28.8 26.3 −38.1

(Ea—activation energy, ΔS◦a and ΔH◦a—the entropy and enthalpy of activation).

The values of ΔH◦a are reported in Table 9. The positive sign of the reflects the endothermic
nature of the steel dissolution process and values vary in the same way with inhibitor concentration
and acid solutions [36].

On the other hand, values of are more positive in the uninhibited solutions and decrease
by increasing the inhibitor concentration. Large and negative values of entropies imply that the
activated complex in the rate-determining step represents an association rather than a dissociation step,
meaning that a decrease in disordering takes place on going from reactants to the activated complex.
A similar observation has been reported in the literature [37].

One can notice that Ea and ΔH◦a values vary in the same way (Figure 11). This result allows for
the verification of the known thermodynamic relationship between the Ea and ΔH◦a, as shown in
Equation (9).

ΔH◦a = Ea −RT (9)
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Figure 11. Ea and ΔH◦ variation depending on the corrosion inhibitor concentration.

4.5. Adsorption Isotherm

As reported above, data indicate that a complex interaction mechanism takes place between the
steel and the inhibitor, and a chemisorption might occur. Given this awareness, the analysis, reported in
this paragraph, follows anyway the literature approach of applying isotherm adsorption models to
verify the most experimental and realistic data. Adsorption isotherms are in fact used to understand
the mechanism of metal–inhibitor interaction. The most frequently used isotherms are Langmuir,
Frumkin, Temkin, and Parson [38,39]. The type of adsorption isotherm provides information about
the interaction among both the adsorbed molecules themselves and their interactions with the metal
surface. The most widely used isotherm employs the Langmuir model, whose primary assumptions
are: (i) Adsorbate molecules attach to the active sites of the adsorbent surface, (ii) the Langmuir
equation assumes that adsorption is monolayer, and (iii) all the sites on the solid surface are equal in
size and shape and have equal affinity for adsorbate molecules [40]. However, the last two conditions
are hard to fulfill in the corrosion studies, and this is the main weak point in terms of using the
Langmuir model, as already evidenced by the literature [8]. Many practical cases, in fact, cannot be
described the Langmuir model. The more complex adsorption models take into consideration factors
such as the surface heterogeneity and the presence of areas having different adsorption energy or
interactions between the adsorbed molecules.

The Freundlich isotherm is empirical and very widely used to describe the adsorption
characteristics when the energy of adsorption on a homogeneous surface is independent of surface
coverage. Its linearized form is described by the following Equation (10):

ln θ = ln K +
1
n

ln Ce (10)

where θ is the surface coverage (calculated as Ew/100), Ce is the adsorbate concentration in solution at
equilibrium (in mg L−1), Kis the equilibrium constant, and 1/n is a measure of intensity of adsorption.
If the plotln θ vs. ln Ce displays a linear trend, it means that the adsorption process can be described
by the Freundlich model [41].

If ΔGads is lessthan −10.40 kJmol−1, it can be inferred that the inhibitor interacts on the C-Mn steel
surface by electrostatic effect.

The negative values of ΔG◦ads, displayed in Table 8, confirmed the spontaneity of the process
and stability of the adsorbed layer on the steel surface [42,43]. The obtained values of ΔG◦ads show
the dependence of ΔG◦ads on temperature (Table 10), indicating a strong interaction between the
bio-polymer molecules and the metal surface.

Thermodynamically, ΔG◦ads is related to the standard enthalpy and entropy of the adsorption
process, ΔH◦ads and ΔS◦ads, respectively, via the Equation (11):

ΔG◦ads = ΔH◦ads − TΔS◦ads (11)
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The positive value of ΔH◦ suggests an endothermic nature of the metal dissolution process in the
presence of the inhibitor. The positive value of ΔS◦ indicates that the adsorption process is accompanied
by an increase in entropy, which is the driving force for the adsorption of the inhibitor onto the metal
surface [31].

Table 10. Variation of the thermodynamic parameters according to the Langmuir isotherm at the
studied temperatures.

T (K) Kads ΔG◦
ads (kJmol−1) ΔH◦

ads (kJ mol−1) ΔS◦ads (Jmol−1K−1)

294 0.223 −6.15

9.22 52.2
303 0.244 −6.56
313 0.278 −7.12
323 0.312 −7.65

Kads—adsorption parmeter, ΔG◦ads—adsorption enthalpy, ΔH◦ads—enthalpy, ΔS◦ads—entropy of the
adsorption process.

4.6. ElectrochemicalResults

4.6.1. Polarizations

The values reported in Table 3 showed results in agreement with what was obtained by the weight
loss method: Corrosion current densities decrease when the concentration of the inhibitor increases.
Maximum value of inhibition efficiency of 91% was obtained for inhibitor concentration of 300 mg L−1.

The obtained polarization curves indicate that the addition of the bio-copolymer influences the
kinetics (decrease in reaction rate) but does not modify the mechanism of the cathodic process [22].

From a thermodynamic point of view, at the acidic pH (1 MHCl) and Ecorr (ca. −450 mV vs. SCE)
of the investigated system, both the oxygen reduction reaction and hydrogen evolution reaction could
potentially take place as the iron Pourbaix diagram states [23].

As for the kinetic aspects related to the cathodic Tafel slope calculation, it is apparent that slope
values are markedly different from the theoretical ones expected in the case of pure hydrogen evolution
reaction. Tafel slope is in fact known to be 118, 39, or 29.5 mV/decade when the discharge reaction,
electrochemical desorption reaction, or recombination reaction is rate-determining, respectively [44].
This might mean that more than one reaction is taking place in the considered potential range.

However, it is shown in Table 3 that Tafel slopes do not remarkably change with addition
of different concentrations of inhibitor, thus confirming the hypothesis that the inhibitor does not
significantly change the cathodic reaction mechanisms. Therefore, the use of the polarization curves
as a tool for deriving quantitative parameters, such as inhibition efficiency, can be justified since it is
based on relative calculations (using current densities values in the presence and absence of inhibitor)
and does not imply an absolute evaluation.

Considering the anodic reaction, C-Mn steel corrodes in acid medium according to an
electrochemical process by anodic dissolution of iron. This phenomenon might be accentuated
if other parameters intervene, such as microbiological activity or mechanical stresses. The almost
constant value of Ecorr at a first sight might give an indication that the inhibitor is of mixed type acting by
adsorption mechanism. However, the cathodic branches trend, due to inhibitor concentration increase,
and the overlap of all the anodic branches points to the inhibitor being a cathodic one. This is also
in agreement with results obtained at different temperatures. In fact, data showed that the corrosion
inhibition mechanism might be more complex than a simple physisorption process on the steel surface.

4.6.2. Electrochemical Impedance Spectroscopy

According to results reported in Figure 10 and Table 4, the impedance diagrams show a semi-circle,
indicating that the charge transfer process mainly controls the steel corrosion. By increasing the
concentration of St63Gly37, the charge transfer resistance increases and double-layer capacitance
(Cdl) decreases. A minimum value of Cdl b of 31.64 μFcm−2 was obtained for inhibitor concentration
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of 300 mg L−1. The decrease in Cdl can be explained by the sorption of inhibitor compound on
steel surface leading to the protection from the aggressiveness of HCl. The kinetics of the cathodic
hydrogen evolution reaction is decreased and the chlorides are prevented from crossing the protective
barrier [26,27]. The resulting inhibition efficiency (ERt) increases progressively when the concentration
of the inhibitor increases. A maximum value of 90% was obtained for inhibitor concentration of
300 mg L−1. These obtained values are in agreement with results obtained by weight loss and
polarization method.

5. Conclusions

C-Mn steel in 1 M HCl solution was investigated to study the corrosion behavior in the
temperature range 25–50 ◦C with and without a glycerin-grafted starch as a bio-copolymer working as
a corrosion inhibitor.

Results obtained by the weight loss method showed that the inhibition efficiency increases by
increasing the inhibitor concentration. Optimum concentrations of inhibitor equal to 300 mg L−1

enabled a maximum efficiency of 94.25%.
The corrosion process and the inhibition efficiency were found to be significantly dependent on

the temperature and concentration of inhibitor. The values of inhibition efficiency, obtained using the
weight loss method in the experimented temperature range, show that higher temperatures might favor
the inhibitor sorption onto the steel surface. Results indicated that the corrosion inhibition mechanism
might be more complex than a simple physisorption process on the steel surface. This might be
explained in terms of chemisorption of polymer on steel surface.

The obtained values of corrosion potential and corrosion current density, Ecorr and icorr, obtained by
potentiodynamic polarization, are in agreement with the weight loss method: The corrosion current
densities decrease when the concentration of the inhibitor increases. An analysis of data indicates that
the inhibitor might be of the cathodic type.

The decrease in double-layer capacitance values, obtained by EIS method, follows a decrease similar
to that obtained for icorr by the polarization method. The decrease in Cdl can be explained by the sorption
of inhibitor compound on steel surface leading to the protection from the aggressiveness of HCl.

Results obtained in this study might be developed to supplement corrosion protection in real field
applications, injecting the optimum quantities of corrosion inhibitor without any harmful effect on the
natural environment and human health.
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Abstract: In this work, the corrosion mechanism of a Cu-5Zn-5Al-1Sn alloy was examined in a 3.5 wt.%
NaCl solution. At the same time, the effect of a cysteine inhibitor was also investigated through
a multi-analytical approach. Electrochemical results suggested that inhibition efficiency increased with
the increase of cysteine concentration. From potentiodynamic polarization (PD) analysis, a decrease
in corrosion current and corrosion potential shift toward a more negative direction was observed.
The potential difference between the blank and inhibited surface was found to be 46 mV, which is
less than 85 mV, revealing a mixed type inhibition effect of cysteine for the Cu-5Zn-5Al-1Sn alloy.
The inhibition mechanism of cysteine (Cys) and the effect of alloying elements were investigated by
fitting experimental impedance data according to a projected equivalent circuit for the alloy/electrolyte
interface. A Langmuir adsorption isotherm was proposed to explain the inhibition phenomenon
of cysteine on the Cu-5Zn-5Al-1Sn alloy surface. Surface morphology observation confirmed that
the Cu-5Zn-5Al-1Sn alloy was damaged in 3.5 wt.% NaCl solution and could be inhibited by using
the cysteine inhibitor. The impact of alloying elements on the corrosion mechanism was further
examined by surface analysis techniques such as X-Ray photoelectron spectroscopy (XPS)/Auger
spectra, the results of which indicated that the corrosion inhibition was realized by the adsorption of
the inhibitor molecules at the alloy/solution interface.

Keywords: corrosion inhibitor; corrosion mechanism; cysteine; thin film

1. Introduction

In recent years, research on copper alloy corrosion have garnered more attention in the industrial
sector since copper and its alloys form a number of industrially important materials [1]. Based on alloying
elements, the important properties range from good thermal properties, electrical conductivities,
formability, and visual appearance, to good corrosion resistance [2–6]. Cu-5Zn-5Al-1Sn (Cu5Zn5Al1Sn)
consists of 89 wt.% copper, 5 wt.% aluminum, 5 wt.% zinc, and 1 wt.% tin, with the latter usually used
for the front covering due to its shiny and golden appearance [7]. The features of the microstructure of
the Cu5Zn5Al1Sn alloy have been studied by comparing it with pure copper [8]. The microstructure of
Cu5Zn5Al1Sn owns numerous properties that are promising from a corrosion resistance perspective.
These properties consist of meaningfully smaller grain size (2.1 μm versus 10.4 μm) and a higher
segment of coherent twin boundaries [8]. Smaller grain size and a closer, well-ordered grain boundary
illustrate the relatively high corrosion resistance of the alloy [8–10]. The Cu5Zn5Al1Sn alloy forms
relatively poorly soluble oxide films with its constituent metals in the presence of chlorides when
exposed to long-term outdoor and short-term laboratory conditions [11]. Even though corrosion
resistant behavior of this golden alloy is much better than that of other comparable alloys, it is found
to be easily corroded in acidic media. Similarly to Cu metal, Cu2O and Cu2(OH)3Cl are the principal
corrosion products produced from the Cu5Zn5Al1Sn alloy in marine outdoor conditions, with the
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latter largely present at the outmost surface of both Cu and the Cu5Zn5Al1Sn alloy [7,11]. Although
a big difference exists in their corrosion rates, the corrosion process is highly administered by the
molecular diffusion between the metal surface and the electrolyte [12].

One approach to prevent corrosion of Cu and its alloy is the use of corrosion inhibitors [13,14].
Among the corrosion inhibitors used in practice, cysteine (Cys) is found to be widely employed for Cu
protection in various media [15,16]. Cysteine is an amino acid that contains a –SH group in addition
to the amino group; this mercaptan group is strongly attracted to copper. A. A. Nazeer et al. have
studied the inhibitive effect of cysteine on a Cu10Ni alloy in sulfide containing atmospheres [16].
Based on this study, cysteine can act as a mixed-type inhibitor and cysteine molecules are adsorbed on
the alloy surface. The inhibition mechanism of cysteine with copper-based materials is characterized
by the formation of a stable Cu (I)–cysteine complex [17]. As confirmed by many researchers, the better
corrosion inhibition effect of cysteine relies on its surface adsorption through sulfur atoms [18,19].
I. Milošev et al. on the other hand have studied different amino acids as inhibitors for copper in acidic
environments and confirmed that cysteine has higher efficiency. Based on their molecular dynamic
simulation results, it has been suggested that the –SH group is in charge of the good protective
effect of cysteine [20]. G. M. Abd El-Hafez et al. have also investigated the protective action of
methionine, N-acetyl cysteine, and cysteine for a Cu-10Al-5Ni alloy in 3.5 wt.% NaCl solution and they
concluded that cysteine showed higher efficiency ascribed to the existence of the mercaptan moiety [21].
On the other hand, our previous study regarding the effect of cysteine on copper metal in corrosive
environments also showed its effectiveness on corrosion inhibition.

It can be seen from the above investigated results cysteine can be a very promising corrosion
inhibitor for copper and its alloys, and no information has been found on the action of cysteine for the
inhibition of Cu5Zn5Al1Sn alloy corrosion. Furthermore, the interaction between the cysteine molecule
and the alloy surface in chloride-containing solution has not yet been investigated. In the present paper,
the corrosion and corrosion inhibition of the Cu5Zn5Al1Sn alloy in chloride solutions is investigated.
The influence of various cysteine concentrations is also taken into account. The performance of
the studied inhibitor is evaluated using various electrochemical and surface analysis techniques.
The inhibition efficiency, surface behavior, and adsorption mechanism are clearly analyzed and
summarized using the obtained experimental results.

2. Materials and Methods

A commercial Cu5Zn5Al1Sn alloy in ther form of a 1 mm thick sheet (89 wt.% Cu, 5 wt.% Zn,
5 wt.% Al, and 1 wt.% Sn, equivalent to 84 at.% Cu, 11 at.% Al, 4.5 at.% Zn, and 0.5 at.% Sn) was
obtained from Aurubis (Hamburg, Germany). The specimens were wrapped in epoxy resin, exposing
a 1 cm2 surface area. Before any test, the alloy was ground by silicon carbide paper from #800 to #2000
and then successively polished with diamond paste to 2.5, 1.5, and 0.5 μm, respectively. The diamond
polished specimens were rinsed with analytical grade ethanol and dried in air.

3.5 wt.% sodium chloride (NaCl) was used as the corrosive solution. It was made from an analytical
grade reagent of NaCl and deionized water. Cysteine (KC90277-100gm, Suzhou tianke Co. Ltd., Suzhou,
China) was used as the inhibitor and stock solution of 1 × 10−2 M was prepared by mixing a suitable
amount of cysteine in distilled water. Solutions with cysteine concentrations of 1 × 10−3 to 1 × 10−5 M
were set from the stock solution using a dilution method.

The electrochemical cell used was a three-electrode glass cell with a capacity of 400 mL.
A silver/silver chloride electrode (Ag/AgCl) was used as the reference electrode. All potential values in
the manuscript were referred to using Ag/AgCl. A flat platinum sheet (4 cm2) was used as the counter
electrode. An electrochemical workstation Gamry (Reference 600) with a high input resistance of 1014 Ω,
a current detection limit of 60 pA, and a current resolution of 20 aA was used to conduct electrochemical
measurements. Prior to the tests of electrochemical impedance spectroscopy (EIS), the specimen was
deepened in the test solution for 60 min. EIS was carried out under potentiostatic conditions in the
frequency range of 100 kHz to 0.01 Hz at open circuit potential (OCP) with an amplitude of 5 mV.
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The EIS data was analyzed by Zsimpwin software to determine a simulated circuit and respective
parameters. Tafel curves were obtained from potentiodynamic polarization study which was performed
by varying the electrode potential automatically from −800 mV to +400 mV with respect to OCP at
a rate of 1 mV/s.

An FEI Quanta 250 scanning electron microscope was used to observe the surface morphology of
the Cu5Zn5Al1Sn alloy specimen with and without the cysteine inhibitor in the 3.5 wt.% NaCl solution.
X-ray photoelectron spectroscopy (XPS) and Auger electron spectroscopy (AES) measurements were
performed on an ESCALAB 250Xi spectrometer with Al Kα X-ray (1486.6 eV) irradiation as the photo
source. Binding energy (BE) was calibrated against the C1s line of the aliphatic carbon contamination
set at 284.8 eV. Xpspeak41 software was used for data fitting, which was carried out graphically within
the constraints of Gaussian peak shapes.

3. Results

3.1. Potentiodynamic Polarization

Figure 1 presents Tafel polarization curves for the Cu5Zn5Al1Sn alloy exposed to 3.5 wt.% NaCl
solution with and without the Cys inhibitor. The trend of polarization curves suggests that a low
amount addition of cysteine (10−4 M, 10−5 M) in 3.5 wt.% NaCl solution moves the curves to the lower
current region in the anodic potential route compared with the blank solution. Nevertheless, the higher
concentration (10−3 M, 10−2 M) of the inhibitor in solution causes a shift of the curves to a more cathodic
potential region and decreases the corrosion current meaningfully. Consequently, cysteine influences
both the cathodic and anodic reactions. Hence, cysteine is shown to act as a mixed-type inhibitor to
the Cu5Zn5Al1Sn alloy in 3.5 wt.% NaCl and to retard majorly cathodic corrosion reactions [22–25].
The corrosion current density (Icorr) and corrosion potential (Ecorr) were calculated by fitting the
experimental results with Gamry Echem Analyst software 5.61 and listed in Table 1. The inhibition
efficiency (μ%) was also obtained by Equation (1) using parameters listed in Table 1 [26].

μ% =
Icorr− Icorr(inh)

Icorr
× 100% (1)

Figure 1. Potentiodynamic polarization curves for the Cu5Zn5Al1Sn alloy after 60 min immersion in
3.5 wt.% NaCl in the absence (Blank) and presence of different concentrations of cysteine (10−5 to 10−2).
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Table 1. Polarization parameters for the Cu5Zn5Al1Sn alloy measured in 3.5 wt.% NaCl solution in the
absence and presence of different concentrations of cysteine.

Cysteine
Concentration

Ecorr (V versus
Ag/AgCl)

βa
(mV/Decade)

βc
(mV/Decade)

Icorr

(μAcm−2)
μ%

Blank (0) −0.280 69.18 102.3 3.44 -
10−5 M −0.226 77.77 127.2 1.84 46.5
10−4 M −0.247 48.5 63.86 1.78 48.2
10−3 M −0.292 61.23 56.96 0.483 85.9
10−2 M −0.326 23.71 19.49 0.094 97.2

In this equation Icorr (inh) and Icorr are the current densities of the working electrode in the
3.5 wt.% NaCl solution with and without cysteine, respectively.

The Icorr is inversely related to the inhibitor concentration, i.e., an increase in inhibitor
concentration results in a lower value of Icorr. This is probably due to the improved protection
of the Cu5Zn5Al1Sn alloy by cysteine molecules. Therefore, the mitigation of the Cu5Zn5Al1Sn alloy
deterioration in 3.5 wt.% NaCl solution may associated with the development of a protective layer from
the adsorbed inhibitor species on the alloy surface [27]. The adsorption layer of cysteine molecules on
the alloy surface can hinder the movement of corrosive species, resulting in a reduction in corrosion
rate [2,23,24,28,29].

It is evident from Table 1 that both βc and βa are varied on the addition of the inhibitor. From this
behavior, it is suggested that both anodic and cathodic reactions are retarded by the protective
layer formed by inhibitor molecules and the alloy/electrolyte interface [3,23,29]. In addition, βc
values are greater than βa values at all inhibitor concentrations and the variation in βc with the
inhibitor concentration is greater than the variations in βa. Both the results give the same evidence
that cysteine is more efficient in inhibition of cathodic reactions than that of anodic reactions [3,30].
The efficiency of cysteine increases with its concentration and reaches a maximum value of 97.2% at
the concentration 10−2 M.

3.2. Electrochemical Impedance Spectroscopy

Nyquist and Bode diagrams of the Cu5Zn5Al1Sn alloy in 3.5 wt.% NaCl solution with and
without different amounts of cysteine are illustrated in Figure 2a,b, correspondingly. From Figure 2a,
the Nyquist diagram for Cu5Zn5Al1Sn alloy in 3.5 wt.% NaCl solution contains a capacitive loop at
intermediate frequency and a straight line in the low frequency region. A straight line at low frequency
area may be attributed to the presence of the Walberg constant as a result of the movement of soluble
metal species from the alloy surface to the bulk solution [23]. The diameter of the capacitive loop rises
in the presence of Cys and the straight line in the low frequency region is removed at higher Cys
concentrations, which may be attributed to the inhibitive effect of Cys on the corrosion process [31].
The results of Bode plots (Figure 2b) show that the frequency range with maximum phase becomes
larger with increasing Cys concentration. There is a shift in the phase maximum to a lower frequency
region and the phase angle is raised to about 80◦, in the inhibitor concentration of 10−2 M. These results
suggest that the protective ability of the Cu5Zn5Al1Sn alloy is increased with inhibitor concentration,
showing that inhibitor particles effectively adsorb on the alloy surface [32,33].

The results of the EIS experiment were fitted with a simulated circuit (Figure 3) and the value
of electrical elements that make up the equivalent circuit are presented in Table 2. The equivalent
circuit parameters are solution resistance (Rs), film resistance (Rf), film capacitance (Qf), charge transfer
resistance (Rct), double layer capacitance (Qdl), and Warburg resistance (W), which result from ionic
diffusion of the corrosion product to the electrode surface. The EIS fitting result of the Cu5Zn5Al1Sn
alloy in blank 3.5%wt NaCl solution shows a Warburg resistance and a lower value of Rct, as shown in
Figure 2a and Table 2, respectively. The Warburg impedance is included to account for the diffusion of
corrosion products to the bulk solution and/or dissolved oxygen to the electrode surface. With a lower
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Cys concentration, the Warburg impedance remains unchanged, and Rf and Qf are observed to address
the film formed between the Cys molecules and alloying elements. The presence of W is attributed to
the low inhibition efficiency of the lower concentration of Cys, which may be related to the thinner and
unstable film formed which can be easily dissolved to the bulk solution. When more than 10−4 M Cys
is added to the solution, the Warburg impedances vanish and the Rct values become larger. This shows
the presence of high resistance to transfer charge from bulk solution to specimen surface and/or and
specimen surface to bulk solution; hence, the diffusion process is controlled. This may be attributed to
the development of a thick and protective Cys/metal film on the alloy surface.

 
Figure 2. Nyquist (a) and Bode (b) plots for the Cu5Zn5Al1Sn alloy in 3.5 wt.% NaCl with and without
different concentrations of cysteine (10−5 to 10−2) (scattered: experimental data; lines: fitting data).

. 

Figure 3. Electrical equivalence circuit for Cu5Zn5Al1Sn alloy in 3.5 wt.% NaCl without R(Q(RW))
(a), with 10−5 M Cys, R(Q(R(Q(RW)))) (b) and 10−4–10−2 M Cys, R(Q(R(QR))) (c). Legend: solution
resistance (Rs), film resistance (Rf), film capacitance (Qf), charge transfer resistance (Rct), double layer
capacitance (Qdl), and Warburg resistance (W).

Table 2. Impedance parameters for the Cu5Zn5Al1Sn alloy in 3.5 wt.% NaCl with and without different
concentrations of cysteine obtained by using ZSimpWin 3.50.

Cys Conc. (M) Rs (Ω) Qf Rf (Ω) Qct Rct (KΩ) W Rp (KΩ) μ%

Blank 2.668 1.55 × 10−4 692.7 0.0032 0.695 -
10−5 3.224 8.09 × 10−5 588.1 1.64 × 10−4 1169 0.0053 1.197 40.76
10−4 2.894 1.05 × 10−4 212.7 1.61 × 10−4 1.986 2.201 67.78
10−3 3.345 8.24 × 10−5 2382 1.10 × 10−4 6.399 8.784 91.92
10−2 3.067 5.28 × 10−5 12.02 4.41 × 10−6 19.940 19.955 96.44

Inhibition efficiency was obtained by using Equation (2) [34–36], the values of which are listed in
Table 2. The inhibition efficiency of Cys for Cu5Zn5Al1Sn alloy corrosion in 3.5 wt.% solution is seen to
increases with its concentration, and a maximum inhibition efficiency value of 96.44% is recorded for
the case of the Cys concentration being 10−2 M. The inhibition efficiencies obtained from polarization
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and EIS investigations are similar and follow the same trend, which implies that the explanation for
Cu5Zn5Al1Sn alloy corrosion characteristics on the basis of Icorr and Rp could be well-thought-out as
valid and reliable.

μ% =
Rp(inh) −Rp

Rp(inh)
× 100% (2)

where μ, Rp, and Rp (inh) are inhibition efficiency, and polarization resistance for uninhibited and
inhibited surfaces, respectively.

The inhibition efficiency results obtained from potentiodynamic (PD) and EIS experiments were
used to observe the adsorption behavior of cysteine on the Cu5Z5Al1Sn alloy surface. Therefore,
different adsorption isotherms were tested to determine the best suitable model to explain surface
phenomena [23,37,38].

C
θ
=

1
Kads

+ C (3)

θ =
RT
b

lnKads +
RT
b

lnC (4)

In this equation, C, θ, Kads, and b are inhibitor concentration, the inhibitor’s surface coverage,
the equilibrium constant related to the interfacial molecular adsorption-desorption phenomena,
and a constant relevant to the properties of both adsorbent and adsorbate in the Temkin
model, respectively.

Figure 4 shows plots of Langmuir and Temkin adsorption isotherms determined by the respective
equations listed in Equations (3) and (4), respectively. As observed in Figure 4a, a slope of 0.99 with
R2 = 0.99 derived from EIS and PD results which is close to unity can be observed from a C/θ versus
C linear plot for the case of the Langmuir adsorption isotherm. On the other hand, a regression of
0.89 and 0.83 acquired from EIS and PDP, respectively, was obtained from the plot of θ versus ln C
based on the Temkin adsorption isotherm (Figure 4b). By comparing the two isotherms, the Langmuir
adsorption isotherm, which was seen to have less fitting error, was chosen as the more suitable model
to describe the surface inhibition mechanism of cysteine for Cu5Z5Al1Sn alloy corrosion.

Figure 4. Langmuir (a) and Tamkin (b) adsorption plots of Cu5Z5Al1Sn alloy in 3.5 wt.% NaCl in the
presence of the addition of different concentrations of cysteine obtained by EIS and PD experiments.

3.3. SEM Analysis

Further analysis was performed to examine the surface morphology and elemental characterizations
and their effects on corrosion behavior. Figure 5 illustrates the SEM images of the Cu5Zn5Al1Sn alloy
exposed to 3.5 wt.% NaCl solution without and with different amounts of Cys. However, the uninhibited
copper alloy surface (Figure 5b) is highly corroded and becomes rough as a result of the aggressive
attack the from corroding solution. A very different surface morphology is observed in the presence
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of 10−4 M Cys as, shown in Figure 5c. The inhibitor molecules, which partly cover the surface, are
seen to be formed. By contrast, Figure 5d does not show any corrosion attack and has almost the same
morphology as the unexposed surface, suggesting that the addition of 10−2 M Cys leads to a more
inhibited corrosion, the surface of which is almost the same as an unexposed polished one (Figure 5a).
Thus, it is obvious that corrosive attack is considerably restricted by 10−2 M Cys. It is assumed that
inhibitor molecules adsorb on the alloy surface and a smoother surface forms compared to the surface
treated with the blank 3.5 wt.% NaCl solution.

Figure 5. SEM images of Cu-5Zn-5Al-1Sn alloy before (a) and after immersion in 3.5 wt.% NaCl,
without (b) and with 10−4 M of cysteine (c) and 10−2 M cysteine (d), respectively.

3.4. XPS and Auger Results

In order to further understand the surface composition of the uninhibited and inhibited copper
alloy, high-resolution XPS Cu2p and Auger CuLM2 spectra of the Cu5Zn5Al1Sn alloy surface without
and with the addition of various concentrations of cysteine were recorded and are shown in Figure 6.
The Cu 2p profiles of Cu(0) and Cu(I) are similar, and as a result it is difficult to use the XPS Cu 2p
spectrum alone to differentiate them, whereas the binding energy of the Auger peak of Cu(I) is about
2 eV higher than the Auger peak of Cu(0), meaning the CuLM2 spectrum is necessary to further
investigate the valence state of copper. In all cases, there are two deconvoluted peaks of Cu2p 3/2 at
different binding energies (Figure 6a). The interpretation of the peaks is different as the reaction taking
place on the alloy surface is not same in the blank and Cys-inhibited solutions. In the blank solution,
the corrosion products may exist as the form of oxides by reactions with the dissolved oxygen. While in
the presence of inhibitors, the inhibitor particles have the opportunity to participate in surface reaction.
In blank 3.5 wt.% NaCl solution, the deconvoluted Cu2p peaks at 932.99 and 934.83 eV (Figure 6a)
may be assigned to Cu/Cu+ and Cu2+, respectively. In addition to the XPS result, the Auger spectrum
obtained in the blank solution shows an Auger peak at 570.11 eV, which is a typical characteristic
of cuprous ion (Cu+), with a band broadening to the lower binding energy. The band broadening
is an indication of the presence of metallic copper, which may be attributed to the uncovered alloy
surface. Generally, the XPS and Auger results of the blank solution show the presence of Cu, Cu+, and
Cu2+ species on the alloy/solution interface, which may be attributed to the uncovered alloy surface.
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With regard to the Cu2p 3/2 obtained after immersion in solution with 10−4 M Cys, the deconvoluted
peaks are located at 932.53 and 934.41 eV, respectively. Similarly, when the surface is inhibited with
10−2 M Cys, the Cu2p 3/2 peak is deconvoluted into peaks located at 932.62 and 934.10 eV. The peaks
may be assigned to Cu/Cu+ and Cu2+ ions, respectively, in both cases [39–42]. In the solution containing
different concentrations of cysteine (10−4and 10−2 M), the Auger peaks obtained at 571.05 and 571.02 eV
may both be assigned to Cu+. The binding energy of the Cu+ peak on the Auger spectra increases
in the presence of Cys, which may be associated with the formation of a film containing organic
inhibitor molecules typically centered at higher binding energies than the binding energy for the oxide
species [43–47]. Both in the absence and presence of Cys, the Cu2p XPS spectra demonstrate the Cu (II)
satellite peaks attributed to the presence of copper (II). Furthermore, there is no Auger peak related
to Cu2+ other than a band broadening in the blank solution, which may be ascribed to the lower
content of the Cu2+ species. The uninhibited alloy surface and that of the inhibited one with lower Cys
concentration (10−4 M) have a higher peak intensity, which could be attributed to the poor coverage
area of corrosion products and the metal/inhibitor film, respectively [48].

 
Figure 6. High-resolution XPS Cu2p 3/2 spectra (a) and Auger spectra (b) of the Cu5Zn5Al1Sn alloy
surface without and with addition of inhibitors in 3.5 wt.% NaCl. Legend: BE, binding energy.

High resolution XPS Zn2p spectra (Figure 7a) show two peaks for the alloy surface, both without
and with different concentrations of Cys, which may be assigned to Zn2p 3/2 and Zn2p 1/2. The Zn2p
3/2 peak at 1021.75 and 1021.76 eV in the blank and 10−4 Cys inhibited surfaces may be assigned
to Zn2+, which is associated with the presence of corrosion product [49–51]. However, the peak
observed on the surface inhibited with 10−2 M Cys is almost negligible due to low Zn2+ species on
the alloy surface. This phenomenon indicates that the alloy surface is not fully protected by inhibitor
molecules in the presence of lower cysteine concentration. Obviously, the dezincification rate of the
Cu5Zn5Sn1Al alloy is strongly bounded by the surface film/inhibitor film of the alloy surface. A more
dense/integrated surface film leads to a lower dezincification rate. It can also be deduced that the
formed inhibited film may rise from other alloying metals of the Cu5Zn5Sn1Al alloy, which will
probably be a copper-cysteine film.

The Sn3d peak may be deconvoluted into two different peaks: Sn5/2 and Sn3/2. The peaks centered
at 486.65 eV, 486.77 eV, and 486.58 eV correspond to the Sn5/2 peaks, which were obtained in blank
solution, with 10−4 M Cys and with 10−2 M Cys, respectively (Figure 7b). In all cases, the peak values
correspond to ionic tin (Sn4+) [39,52–56], which may indicate the formation of the compound of Sn
on the alloy surface, meaning, therefore, the contribution of Sn2+ to the surface film should not be
ignored. In addition to the main Sn3d peaks, satellite peaks at higher binding energies of 499.05 and
499.08 eV appear for the blank and the surface-inhibited surface with lower Cys concentration (10−4 M),
respectively, which may be attributed to the presence of more tin ion contents on the alloy surface [57].
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In the meantime, the atomic ratio shown in Table 3 reveals that the inhibitor free alloy surface contains
a greater amount of tin. On the other hand, the alloy surface inhibited with 10−2 M Cys contains an
almost insignificant amount of SnO2, which may result in the development of the inhibitor film and
prevent the formation of the corresponding metal oxide.

Figure 7. High-resolution XPS of Zn2p (a) and Sn3d (b) spectra of Cu5Zn5Al1Sn alloy surface without
and with addition of inhibitors in 3.5 wt.% NaCl solution.

Table 3. Composition (atomic %) of the surface of Cu5Zn5Al1Sn alloy samples before and after the
addition of inhibitors in a 3.5 wt.% NaCl solution.

Element
Atomic %

Blank Blank + 10−4 M Cys Blank + 10−2 M Cys

C1s 37.9 33.54 49.4
N1s 2.77 4.52 7.78
O1s 36.99 37.07 29.38
S2p 0 2.1 3.29

Cu2p 13.22 14.42 9.36
Zn2p 7.98 7.26 0.63
Sn3d 1.14 1.08 0.16

The deconvoluted C1s spectrum illustrated in Figure 8a for the golden alloy in the absence of
cysteine may be attributed to three peaks which indicate three chemical forms of the C element present
on the alloy surface. The three peaks described above are located at 284.75, 285.73, and 288.59 eV.
The component at 284.6 eV is assigned to the non-oxidized carbon containing (C–C) composition.
Moreover, the features at BE values of 285.73 eV and 288.59 eV can be assigned to the groups containing
a carbon–oxygen bond, i.e., a C–O group like ether or hydroxyl, and adventitious carbon which is
usually found on the metal surfaces and results from adsorbed oxidized carbonaceous species from the
atmosphere, respectively [44,45,58]. For the case involving the presence of 10−4 M cysteine, the C1s
spectrum (Figure 7a) also shows three peaks at 288.54, 286.38, and 284.88 eV, and the three deconvoluted
peaks for the case of 10−2 M Cys are located at 288.68, 286.21, and 284.66 eV, which match with the
COO−, C−NH2, and C− SH groups, respectively [39,40]. The increment of the atomic ratio of carbon
(Table 3) of the 10−2 M Cys inhibited surface can be ascribed to the existence of the high amount of
cysteine on the alloy surface.
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Figure 8. High-resolution XPS C1s (a), O1s (b), S2p, and N1s spectra of the Cu5Zn5Al1Sn alloy surface
before and after addition of inhibitors in 3.5 wt.% NaCl solution (c,d).

The deconvoluted O1s spectra of the Cu5Zn5Al1Sn alloy in the 3.5 wt.% NaCl solution without
and with the Cys inhibitor are shown in Figure 8b. There are three distinct peaks for the blank alloy
surface in 3.5 wt.% NaCl solution, with the first peak located at 530.74 eV being attributed to O2−,
which could be related to oxygen atoms bound to the constituent metal oxides [48,59,60]. Since the
major corrosion product on the outermost part of the alloy is derived from copper, the dominant
metal oxide relies on copper [8], whereas the contribution of other constituent metals (Zn, Sn, and Al)
cannot be ignored. The presence of Zn and Sn oxides are confirmed by their respective XPS spectrum.
On the other hand, it is impossible to obtain peak analysis for Al (neither Al2p nor Al2s can be used)
because of the peak overlapping with Cu3p and Cu3s [8]. The second peak observed at 531.57 eV
may be ascribed to OH−, which can be associated with the occurrence of hydrous copper, zinc, tin,
and aluminum oxides.

The third peak at 532.33 eV may be assigned to atmospheric oxygen, which is similar to the
carbon contamination [42]. With the addition of 10−4 M of Cys, the O1s peak is deconvoluted into
three peaks located at 530.74, 531.48, and 532.09 eV, which could be assigned to metal oxides, hydrous
metal oxides, and C=O or –CON arising from cysteine molecules, respectively. The presence of metal
oxide can be ascribed to partial coverage of the metal surface by the inhibitor film [42,61,62]. The O1s
spectrum of the sample containing 10−2 M Cys may be deconvoluted into three peaks at 531.12, 531.87,
and 532.79 eV, which can be attributed to C-O from carboxyl and C=O or -CON, respectively [39].
In contrast to the uninhibited and the 10−4 M Cys inhibited alloy surface, the alloy inhibited with the
high Cys (10−2 M) concentration shows no peak associated with the presence of metal oxide. It is
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indicated that the alloy surface is fully covered by the inhibitor film after the addition of 10−2 M
cysteine [63].

Figure 8c shows the deconvoluted S2p spectrum of Cu5Zn5Al1Sn alloy in the absence and
presence of cysteine. There is no peak found on the S2p spectrum of the blank Cu5Zn5Al1Sn alloy
in 3.5 wt.% NaCl attributed to the nonappearance of any sulfur species. In the presence of 10−4 M
Cys, two peaks located at 162.95 and 167.95 eV can be recognized, and for the case of 10−2 M Cys,
the three deconvoluted peaks are located at 162.45, 163.42, and 168.1 eV. The lower binding energies
(162.95 and 162.45) may be assigned to the metal–sulfur interaction and the upper ones (167.95 and
168.10) are ascribed to the -SH group of the cysteine molecule [42,61,63,64]. The deconvoluted peaks at
162.45 and 163.42 eV obtained from the 10−2 M Cys inhibited surface result from band broadening
and because of the presence of more sulfur content they are considered to be peaks derived from the
same component [43,65]. The intensity of S2p peaks and percentage ratio of S (Table 3) increases with
cysteine concentration, suggesting that the efficiency of cysteine is concentration-dependent and more
Cys molecules are adsorbed on the Cu5Zn5Al1Sn alloy surface at the higher inhibitor concentration.

The N1s spectrum for the uninhibited/inhibited surface has only one deconvoluted peak, as shown
in Figure 8d, for all cases. The peak at 400.02 eV obtained from the blank solution can be assigned to N
raised from the atmosphere during sample preparation. The peaks at 399.65 and 399.37 eV are obtained
from 10−4 M and 10−2 M, respectively, can be assigned to the secondary nitrogen (–NH) attributed to
the presence of organic matrix belonging to cysteine [39]. The peak beyond 400 eV in the N1s spectra of
the inhibited surfaces is absent, which shows that there is no -N+H− group [66]. Therefore, the above
phenomenon indicates that the adsorption site of cysteine on the surface of the studied alloy does
not rely on the N group. An atomic ratio of nitrogen (Table 3) in a surface inhibited with 10−2 M Cys
confirms that the greater amount of inhibitor species are adsorbed on the alloy surface, and hence a
better protection effect is displayed.

4. Discussion

The corrosion characteristics of the Cu5Zn5Al1Sn alloy in 3.5 wt.% NaCl solution were examined
by different electrochemical and surface analysis techniques. It has been proven from electrochemical
tests that the corrosion of the Cu5Zn5Al1Sn alloy in 3.5 wt.% NaCl solution decreases on the addition
of the cysteine inhibitor ( Figure 1; Figure 2). The effect of cysteine concentration was also investigated
and the highest inhibition efficiencies of 97.2% and 96.44% were obtained at a cysteine concentration of
10−2 M based on potentiodynamic and EIS investigations, respectively. Morphological analysis based
on SEM shows a better protected alloy surface in the presence of the highest concentration (10−2 M)
of cysteine. Furthermore, composition and the inhibition mechanism were further determined by
carrying out elemental analysis using XPS techniques.

From potentiodynamic testing it was determined that the current density decreases upon addition
of the inhibitor, which can be accredited to the inhibitive effect of cysteine. In addition, the corrosion
potential was observed to shift to the negative direction for the inhibited samples, with a potential
difference between the blank and inhibited samples of less than 85 mV, which can be ascribed to
the mixed inhibitive effect of cysteine for the Cu5Zn5Al1Sn alloy in 3.5 wt.% NaCl solution and
which has a greater effect to retard cathodic reaction [33,67]. A diversity of adsorption isotherms
like Langmuir, Temkin, Freundlich, and Frumkin are often used to model experimental results to
understand surface reactions [23,37]. An adsorption model to describe the inhibition mechanism of
cysteine of the Cu5Zn5Al1Sn alloy in 3.5 wt.% NaCl with different concentrations of cysteine was
generated using the data obtained by PDP and EIS experiments. In this paper, the Langmuir and
Tamkin adsorption isotherms (Figure 4) have been used to find out the most appropriate model to
describe the inhibition mechanism of cysteine for the copper alloy. The Langmuir adsorption isotherm
is proposed as a suitable model to describe the inhibition mechanism of cysteine on the Cu5Zn5Al1Sn
alloy surface, which can be accredited to the adsorption of inhibitor particles on the active site of the
Cu5Zn5Al1Sn alloy substrate [68,69].
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In the blank solution, the appearance of Warburg impedance in the simulated circuit of the EIS
result (Figure 3) reflects the diffusion process of the ionized alloy molecules from the alloy surface
to the bulk solution, or the diffusion process of dissolved oxygen from the wholesale solution to the
superficial of the alloy [70,71]. Composition analysis does help to study the corrosion phenomena of
the Cu5Zn5Al1Sn alloy in 3.5 wt.% NaCl solution. A Cu2p 1/2 peak at 932.79 eV and Auger CuLMM
peak at 570.11 eV with band broadening to low BE direction are observed and may be attributed to the
presence of both metallic and ionic copper as corrosion products. There are other alloying elements
present on the alloy surface which illustrate their involvement in the corrosion process. As can be
seen from Table 3, the ionic ratio of Zn and Sn ions in the blank solution are higher than that for the
inhibited surface. This can be ascribed to the ionization of Zn and Sn species in blank solution; they
become bounded by the inhibiter film after the addition of cysteine. The damaged surface can also be
observed from the SEM image (Figure 5b), which strengthens the results of the electrochemical and
XPS experiments.

A relatively protected surface appears after the addition of a small amount of cysteine.
The electrochemical experiments (PDP and EIS) show the inhibitive effect of cysteine (Figures 1
and 2), which is confirmed by the decrease in current density and an increase in impedance in the
potentiodaynamic polarization and EIS curves, respectively. On the other hand, the inhibition efficiency
obtained by electrochemical parameters of both potentiodynamic polarization and EIS is seen to
increase with the increase in inhibitor concentration. There are S and N constituents in the inhibited
surfaces, indicating the presence of the inhibitor film. However, the atomic ratio of this species is lower
compared to a surface which has a high cysteine concentration. As for the alloying elements, the atomic
ratio of Cu2p increases and the atomic ratio of Zn and Sn decreases in the presence of 10−4 M cysteine,
inferring the bounding of the alloy surface by the Cu-inhibitor film.

The atomic ratio of alloying elements other than Cu decreases with the addition of cysteine and
becomes negligible at higher cysteine concentration (10−2 M), which shows that the inhibitor film is
mainly formed by the dominant alloy constituent (Cu) [8] and the inhibitor. In addition, the surface
inhibited with 10−2 M cysteine concentration shows an almost similar morphology, with an unexposed
polished surface surmising a good and almost full coverage of the alloy by cysteine molecules by
forming a metal/inhibitor film. It is difficult to obtain XPS data for Al due to peak overlap with Cu3s
and Cu3p. Schematic representation of the probable corrosion mechanism of Cu5Z5Al1Sn alloy in
3.5 wt.% NaCl solution with and without the Cys inhibitor is illustrated in Figure 9. As mentioned
above, the existence of alloying elements on the blank surface can be attributed to the ionization of
these metals in 3.5 wt.% NaCl forming the respective metal oxide and hydroxide (Figure 9a) [11].
On the other hand, the removal of some alloying elements, especially Zn and Sn in the presence of low
concentration of the inhibitor, indicates the alloy surface is partially protected by an adsorption film
between the dominant metal ion (Cu+, Cu2+) and inhibitor molecules (Cu(I)-Cys, Cu(I)-Cys-Cu(II)-Cys).
With the increase of Cys concentration to 10−2 M, the main alloying element existing in the surface film
is copper (Table 3), and it is believed that the continuous surface inhibited film formed between the
copper ion and Cys molecules has existed on the Cu5Zn5Al1Sn alloy surface (Figure 9c). Therefore,
better corrosion efficiency is obtained when 10−2 M Cys is added into the 3.5 wt.% NaCl solution.
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(a) 

 

(b) 

(c) 

Figure 9. Schematic representation of the corrosion mechanism of the Cu5Zn5Al1Sn alloy in 3.5 wt.%
NaCl solution before (a) and after addition of 10−4 M (b) and 10−2 M (c) cysteine.

5. Conclusions

In this work, the corrosion behavior of a Cu5Zn5Al1Sn alloy was examined in a 3.5 wt.% NaCl
solution in the absence and presence of cysteine. Potentiodynamic polarization studies showed that
cysteine acts as a mixed-type inhibitor during the corrosion process. The inhibition efficiency increased
with an increase in the concentration of cysteine and reached 97.2% in the presence of 10−2 M cysteine.
Copper was the main corrosion product formed on the Cu5Zn5Al1Sn alloy in 3.5 wt.% NaCl solution.
The outermost surface also contained to a small extent Zn- and Sn-rich constituents, as confirmed
by XPS investigation. The content of alloy constituents other than Cu decreased in the presence of
cysteine and became negligible at a cysteine concentration of 10−2 M. The inhibition mechanism relies
on the formation of a binding Cu(I)-Cys film and/or Cu(I)-Cys-Cu(II)-Cys film on the alloy surface,
which protect the alloy from corrosion attack.
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Abstract: Cerium oxide, in addition to its catalytic properties, is also known for its optical properties
such as ultraviolet (UV) radiation filtering and a relatively high refractive index (n > 2), which
makes it an excellent candidate for multifunctional coatings. Here, we focus on the optical
properties of thin deposits (�2μm) of densely packed CeO2 nanoparticles, which we assemble
using two evaporation-based techniques: convective self-assembly (CSA, a type of very slow
blade-coating) to fabricate large-scale coatings of controllable thickness—from tens of nanometres to
a few micrometers—and microfluidic pervaporation which permits us to add some micro-structure
to the coatings. Spectroscopic ellipsometry yields the refractive index of the resulting nano-porous
coatings, which behave as lossy dielectrics in the UV-visible regime and loss-less dielectrics in
the visible to infra-red (IR) regime; in this regime, the fairly high refractive index (≈1.8) permits
us to evidence thickness-tunable anti-reflection on highly refractive substrates, such as silicon,
and concomitant enhanced transmissions which we checked in the mid-IR region.

Keywords: Cerium oxide nanoparticles; anti-reflection; self-assembly; microfluidics; convective
self-assembly

1. Introduction

Cerium oxide nanoparticles have been applied in diverse fields including catalysis, luminescence,
and nanomedicine, etc. [1–3]. Here, we investigate their optical behaviour when assembled as coatings
onto a substrate. As cerium oxide (CeO2) has a fairly high optical refractive index, we expect that
dense coatings made out of CeO2 nanoparticles will also exhibit a high refractive index.

We follow a low-tech approach to engineer simple coatings out of dispersions of
CeO2 nanoparticles. The coatings are realized using evaporation-based techniques out of water-based
dispersions, making the processes fairly appealing in terms of energy consumption and toxicity:
Their fabrication requires virtually no external pressure, no toxic or hazardous gases, no elevated
temperatures, no etching, no vacuum, and no toxic solvents. The coatings we obtain have simple
yet non trivial structures and they perform very well from an optical point of view, in particular for
anti-reflection on highly refractive materials, which we demonstrate on silicon as a case study.

First, we re-demonstrate that the evaporation-based blade-coating method is efficient for
producing coatings of controllable thickness, in this case, out of CeO2 dispersions. These results
conform to the pioneering work of O. Velev and co-workers [4,5] who coated SiO2 dispersions on glass
and silicon. The very slow regime of blade-coating, were evaporation competes favourably with the

Appl. Sci. 2019, 9, 3886; doi:10.3390/app9183886 www.mdpi.com/journal/applsci79



Appl. Sci. 2019, 9, 3886

casting velocity enhances the formation of a well structured, thin to thick deposit. We also add some
complexity via micro-patterned structures using an evaporation-based micro moulding technique.
We measure the refractive index of these coatings which behave as lossy dielectrics in the ultraviolet
(UV)-visible regime and loss-less dielectrics in the visible to infra-red (IR) regime; in the latter regime,
the fairly high refractive index (≈1.8) permits us to demonstrate thickness-tunable anti-reflection
properties on substrates with a high refractive index such as silicon substrates, and concomitant
enhanced transmission which we tested in the mid-IR region, thereby covering a large spectral range.

2. Thin and Structured Coatings of Densely Packed CeO2 Nanoparticles

We use two different techniques that permit us to assemble an initially dispersed state of
nanoparticles into a solid made of the same, densely packed nanoparticles: convective self-assembly
(CSA) and microfluidic pervaporation (μ-pervaporation). A detailed description of these methods will
be given in Section 4.2.

In brief, CSA is a modified blade-coating technique where the withdrawing velocity of the
substrate on which the coating will be deposited is so small that evaporation competes with the film
casting rate, so that the dispersion is pre-concentrated at the level of the deposition meniscus; on top
of this, it enhances the structure of the deposit [6–9].

μ-pervaporation takes advantage of the extremely well-defined poly(dimethyl siloxane) (PDMS)
geometries crafted by soft-lithography [10,11], as well as the ability of some solvents to pervaporate
across the elastomer PDMS matrix [12]. Pervaporation induces a concentration mechanism of the
solute, which was initially solubilized/dispersed in the solvent, thus leading to the formation of a
solid that grows in a neat geometry [13]. It is an ‘augmented’ version of the moulding of solids into
micro-capillaries, a seminal and inspiring piece of work described in [14].

2.1. Convective Self-Assembly

CSA has been extensively used to deposit a variety of objects (from molecules [15] to large
colloids [6]) into homogeneous thin coatings on relatively large scales (tens of cm2). It is possible to
control the thickness and to some extent the morphology of the coating via process parameters such as
the casting velocity, the concentration of the stock solution [16], temperature, humidity, etc., but also to
couple the reaction to the deposition process, for instance for sol-gel coatings [17], and finally to stop
and re-run the process (stop-and-go), in order to add more structure to the deposit [18].

Here, we use the simplest version of CSA, namely a continuous and slow deposition of a
dispersion at constant volume fraction φ0 at room temperature and with no specific control of the
atmosphere (the room in which we work is nevertheless air-conditioned with a constant temperature
21 ◦C and relative humidity ≈0.5). The air flow over the evaporating zone is not controlled and is left
to natural convection; it has been demonstrated that for the deposition colloids and unlike the case of
polymers, it is not a crucial parameter [7]. The only control parameter we use is the casting velocity v;
we deposit the same grade of CeO2 nanoparticles with batches coming at two different typical sizes:
≈4 and ≈40 nm (average diameter, see Section 4.1).

The overview of our deposition campaigns is summarized in Figure 1 with the coating thickness,
the morphology of the coatings, and their optical appearance. In the velocity range of deposition we
studied (v < 100μm.s−1), the decreasing trend of h against v is a clear signature of the CSA regime
and with a comparable behaviour for the two sizes of nanoparticles studied here; it contrasts with the
Landau-Levich regime where h is expected to scale like h ∼ v2/3 [15].
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Figure 1. (Left): Thickness of coatings of CeO2 nanoparticles deposited at different coating speeds v;
each point averages at least seven independent experiments. The different morphologies of the sample
are zoned at the bottom left for the two systems (blue 4 nm, grey 40 nm) and flat films are obtained
otherwise, see Figure 2 top; the dashed lines represent the fitting with a power law. (Right): Rescaled
data considering the initial volume fraction φ0 and a dry volume fraction φc = 0.61. The solid line is a
fit according to Equation (3). Inserts: Macroscopic views of the samples highlighting the high degree
of transparency.

However, the coating is not always homogeneous and flat, see Figure 2 top and the grey
and blue zones in Figure 1, bottom left. Instead, for the large particles and at low deposition
velocity (v � 40μm.s−1) the coating exhibits thickness oscillations. Notice this is definitely not
stick-and-slip [19] but instead oscillations around a mean (non zero) thickness with no return to the
bare substrate. At even lower velocity (v � 10μm.s−1), the coating delaminates, probably because it
becomes thick, tough and brittle [20]. For the small-size particles, we observe only thickness oscillations
below v � 10μm.s−1 (blue zone in Figure 1, bottom left).

The same data can be re-scaled using a simple mass-conservation assumption (Equation (3) simply
states that all the particles coming from the bulk reservoir are accumulated into the final deposit via
evaporation), that takes into account both the initial and final volume fractions, φ0 and φc respectively.
Using φc = 0.61 a value that we obtained from ellipsometry, which is in agreement with a close
packing of a polydisperse hard-sphere [21], the data reasonably collapse and follow the expected trend
h ∼ v−1 indeed.

In all cases but the ones where the coatings delaminate, the coated substrate appears perfectly
transparent with no visible effect of surface undulations and no haze (upper inserts in Figure 1),
even though optical microscopy reveals the defects (Figure 2 top). Low resolution scanning electron
microscopy (SEM) of the surface of some samples may show evidence of the granulometry of the
particles (Figure 2 bottom left) but a cross-section of a selected sample demonstrates a beautiful, flat,
and large-scale structure (Figure 2 bottom right).
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Figure 2. (Top): Representative optical microscopy images (bright field) for the coatings deposited
at different deposition speeds using CeO2 sols with nanoparticle size of 4 nm (first row) and 40 nm
(second row); the morphologies of the coating are either with thickness oscillations and possible
delamination, or flat (see also Figure 1 left). (Bottom): Scanning electron microscopy (SEM) (SEM-FEG
HR JEOL 6700F) images of (A) the surface of coatings deposited at different speeds using CeO2 sols
with nanoparticle size of (top) 4 nm and (bottom) 40 nm and (B) of a cross-section of a coating deposited
at 20μm.s−1 (40 nm particles).

2.2. Microfluidic Pervaporation

Microfluidic pervaporation is a templated self-assembly method [22] where a PDMS mould—the
template—is used to guide the growth of a solid made of nanoparticles. In turn, the template also
serves as a pump via the pervaporation mechanism described more in detail in Section 4.2. The process
is self-powered: We fill the microfluidic template with a dilute dispersion and pervaporation
extracts the solvent, which in turn concentrates the dispersion until a solid nucleates, which then
progressively grows. It can be a long process as the growth velocity vg can be understood on a simple
volume conservation assumption, very similar to Equation (3): vg ∼ veφ0/(φc − φ0) where ve is an
evaporation velocity associated with the pervaporation mechanism [12,23]. It offers little flexibility as
it is mainly governed by the geometry of the template, i.e., surface exchange for pervaporation, yet the
growth velocity is still largely tunable via φ0. We typically see vg ≈ 0.2μm.s−1 which permits us to
fill the entire length of the template in about one day. It is slow mostly because the stock solution is
dilute, φ0 ≈ 1%, and much slower than CSA (v ≈ 101 − 102 μm.s−1, Figure 1) because the evaporation
proceeds across the PDMS template, not directly in air.

In general, the solid we obtain nicely replicates the shape of the mould [13].
However, we discovered fairly recently that there are cases where the solid significantly deforms the
template during its growth [24]. It is likely due to a poro-elastic mechanism related to the depression
generated inside the material, originating from the suction mechanism during the evaporation-induced
growth [25].

We deliver here the very same observation: Whereas the mould has a nominal thickness of ≈3μm,
the final material barely reaches h ≈ 300 nm, see Figure 3. We understand it on the basis of the small
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size of particles, here ≈4 nm, which generates a massive pressure drop inside the material during the
growth of the solid upon evaporation that tends to collapse the soft PDMS template. It is somewhat
disappointing as we targeted thick deposits, but the final material turns out to be fairly flat (Figure 3).
Altogether, this method mainly leads to arbitrarily structured coatings which are impossible to obtain
with CSA only and where the structure could bring some additional function.

Figure 3. (A) Materials engineered with μ-pervaporation made of densely packed CeO2 nanoparticles,
structured with two different designs. In each case, the large figure shows the entire material through
a tiled image obtained from optical microscopy in bright field mode and the insert is a SEM view of
the top surface of the material. In the upper case, the thickness is about 180 nm; in the bottom case,
the thickness is about 260 nm (measured with optical profilometry). (B) Optical microscopy (left) and
3D reconstruction from optical profilometry (right) of the micro-structured materials.

3. Optical Features of CeO2 Nanoporous Coatings

3.1. Refractive Index

Variable angle spectroscopic ellipsometry (VASE) was used to measure the refractive index of the
coatings and we limited ourselves to coatings made of the thinnest grade of nanoparticles where the
final material does significantly scatter the light (empirical observation). VASE provides ellipsometric
raw data (here ψ and Δ angles) that need to be parametrized in order to extract the complex refractive
index n̄ = n + ik [26].
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The optimisation approach requires knowledge of the refractive index n̄NP of CeO2 nanoparticles,
their packing density φc inside the coating (1 − φc being the void fraction or porosity), and the
thickness of the coating h. We then compute the ellipsometric angles of the coating with a refractive
index calculated via the Bruggeman effective-medium approximation [27] of a flat nano-porous film
with no roughness and deposited of a semi-infinite silicon substrate with an oxidized top surface,
namely a 2 nm thick silica layer.

To guide the input parameters, we used the coating thickness measured by mechanical
profilometry (h = 18± 3 nm), the packing density φc = 0.64 of a random close packing structure, and the
refractive index n̄NP based on literature data [28] and parametrized according to [29]. The optimisation
is then performed through the Horiba software and eventually yields φc = 0.61, h = 15 nm, a model of
n̄NP (not shown), and ultimately, a very good agreement with ellipsometric raw data (Figure 4 left).
The refractive index of CeO2 nanoparticles is comparable yet smaller in magnitude than bulk cerium
oxide, which could be attributed to a synthetic route that is likely to lead to a material different from
bulk CeO2.

We thus obtain a satisfactory measurement of the refractive index of the nanoporous coating of
CeO2 on a specific range of photon energy (1 − 5 eV, i.e., λ = 1250 − 250 nm, Figure 4): n̄ shows a
significant absorption of light in the UV-visible regime up to λ ≈ 500 nm where the material becomes
a loss-less dielectric with n ≈ 1.75, k ≈ 0. We assume it remains true even up to the mid-IR range,
for instance λ = 4 μm, which we will also use to characterize the transmittance of the coating in
this regime.

Also, we assume that this measurement obtained on a specific coating is intrinsic and thus holds,
whatever the thickness of a homogeneous coating made out of the same grade of particles.

Figure 4. (Left): Examples of ellipsometric angles ψ and Δ collected for eight angles over a given
range of energies (symbols) and best parametrization (solid lines). (Right): Complex refractive index
(n̄ = n + ik) of a CeO2 coating obtained out of these ellipsometric measurements.

3.2. Reflection Features on Silicon Substrates

Light reflection is due to a refractive index mismatch at an interface between two different
media. The reflectance R = IR/I0 is the ratio between the reflected intensity IR over the incident
intensity of light I0 and can be calculated using the Fresnel equation at normal incidence as follows:
R = [(n1 − n3)(n1 + n3)]2 where the nis stand for the refractive indices of the two media, and which
also holds when the refractive indices are complex values. As an example, silicon in air (n1 = 1, n3 > 3)
displays a reflectance of around R > 40% in the visible to near-infrared range, see the dashed blue line
in Figure 5.

An anti-reflective coating (ARC) with an adequate refractive index and thickness can lower this
light reflection at an interface between two different media. The simplest ARC with a refractive index
n2 leading to R = 0 at normal incidence and at a single wavelength of incident radiation λ is obtained
at a thickness h = λ/(4n2) when n2 = (n1n3)1/2. More precisely, such a result is obtained through the
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calculation of the multi-layer reflection coefficient R = |r|2 based on r, the amplitude Fresnel coefficient
of a three-layer stack where layer 1 stands for air (refractive index n1 = 1, semi-infinite), layer 2 stands
for the coating, and layer 3 is the semi-infinite substrate [30,31]:

r =
r12 + r23 exp (2iβ)

1 + r12r23 exp (2iβ)
, (1)

with β = 2πn2h/λ the phase shift in the coating of thickness h, and r12 = (n1 − n2)/(n1 + n2) and
r23 = (n2 − n3)/(n2 + n3) the amplitude Fresnel coefficients at interfaces between media 1 and 2, and 2
and 3 respectively. Notice that the nis may admit complex values. Here, medium 1 is air (n1 ≡ 1),
medium 2 is the nanoporous CeO2 coating (see Figure 4 right for n2), and layer 3 is the silicon substrate
(n3 found in Reference [32]).

Figure 5. Intensity reflection coefficient R against wavelength for four different coating thickness
(values given in red); in red the measurement, in black the calculation according to Equation (1) with
no free parameter, in dashed blue the reflection coefficient of a bare silicon substrate. The value of R
denoted by the arrow is the best extinction calculated from Equation (1) in the visible to near-infra-red
(IR) range.

We performed the characterization of intensity reflectance R under normal incidence of light
in the range λ = 250 − 1300 nm with bench-top, fairly basic equipment; the main limitation of our
set-up comes from the illumination and collection of optical fibres which do not work exactly at
normal incidence but accommodate some angular opening, which is somewhat detrimental to the
fine measurement of R. Figure 5 shows measurements of R vs λ when the coating is deposited on the
polished side of a silicon wafer. Here, we show the results for coatings with four different thickness
(red curves) along with the reference reflectance of the bare silicon substrate (blue dashed curve) and
the calculated reflectance, black curve with Equation (1).

In all cases, the reflectance is lowered by the presence of the coating (Figure 5), and for the three
thickest coatings, it even exhibits a vanishing reflectance at several wavelengths, which expectingly
increase with the thickness of the coating. Owing to the absence of a fitting parameter, the agreement
between the experiments and the calculation is satisfactory, especially in the visible to near-IR range.
The slight discrepancy that shows for the thickest coating could be due to the fact that we are not
working at a perfect normal incidence.

The ARC is particularly efficient for h = 157 nm where R < 1% in a significant range of
wavelengths in the near-IR range λ = 1000 − 1300 nm, Figure 5. In Section 5, we give a systematic
mapping of R highlighting the regions where such a coating performs the best in terms of thickness
and wavelength.

3.3. Enhanced Transmission on Silicon Substrates

Along with anti-reflection behaviour comes a possible enhanced transmission provided by
the ARC. Now, we work with a bare substrate which has two polished sides and which is thick
enough (350 μm) to exhibit an incoherent behaviour [30], so that we can neglect the interferences.
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We nevertheless take into account the multiple reflections for calculating the total optical path from
which the total transmittance follows:

T =
(1 − RACS)(1 − RAS)

1 − RSCARAS
exp (−αL), (2)

with R is the reflectance at the different interfaces where subscripts A, C, and S stand for air, coating,
and substrate respectively, α = 4πk3/λ is the extinction coefficient in the substrate with k3 as the
imaginary part of the refractive index of the substrate of thickness L. RACS and RSAC are calculated
following the procedure of Equation (1); in the case of a bare substrate, replace RACS and RSCA
with RAS.

We measured the transmission T of a two-sided polished substrate coated with a micro-structured
pattern using a spectro-imaging set-up (described in Section 4.4 and in [33,34]). Owing to the imaging
capability of the device, it is possible to select the measurement place in a heterogeneous sample
such as ours, see Figure 6A with a spatial resolution of about 25μm in this specific case, but which
depends on the magnification. We thus performed a reference measurement on the bare substrate,
the result of which is shown in Figure 6B (blue symbols) and which agrees well with the calculated
Equation (2) and tabulated values [32] (blue line). We notice a residual peak at λ = 4.2μm which
we attribute to CO2 absorption, and which we have difficulty in systemically removing. When the
measurement was performed and averaged on a specific part of the pattern—namely the bright lines
of Figure 6A—we observed a significant increase of transmittance, see the red symbols of Figure 6B,
and which is parametrized with Equation (2) where the thickness h of the coating is left as a free
parameter in the range 300–600 nm. It is clear that the experimental transmission is properly framed
by the calculated T although the best agreement is found for h = 400 nm which does not perfectly
match the actual thickness h = 260 nm. The slight discrepancy could be due either to the fact that the
sample is actually slightly slanted and not perfectly perpendicular to the incident beam, or possibly
also that the pixel size of the imaging set-up (≈25μm) is not very small compared to the width of the
pattern ≈100μm), which could induce some ’blurring’ in the measured transmittance. Yet, it definitely
corroborates that the anti-reflection coating is accompanied with an enhanced transmission; such a
coating could thus be used to enhance the silicon transmission when this material is used as an optical
component for mid-IR imaging purposes for instance, and is particularly efficient at some specific
wavelengths but is obviously wavelength dependent, see Section 5.

Figure 6. (A) Imaging the intensity transmission T at λ = 4μm for a micro-structured pattern.
(B) Spectral transmission T in the mid-IR range. Symbols are the local average of the wavelength
dependent transmittance for the bare silicon substrate (blue) and for the pattern (red, average along
the bright lines). The solid blue line is the theoretical transmission of an incoherent silicon substrate;
the solid red line corresponds to a calculated T with a coating thickness h = 400 nm, whereas the pale
red zone shows the parametrization of T with h ranging from 300 to 600 nm.
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4. Materials And Methods

4.1. Dispersions of CeO2 Nanoparticles

Fairly monodisperse cerium oxide (CeO2) nanoparticle dispersions were synthesized and kindly
provided by Solvay with two grades: a small diameter (4 ± 1 nm) at volume fraction φ0 = 1.2 × 10−2,
pH = 1.6, and a large diameter (40 ± 10 nm) at volume fraction φ0 = 5.6 × 10−2, pH = 4.2, see Figure 7.
These acidic dispersions are formulated in water with acetic acid in order to ensure the long-term
colloidal stability of the particles (month/years at 4 ◦C) with no additional additives such as surfactants.
Transmitted-electron microscopy (TEM EOL JEM 2200FS FEG HR 200 kV) observations reveal the
polyhedral shape of the particles, along with a significant size range which was otherwise also
estimated using dynamic light scattering (values given above). The dispersions are used as such for
the assembly of the nanoparticles. Importantly, we also obtained the very same results concerning
coatings, using a commercial dispersion available at Sigma-Aldrich (catalog number 289744-500g).

Figure 7. Transmitted-electron microscopy. (TEM) of CeO2 nanoparticles deposited on the TEM grid,
with diameters in the range of 4 ± 1 nm (left) and 40 ± 10 nm (right).

4.2. Assembly Methods

4.2.1. Films Obtained by Convective Self-Assembly (CSA)

Convective self-assembly (CSA) is a modified blade-coating technique where the withdrawing
velocity of the substrate on which the coating will be laid (Figure 8) is so small that evaporation
competes advantageously with the film drawing rate: both the meniscus and the wet film
(deposited continuously due to the displacement of substrate with good wetting properties) act
as suction pumps via evaporation that drag the nanoparticles in this confined zone to eventually build
a dense film, which fully dries soon after [7–9]. The final thickness h of the film is controllable via the
velocity v, the evaporation rate, the bulk volume fraction φ0 of the dispersion, shape of the meniscus,
etc. From mass conservation and as a rough guide [6,35]:

h ∼ φ0

φc − φ0

Qe

v
, (3)

where φ0 is the volume fraction of the dispersion in the reservoir, φc the one of the final deposit,
and Qe the volumetric evaporation rate per unit of length in the lateral direction, perpendicular to v
([Qe] ≡ m2.s−1). Interestingly, the coating thickness increases with a decreasing v, which sustains the
enhanced role of evaporation in order to pre-concentrate the dispersion at the level of the meniscus.
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Figure 8. Sketch of the convective self-assembly (CSA) set-up: (A) A small volume of a dispersion of
nanoparticles (the ‘reservoir’, in blue) is placed in-between a static blade and a substrate moving at
controlled velocity v. (B) Side view of the geometry which leads to a deposit, in red, of controllable
thickness h drying soon at the level of the meniscus [7,8]. The figures were reprinted with permission
from Langmuir 2016, 32, 51, 13657–13668. Copyright 2016 American Chemical Society.

This regime differs from the so-called Landau-Levich (LL) regime where the withdrawing velocity
v is fast enough that the deposited film remains liquid during deposition and dries afterwards. Here,
the liquid film thickness increases with the velocity v due to enhanced viscous dissipation in the liquid
film, and consequently, the thickness of the final deposit increases with v.

The transition between CSA and LL regimes as a function of velocity, concentration, evaporation
rate, etc., lead to a V-shaped curve for h against v [15]: h ∼ v−1 at low v and h ∼ v2/3 at high v. It has
been largely explored both experimentally and theoretically but remains a debated issue subject to
continuous improvements. In particular, there exist considerable differences for the drying mechanisms
between molecular or polymeric solutions and colloidal dispersions; heterogeneous coatings are often
observed but remain largely unexplained, e.g., stick-slip sparse coatings or continuous yet undulating
coatings (Figure 2, top). Nevertheless, homogeneous coatings are also at stake (Figure 2, bottom).

In practice, a small volume of a dispersion of nanoparticles (∼ 100μL) is placed in between the
static blade and the substrate which moves at a velocity v in the range of 1 − 100μm.s−1. Here, both
the blade and the substrate are 3 × 2 square-inches, 1 mm thick glass slides (Marienfield Ref. 11400420)
which were super-cleaned via piranha treatment (20 min) followed by air plasma treatment (1 min),
both performed in a clean room. Glass slides are exposed to air only at the time of setting up the
CSA experiment.

4.2.2. Deposits Engineered with Microfluidic Pervaporation

Microfluidic Pervaporation combines the moulding in micro-capillary methods (MIMIC [14])
with the ability of the poly(dimethyl siloxane) (PDMS), to let solvents pervaporate (permeation
followed by evaporation) across it, including water even though the PDMS is hydrophobic [12,36,37].
In the MIMIC method, the PDMS mould contains micro-channels with precise and sometimes
complex morphologies engineered with soft-lithography (typical dimensions: thickness 0.5–50μm,
width 10–500μm, length 1–10 mm) which are filled with a dispersion which then dries, mostly
from the openings. It leads to a solid material made out of the dispersion which nicely replicates
the shape of the micro-channels. Including thin membranes to the PDMS mould [12] (Figure 9)
enhances tremendously the drying via permeation across the membrane, and permits us to build
solidified materials out of (possibly ultra-) dilute dispersions [13,38–40]. Additionally, the versatility
of soft-lithography leads to a rich variety of mould’s topographies into which the growth of a material
is made possible.
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Figure 9. Sketch of the μ-pervaporation technique leading to micro-structured deposits: A
poly(dimethyl siloxane) (PDMS) mould (left) is designed with channels initially filled with a dilute
dispersion; solvent spontaneously permeates across the elastomer, concentrates the nanoparticles,
and leads to a solid material out of the dispersion upon removal of the mould (right).

Indeed, we fabricated here two types of structured moulds: a series of long and thin parallel
channels (width 100μm, height 3μm, length 30 mm), and a large structure consisting of a single channel
(width 2.5 mm, height 3μm, length 30 mm) with poles preventing the collapse of the PDMS mould.
This structures are suggestive to the potential of the μ-pervaporation for engineering structures that go
beyond simple coatings, e.g., gratings for instance.

4.3. Substrates

We use mostly used glass substrates for high-throughput coating campaigns and switched to
silicon substrates for measuring the optical properties of the coatings on a high-index substrate
(BT Electronics, one-sided polished 1 mm thick and two-sided polished 0.345 mm thick).

4.4. Optical Methods

Optical performance was measured as follows: Spectroscopic ellipsometry permitted us to extract
the refractive index of the coatings; reflectance in the visible-to-near IR range leads to the reflection
coefficient evidencing anti-reflection in some cases; mid-IR provided us with the transmittance of
the samples.

The variable angles spectroscopic ellipsometer we used was a HORIBA Jobin Yvon UVISEL
working here in the 250–1300 nm range and we analysed eight angles in the range 55–75◦. We worked
only on the thinnest grade of nanoparticles (4 nm) as the material made out of the largest ones scatters
too much light.

The reflection measurements were performed at ‘normal’ incidence with basic bench-top
equipment from Avantes. The sample was illuminated via the same co-axial fibre, from which
the light emerging from the sample is also collected (Avantes reference FCR-7UVIR400-2-BX/ME).
Neither the illumination nor the collection are actually at perfect normal incidence: The illumination
fibre is not collimated (numerical aperture 0.22). The lamp shines at the spectral range of 200–2500 nm,
but due to the two detectors we use, there is an unfortunate detection gap around 800–1000 nm.

Transmission in the mid-IR range was measured on a specific system, namely fast infrared imaging
spectroscopy (FIIST [33,34]), which permits us to image the optical transmission in the range of 2–6μm.
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5. Appendix: Optical Performances

5.1. Calculated Reflectance

Here, the reflectance R of a nanoporous coating of CeO2 is calculated on silicon substrates as
described in the main text as a function of its thickness h with the measured refractive index (Figure 4)
and over a large range of wavelengths. Results are shown in Figure 10 where we set a threshold to
R at 5% in order to best highlight the performance zones in terms of anti-reflection; the mapping
is split in two zones: small h in the visible to near-IR range and large h in the mid-IR range. In all
cases, the near-zero R shows as blue cones with quite narrow bands and which are clearly sometimes
degenerated, namely several regions with R ≈ 0 show as a function of λ for a single h.

Figure 10. Reflectance R calculated for a nanoporous CeO2 coatings of variable thickness h deposited
on a silicon substrate. (A): Small thickness h in the visible and near-IR range; (B): Large thickness in the
mid-IR range.

Figure 11. (A): Transmittance T calculated for a nanoporous CeO2 coatings of variable thickness h
(red curves) deposited on a silicon substrate (blue curve). (B): Transmittance excess ΔT = TSi+coat − TSi

as a function of wavelength and coating thickness h.

5.2. Calculated Transmittance

The same type of calculation was performed for transmittance T on double-sided polished
silicon substrates in the range of mid-IR, see Figure 11. In part A, a few examples of T against λ are
given for three different coating thicknesses (30, 280, and 500 nm, red curves) and are compared to
the transmittance of the bare substrate in blue. Obviously, the silicon substrate is opaque (T = 0)
below some λ which actually depends on its thickness, here λ ≈ 1μm for a 325 μm thick substrate.
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Above this opacity cut-off, the substrate is basically homogeneously semi-opaque (e.g., T ≈ 0.57 at
4 μm) while adding a thin coating can dramatically enhance the transmittance. Part B of Figure 11
shows a mapping of the increase of transmittance that the coating provides, namely ΔT = TSi+coat − TSi,
against h and λ. In the mid-IR range, up to 15% of transmittance enhancement can be observed;
obviously, this enhancement depends significantly on λ but can nevertheless be of some interest for
monochromatic processes such as imaging.

6. Conclusions

We demonstrated that low-cost, low-tech techniques such as blade coating out of aqueous based
dispersions offer an interesting alternative for producing thin, homogeneous, and well controlled
nanoporous coatings. While this has been known for years, we demonstrated here the benefit of using
dispersions of CeO2, an oxide possessing a high refractive index and which results in nanoporous
coatings with a high refractive index. These coatings are then interesting candidates for use as an
intermediate layer between air and substrates, such as silicon with a even higher refractive index for
providing, for instance, anti-reflection features. Eventually, we believe the UV-blocking of the coating
could be of potential interest for protecting organic sub-layers and we think the catalytic capabilities of
CeO2 could add even more functionalities to the final material.
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Abstract: This study investigated the corrosion resistance of oil impregnated anodic aluminum oxide
(AAO) surfaces of aluminum 7075 for subsea application. Although aluminum 7075 has high strength,
it is scarcely used in the subsea industry because of its corrosion issue. Some treatment of aluminum
7075 is required for subsea application. In this study not only a plate shape but also a cylindrical
shape were investigated because a cylindrical shape is frequently used in the subsea industry for
electronic device housing. Contact angles of bare aluminum and oil impregnated AAO surfaces of
aluminum 7075 were measured after a salt spray test and a pressure test. The results showed that
the contact angle of bare aluminum was considerably decreased after the salt spray test, whereas
the oil impregnated AAO surface presented a relatively high contact angle after the salt spray test
and the pressure test. These results showed that the corrosion resistance of aluminum 7075 could be
enhanced by oil impregnation on the AAO surface, and thus can be utilized in the subsea industry.

Keywords: aluminum 7075; anodizing; oil-impregnation; corrosion resistance; salt spray test

1. Introduction

Aluminum alloy is one of the most widely used materials in the subsea industry because of its
low cost, excellent thermal conductivity, good strength, acceptability for short-term development,
and low density. The main reason for use in the subsea industry is the excellent thermal conductivity.
The generated heat in subsea electronic equipment should be removed to prevent thermal deformation.
The produced heat can be eliminated by high thermal conductivity materials by exchanging the heat
with the surroundings.

There are eight series of aluminum alloys depending on its composition elements. The broadly
used aluminum alloys in the subsea industry are 6000 series. The 6000 series has moderate strength,
and is resistant to corrosion. The 7000 series has the highest strength among all the series, but it
requires some treatment for the corrosion issue. Although the 7000 series has higher strength than the
6000 series, the 6000 series is more frequently used in the subsea industry.

Several methods have been suggested to prevent aluminum corrosion such as electrodeposition of
cerium or silane films, cathodic protection using an Mg-rich coating, organic coating, conversion coating,
and polymer coating [1–6]. Anodizing (Anodic Aluminum Oxide, AAO) is considered one of the most
practical methods for corrosion protection. Anodizing forms a nanoporous oxide layer on the top of
the aluminum surface. The well-established nanoporous structure increases the corrosion resistance.
The dimensions of the nanoporous structure like pore diameter, interpore distance, and thickness
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of the nanoporous oxide layer can be controlled by changing the type and concentration of the acid
electrolyte solution, anodic voltage, anodizing time, and temperature [7–13]. The anodizing time
affects the pore depth, and the anodic voltage and the temperature of the electrolyte solution influence
the pore diameter and the interpore distance [14]. S.-K. Hwang et al. [13] experimentally showed that
the anodizing time determines the pore depth. The pore diameter is an important characteristic of the
nanoporous oxide layer [15,16]. The pore diameter can be enlarged through an etching process [12,17].

A corrosive medium can permeate the pores in the produced nanoporous structure [18–20]. Several
solutions have been suggested to prevent absorbing the corrosive medium. One method is to fill the
pores with solid-state oxide materials such as hydrothermal, dichromate, and nickel-salt [18,21,22].
Another solution is the coating because the hydrophobic coatings on the hydrophilic metallic surface
make the surface superhydrophobic [23–27]. A further solution is oil impregnation.

Oil impregnation into the nanoporous oxide layer is suggested for corrosion protection and
self-healing to withstand external damages or local defects using high purity aluminum [28]. Several
studies have shown that the retention of oil on the surface resisted ingress of water or organic
liquid [29,30]. The marine industry has employed oil impregnation into the porous structure to prevent
corrosion of the material in a marine environment using high purity aluminum, 5000 series aluminum
and low alloy steel [31–34]. Some studies have indicated that the oil impregnated nanoporous oxide
layer is likely to lose the oil under a dynamic environment [35].

Although several studies have investigated oil impregnation into the nanoporous oxide layer
using pure aluminum or 6000 series aluminum for corrosion protection, no studies have analyzed
the oil impregnated nanoporous oxide layer using 7000 series aluminum, to our best knowledge.
There are no studies on conducting a pressure test for the oil-impregnated nanoporous oxide to
investigate the influence of high-pressure conditions. Therefore, this study investigated the corrosion
resistance of aluminum 7075 surfaces with an oil impregnated nanoporous oxide layer to enhance its
corrosion resistance for subsea application. The structure of this study is as follows. The experiment
for the oil impregnated nanoporous oxide layer is described including information on the materials,
preparation of the AAO surface, oil impregnation on the AAO surface, a salt spray test, a pressure
test, and characterization in Section 2. The results and discussion are indicated in Section 3. Finally,
the conclusion is presented.

2. Experimental

2.1. Material

Commercial aluminum alloy 7075 was employed as the material for the AAO surface because it is
widely used in the 7000 series aluminum. Components of aluminum 7075 are aluminum (87.1–91.4 wt%),
zinc (5.1–6.1 wt%), magnesium (2.1–2.9 wt%), copper (1.2–2 wt%), chromium (0.18–0.28 wt%), iron (Max
0.5 wt%), silicon (Max 0.4 wt%), manganese (Max 0.3 wt%), titanium (max 0.2 wt%), and other total
(max 0.15 wt%). Its density is approximately 2.81 g/cc. The ultimate tensile and the tensile yield
strengths are 572 MPa and 503 MPa, respectively.

2.2. Preparation of the AAO Surface

Not only a plate shape but also a cylindrical shape were prepared for the experiment in this study
because the cylindrical shape is frequently used in the subsea industry as housing for an electronic
device. The AAO devices for the plate and cylindrical shapes are shown in Figures 1 and 2, respectively.
The following describes the details of the AAO preparation for both shapes.
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Figure 1. Anodic aluminum oxide device for the plate shape.

Figure 2. Anodic aluminum oxide device for the cylindrical shape.

2.2.1. Plate shape

All the samples were first rinsed with ethanol and isopropyl alcohol, and then they were cleaned
using deionized water in a sonicator for 5 min. The anode was aluminum 7075, and the cathode was
aluminum 6061. The distance between the anode and the cathode was fixed at approximately 5 cm as
shown in Figure 1. A DC power supply (DRP-92305DU power supply) provided a constant voltage
of 40 V, and the temperature was maintained by a circulator (Lab. Companion. RW-0525G) at 25 ◦C.
The solution was 0.3 M oxalic acid solution, and it was stirred by a magnetic bar at a constant speed.
The anodization was conducted for 3 h to generate 15 μm pore depth. After the anodizing, widening
was conducted for 1 h under the same condition with anodizing to enlarge the pore diameter. The next
step was oil impregnation. Oil (rust preventive oil, NP-7) was deposited on the nanoporous structure.
The oil used in this study was a lubricant, which mostly consists of paraffin.

2.2.2. Cylindrical shape

The cylindrical shape’s anode was installed as shown in Figure 2 and the cylindrical shape’s
cathode was also built for homogeneous anodizing. First, the samples were rinsed with ethanol
and isopropyl alcohol. The anode was commercial aluminum 7075, and the cathode was aluminum
6061. The diameter of the cylindrical anode was 25 cm, and that of the cylindrical cathode was 35 cm.
The distance between the anode and the cathode was adjusted to be about 5 cm. A DC power supply
(PNCYS. EP-10010) provided a constant voltage of 40 V, and the temperature was maintained by a
circulator (Lab. Companion. RW-0525G) at 25 ◦C. The anodizing time was 3 h, and the solution was
0.3 M oxalic acid solution—the same condition as the anodizing condition of the plate shape. Finally,
the oil was impregnated on the surface of the AAO.
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2.3. Salt Spray Test

The salt spray test was performed to investigate the corrosion effect on the surface directly.
The (bare) aluminum and the oil impregnated AAO surfaces of aluminum 7075 were analyzed for
comparison. This salt spray test complies with ‘Standard: KSA–KS D 9502′. This standard contains a
salt spray test for the anodic oxidation of metallic materials and various coatings. It conforms with ISO
9227:2006 (Corrosion tests in artificial atmospheres—salt spray tests). A 5% concentration of brine was
utilized for the salt spray test, and the temperature of the test was maintained at 35 ◦C. The test was
performed for 720 h for the oil impregnated AAO surface of aluminum 7075.

2.4. Pressure Test

This study carried out a pressure test to investigate the surface of the oil impregnated AAO of
aluminum 7075 under high-pressure conditions. As the subsea equipment is installed in the seabed,
it is exposed to the high-pressure environment—when going down 10 m below sea level, the pressure
increases by approximately 1 bar. Since the surface of the oil impregnated AAO can be damaged
under the high-pressure condition, a pressure test was required. Figure 3a,b shows the facility for
the high-pressure test, which complies with ‘MIL-STD-810G’ (Department of defense test method
standard, part two-laboratory test methods, 512.5 Immersion) and ‘ABS NOTICE’ (Rules for building
and classing underwater vehicles, systems and hyperbaric facilities, Section 3 general requirement and
safeguards, 3 proof testing, 3.1 hydrostatic test). Two cylindrical samples, which had 80 mm (diameter)
× 150 mm (length), were prepared (Figure 3c). The pressure of the facility was gradually increased to
600 bar for 6000 s as shown in Figure 4. The samples were examined at 600 bar for 1800 s.

 

Figure 3. Facility for pressure test and samples.

Figure 4. Pressure with time in pressure test facility.
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2.5. Measurement

The contact angle of a water droplet on the surface was measured to analyze the corrosion
resistance by the wettability. The water droplets were placed on the surface by a microsyringe and then
the measurement of the contact angle was conducted for each sample at least five times. The mean
value was used as the result value. Low contact angle (high wettability) means that a water droplet is
spread over a relatively wide area of the surface. It can be easily attacked by corrosion due to its large
interaction area. In contrast, a water droplet having a high contact angle interacts with a small region
on the surface (low wettability). Field Emission Scanning Electron Microscope (FE-SEM, JSM-7100F)
was utilized for SEM images.

3. Results and Discussion

3.1. Plate Shape

3.1.1. FE-SEM Image of Plate Shape

Figure 5 shows the FE-SEM images of AAO and AAO with 1-h widening. Before widening,
the pore diameter was about 35 nm, and the pore depth approximately 15 μm. The uniform surface is
shown in the microscale image (Figure 5a), and the nanoporous structure is indicated in the nanoscale
image (Figure 5b). After 1 h widening, a crack was generated in the microscale image (Figure 5c) and
the nanoporous structure was collapsed in the nanoscale image (Figure 5d). The widening process was
not considered in this study due to the collapse of the nanoporous structure.

 
Figure 5. FE-SEM images of anodic aluminum oxide with widening of aluminum 7075.

3.1.2. Salt Spray Test

Figure 6 shows the results of the salt spray test for bare aluminum and AAO-O (oil impregnation
on anodic aluminum oxide) surfaces of aluminum 7075. Corrosion was indicated after 5 h in the case of
bare aluminum, whereas the corrosion was not generated in the case of the AAO-O after 720 h. The salt
spray test was stopped after 100 h in the bare aluminum case as the corrosion was intensively examined
after 100 h. In the case of AAO-O, the test was continuously conducted up to 720 h. The results of the
salt spray test showed that the oil impregnation on the AAO surface of aluminum 7075 could enhance
the corrosion resistance.
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Figure 6. Results of salt spray test for bare aluminum and AAO-O (oil impregnation on anodic
aluminum oxide) surfaces.

3.1.3. Contact Angle of Plate Shape

Figure 7 indicates the contact angles of AAO, AAO-O (oil impregnation), and AAO-O-SST (salt
spray test). The contact angles of bare aluminum and bare aluminum-SST (salt spray test) were also
investigated for comparison. The contact angle of a water droplet on the bare aluminum was 74.4◦ ±
5.8◦, and it was significantly decreased to 24.8◦ ± 5.6◦ after the salt spray test. The bare aluminum is
susceptible to corrosion. After anodizing, the contact angle was dropped to 21.0◦ ± 1.7◦. It showed that
the nanoporous structure enhanced the wettability of water by increasing surface roughness. After oil
impregnation on the AAO surface, the contact angle was increased. The contact angle of a water droplet
on AAO-O-SST was 81.1◦ ± 1.9◦. Although the salt spray test was conducted on the oil-impregnated
AAO surface, the contact angle of the water droplet on AAO-O-SST was significantly increased.

Figure 7. Contact angles of bare aluminum, bare aluminum-SST (salt spray test), AAO (anodic aluminum
oxide), AAO-O (oil impregnation), and AAO-O-SST (salt spray test) surfaces of aluminum 7075.

Figure 8 presents the schematic cross-section diagram of bare aluminum, bare aluminum-SST (salt
spray test), AAO, AAO-O (oil impregnation), AAO-O-SST (salt spray test) surfaces. Bare aluminum
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indicated a relatively flat surface, whereas the roughness was considerably increased after the salt
spray test as shown in Figure 6. The results of the contact angle test showed that the contact angle
of bare Al was decreased after the salt spray test. A surface of high roughness generally presents a
low contact angle. Oxidized aluminum by the salt spray test increased the roughness of the surface,
and the increased roughness reduced the contact angle. After anodizing, a nanoporous structure was
generated. The produced nanoporous structure by anodizing decreased the contact angle. After oil
impregnation on the AAO surface, the contact angle was increased. We assumed that the oil entirely
covered the surface of the AAO. The contact angle on the surface of the AAO-O-SST was significantly
increased after the salt spray test. It could be imagined that some oil remained on the nanoporous
structure after the salt spray test as shown in Figure 8e. If there was no oil remaining on the surface of
the AAO-O-SST, the contact angle would be similar to the contact angle of the AAO. When the oil
layer was completely covered on the top of the surface of the AAO-O-SST, the contact angle would be
similar to the contact angle of the AAO-O. The contact angle of the AAO-O-SST had a similar contact
angle to the bare aluminum because the exposed nanoporous structure held the droplet.

Figure 8. Schematic cross-section diagram of bare aluminum, bare aluminum-SST (salt spray test),
AAO (anodic aluminum oxide), AAO-O (oil impregnation), AAO-O-SST (salt spray test) surfaces.

This study analyzed the interfacial tension between the proposed surfaces and water. The interfacial
tension shows the adhesive force between the liquid phase of one substance and the liquid, solid or
gas state of another element. When there is high interfacial tension, the water spreads on the surface.
The high interfacial tension indicates a hydrophilic surface, whereas little interfacial tension shows
a hydrophobic surface. Therefore, the high interfacial tension poses a low contact angle, and the
low interfacial tension has a high contact angle. The interfacial tension was calculated by proposed
equations from previous studies.

We employed the formulas in the Smith et al. study [30] to calculate the interfacial tension between
the water and the proposed surfaces. The formula for the interfacial tension between the aluminum
surfaces and the water is indicated in Equation (1). The formula for the interfacial tension between
the AAO surfaces and the water is shown in Equation (2). Equation (3) shows the formula for the
interfacial tension between the AAO-O-SST surfaces and the water. Since we assumed that the oil on
the surface of the AAO-O-SST was thoroughly infused, the interfacial tension between the aluminum
and the oil was not taken into account.

γsw = σs + σw − 2
√
σs · σw (1)

γAw = rγsw (2)

γASw = fγsw + (1− f )γow (3)

where γsw is interfacial tension between the solid (aluminum) and the liquid (water), γow is that
between the oil and the water, γAw is that between the AAO surfaces and the water, and γASw is that
between the AAO-O-SST surfaces and the water. σs is the surface free energy of the solid, and σw is the
surface tension of the liquid. r is the roughness factor which is the ratio of the total surface area to
the projected area of the solid in contact with liquid, and f is the fraction of the projected area of the
surface that is occupied by the solid.

101



Appl. Sci. 2019, 9, 3762

The roughness factor (r) was calculated by Equation (4).

r = 1 +
2π · a

2 · h
(a + b)2 (4)

where a, b, and h are the pore diameter, edge-to-edge spacing, and the height, respectively. a and b were
30 and 70 nm, and h was 15 μm. f is predicted to be 0.65 using the FE-SEM image of the AAO surface.

There are various models to predict the interfacial tension between different substances and
phases: Owens–Wendt–Rabel–Kaelble (OWRK), Wu, Oss and Good (acid-base), Fowkes, and Extended
Fowkes [36,37]. This study employed the Fowkes model. Although the Extended Fowkes model
furthermore consideres polar interactions and a hydrogen bonding fraction as shown in Equation (5),
those two fractions are insignificant in these cases. The surface tension of water, aluminum, and oil are
72.8, 45.0, and 25.0 mN/m, respectively. The dispersion contribution of water is 21.8 mN/m.

γαβ = σα + σβ − 2
(√
σD
α · σD

β +
√
σP
α · σP

β +
√
σH
α · σH

β

)
(5)

where α is aluminum or oil, and β is water. σD is the dispersion force contribution, and σP is the polar
interaction. σH indicates the hydrogen bonding fraction.

The diagrams of the proposed surfaces and the interfacial tensions are tabulated in Table 1.
The interfacial tension of bare aluminum and AAO-O-SST showed relatively low values, whereas
that for AAO noted a considerably high value. As indicated before, the surfaces of aluminum and
AAO-O-SST had a relatively high contact angle. Since the high contact angle means low interfacial
tension, the calculated results of interfacial tension agreed with the results of the contact angle.
The interfacial tension of the AAO-O-SST was slightly less in value than that of bare aluminum, and the
contact angle of the AAO-O-SST was slightly higher than that of bare aluminum. The interfacial
tensions at AAO had a significantly high value due to the high roughness factor. The deep pore depth
caused the high roughness factors.

Table 1. Interfacial tensions between water and bare aluminum, AAO (anodic aluminum oxide), and
AAO-O-SST (oil impregnation—salt spray test).

Bare Aluminum AAO AAO-O-SST

Diagram

   
Interfacial tension

(mN/m) 55.2 7853.0 53.7

3.2. Cylindrical Shape

Contact Angle of Cylindrical Shape

Figure 9 indicates the contact angles of AAO, AAO-O, and AAO-O-PT (pressure test) for the
cylindrical shape of aluminum 7075. After anodizing, the contact angle was decreased. After oil
impregnation, the contact angle was increased to 50.0◦ ± 4.4◦ like that in the plate shape. The contact
angle of the AAO-O-PT was approximately 89.1◦ ± 13.6◦. Although the pressure test was conducted
on AAO-O, the contact angle was increased by 39.1◦. This result showed that some oil remained in
the nanoporous structure, even though the oil on the top of the nanoporous structure was removed.
The combination of the nanoporous structure and the oil in the pores caught the water droplet.
Therefore, the high contact angle was investigated in the case of oil impregnation.
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Figure 9. Contact angles of AAO (anodic aluminum oxide), AAO-O (oil impregnation), and AAO-O-PT
(pressure test) surfaces for cylindrical shape of aluminum 7075.

3.3. Comparison of Plate with Cylindrical Shapes

The cylindrical shape indicated a similar tendency to the plate shape. Although the contact angle
of AAO was low in both shapes, they were increased by the oil impregnation. The salt spray test and
the pressure test eliminated the covered oil on the top of the nanoporous structure, but could not
remove the oil in the pores. The combination of the exposed nanoporous structures and the oil filled in
the pores increased the contact angle significantly. These results showed that the oil impregnation on
the AAO surface of aluminum 7075 in both shapes increased the corrosion resistance.

4. Conclusions

This study analyzed the corrosion resistance of the oil impregnated AAO surface of aluminum
7075 to suggest a way to improve the corrosion protection for subsea application. The cylindrical
shape was investigated as well as the plate shape. The contact angle was measured, and the interfacial
tension between the water and the surfaces were calculated using the proposed equations. The salt
spray test was conducted in the case of the plate shape, whereas the pressure test was carried out in
the case of the cylindrical shape. Although salt spray and pressure tests were conducted, the oil in
the pores of the AAO surface remained. The contact angle of the oil impregnated AAO surface was
increased after the salt spray and pressure tests. That is, the nanoporous structure and the remaining
oil in the pores help to maintain a high contact angle. The calculated interfacial tension coincided with
the measurement of the contact angle. Corrosion was not indicated in the oil impregnated AAO surface
for the 720 h salt spray test. The impregnated oil in the pores can endure a high-pressure condition
(600 bar). Enhanced aluminum 7075 by AAO and oil impregnation can be used for subsea equipment.
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Abstract: Poly(phenylene methylene) (PPM) is a thermally stable, hydrophobic, fluorescent
hydrocarbon polymer. Recently, blended PPM has been proposed as a valuable anti-corrosion
coating material, and, in particular, rheological additives such as external plasticizers resulted crucial
to prevent crack formation. Accordingly, to avoid common problems related to the use of external
plasticizers, the development of PPM-related copolymer-based coatings containing n-octyloxy side
chains and their anti-corrosion behavior were explored in this study. The aluminum alloy AA2024,
widely employed for corrosion studies, was selected as a substrate, covered with a thin layer of a
polybenzylsiloxane in order to improve adhesion between the underlying hydrophilic substrate and
the top hydrophobic coating. Gratifyingly, coatings with those copolymers were free of bubbles
and cracks. The n-octyloxy side-chains may be regarded to adopt the role of a bound plasticizer,
as the glass transition temperature of the copolymers decreases with increasing content of alkoxy
side-chains. Electrochemical corrosion tests on PPM-substituted coatings exhibited good corrosion
protection of the metal surface towards a naturally aerated near-neutrally 3.5% wt.% NaCl neutral
solution, providing comparable results to blended PPM formulations, previously reported. Hence,
the application of rheological additives can be avoided by use of proper design copolymers.

Keywords: poly(phenylene methylene) coatings; PPM-related copolymer; rheological additive-free
polymer formulation; AA2024; corrosion protection; electrochemistry

1. Introduction

Poly(phenylene methylene) (PPM) is a hydrocarbon polymer with the general formula
(C6H4[CH2])n. It is structurally located between polyethylene and polyphenylene, consisting of
an alternating sequence of phenylene and methylene units (Figure 1a). Remarkably, it exhibits a rather
unique combination of material properties. Besides high hydrophobicity [1], it is highly thermally
stable (onset of decomposition temperature at 450–470 ◦C) [2–5] and fluorescent [6]. This optical
property, unusual for a non-conjugated polymer such as PPM, was attributed to homoconjugation [6].
The rare phenomenon of homoconjugation can arise under particular geometric conditions when
conjugated π-orbital systems interact with each other, even though they are electronically separated by
an insulating methylene group [7,8], as illustrated in Figure 1b.
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Figure 1. (a) Repeating units of poly(phenylene methylene) (PPM), (b) schematic representation
of homoconjugation in PPM: p-orbitals of phenylene rings overlap even if they are electronically
separated by methylene group, (c) scheme of the synthesis of random copolymers based on PPM
obtained by mixing different fractions (n and m, m/(m+n) = 5.3% mol/mol or 11.2% mol/mol) of benzyl
chloride and its derivative (4-octyloxybenzyl chloride), and structure of a sequence of the resulting
random copolymers.

Moreover, importantly, PPM has also been shown to be effective in corrosion protection, however,
only when blended with rheological additives, such as polysiloxanes and benzylbutyl phthalate, as an
external plasticizer in order to prevent cracking of the surface due to the stiffness of the polymer [1].
Notably, the principal aim of plasticizers is to ameliorate the elasticity and processability of polymers
by lowering the second order transition temperature (glass transition temperature), thus decreasing
the tendency of coatings to formation of cracks [1,9]. More specifically, external plasticizers are low
molar mass compounds which are dispersed in the polymeric matrix spreading the polymer chains
apart [10]. Thus, plasticizers depress the polymer–polymer secondary interactions into the polymeric
matrix enhancing the mobility of the polymer chains, resulting in a softer material which can be easily
deformed. However, due to the weak interactions between polymer chains and external plasticizers, the
plasticizer can leave the material matrix by evaporation, migration or extraction, and upon exposure to
UV light the plasticizer can degrade and subsequently also initiate degradation of the polymer [11,12].
Further, external plasticizers can increase the erodibility of the coating, thus reducing the material’s
lifetime [10,12].

However, migration of external plasticizers and the film-forming properties of polymers can
be managed by application of polymer-bound molecules which can quasi be regarded as internal
plasticizers [13]. In particular, the presence of bulky side chains along the polymer backbone lowers
the internal forces between the polymer main chains [13,14].

In this way, we sought to design a copolymer based on phenylene methylene units for corrosion
protection, by inserting different fractions of n-octyloxy side chains into the PPM backbone. The
poly(phenylene methylene) derivative was synthesized by copolymerization of a mixture of benzyl
chloride and variable fractions of 4-octylbenzyl chloride in presence of tin tetrachloride as catalyst,
analogously to the synthesis of PPM itself [2].

Hence, in this presented work, the preparation of corrosion-resistant PPM-related coatings
on pretreated aluminum alloy AA2024 containing different molar fractions of n-octyloxy side
chains (Figure 1c) were prepared to explore the efficacy of long alkoxy side-chains as a reliable
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alternative to rheological additives. Accordingly, the ability of PPM derivatives in anti-corrosion
protection was examined by coating pretreated aluminum alloy samples (AA2024) and studying their
behavior in a naturally aerated near-neutral 0.6 M sodium chloride solution anodic polarization and
potentiostatic polarization techniques. Additionally, thermal stability and glass transition temperature
of the copolymers were investigated by thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC).

2. Materials and Methods

2.1. Reagents and Solvents

Benzyl chloride stabilized by propylene oxide (99%), tin(IV) chloride, phosphoric acid (85%),
thionyl chloride (99%), sodium sulfate (99%) and chloroform were purchased from Sigma Aldrich
(Buchs, Switzerland), benzyltriethoxysilane from Fluorochem (Hadfield, UK), 4-hydroxybenzaldehyde
(98%) and 1-bromooctane (98%) from abcr (Karlsruhe, Germany), sodium borohydride (98%) and
tetrahydrofuran (CROMANORM) from VWR Chemicals BDH (Leuven, Belgium), acetonitrile (99.9%),
dichloromethane (99.8%), sodium hydroxide (98.66%) and potassium hydroxide (86%) from Fischer
Chemicals (Loughborough, UK), and methanol (98%) from Merck (Darmstadt, Germany).

2.2. Apparatus

1H NMR spectra were recorded on a Bruker AV 300 MHz (Billerica, MA, USA) instrument using
CDCl3 as solvent. Chemical shifts (δ) for 1H spectra are expressed in ppm relative to internal Me4Si as
standard. Signals were abbreviated as s, singlet; d, doublet; t, triplet; m, multiplet.

Elemental analysis was performed by the Microanalytic Laboratory of Organic Chemistry (LOC)
at ETH Zürich.

Gel permeation chromatography (GPC) analysis were performed by using Viscotek GPC system
(Malvern, Worcs, UK) equipped with a pump and degasser (GPCmax VE2001, 1.0 mL min−1 flow
rate), a detector module (Viscotek 302 TDA) and three columns (2× PLGel Mix-C and 1× ViscoGEL
GMHHRN 18055, dimensions 7.5 × 300 mm for each column) using tetrahydrofuran as an eluent.

Rheology measurements were carried out using an Anton-Paar MCR-302 rheometer with parallel
plates (Graz, Austria), at a temperature of 120 ◦C. Complex viscosity was measured collecting 10 points
at angular frequencies starting from 0.23–22 rad s−1 applying 5% of strain.

For thermogravimetric analysis (TGA), a Mettler Toledo TGA/DSC 3+ STARe system instrument
(Mettler-Toledo, Schwerzenbach, Switzerland) was used heating the samples from 25 to 1000 ◦C with a
heating rate of 10 ◦C min−1 under nitrogen atmosphere.

Differential scanning calorimetry (DSC) was carried out with a Mettler Toledo DSC822e instrument
(Columbus, OH, USA) using a cooling and heating rate of 10 ◦C min1 under nitrogen atmosphere.

Pictures of polymer-coated AA2024 samples were obtained with an optical microscope (Wild
Photomakroskop M400, Switzerland) equipped with a digital camera, combined with a portable UV
lamp emitting at 395 nm (4 W, Lighting EVER).

Scanning Electron Microscopy (SEM)was performed with a LEO Gemini 1530.

2.3. Synthesis of 4-Octyloxybenzyl Chloride

4-Octyloxybenzyl chloride was synthesized according to the literature [15,16] as follows:
4-hydroxybenzaldehyde (0.16 mol, 20 g) was dissolved together with potassium hydroxide (0.2 mol,
11.12 g) in acetonitrile (270 mL) in a three-necked flask. The reaction was stirred at room temperature
and heated to reflux at 90 ◦C. 1-Bromooctane (0.15 mol, 27 mL) was then added during 1 h and
the reaction mixture was vigorously stirred overnight. Thereafter, the mixture was cooled to room
temperature and quenched with 250 mL of water, transferred to a separatory funnel and extracted
with hexane (200 mL). The organic layer was washed twice with 30 mL of NaOH solution (10% in
mass) and finally with water (three times 30 mL). The organic phase was dried over anhydrous sodium
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sulfate and concentrated in a rotary vapor at 300 mbar (40 ◦C) giving 4-octyloxy benzaldehyde as a
pale-yellow oil (25.1 g, 0.11 mol, yield: 70%). 1H NMR (CDCl3): δ = 0.88 (t, 3H, CH3), 1.19–1.55 (m,
10 H, 5 CH2), 1.74–1.84 (m, 2H, CH2), 4.01 (t, 2H, CH2O), 6.65–6.98 (d, 2H, Ar), 7.79–7.82 (d, 2H, Ar),
9.85 (s, 1H, COH) ppm.

Afterwards, 4-octyloxy benzaldehyde (25.1 g, 0.107 mol) was dissolved in tetrahydrofuran (THF)
(20 mL) and added dropwise to a stirred suspension of NaBH4 (8.1 g, 0.2 mol) in dry THF (140 mL)
at 0 ◦C. The reaction mixture was then warmed up to room temperature and stirred overnight. The
reaction mixture was quenched with 50 mL of water and the organic layer was separated, washed with
water (three times) and dried over anhydrous sodium sulfate [17]. The solvent was then removed by
evaporation at 11 mbar and 40 ◦C, giving a white solid that was dissolved in 5 mL of THF and poured
into 400 mL of water under stirring. The white precipitate was filtered (cellulose filter) and the cake
was dried under vacuum (0.7 mbar) to give 4-octyloxybenzyl alcohol as a white powder (0.08 mol,
20.14 g, yield: 80%). 1H NMR (CDCl3): δ = 0.86–0.91 (t, 3H, CH3), 1.20–1.49 (m, 10 H, 5 CH2), 1.73–1.82
(m, 2H, CH2), 3.93–3.95 (t, 2H, CH2OAr), 4.61 (s, 2H, CH2OH) 6.87–6.90 (d, 2H, Ar), 7.26–7.29 (d, 2H,
Ar) ppm. C15H24O2 (236.35 g mol−1): calcd. C 76.23, H 10.23, found C 76.18, H 10.12.

Subsequently, 4-octcyloxybenzyl alcohol (0.03 mol, 7.08 g) was dissolved in dichloromethane
(200 mL) and thionyl chloride (0.036 mol, 4.26 g) was added to the solution dropwise at 0 ◦C. The
mixture was then stirred at the same temperature during 2 h and the reaction was subsequently
quenched with water (100 mL). The organic layer was extracted, washed with water (40 mL) and
saturated aqueous sodium hydrogen carbonate (140 mL) and dried over anhydrous sodium sulfate. The
dichloromethane was evaporated at reduced pressure (100 mbar at 40 ◦C) obtaining 4-octyloxybenzyl
chloride as a yellow pale oil (0.016 mol, 4.16 g, yield: 54%). 1H NMR (CDCl3): δ = 0.89–0.93 (t, 3H,
CH3), 1.31–1.49 (m, 10 H, 5 CH2), 1.75–1.84 (m, 2H, CH2), 3.94–3.98 (t, 2H, CH2OAr), 4.57 (s, 2H,
CH2Cl) 6.87–6.90 (d, 2H, Ar), 7.29–7.32 (d, 2H, Ar) ppm. C15H24OCl (254.80 g): calcd. C 70.71, H 9.10,
found C 70.92, H 9.22.

2.4. Synthesis of the Octyloxy-Containing PPM Derivatives

Copolymerization of benzyl chloride in presence of 4-octyloxybenzyl chloride was performed
with two ratios of the comonomers, 5.3% mol/mol and 11.2% mol/mol of 4-octyloxybenzyl chloride,
respectively. First, propylene oxide stabilizer (0.25% w/v) was removed exposing benzyl chloride to
vacuum (0.7 mbar) overnight. The removal of propylene oxide stabilizer was verified by 1H NMR
spectroscopy by disappearance of signals of propylene oxide at 2.96, 2.73, 2.41, and 1.31 ppm. In the
case of 5.3% mol/mol, 1.58 g (1.6 mL, 6.2 mmol) of 4-octyloxybenzyl chloride was added under nitrogen
atmosphere to 14.9 g (13.7 mL, 118 mmol) of destabilized benzyl chloride in a 100 mL three-neck
flask equipped with a mechanical stirrer. In the case of 11.2% mol/mol, 1.49 g (1.50 mL 5.84 mmol) of
4-octyloxybenzyl chloride were added under nitrogen atmosphere to 6.1 mL (52 mmol) of destabilized
benzyl chloride in a 100 mL three-neck flask equipped with a mechanical stirrer. Thereafter, the
respective mixtures were heated up to 60 ◦C and 0.05 mL (0.46 mmol) of SnCl4 was added. The
copolymerizations were carried out under nitrogen flow of 0.4–0.5 mL min−1 to allow the produced
HCl to leave the reaction environment. After 3 h, due to the increase of viscosity, the temperature was
risen to 120 ◦C for 3 h and subsequently to 180 ◦C for 17 h. During the reaction, the color shifted from
deep red after the addition of SnCl4 to clear amber at the end of the reaction. Afterwards, the mixture
was cooled down to room temperature and the product was solubilized in 10 mL of THF. This solution
was then poured into 400 mL of methanol under vigorous stirring, and after 4 h, the obtained powder
was filtered through a cellulose filter and dried under vacuum (10−2 mbar) for 12 h, yielding 3.87 g and
13.26 g of product, respectively, containing 13.4% and 6.1% of the octyloxy repeat units, respectively, as
obtained from 1H NMR spectra (see below). Accordingly, yields of 63% and 75%, respectively, were
calculated in the case of 13.4% and 6.1% octyloxy repeat unit.

110



Appl. Sci. 2019, 9, 3551

2.5. Preparation of Coated AA2024

Sheets of 12 cm in length, 3 cm in width and 4 mm in thickness of high strength aluminum alloy
AA2024 (4.3%–4.5% copper, 1.3%–1.5% magnesium, 0.5%–0.6% manganese and less than 0.5% of other
elements) were provided by Aviometal s.p.a (Varese, Italy) and used as substrate.

Samples of 4 cm in length were cut and subsequently polished with abrasive papers of 300, 500,
800, 1200, and 4000 grit. Immediately after polishing, the samples were cleaned by immersion in
ethanol in an ultrasonic bath (Banderlin, Berlin, Germany) for 5 min. Then AA2024 samples were
removed from the ethanol bath and the residual alcohol at the surface was evaporated by means of a
flush of nitrogen.

A layer of benzyltriethoxysilane was applied by spin coating (3500 rpm, 30 s) on freshly cleaned
AA2024 samples and subsequently heated up to 100 ◦C for 1 min, whereupon condensation of
benzyltriethoxysilane to respective polysiloxanes proceeded [1]. These samples were finally coated
with substituted PPM as described in the section Results and Discussion, using about 100 mg of polymer.

2.6. Electrochemical Characterization of Coated AA2024

The anticorrosion ability of the PPM derivatives as thin protective films was studied by means of
electrochemistry techniques, carrying out tests on AA2024 samples coated with the two copolymers
(6.1% mol/mol and 13.4% mol/mol). The protocol for the coating deposition is described in the Results
and Discussion section.

Electrochemical corrosion tests were conducted in a naturally aerated near-neutral simulated
marine environment prepared by dissolving 0.6 mol L−1 sodium chloride (≥99.0%, Sigma-Aldrich) in
MilliQ® water. The pH value was adjusted to 6.7 ± 0.1 by adding few drops of 0.2 mol L−1 sodium
hydroxide solution to the stock solutions. All the experiments, if not otherwise stated, were carried out
at ambient temperature (24 ± 3 ◦C, with a variation lower than 2 ◦C during each single run). In all cases,
the operative temperature was below the glass transition temperature of PPM derivatives (see below).

The apparatus used for the measurements consisted of a glass cell with a hole (1 cm in diameter) in
the middle of the flat bottom part which assures the contact between the coated metallic plate (working
electrode, exposed area 0.78 cm2) and the working solution (0.6 M NaCl). The sealing was guaranteed
by a bi-adhesive layer (a2 Soluzioni Adesive, Italy) pressed between the sample and the bottom of
the cell. The electrochemical setup also included a platinum coil as counter electrode and an aqueous
saturated calomel electrode as reference one (ESCE = 0.242 V vs. SHE). The latter was inserted into a
glass double bridge (filled with the same working solution) ending with a Luggin capillary aimed to
minimize the ohmic drop between working and reference electrode. No instrumental compensation of
the residual ohmic drop was performed.

The electrochemical characterization included both potentiodynamic and potentiostatic methods.
The former consisted of a single anodic polarization scan, sweeping the potential from OCP to 2.5 V
vs. SCE, at a scan rate of 10 mV min−1 (each run lasting ca. 5.5 h). A limit current density of
4 mA cm−2 was imposed, thereafter the scan was automatically aborted independently by the
achievement of the final potential. The second characterization implies the application of a constant
potential to the metallic sample and the recording of the current flow between working and counter
electrode. In our experiments, an oxidizing potential of 0 V vs. SCE was applied for 24 h.
Potentiodynamic and potentiostatic curves were recorded after an initial delay time of 600 s for
assuring the equilibration of the system at OCP.

Some potentiodynamic curves were recorded also at a fixed temperature of 35 ◦C, just above the
glass transition temperature of the modified PPM (see Results and Discussion). For these experiments,
a suitable cell surrounded by a jacket filled by a flux of water controlled by a thermostat (Haake CH
Fisons coupled to a Haake F3 Fision) was adopted.
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3. Results and Discussion

3.1. Synthesis and Structural Characterization

PPM-based copolymers containing n-octyloxy side chains were obtained by mixing the
comonomers benzyl chloride and 4-octyloxybenzyl chloride at two ratios, 5.3% mol/mol and
11.2% mol/mol, respectively, and polymerization was subsequently carried out under the conditions
reported in the Materials and Methods section. For both ratios the number-average molar masses
of the resulting copolymers (Mn) amounted to about 2500 g mol−1 and the weight-average molar
masses (Mw) to about 5400 g mol−1, resulting in polydispersity indices (PDI=Mw/Mn) of about 2.2–2.3
(Table 1). Notably, the fluorescence observed for PPM itself also emerged in the copolymers (Figure 2).

Table 1. Molar masses of copolymers prepared from benzyl chloride and 4-octylbenzyl chloride
(6.1% mol/mol and 13.4% mol/mol).

Sample Mn (g mol−1) Mw (g mol−1) PDI (Mw/Mn)

6.1% octyloxy units 2438 5402 2.21
13.4% octyloxy units 2382 5496 2.3

Figure 2. Photographs taken under UV-light illumination of PPM and its derivatives solutions in
chloroform (≈0.5% m/m, 2 cm diameter of the vials): PPM (left), copolymer containing 13.4% (center)
and 6.1% (right).

The presence of octyloxy groups in the copolymers was assessed with 1H NMR spectroscopy. With
regard to the reported values of PPM [18,19], 1H NMR spectra of the copolymers showed the aromatic
resonances (HAr) in the typical region of 6.8–7.2 ppm. The position of the bridging methylene signals
(Hm) at 3.9 ppm differed from that of the corresponding signals of the CH2Cl group of the comonomers
at 4.5 ppm (Figure 3). Notably, the presence of the signals corresponding to the alkoxy chains (HAlk) in
the region of 0.5–1.5 ppm confirms the inclusion of octyloxy side chains into the polymers. Furthermore,
the ratio between integrated peak areas of alkyl signals (HAlk) and those of the methylene bridges
(Hm) were used to calculate the effective molar composition of the copolymers. The obtained values
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showed somewhat higher molar ratios of constitutional repeat units of the octyloxy groups (13.4% and
6.1%) than the comonomer ratio employed for the reaction (11.2% and 5.3% respectively). Obviously,
polymers with a higher fraction of unsubstituted phenylene methylene units were removed during
sample workup with somewhat higher preference.

Figure 3. 1H NMR spectra. From the bottom to top: 4-octyloxybenzyl chloride (blue line), copolymer
with 6.1% mol/mol (red line), and 13.4% mol/mol 4-octyloxybenzyl-containing constitutional repeat
units (green line).

3.2. Thermal Analysis

Thermogravimetric analysis of the polymers carried out under ambient atmosphere revealed
an onset of thermal decomposition at about 380 and 400 ◦C respectively for PPM containing
13.4% mol/mol and 6.1% mol/mol of repeat units with alkoxy side chains, respectively, while the
maximum decomposition rates were observed at 482 ◦C (for 13.4%) and 508 ◦C for (for 6.1%), compared
to 510–515 ◦C for PPM itself [5,18].

Differential scanning calorimetry (DSC) performed with the copolymers revealed in each case only
a single glass transition temperature (Table 2). The glass transition temperature (Tg) of the copolymers
decreases as the fraction of the octyloxy side chains along the polymeric backbone increases. The pure
PPM of Mn = 2400 g mol−1 features Tg≈ 55 ◦C [2] while the PPM derivative containing 6.1% and 13.4%
mol/mol of octyloxy side-chains exhibited Tg values of 48 and 31 ◦C, respectively (Table 2). This is likely
due to the relative difference in mobility of the polymer chains, whose motion is progressively enhanced
with the increase of the concentration of octyloxy substituents, leading to the corresponding decrease of
Tg [20]. Moreover, the lack of any thermal transition beyond the glass transition temperature indicates
that the copolymers are amorphous like PPM itself [6].
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Table 2. Glass transition temperatures (Tg) and the difference between the temperature T applied
in rheology experiments (120 ◦C and Tg), of PPM and copoylmers with (6.1% and 13.4% octyloxy
groups, respectively.

Sample Tg (◦C) (T-Tg) (◦C)

PPM 55 65
6.1% octyloxy units 48 71
13.4% octyloxy units 31 89

3.3. Rheology

Dynamic rheological data of molten PPM and the related copolymers were obtained from frequency
sweeps over the range of 0.3–22 rad s−1 at 5% strain at the temperature of 120 ◦C (the temperature of
coating application). The applied 5% strain was confirmed to be within the linear viscoelastic region
by strain sweep measurements. The complex viscosity (η*) of PPM and the copolymers are shown in
Figure 4. The copolymer containing 6.1% mol/mol of n-octyloxy repeat units revealed a slight decrease
of viscosity compared to PPM itself, while increasing the fraction of units with n-octyloxy side-chains to
13.4% mol/mol led a pronounced drop of viscosity (decrease by order of magnitude). It has to be noted
that the measurements were performed at the film processing temperature (see below) which is well
above the glass transition temperature of the polymers (Table 1). It appears, therefore, in agreement
with glass transition temperatures, that n-octyloxy side-chains act as spacers between the polymer
backbones decreasing the cumulative intermolecular forces along the polymer chains, thus inducing a
decrease in viscosity.

Figure 4. Effect of n-octyloxy side chains on the complex viscosity. From top to bottom: PPM (pink
line), 6.1% mol/mol octyloxy units (blue line) and 13.4% mol/mol octyloxy units (black line).

3.4. Coatings

Coatings of the copolymers were manufactured by pressing polymer powders onto a
silane-pretreated [1] AA2024 specimen, using polyetheretherketone (PEEK) foil to separate the
PPM-based polymers from the pressing instrument. Pressing was performed for both copolymers
(6.1% mol/mol and 13.4% mol/mol octyloxy units) at a temperature of 120 ◦C for 30 s. The thickness
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of the resulting films was about 30 μm (Figures S1 and S2), and the coatings appeared very uniform
and homogeneous although no rheological additive was added (Figure 5). Notably, at the processing
temperature, the low viscosity of the molten polymer with 13.4% mol/mol octyloxy units enhances
self-diffusion within the polymeric matrix, and therefore, during film formation, the cohesion between
the polymer chains, and thus, coalescence are promoted [20]. Moreover, polymers which contain
side chains that do not strikingly hinder self-diffusion may have a greater cohesive strength than
non-branched polymers, based on a firmer anchoring of such macromolecules in the polymeric
matrix [20].

Figure 5. PPM derivatives coatings on polybenzylsiloxane-modified AA2024. (a) Surface coated with
CO-PPM containing 13.4% of 4-octyloxy side-chains. (b) Surface coated with CO-PPM containing 6.1%
of 4-octyloxy side-chains.

Remarkably, it is common knowledge that corrosion inhibition may also be favored by the
hydrophobic behavior of polymer coatings and the homogeneity of their surface. Advancing and
receding contact angles of water on copolymer coatings confirmed the low wettability of the protective
films (Table 3). Moreover, the remarkably low contact angle hysteresis (4◦ and 1◦, for 6.1% mol/mol
and 13.4% mol/mol octyloxy units) indicates a very smooth and uniform surface (notably, the contact
angle hysteresis was even lower than that on AA2024 itself) [1].

Table 3. Contact angles.

Sample Advancing Receding

6.1% octyloxy units 104◦ 100◦
13.4% octyloxy units 102◦ 101◦

AA 2024 (1) 55◦ 41◦
1 literature data [1].

3.5. Protective Behavior of PPM-Based Coatings against Corrosion of AA2024

The coatings of the copolymers are an electrical insulating layer deposited on the silane treated
surface of aluminum AA2024. Thus, the protective action of the coating against corrosion of the
metallic substrate is merely due to a physical barrier effect, aimed to prevent the direct contact between
the aggressive environment (i.e., naturally aerated near-neutral 3.5 wt.% NaCl aqueous solution) and
the underlying aluminum surface.

Polarization scans are a useful electrochemical method to compare the barrier properties of the
here prepared PPM-based coatings containing 6.1% mol/mol and 13.4% mol/mol repeat units with long
alkoxy side chains that, extending from the main polymer backbone, act as an internal plasticizer.
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Contrary to single-cycle polarization technique (commonly called pitting scan), in which an anodic
scan is immediately followed by a backward one, which has been recognized as a valuable tool for the
detailed corrosion morphology analysis of aluminum [21–23], anodic polarization provides a faster
but more qualitative method to study the corrosion phenomena. In this work, the recorded current
density was exploited as a diagnostic parameter to identify the occurrence of localized corrosion.

In the case of the copolymer with 6.1% octyloxy units, excessive porosity (Figure 5b) and/or
presence of cracks in the polymer layer resulted into a worst physical barrier effect, in turns detected by
a current increase during the polarization test (Figure 6a) due to localized (i.e., pitting) corrosion, thus
resulting in aluminum dissolution. This well-known corrosion phenomenon to which Al is susceptible
in the presence of chlorides occurs already at OCP for bare aluminum (Figure S3), resulting in a quick
increase of the current density to values of many Ma cm−2 already at –0.6 V vs. SCE [21–23]. The
resulting shift toward more positive potentials for the abrupt increase of the current density for the
coated metal (Figure 6a) with respect to the bare one (Figure S3) is due to the barrier-like protective
property of the PPM coatings. Therefore, current densities 106 times lower (i.e., few Na cm−2) are
maintained at potentials even more positive than the OCP and the critical pitting potential of bare
AA2024, resulting into a significantly increased resistance towards the aggressive environment.

 

(a) 

(b) 

 

(c) 

 
1 cm 

Figure 6. (a) Anodic polarization curves for AA2024 coated with copolymer with 6.1% (blue lines) and
13.4% ocytyloxy units (black lines) in naturally aerated near-neutral 0.6 M NaCl solution. Right: Optical
microscope pictures (under 395 nm light irradiation) of samples coated with copolmyer containing
6.1% (b) and 13.4% octyloxy units (c) after polarizations tests.

Best anodic polarization curves recorded for silane treated AA2024 coated with a layer of 6.1%
and 13.4% octyloxy units are presented in Figure 6a, where the scans started from OCP (between
–0.78 and –0.61 V vs. SCE) as detected after 600 seconds of equilibration between the samples and the
solution. For sake of reproducibility, different samples of each copolymer were tested. All data are
reported in the Electronic Supporting Information (Figures S4 and S5).

While at the more negative potentials both types of copolymers assure a comparable good
protection of the underlying AA2024 (current densities around 10 nA cm−2), the coating prepared with
a lower amount of the comonomer exhibited an abrupt increase of the current density starting at ca.
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–0.50 V vs. SCE (Figure 6a and Figure S4). This sudden and almost monotonic increase of current (from
nA cm−2 to mA cm−2 within 1 V) is a proof of the limited protection ability of the copolymer with 6.1%
octyloxy units, that invariably showed defects after the polarization tests, responsible for the direct
metal/solution contact (Figure 6b, and Figures S6 and S7). On the other hand, coatings obtained with the
copolymer containing octyloxy units (13.4%) exhibited almost stable current density of 13–30 nA cm−2

up to at least 2.5 V vs. SCE (Figure 6a and Figure S5). These results are compatible with very good
isolation of the Al surface from the solution by this coating, as a result of an almost complete absence of
cracks and holes (Figure 5a, Figure 6c, and Figures S8, and S9) and a low porosity level. To give a clearer
quantitative comparison, AA2024 in de-aerated near-neutral 3.5 wt.% NaCl (a less aggressive analog
with respect to the aerated solution employed in this study) exhibits passivation current densities
around μA cm−2 [23], i.e., two orders of magnitude higher than those recorded with the copolymer
with 13.4% octyloxy units even applying extremely more oxidizing potentials.

By comparing the performance of the two types of coatings (Figure 6a), it is possible to tentatively
attribute the better barrier effect of the copolymer with 13.4% octyloxy units to the higher content of
long alkyl side chains that act as a more effective plasticizer by increasing compactness, cohesion, and
adhesion ability of the cured films.

As confirmed by DSC (see the previous section), the addition of a comonomer introducing long
side chains resulted in a modified PPM with a glass transition temperature (Tg) of 31 ◦C, lower than
pristine PPM of the same molar mass (around 55 ◦C [1]). Considering that Tg of the copolymers
is comparable to the temperatures that an AA2024 manufacture can encounter in real application,
additional anodic polarization curves were recorded on aluminum alloy samples coated with the
best performing copolymer (13.4% octyloxy groups), by setting the temperature of the 3.5 wt.% NaCl
solution at 35 ◦C, just above the glass transition temperature of the copolymer (Figure S10). The coating,
when operating at T > Tg, showed, on average, worse corrosion-protective behavior with respect to
that at temperatures lower than Tg. The worsening can be attributed to the higher mobility of the
polymer matrix that loses, at least partially, its barrier effect by favoring, for example, the permeation
of the solution toward the underneath aluminum alloy surface.

Stability of the better performing corrosion-protective coating copolymer (13.4% octyloxy units)
was further investigated by applying a constant polarization at 0 V vs. SCE to the aluminum-coated
sample for 24 h in naturally aerated near-neutral 0.6 M NaCl solution (Figure 7). Current density,
starting from some nA cm−2 constantly grew reaching, in three hours, a value around 6 μA cm−2

that remained almost stationary for a relatively long period of time (up to 12 h). After some
hours characterized by high instability, current density started again increasing progressively up to
ca. 100 μA cm−2. The reported trend in the current is coherent with a progressive loss of the barrier
effect by the polymeric coating, attributable to both increasing permeation of solution through pores
and the formation of defects that grow up in time affecting the integrity of the barrier itself. However, it
is apparent that the occurrence of defects is confined to few zones mainly localized close to the borders
where some contributions of crevice corrosion can take place (Figure S11). The characteristic “up and
down” current spikes are potentially attributable to the initiation of small metastable pits.

The corrosion-protective ability of the best formulated “self-plasticized” polymer coating (i.e., 13.4%
octyloxy groups) is in line with the performance already reported for coatings of PPM with addition of
siloxanes as an external plasticizer [1], especially in terms of current densities recorded during anodic
polarization tests (few nA cm−2). This comparison seems to qualitatively confirm that the design of the
self-plasticized PPM approach is a good alternative to the more classical one which is based on the
addition of external plasticizers.
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Figure 7. Current density as a function of time for AA2024 coated with a copolymer with 13.4% octyloxy
units, polarized at 0 V vs. SCE in naturally aerated near-neutral 0.6 M NaCl solution, duration: 24 h.
Inset: Magnification of the first 12 h.

4. Conclusions

Basically, poly(phenylene methylene) (PPM) is a valuable polymer for studies in the area of
corrosion prevention coatings due to its thermal stability, hydrophobicity, and fluorescence. The latter
facilitates optical detection of inhomogeneities, cracks and other defects caused by pit attacks upon
observation under UV-light. However, PPM has to be used with additives, such as plasticizers or
polysiloxanes, in order to enable processing into crack-free coating surfaces. Therefore, we aimed at
the synthesis of copolymers on the basis of PPM which can be processed to coatings without addition
of additives. For this purpose, benzyl chloride and 4-octyloxybenzyl chloride were copolymerized,
using tin (IV) chloride as catalyst. Thus, copolymers with 6.1% mol/mol and 13.4% mol/mol octyloxy
units were obtained. Notably, fluorescence of PPM was preserved in presence of side-chains on the
polymer backbone.

In addition, it was shown that the copolymers are materials with high thermal stability. Further,
the alkoxy chains lead to a decrease of the glass transition temperature of the copolymers, confirming
the plasticizing effect of the substituent. This finding is line with the viscosity drop at higher fraction
of alkyloxy units (13.4% mol/mol).

Gratifyingly, powders of the copolymers can be processed into coatings, providing homogeneous
-crack-free surfaces on pretreated AA2024 substrates. The presence of alkoxy side chains along the
polymer chains enhances the elasticity and the cohesion of the system, and hence the coating can adapt
better to deformation which occurs upon cooling of the coated system prepared by hot pressing.

The isolation of copolymers based on PPM and their corrosion protection ability opens the way
for studies on the application of such materials in the area of corrosion protection and monitoring.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/9/17/3551/s1.
Figure S1: SEM image of cross section of AA2024 coated CO-PPM containing 13.4% mol/mol of 4-octyloxy side
chains. Figure S2: SEM image of cross section of AA2024 coated CO-PPM containing 6.1% mol/mol of 4-octyloxy
side chains. Figure S3: Behavior of uncoated AA2024, in naturally aerated near-neutral 0.6 M NaCl solution.
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Figure S4: Reproducibility tests (anodic polarization) for sample AA2024 coated with PPM_6.1%-OcOx. Figure S5:
Reproducibility tests (anodic polarization) for sample AA2024 coated with PPM_13.4%-OcOx. Figure S6: SEM
image of AA2024 coated CO-PPM containing 6.1% mol/mol of 4-octyloxy side chains. Figure S7: SEM image
of cross section of a defect on AA2024 coated CO-PPM containing 6.1% mol/mol of 4-octyloxy side chains after
polarization. Figure S8: SEM image of AA2024 coated CO-PPM containing 13.4% mol/mol of 4-octyloxy side
chains which shows a uniform and homogenous surface even after polarization (top view). Figure S9: SEM image
of cross section of AA2024 coated CO-PPM containing 13.4% mol/mol of 4-octyloxy side chains after polarization.
Figure S10: Anodic polarization curves for AA2024 coated with PPM_13.4%-OcOx at 35 ◦C. Figure S11: optical
microscope pictures of PPM_13.4%-OcOx under 24h polarization at 0 V vs. SCE.
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Abstract: The protective effect of 3-mercaptoalkyl derivatives of 5-amino-1H-1,2,4-triazole against
corrosion of α-brass in a chloride media was studied using polarization curves, electrochemical
impedance spectroscopy, and full-scale corrosion testing. The brass electrode remains passive up to
the activation potential, which is much higher than in solutions without organic additives, and it
increases with the concentration of the inhibitor. The protection degree of all the studied inhibitors
reaches its maximum of over 99% in solutions with the concentration of the inhibitor Cinh ≥ 0.10 mM.
The protective effect increases with the length of the alkyl chain. All the studied derivatives are
effective against atmospheric corrosion of α-brass. A protective film is formed on the brass surface,
and it most probably includes oxides as well as complex compounds of zinc and copper with the
molecules of the inhibitors. The impedance spectroscopy demonstrated that the presence of the
inhibitor results in a decrease in the double-layer capacitance and an increase in the polarization
resistance, which proves that the protective film actually forms on the brass surface. The quantum
chemical analysis of the optimized molecular structures demonstrates that all the studied inhibitors
should have a similar protective effect, which agrees with the experimental results.

Keywords: brass; chloride; triazole derivatives

1. Introduction

Due to their high thermal conductivity, workability, and low cost, copper and copper-based
alloys are widely used in heat-exchange equipment. Brasses, which are alloys of copper and zinc, are
relatively harder and stronger, but are prone to corrosion in aggressive environments. Apart from the
uniform attack, the most common forms of brass corrosion are selective leaching (dezincification) [1],
stress-corrosion cracking [2,3], and pitting. Selective leaching goes significantly faster in hydrochloric
acid solutions, the rate of dezincification increases at higher temperatures [4]. In neutral chloride
solutions, selective leaching occurs during the early stages of the corrosion process [5]. Corrosion
models [6] demonstrate that, during selective leaching in brasses, zinc anodically dissolves, and as a
result, vacancies and copper adatoms appear on the surface of the alloy. By means of surface diffusion,
they form a highly developed phase characterised by the increased thermodynamic activity of copper [7].
Consequently, the corrosion of brasses becomes pseudo-selective, as both components are ionized
followed by the deposition of copper [8–10]. As opposed to brass corrosion in an acidic environment,
when the ionization/deposition results in the formation of a sponge Cu-metal, neutral chloride solutions
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produce additional multiple surface layers containing oxides of zinc and copper [11–13]. According
to [5,14–16], the formation of such layers from ZnO xH2O, Cu2O, and CuO passivate the surface of
α- and β-brasses in buffer chloride solutions and promotes corrosion resistance. According to [17],
the sublayer resulting from dezincification is rich in corrosion-resistant copper, which also contributes
to the protective effect. This sublayer, however, appears due to the sparingly soluble multicomponent
structure formed when alloys are kept in alkali-chloride solutions for a long time. It is this structure
that effectively protects the material from corrosion attacks when the concentration of chloride ions
is relatively low, with CuCl providing additional protection [18]. When the chloride concentration
reaches a certain critical point, the rate of corrosion increases dramatically due to the formation of
soluble CuCl2- and discontinuity of the passive film. Compared to pure copper, brasses are much more
prone to pitting, as the multicomponent surface layer containing ZnO is less resistant to dissolution in
a corrosive environment [14,15]. In the presence of chloride ions, dezincification and localized attacks
on the surface of α-brass take place simultaneously [19], which adds to the corrosive effect.

Authors [1] suggests deoxygenation of solutions, anodic protection, and doping as methods of
protection of brasses from selective leaching. These methods, however, have a number of drawbacks.
Namely, they require constantly low concentrations of dissolved oxygen, additional sacrificial materials,
or changing the composition of the copper-zinc alloy. These obstacles can be avoided by using
inhibitors, which is quite a common technique to control corrosion of copper and its alloys in water
solutions [20–23]. The protective effect is found in organic compounds containing heteroatoms of
nitrogen, sulphur, phosphorus, and oxygen, polar groups, heterocycles, and benzene rings with
delocalized π-electrons [24–29].

There are quite a number of substances that produce an anti-corrosion effect on brasses.
Thus, quinoline derivatives are effectively adsorbed on α-brass in an acid environment [30], while
aminopropanol derivatives do so in neutral chloride solutions [31]. Diphenylamine derivatives
form thin protective films [32], and phenol derivatives produce self-organizing layers on copper-zinc
alloys [33]. However, the most effective corrosion inhibitors proved to be derivatives of azoles,
widely used to control corrosion of copper, the main component of brasses [34–40]. Thus, adding
1,2,3-benzotriazole (BTA), benzimidazole, pyrazole, or their derivatives to a corrosive environment,
including a chloride environment, results in the formation of a chemisorptive compound [41] or a
multicomponent structure on brass, which, besides copper and zinc oxides, includes polymer systems
with ions Cu(I) and Zn(II) [42–51]. This creates a protective barrier for both metal components of the
copper-zinc alloy and prevents further oxidation and consequent dezincification and pitting of brass.

BTA is known to be toxic [52–54], so various organic and inorganic compounds may be considered
as alternatives. It was found, however, that sodium salt of glycogenic and polyphosphoric acids [55],
as well as chromates, molybdates, tetraborate, tungstates [56,57], and natural aragonite [58], whose
corrosion protection properties were studied, do not protect brasses as effectively as the derivatives of
environmentally friendly 1,2,4-triazole. Thus, the degree of protection of α-brass in hydrochloric acid
solutions with 5-amino-1H-1,2,4-triazole is up to 96% [59]. The effect is accounted for by the formation
of a barrier layer that includes aminotriazole-copper systems and a copper oxide (I).

For neutral chloride solutions, 3-amino-1,2,4-triazole is highly effective, with the Cu-40Zn
brass corrosion inhibition effect increasing in the presence of sulphides [60] or if the inhibitor is
polymerized [61]. The inhibition effect of azoles derivatives can be improved by introducing additional
heteroatoms, such as S, in the structure of the inhibitor. Taking into account that mercapto derivatives
of azoles are biodegradable, they seem to be the most effective and environmentally friendly corrosion
inhibitors for brasses.

Their effectiveness against corrosion of copper in a neutral chloride environment was
demonstrated in experiments with 2-mercaptobenzimidazole [62,63], 2-mercaptobenzoxazole [64],
and 2-mercaptobenzothiazole [65]. Reference [66] demonstrates that mono- and poly-molecular
chemisorption of 5-alkylmercapto-3-amino-1,2,4-triazoles on an oxidised Cu-electrode passivate
copper very effectively. The protective effect of 5-alkylmercapto-3-amino-1,2,4-triazoles in a neutral
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chloride-borate buffer solution is most probably accounted for by the adsorption of the inhibitor from
the solution and the formation of a protective nano-layer of sparingly soluble complex compounds, both
on copper [67] and on Cu-20Zn brass [68]. The critical role of the complex formation in the passivation
of Cu-20Zn brass in solutions containing various aggressive anions and a 2-mercaptobenzothiazole
additive was proved in [69].

The purpose of the paper is to study the corrosion inhibition effect of 3-mercaptoalkyl
derivatives of 5-amino-1H-1,2,4-triazole on α-brass in chloride environments using polarization curves,
electrochemical impedance spectroscopy, full-scale corrosion testing, and quantum chemical simulation.

2. Materials and Methods

Electrochemical measurements were performed at room temperature (~25 ◦C) on brass (Cu/Zn:
63/37) electrodes in an unstirred borate buffer water solution (pH 7.4) with natural aeration, in the
presence of the inhibitor and 10 mM NaCl. A classical electrolytic three-electrode cell with
unseparated electrode spaces was used in order to accelerate transient measurements. Derivatives of
5-amino-1H-1,2,4-triazole synthesised at Voronezh State University were used. Their names, structures,
and solubility in water are given in Table 1.

Table 1. Inhibitor names, structures and solubility in water.

Symbol Name Formula Solubility

A 3-mercaptopropyl-5-amino-1H-1,2,4-triazole
N
H

N

N NH2S >10 mM

B 3-mercaptobutyl-5-amino-1H-1,2,4-triazole
N
H

N

N NH2S

C 3-mercapto(3-methylbutyl)-5-amino-1H-1,2,4-triazole
N
H

N

N NH2S

The saturated silver chloride reference electrode was placed in a separate container connected
to the electrolytic cell by an agar-agar based salt bridge and filled with potassium nitrate saturated
solution. The auxiliary electrode was a platinum grid. The working brass electrode was polished
by K3000 sandpaper, degreased in 96% ethanol, and washed with distilled water. The potentials
of the working electrode (E) are given according to the standard hydrogen electrode (SHE) scale.
The current density i was calculated by dividing the actual current I by the geometric area of the
working electrode (2.25 cm2).

Electrochemical measurements were performed using IPC-PRO potentiostat. In order to remove
the oxide film appearing in air, the working Cu-electrode was polarized at E = −0.60 V for 15 min
prior to the experiment. The electrode was then held in the solution for about 3 to 5 min until the
stable free corrosion potential (Ecorr) established. The working solution was then mixed with an NaCl
solution while stirring, so that the concentration of chloride ions would be CCl

− = 10 mM. The studied
inhibitors were also added to the solution in the concentration of Cinh = 0.01, 0.10, and 1.00 mM. After
the new Ecorr value was established, the I, E polarization curve was registered by scanning the potential
towards either the anodic or the cathodic direction at 0.2 mV/s. Pitting potential (Epit) was identified
by the rapid increase in the current on the anodic polarization curve. Pits were then visually identified
on the surface of the electrode. The measurement error for Epit was below 0.03 V.

The rate of corrosion in current units (icorr) was determined by the polarization resistance technique
as summarized by Mansfeld [70,71]. The polarization curve was previously registered by scanning the
potential from E = Ecorr − 0.03 V to E = Ecorr + 0.03 V at 0.2 mV/s. The polarization resistance Rp was
then calculated as the slope of the polarization curve, replotted in ΔE,i-coordinates (ΔE = E − Ecorr), at
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Ecorr. The polarization curve was then plotted in coordinates 2.3·Rp·i − ΔE, and the Tafel slopes of the
half-reaction on the anode ba and the cathode bc were determined by means of the TableCurve software

as the approximation parameter of the equation 2.3·Rp·i = ba·bc
ba+bc

[
exp
(

ΔE
b′a

)
− exp

(
ΔE
b′c

)]
, which at ΔE = 0

gives icorr. The measurements were performed at least 5 times for each of the studied concentrations of
the inhibitor until the reproducible data was obtained. The data was then statistically analysed.

The effectiveness of the inhibition activity of the derivatives of 5-amino-1H-1,2,4-triazole was
evaluated judging by the protection level:

Zi =
icorr, 0 − icorr, inh

icorr, 0
·100% (1)

where icorr,0 and icorr,inh are the corrosion current density with, and without, the inhibitor, respectively.
The electrochemical impedance spectroscopy (EIS) was performed using the IPC-PRO potentiostat

with a frequency response analyser FRA-2. After Ecorr was stable for 30 min, the frequency dependent
impedance was registered within the range from 0.1 to 5000 Hz with no current. The results were
presented as a Nyquist diagram. The analysis of the obtained results, the selection of the equivalent
circuit, and determining its component values was carried out using DCS software.

Atmospheric corrosion of brass was accelerated by means of salt spray testing in order to determine
the inhibition effect of derivatives of 5-amino-1H-1,2,4-triazole for inter-operational protection of brass
products. The experiments were carried out on brass plates with the surface area S = 20 × 50 mm2 and
the thickness d = 1.00 mm, which were previously polished by K3000 sandpaper and degreased in
acetone. The protective inhibitor films were obtained by holding the brass plates in a water solution
with the inhibitor for 60 min at 60 ◦C. The samples were dried and placed in the cabin at 95–100%
air humidity. A 5% solution of NaCl (pH 6.5 ÷ 7.2, GOST R 52763-2007) was sprayed into the cabin
every hour. The samples were examined 3 times every 24 h in order to register the moment (τcorr) of
appearance of the first signs of corrosion attack.

For microscopic analysis of the surface, a Jeol JSM-680LV scanning electron microscope (Japan) was
used together with Oxford Instrument INCA 250 X-ray microanalysis module (UK) which determines
the chemical composition of the surface layer.

Computational methodology was as follows. All the three molecules are fully optimized using
density functional theory (DFT) with B3LYP functional at 6-311 + G (d, p) basis set in the program
Gaussian 16 [72]. These optimized structures have no imaginary frequencies and hence are situated at
the lowest energy of the potential energy surface. The theoretical calculation also involves determining
HOMO and LUMO energies, and the energy gap along with ionization potential, electron affinity,
electronegativity (χ), absolute hardness (η), and softness (σ) for all the molecules.

Following the density functional theory, the η is defined as [73]:

η =
1
2
∂μ

∂N
=

1
2
∂2E
∂N2 (2)

where μ is the chemical potential, N is the number of electrons, and E is the energy. R. G. Pearson
proposed [73] the following operational definition for absolute hardness

η =
IP− EA

2
(3)

where IP and EA are ionization energy and electron affinity respectively. According to Koopman’s
theorem, IP and EA calculated from orbital energies are defined as

IP = −EHOMO, EA = −ELUMO (4)
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EHOMO and ELUMO are the energies of the highest occupied and the lowest unoccupied molecular
orbitals. Based on the formula given above, the hardness can be represented as a measure of change
resistance of the electron cloud of the chemical system. Softness (σ) is defined as the reciprocal of
hardness. This is an important parameter for chemical reactions since most reactive species have higher
softness value. Electronegativity (χ) is also defined in terms of energies of HOMO and LUMO as

χ =
IP + EA

2
(5)

3. Results and Discussion

The results of measuring Ecorr of a brass electrode in a neutral chloride solution in the presence
of mercaptoalkyl derivatives of 5-amino-1H-1,2,4-triazole are given in Table 2. In the presence of
3-mercaptopropyl-5-amino-1H-1,2,4-triazole (inhibitor A) with the concentration of Cinh = 0.01 mM the
corrosion potential of the electrode decreases slightly. As the concentration of the inhibitor increases
up to 0.10–1.00 mM, Ecorr shifts noticeably to the anodic region.

Table 2. Open circuit potential Ecorr, polarization resistance Rp, corrosion current density icorr,
and degree of protection of brass Zi, in 10 mM NaCl solutions with various 3-mercaptoalkyl derivatives
of 5-amino-1H-1,2,4-triazole.

Inhibitor Cinh, mM Ecorr, V Rp, kΩ·cm2 icorr μA·cm−2 Zi, %

- - 0.111 1.51 ± 0.11 26 ± 4 -

A
0.01 0.100 1.73 ± 0.10 38 ± 5 −46.2
0.10 0.200 382 ± 24 0.06 ± 0.02 99.8
1.00 0.200 244 ± 18 0.11 ± 0.03 99.6

B
0.01 0.110 0.76 ± 0.09 13 ± 3 50.0
0.10 0.200 195 ± 13 0.12 ± 0.04 99.5
1.00 0.250 170 ± 15 0.19 ± 0.06 99.3

C
0.01 0.120 20.9 ± 2.3 4.0 ± 0.7 84.6
0.10 0.150 143 ± 18 0.22 ± 0.05 99.2
1.00 0.180 281 ± 24 0.12 ± 0.03 99.5

When 3-mercaptobutyl-5-amino-1H-1,2,4-triazole (inhibitor B) is used with the concentration of
0.01 mM, the corrosion potential remains stable. When Cinh ≥ 0.10 mM, the potential increases at least by
0.1 V. 3-mercapto(3-methylbutyl)-5-amino-1H-1,2,4-triazole (inhibitor C) added to the chloride solution
also results in Ecorr shifting to the anodic region, with the shift increasing at higher concentrations of
the inhibitor. Thus, the analysis of Ecorr demonstrates that the derivatives of 5-amino-1H-1,2,4-triazole
can be classified as anodic inhibitors.

The polarization curves of brass in neutral chloride solutions, with the inhibitors under
consideration, are given in Figure 1a–c. We can see that when the anodic polarization is low,
the current density for all mercaptoalkyl derivatives is lower than in the solution without the inhibitors
independent of their concentration. When the concentration of the additive is 0.01 mM (Figure 1a,
curve 2), an increase in polarization results in the anodic maximum, while when Cinh ≥ 0.10 mM,
the polarization curve has no peaks and the anodic current density does not exceed 1 mA·cm−2. In such
solutions, the brass electrode remains passive up to the potential of local activation by chlorides.
The potential is much higher than in solutions without the organic additive, and increases at higher
concentrations of the inhibitor.
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Figure 1. Anodic (1-4) and cathodic (1′-4′) polarization curves of α-brass in a borate buffer (pH 7.4)
with 0.01 M NaCl and 3-mercaptopropyl-5-amino-1H-1,2,4-triazole (a), 3-mercaptobutyl-5-amino-
1H-1,2,4-triazole (b) and 3-mercapto(3-methylbutyl)-5-amino-1H-1,2,4-triazole (c) at the following
concentrations: 1,1′–0; 2,2′–0.01 mM; 3,3′–0.10 mM; 4,4′–1.00 mM.

The difference between cathodic curves of brasses in solutions with, and without, inhibitors
becomes noticeable only when Cinh ≥ 0.10 mM. In fact, cathodic curves obtained without any inhibitors
and when their concentration was 0.01 mM are almost identical (Figure 1a–c, curves 1′ and 2′).
The higher the concentration of the inhibitor, the lower the current density (Figure 1a–c, curves 3′
and 4′). This means that the cathodic process is slowing down. The region of the rapid growth of the
cathodic current density is shifted towards negative values by at least 0.3 V as compared to that of the
chloride solution without inhibitors.

Analysis of the polarization resistance Rp, the rate of corrosion, and the protection level
(Table 2) demonstrate that the protective effect of all the studied 3-mercaptoalkyl derivatives of
5-amino-1H-1,2,4-triazole depends on their concentration and reaches its maximum when Cinh ≥
0.10 mM. In the latter case Rp increases by over 100 times and the corrosion rate deteriorates
correspondingly. When the concentration of the additive is 0.01 mM, inhibitor A does not demonstrate
any protective effect, while inhibitors B and C slow down the rate of corrosion by two, and six times,
respectively. Thus, even when the concentration is low, the protective effect of the inhibitor increases
as the alkyl chain gets longer.

The same results were obtained during the salt spray testing (Table 3).

126



Appl. Sci. 2019, 9, 2821

Table 3. Registered time of first corrosion attacks during the salt spray testing (τcorr, hours).

Inhibitor
Cinh, mM

0.0 1.0 5.0 10.0

A
3

68 98 152
B 173 194 212
C 94 117 283

Indeed, the period when the first signs of corrosion attack appear τcorr, if Cinh = 10 mM,
is shorter for inhibitor A, and longer for inhibitors B and C. With lower Cinh,
3-mercaptobutyl-5-amino-1H-1,2,4-triazole demonstrates the best protective effect. τcorr increases
with higher Cinh, and reaches 6–12 days at 10 mM, which proves the effectiveness of 3-mercaptoalkyl
derivatives of 5-amino-1H-1,2,4-triazole for α-brass in moist atmosphere.

Another proof are the images of the surface of brass samples held in the salt spray cabin (Figure 2).
They show that in the presence of the inhibitor the brass electrode remains bright and smooth even if
the concentration of the organic additive is minimal. Without the inhibitors, the surface of the electrode
darkens, and corrosion spots appear.

Figure 2. Brass samples before (A) and after salt spray corrosion testing without an inhibitor (B), and in
the presence of 3-mercaptobutyl-5-amino-1H-1,2,4-triazole at concentrations of 1 (C), 5 (D), 10 mM (E).

To explain the effect, we carried out scanning electron microscopy and analyzed the micrographs
of the brass electrode surface taken before, and after, the potentio-dynamic anodic polarization in a
neutral chloride solution (Figure 3). Polarization was performed at intervals from the current-less
potential to the activation potential. Figure 3 demonstrates that, without the inhibitors, multiple
corrosion spots of about 10 μm appear on the surface. However, when the brass is polarized in the
solution with 1 mM of 3-mercapto(3-methylbutyl)-5-amino-1H-1,2,4-triazole, no pits can be observed
on the surface. The micrographs show only scratches left from polishing the electrode.

The results of the analysis of the elemental composition of the surface layer of the brass electrode
before and after anodic polarization are given in Table 4.

It is interesting that anodic polarization does not result in any change in the ratio of the atomic
fractions of copper and zinc, which means that there is no dezincification. It is possible that oxides are
formed during the anodic oxidation of both components of the alloy. This is also demonstrated by the
presence of oxygen. The increase in the oxygen concentration on the brass surface in the presence of
the inhibitor is observed because of the formation of a multicomponent passive film, which includes
ZnO·xH2O, Cu2O, and CuO oxides [5,14–16], together with sparingly soluble complex compounds of
zinc and copper with molecules of the studied inhibitors [67–69].
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Figure 3. SEM micrographs of α-brass surface (a) before polarization, (b) after polarization in borate
buffer (pH 7.4) + 10 mM NaCl, (c) after polarization in borate buffer (pH 7.4) + 10 mM NaCl + 1.00 mM
of 3-mercapto(3-methylbutyl)-5-amino-1H-1,2,4-triazole (structure B).

Table 4. Elemental surface composition (at. %) of the brass electrode.

Polarization Mode
Element

Cu Zn O Cu/Zn

No polarization 61.16 38.84 0.00 61/39
After polarization in borate buffer + 10 mM NaCl 59.04 37.51 3.45 61/39

After polarization in borate buffer + 10 mM NaCl + 1.00 mM
of 3-mercapto(3-methylbutyl)-5-amino-1H-1,2,4-triazole 57.13 35.47 7.39 62/38

The electrochemical impedance spectroscopy also proves that a protective film forms on brass in
neutral chloride solutions with 3-mercaptoalkyl-5-amino-1H-1,2,4-triazoles. Figure 4 presents Nyquist
diagrams obtained for the chloride-borate solution with (Figure 4a) and without the A, B, and C
inhibitors with concentrations of Cinh = 0.01−1.00 mM (Figure 4b–d). The hodographs are presented
as imperfect semi-circumferences, the imperfection being usually accounted for by the impedance
frequency dispersion and the geometric and/or energetic inhomogeneity of the electrode’s surface.

We can see that when the organic additives are added to the neutral solution, or when Cinh increases,
the shape of the impedance diagram does not change, but the radius of the semi-circumference increases
significantly. The regression analysis of the impedance spectroscopy data was used to determine the
most probable equivalent circuit simulation the processes at the brass/solution interface (Figure 5).
Table 5 presents the values of the following circuit elements: RΩ (ohmic resistance of the solution),
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CDL (double-layer capacitance), Rp (polarization resistance of the electrochemical reaction), and BW
(Warburg impedance).

(a) (b) 

(c) (d) 

Figure 4. The Nyquist diagrams of brass in borate buffer (pH 7.4) + 10 mM NaCl without an inhibitor
(a), in the presence of 3-mercaptopropyl-5-amino-1H-1,2,4-triazole (b), 3-mercaptobutyl-5-amino-
1H-1,2,4-triazole (c) and 3-mercapto(3-methylbutyl)-5-amino-1H-1,2,4-triazole (d) at concentrations of
0.01 (1), 0.10 (2), and 1.00 mM (3).

Figure 5. The electric equivalent circuit model used to fit the electrochemical impedance spectroscopy
response (RΩ-direct-current resistance, CDL-double-layer capacitance, Rp-polarization resistance of the
electrochemical reaction, BW-Warburg impedance).
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Table 5. Equivalent circuit elements and degree of protection of brass electrode in 10 mM NaCl solutions
with various derivatives of 5-amino-1H-1,2,4-triazole.

Inhibitor Cinh, mM
RΩ,

Ω·cm2
CDL,

μF·cm−2
Rp

EIS,

kΩ·cm2

BW, kΩ·cm2·s−0,5 Degree of protection,
ηinh, %BWa BWb

- 0.00 240 26.2 0.176 1.28 0.20 -

A
0.01 256 1.57 72 73 1.77 99.76
0.10 250 1.00 141 298 6.00 99.88
1.00 258 1.54 473 135 0.26 99.96

B
0.01 200 2.56 0.9 13 0.81 79.86
0.10 255 1.58 149 151 23.27 99.88
1.00 244 1.02 35 9336 10−6 99.50

C
0.01 275 0.86 52 239 2.87 99.66
0.10 275 1.42 158 20605 10−6 99.89
1.00 275 0.79 111 23526 10−6 99.84

Rp is significantly higher in solutions with an organic additive and increases when Cinh is higher,
while CDL noticeably decreases. We can thus say that the changes in the hodograph are most probably
caused by the decrease in the double-layer capacitance resulting from the adsorption of the inhibitor
molecules at the brass/solution interface, on the one hand, and the increase in the polarization resistance
resulting from the formation of a protective film on the brass surface, on the other. Further evidence of
the formation of the film is that the Warburg impedance grows rapidly in the presence of the inhibitor
(Table 5). This means either that the diffusion of the soluble corrosion product on the electrode’s surface
slows down, or that the barrier properties of the protective film blocking the aggressive elements of the
solution increase.

ηinh =

⎛⎜⎜⎜⎜⎜⎜⎝1−
REIS

p,0

REIS
p,inh

⎞⎟⎟⎟⎟⎟⎟⎠·100% (6)

The inhibition effectiveness is calculated using the values of charge transfer resistance without
(REIS

p,0 ) and with the inhibitor (REIS
p,inh), is about 100% (Table 5) for all the studied inhibitors, when Cinh ≥

0.10 mM. This agrees well with the results of the regression analysis of the polarization curves carried
out using Mansfeld method (Table 2).

The results of the electrochemical studies and corrosion testing were interpreted within the
framework of the quantum chemical approach to the inhibition effect assessment. Optimized molecular
structures of 3-mercaptoalkyl-5-amino-1H-1,2,4-triazoles are given in Figure 6. Table 6 gives the values
of the ionization potential, electron affinity, electronegativity, absolute hardness and softness in eV
calculated at B3LYP/6-311 + G (d, p), and optimized geometry.

Table 6. Calculated energies of HOMO, LUMO, HOMO LUMO gap (HLG), Ionization Potential
(IP), Electron Affinity (EA), Electronegativity (χ), Absolute Hardness (η) and Softness (σ) in eV at
B3LYP/6-311 + G (d, p) level.

Molecule HOMO LUMO HLG IP EA χ η σ

A −6.36 −0.61 5.75 6.36 0.61 3.49 2.88 0.35
B −6.38 −0.61 5.77 6.38 0.61 3.50 2.89 0.34
C −6.35 −0.62 5.73 6.35 0.62 3.48 2.87 0.35

It is known that the ability of inhibitors to interact with a metal surface increases with
the growth of HOMO and decrease in LUMO [74]. The smaller the HOMO LUMO gap
(HLG), the higher the reactivity of the inhibitor to the metal surface and the stronger the
inhibition effect. In Table 6, of all the three triazole molecules, 3-mercapto(3-methylbutyl)-
5-amino-1H-1,2,4-triazole i.e., molecule C, has the smallest HLG and hardness value of 5.73 eV,
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and 2.87 eV, respectively. While, 3-mercaptopropyl-5-amino-1H-1,2,4-triazole (molecule A) and
3-mercaptobutyl-5-amino-1H-1,2,4-triazole (molecule B) have the same LUMO energy level of 0.61 eV.

 
(a) (b) 

 
(c) 

Figure 6. Optimized structures of the molecules considered for study: 3-mercaptopropyl-
5-amino-1H-1,2,4-triazole (a), 3-mercaptobutyl-5-amino-1H-1,2,4-triazole (b) and 3-mercapto
(3-methylbutyl)-5-amino-1H-1,2,4-triazole (c).

Destabilization of HOMO level 0.02 eV was observed upon changing the substituent from propyl
(A) to butyl (B). Of the three molecules, 3-mercaptobutyl-5-amino-1H-1,2,4-triazole (molecule B) has
the largest values of HLG, hardness and electronegativity −5.77 eV, 2.89 eV, and 3.50 eV respectively.
We can, thus, see that the calculated quantum chemical parameters of all the studied molecules of
3-mercaptoalkyl-5-amino-1H-1,2,4-triazoles are very similar. Therefore, their protective effect is also
similar, which was proved by testing in neutral chloride solutions when the concentration of the
inhibitor was at least 0.10 mM.

This section may be divided by subheadings. It should provide a concise and precise description of
the experimental results, their interpretation as well as the experimental conclusions that can be drawn.

4. Conclusions

The study demonstrates that 3-mercaptoalkyl derivatives of 5-amino-1H-1,2,4-triazole are effective
corrosion inhibitors for α-brass in chloride environment. Their protective effect increases with the
length of the alkyl chain and at higher concentrations of the additive. The maximum protection (>99%)
is possible at Cinh > 0.10 mM, when the inhibitors become comparable in degree of protection. This
can be accounted for by the similarity of the quantum chemical parameters of the organic molecules
responsible for the inhibition. The inhibition effect results from the formation of a passive film on
the brass surface. The film includes oxides of the brass components as well as sparingly soluble
complex compounds of zinc and copper with molecules of the considered 3-mercaptoalkyl derivatives
of 5-amino-1H-1,2,4-triazole. The fact that the protective film actually forms on the brass surface is
proved by a decrease in the double-layer capacitance, an increase in the polarization resistance of the
brass electrode, and a rapid increase in the Warburg impedance upon the introduction of the inhibitor.
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33. Asan, A.; Kabasakaloglu, M.; Işiklan, M.; Kiliç, Z. Corrosion inhibition of brass in presence of terdentate
ligands in chloride solution. Corros. Sci. 2005, 47, 1534–1544. [CrossRef]
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Abstract: To improve corrosion resistance and electronic conductivity of bipolar plates for proton
exchange membrane fuel cells (PEMFC), coatings of TiNb and TiNbN on 316L stainless steel (SS)
were prepared by magnetron sputtering. X-ray diffraction measurements confirmed the existence
of metallic nitrides in the TiNbN coating. Scanning electron microscope tests showed that the
deposited coatings provided smooth surfaces. Further electrochemical measurements indicated
that the corrosion resistance of the TiNb coating was significantly higher than that of the substrate.
At 0.19 V vs MSE, the long-term stabilized current density of TiNb/316L SS was lower than 1 μA·cm−2.
The interfacial contact resistance values between coating and carbon paper suggested that TiNb and
TiNbN films had better contact conductivity than the 316L SS substrate. In conclusion, TiNb coated
316L SS metallic bipolar plate material is a promising option for PEMFC.

Keywords: coating; metallic bipolar plate; PEMFC; TiNb; TiNbN

1. Introduction

The proton exchange membrane fuel cell (PEMFC) is a kind of energy conversion device,
which transforms chemical energy into electricity. Owing to its high power-density and zero-emission
features, PEMFC has been considered as one of the most prospective power suppliers for vehicles,
portable devices and distributed generation [1]. PEMFC is composed of a proton exchange membrane,
catalysts, gas diffusion layers, and bipolar plates. The lifetime of PEMFC depends on the durability
of individual components. One of the reasons for failure is corrosion of the bipolar plates. This may
not only destroy the bipolar plate itself, it also produces ions, which can be detrimental to both
membrane [2] and catalyst. Therefore, the corrosion resistance of the bipolar plates is one of the decisive
factors influencing the lifetime of a PEMFC. The American Department of Energy (DOE) has established
a series of required properties for bipolar plates and one crucial target is to improve corrosion resistance
and conductivity [3,4]. Earlier studies concentrated on graphite materials and graphite-based composite
bipolar plates [5–7], considering the high corrosion resistance of graphite. However, graphite is brittle
and in order to prevent breaking, it is usually machined into quite thick bipolar plate, which increases
weight and manufacturing costs of the PEMFC stack [8]. Along with the development of metal forming
and welding techniques, metallic bipolar plates have become increasingly relevant for PEMFC due to
the good mechanical strength. This is especially for automotive stacks where weight and volume are
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critical parameters. In order to reduce cost, the plates should preferably be manufactured as coated
inexpensive substrates [9–11]. Austenitic stainless steel (SS), especially 316L, is prone to passivation
and can be a suitable bipolar plate material [12,13]. As for coatings, noble metals like Au have been
investigated widely [14,15], but although most noble metallic bipolar plates established great corrosion
resistance and conductivity, high prices have confined their applications. Compared with noble metals,
the low-cost transition metals and transition metal nitrides [16] have showed good performances in
PEMFC surroundings attracting significant interest. The niobized 304 SS was reported to a decrease
of alloy’s corrosion current density, meeting the DOE demand (<1 μA·cm−2) [17]. In acid solution,
the corrosion resistance of Ti still needs to be further improved [13]. Metal nitrides such as TiN and
NbN have been deposited on different substrates establishing low interfacial contact resistance (ICR).
However, after a transient polarization test, the TiN coated sample achieved higher current density
than the base SS substrate material [18]. Similarly, the NbN coating’s corrosion resistance at high
potential also needs to be improved [19]. Considering the embarrassing situation that it is hard to
obtain high conductivity and great corrosion resistance at the same time, the idea of mixing Ti, Nb,
TiN and NbN properly to combine the best of each of the advantages is proposed. The alloyed TiNb and
TiNbN have acceptable prices when applied as films. Additionally, a TiNbN coating can be expected
to have attractive mechanical property and has been used in biomedical or mechanical areas [20,21].
TiNb alloys have also been studied earlier for their unique shape memory effect [22]. Aukland et al. [23]
evaluated the chemical durability and surface resistances of Ti alloys with 3 at.% Nb and confirmed that
the oxidized Ti-3Nb alloys had lower resistances than Ti oxides. However, to the best of our knowledge,
there is still a lack of adequate literature investigating the corrosion behavior and conductivity of
TiNb or TiNbN coated SS with low Ti content under simulated PEMFC working conditions. As for
the deposition method, physical vapor deposition (PVD) provides firm, uniform, and dense coatings
compared with electroplating [24]. Among all the PVD ways, magnetron sputtering is used extensively
in industry due to its high stability and limited contamination. During sputtering, influenced by
electrical and magnetic fields, argon ions in the vacuum chamber bombard the targets causing atoms or
clusters to separate from the targets and finally be deposited on the substrate. Usually, coating particles
form firm bonds with the base material.

In this study, TiNb and TiNbN coatings with low Ti content were deposited on 316L SS by
magnetron sputtering to explore their performances in simulated PEMFC cathode environments.
The microstructures, morphologies, and chemical compositions of the coatings were characterized
by X-ray diffraction (XRD), scanning electron microscopy (SEM), energy dispersive spectrometry
(EDS), and X-ray photoelectron spectroscopy (XPS). Electrochemical experiments and ICR tests were
conducted to evaluate the corrosion resistance and conductivity of coated and uncoated 316L SS.

2. Materials and Methods

2.1. Preparation of Coatings

The TiNb and TiNbN coatings were prepared by magnetron co-sputtering and reactive sputtering
with a Process Equipment (KJLC, Kurt Company, US) using a radio frequency (RF) Ti target and a direct
current (DC) Nb target. The substrate was 316L SS with a thickness of 0.2 mm. Before sputtering,
the test specimens were ground with 800, 1500, and 2000 mesh sandpaper, polished with diamond
polishing agents and ultrasonically cleaned in ethanol and acetone to remove the solid particles and
grease. High purity (99.9999%) argon and nitrogen were used as working gases. The chamber was
depressurized to below 7 mPa. During deposition, the substrate temperature was 523.15 K and the
working pressure was in 0.5–0.8 Pa. To improve the adhesion between substrate and coating, a thin
titanium layer was deposited at 7.7 W·cm−2 for 10 minutes followed by transition layers with different
atomic ratios of Ti and Nb. Finally, the target powers of Ti and Nb were regulated to 4.4 W·cm−2 and
held for 2 h to obtain the TiNb coating. The deposition parameters of the TiNbN coating were similar to
that of TiNb with lower temperature (473.15 K). The gas flow volumetric ratio of reactive gas (nitrogen)
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and inert gas (argon) was set as 1:5. The thicknesses of the TiNb and the TiNbN coatings were about
660 and 2080 nm, respectively, according to coatings’ deposition rates.

2.2. Characterization of Coatings

The structures of the TiNb and TiNbN coatings were determined by XRD (D8 Advance, Bruker,
GER), using Cu Kα radiation in glancing angle mode at 1◦. The scan speed was 2◦·min−1 with a step size
of 0.02◦. The surface morphologies of the coatings were characterized by SEM (Merlin, Zeiss Company,
GER) equipped with EDS. To evaluate the chemical composition of the coatings, XPS (EscaLab 250XI,
Thermo Fisher Scientific, UK) technique was used. The corrosion resistance of the bipolar plate material
was tested by electrochemical methods including potentiodynamic polarization, electrochemical
impedance spectroscopy (EIS) and potentiostatic polarization in 0.5 mol·L−1 H2SO4 solutions saturated
with O2 at room temperature, using an electrochemical workstation (CHI760E, Shanghai Chenhua
Instruments Limited, CN). The sample size was 20 by 20 mm for the tests. The testing container was
a three-electrode cell. Working electrodes were SS samples, sealed by circular rings with a hole of 1 cm2

exposure area. To avoid the possible addition of adverse reactive ions from other electrodes, a saturated
mercurous sulfate electrode (MSE) and a platinum foil served as reference electrode and counter
electrode, respectively. Prior to tests, samples were immersed in electrolyte solutions for 30 min to get
stable open circuit potential (OCP). The scan rate of potentiodynamic polarization was set as 2 mV·s−1.
EIS was carried out at both OCP and 0.19 V vs MSE, within a 0.01–105 Hz frequency range and with
a 10 mV potential amplitude. Besides electrochemical evaluation, ICR measurements were performed.
Two pieces of Toray conductive carbon papers were sandwiched between SS sample (30 by 30 mm)
and two Au coated copper plates like Wang’s method [25]. An electrical current of 2A was applied
via the copper plates. The ICR value between the coating and carbon paper was calculated from the
voltage drop and the current with the resistances between the other contact interfaces measured by the
similar method subtracted.

3. Results and Discussion

3.1. Structural Characterization

To avoid the possible effects from rough SS substrates, TiNb and TiNbN surface films for structural
characterization were deposited on well-polished silicon wafers. The XRD patterns are shown
in Figure 1.

Figure 1. X-ray diffraction (XRD) patterns for TiNb and TiNbN coatings on silicon wafers. The hatched
lines indicate peak positions of selected materials. The peaks of cubic Ti and Nb are showed by
coinciding lines.

The vertical hatched lines represent peaks recorded in PDF cards No. 38-1155 (cubic NbN),
No. 38-1420 (cubic TiN), No. 34-0370 (cubic Nb), and No. 44-1288 (cubic Ti). The diffraction peaks of
cubic Nb and Ti are very close and consequently indicated by the same lines. The TiNb film follows the
same patterns suggesting that the alloy has the same cubic structure. It is reasonable to assume a solid
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solution of Ti and Nb. The angles are shifted to lower values indicating some stress. For the TiNbN
coating, the Bragg angles of diffraction peaks are between those of TiN and NbN, which denotes that
TiN and NbN are likewise a solid solution [26]. Moreover, diffraction peaks arising from (111), (200),
(220), (311), and (222) plane reflections are clearly identified, confirming the face centered cubic (fcc)
crystalline structure.

3.2. Surface Morphology

The SEM images of 316L SS, TiNbN/316L SS and TiNb/316L SS before and after potentiostatic
polarization corrosion tests are shown in Figure 2.

Figure 2. Scanning electron microscopy (SEM) images of the surface of 316L stainless steel (SS),
TiNbN/316L SS and TiNb/316L SS.

In Figure 2a, the polished SS surface is uneven due to grinding and polishing, and a number of
holes are randomly distributed on it. In Figure 2b, the TiNbN surface is much smoother than that of
the SS. However, small holes still exist, and at the bottom of the surface valley, some large particles
appear. The micrograph of the TiNb coating shown in Figure 2c is smooth and nearly no obvious holes
can be seen. Obviously, the deposition of TiNbN or TiNb has smoothened the SS samples. This may
also limit the formation of micro corrosion cells. The morphologies of uncoated and coated 316L SS
after potentiostatic polarization tests are shown in Figure 2d–f. After corrosion, 316L SS shows several
holes (Figure 2d) which are larger than those observed on 316L SS before corrosion. In Figure 2e,
localized corrosion is apparent especially for the valley and defect areas on the TiNbN coating while
the surface of TiNb/316L SS in Figure 2f shows few large or deep corrosion pits. This is relevant with
the coating defects formed on TiNbN before corrosion. For the hole defect, the electrolyte solution
diffusion at the bottom of it is slow. The concentrations of O2 and ions inside the hole differ from that
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in solution, resulting in the different electrochemical activities of grains. Due to the lack of O2 and the
dense passive film, the inner region of the hole becomes the anode of a corrosion battery with a smaller
area and a higher corrosion current density, compared with other surface zones. Thus the localized
corrosion is induced and more defects are formed. Images in Figure 2g,h under higher magnification
indicate that the grain size of sputtering deposited TiNbN varies greatly but with a smaller average
value compared with TiNb which might be attributed to the incorporation of N. For the TiNbN coating,
the distinction in grain size could result in an inhomogeneous distribution of grain boundaries and
finally contributing to the non-uniformity of passive layer [27]. Additionally, the SEM results show the
particle agglomeration phenomenon of TiNbN is more serious than of TiNb. And the agglomeration
may cause the differences in coating’s surface structure and composition by which the localized
corrosion of TiNbN can be induced.

In order to characterize the coating composition, EDS was applied and results are shown in
Figure 3. Since the coating is thin, the detected images may include intensity peaks from some elements
in the substrate, the substrate oxidation layer and adsorbed substances on sample surface. In the film
of TiNbN/SS, the atomic ratio of Ti, Nb and N is about 7:22:10 (with the usual reservations regarding
quantifications of light elements). For the coating of TiNb/SS, the atomic ratio of Ti and Nb is about 1:4.
The EDS results illustrate under the same sputtering power mentioned above, the deposition speed
of Nb is faster than that of Ti. Possible reason for this phenomenon is that Nb is a DC power target,
and Ti is powered by a RF electric source. For the same material, the sputtering rate of the RF target is
lower than that of the DC target at the same set power.

Figure 3. Energy dispersive spectrometry (EDS) results of (a) TiNbN/316L SS and (b) TiNb/316L SS.

3.3. X-ray Photoelectron Spectroscopy Analysis

The chemical states of Ti and Nb in the surface layers of the TiNb and TiNbN films were examined
by XPS. The original Nb 3d and Ti 2p spectra are shown in Figures 4 and 5. After fitting all the
spectra with backgrounds subtracted, Nb 3d and Ti 2p peaks were analyzed according to the NIST
XPS Database [28], relative literatures and possible reactions in testing environment. In Figure 4a,
it’s deduced that the highest doublet peaks are related to 3d5/2 and 3d3/2 of Nb in Nb2O5 and the lower
peaks represent metal Nb [29–32]. From the Ti 2p fitted spectra in Figure 4b, two peaks are observed
corresponding to Ti 2p3/2 and Ti 2p1/2 in TiO2, respectively [33,34]. The testing results reveal that the
surface layer of the TiNb coating is primarily composed of Nb2O5 and TiO2, which means the TiNb
coating can be oxidized spontaneously in air and form a stable metallic oxide film. Figure 5 shows XPS
spectra of Nb 3d and Ti 2p of the TiNbN coating. The fitted Nb 3d spectra depicted in Figure 5a indicate
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that the major peaks representing Nb 3d5/2 and Nb 3d3/2 can be ascribed to the formation of Nb2O5,
NbN, and NbO [31,32,35]. The Ti 2p fitted spectra in Figure 5b reveal the existence of TiN [36]. But the
two largest peaks stem from Ti 2p3/2 and Ti 2p1/2 in TiO2 [37,38]. From the fitted results, it is obvious
that under the sputtering conditions mentioned above, TiN and NbN were synthesized. Due to the
exposure of the coating to air, stable oxides of Ti and Nb were also formed in the outer layer of TiNbN
coating. Since the main surface composition difference between TiNb and TiNbN coatings lies in TiN
and NbN, metallic nitrides could play an important role in exhibiting some different properties for
TiNb/316L SS and TiNbN/316L SS.

Figure 4. X-ray photoelectron spectroscopy (XPS) spectra of (a) Nb 3d and (b) Ti 2p (original-black
lines, fitted-red lines) measured on TiNb/316L SS.

Figure 5. X-ray photoelectron spectroscopy (XPS) spectra of (a) Nb 3d and (b) Ti 2p (original-black
lines, fitted-red lines) measured on TiNbN/316L SS.

3.4. Corrosion Behavior

The corrosion behaviors of 316L SS, TiNb/316L SS and TiNbN/316L SS were characterized
electrochemically by potentiodynamic polarization, EIS, and potentiostatic polarization.
Figure 6 displays potentiodynamic polarization curves of bare and coated 316L SS. From the
curves, corrosion potentials (φcorr) are obtained. The φcorr is related to coating’s thermodynamic
stability, and the higher φcorr value normally means better corrosion resistance from the aspect of
thermodynamics [3]. In the tests, the φcorr of 316L SS is −0.761 V vs MSE, whereas TiNbN/316L SS
has a more positive value of −0.744 V. Compared with the substrate, the TiNb film increases the φcorr

by 138 mV. When potentials are swept from negative to positive, all three samples show obvious
passivation areas. In the passivation area, as the potential value increases, the current density remains
nearly constant. At 0.19 V vs MSE, all the samples are passivated and 316L SS exhibits a current
density of 17.3 μA·cm−2, while it is 2.28 μA·cm−2 and 44.6 μA·cm−2 for TiNb/316L SS and TiNbN/316L
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SS, respectively. The results indicate that the TiNb film has high corrosion resistance at 0.19 V vs
MSE. This is owing to the formation of corrosion resistant passive film on TiNb coating obtained
from anodic polarization process. Moreover, it is noteworthy that although the TiNbN film is thicker,
TiNb alloy establishes better corrosion resistance. This phenomenon is mainly associated with the
surface condition and composition of TiNbN film.

Figure 6. Potentiodynamic polarization curves of 316L SS, TiNb/316L SS, and TiNbN/316L SS.

EIS was performed and Figure 7 shows Nyquist impedance spectra of coated and uncoated 316L
SS measured at OCP and 0.19 V vs MSE. In Figure 7a, influenced by surface defects, TiNbN/316L
SS shows two time constants at OCP which reflect the impedance information from coating and
substrate [12,39]. In the Nyquist impedance spectra of TiNbN/316L SS at 0.19V, TiNb/316L SS, and 316L
SS, incomplete semicircular arcs appear. The depressed semicircular shape of SS is attributed to the
roughness of sample’s surface. To fit the impedance spectrum of TiNbN/316L SS measured at OCP,
an equivalent circuit with two constant phase elements (CPE), shown in Figure 8a [40], is adopted.
The CPE is represented by Q. Under ideal conditions, a CPE corresponds to a capacitor [41]. Rs is the
resistance of electrolyte solution between working electrode and reference electrode. Rf and Qf are
coating’s resistance and capacitance, respectively, and Rct is the charge transfer resistance, while Q1

represents the double layer capacitance [42]. The other spectra in Figure 7a,b are fitted by the equivalent
circuit in Figure 8b [43]. Table 1 lists the fitted values of Rct. The higher Rct suggests the enhanced
corrosion resistance [44,45].

Figure 7. Nyquist impedance spectra of 316L SS, TiNb/316L SS and TiNbN/316L SS @ (a) open circuit
potential (OCP), (b) 0.19 V vs mercurous sulfate electrode (MSE).
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Figure 8. Equivalent circuits used for the Nyquist impedance spectra of (a) TiNbN/316L SS @ OCP;
(b) TiNbN/316L SS @ 0.19 V vs MSE, 316L SS, and TiNb/316L SS.

Table 1. Rct values of 316L SS, TiNb/316L SS and TiNbN/316L SS at different potentials.

Materials 316L SS TiNb/316L SS TiNbN/316L SS

Rct @ OCP/ kΩ·cm2 16.2 198 21.13
Rct @ 0.19 V vs MSE/ kΩ·cm2 26.74 229 23.52

Comparing Rct values of different materials in Table 1, it is observed that the charge transfer
impedance of TiNb coated 316L SS is much higher than for the uncoated substrate. Part of reasons for
this phenomenon is that the surface layer of TiNb could be oxidized into TiO2 and Nb2O5 spontaneously
in air according to XPS measurements, providing a high corrosion resistance. At 0.19 V vs MSE,
the high potential and the continuous supply of oxygen could passivate TiNb and lead to the formation
of dense passive film which is corrosion resistant and could act as a barrier to inhibit the bulk solution
from approaching the sub-layer directly. In comparison with TiNb, the Rct value of the TiNbN film is
much smaller, either at OCP or 0.19 V vs MSE. Two major factors may contribute to this phenomenon.
From a morphology point of view, the particle clusters and pores observed on the TiNbN coating can
cause localized corrosion. The other reason is that the bonds between nitrogen and metallic atoms may
impede the formation of more homogeneous and corrosion resistant passive layer. According to the
above analysis, from the EIS and potentiodynamic polarization test results draw one can the conclusion
that TiNb has good corrosion resistance while TiNbN and bare 316L SS are likely to dissolve in the
aggressive cathode environment.

To evaluate the stability of the materials, potentiostatic polarization experiments were conducted
at 0.19 V vs MSE. The results are shown in Figure 9. In the beginning, the current density of each
coated 316L SS sample declines while that of 316L SS first increases sharply, then decreases gradually.
After 2000 s, 316L SS experiences an obvious fluctuation due to the surface states changes affected
by electrochemical dissolution, but throughout this period, its average corrosion rate is increasing.
As for TiNbN/316L SS, the time needed for total passivation is about 3000 s, and its stabilized current
density is approximately 6–7 μA·cm−2. Although TiNbN/316L SS and 316L SS show comparable
current density values and variation trends at the initial stage of tests, the TiNbN coating is much
more stable than bare 316L SS, judging from the smoothness of the curves. That is because the coating
deposited by magnetron sputtering is uniform and has less defects than the substrate. The current
density of TiNb/316L SS decays rapidly first and then stabilizes at 0.9–1 μA·cm−2. This demonstrates
that the TiNb coating can be easily passivated and keep a low corrosion current density for a relatively
long period, influenced by the high potential and the oxygen saturated acid solution, which shows
the good corrosion resistance and stability of the TiNb coating. From the potentiostatic polarization
tests above, it is assumed that TiNb/316L SS has the potential to work as a PEMFC cathode flow plate
material for a long time.
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Figure 9. Potentiostatic polarization curves of 316L SS, TiNb/316L SS, and TiNbN/316L SS.

The electrochemical testing shows that both TiNb and TiNbN coatings can form steady passive
films at 0.19 V vs MSE, and the long-term corrosion current density of TiNb/316L SS is lower than
1 μA· cm−2, illustrating the high corrosion resistance of TiNb coating. Compared with TiNb/316L SS,
TiNbN/316L SS is of poorer corrosion resistance.

3.5. Interfacial Contact Resistance

The conductivity of bipolar plates has great impact on the PEMFC’s working efficiency [46].
Normally, the bulk resistance of metallic bipolar plates can be ignored since the ICR between the
bipolar plate and the carbon paper is much greater. In Figure 10, the ICR of the material with a carbon
paper is plotted as a function of the compression force.

Figure 10. Interfacial contact resistances (ICR) between 316L SS, TiNb/316L SS, TiNbN/316L SS and
carbon paper as a function of compaction force.

In the low-force region, as compaction force raises, the contact area between carbon paper and
sample increases leading to the decrease of ICR, and when the force is high enough, the ICR is
dominated by the surface composition and nature [46,47]. At the same force, the contact resistance
of 316L SS, TiNb/316L SS, and TiNbN/316L SS decreases in turn, and their conductivity increases
sequentially. I.e., both the TiNb and the TiNbN coatings provide lower ICR than 316L SS’s, but the
effect of TiNbN is more remarkable. At 276 N·cm−2, TiNbN coating’s ICR is approximately 48 mΩ·cm2,
and the ICR value of TiNb/316L SS is nearly 1/5 of that of 316L SS. One of the reasons behind this is
that both coatings could reduce the roughness of 316L SS substrate leading to an increased contact
area. For the TiNbN coating, the dopant of TiN and NbN in its surface layer improves conductivity.
In comparison with TiO2 and Nb2O5, TiN [48] and NbN have higher conductivity. Overall, the TiNbN
coating is of relatively high electrical conductivity, and the TiNb film reduces the substrate’s ICR.
However, considering the moderate corrosion resistance of TiNbN, TiNb/316L SS is more promising
for use as bipolar plate. Further studies are relevant assessing a combined film with good conductivity
from TiNbN and great corrosion resistance from TiNb.
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4. Conclusions

TiNb and TiNbN films with low Ti content were coated on 316L SS by magnetron sputtering with
a view to application for bipolar plates in PEMFC. The electrochemical testing indicates that TiNb
coating has the best corrosion resistance in cathode simulation electrolyte solutions. At 0.19 V vs MSE,
the stable corrosion current density of TiNb/316L SS is lower than 1 μA·cm−2. The ICR measurements
show that the contact conductivity of TiNb/316L SS is higher than that of substrate. Compared with
316L SS and the TiNb coating, TiNbN film shows moderate corrosion resistance but the lowest ICR.
According to XRD analysis, the main component of TiNbN is a solid solution of cubic NbN and TiN.
The morphologies of TiNb and TiNbN characterized by SEM reveal that both coatings provide smooth
surfaces. It can be concluded that the TiNb/316L SS is a kind of promising bipolar plate material with
high corrosion resistance. Nevertheless, the conductivity of TiNb/316L SS still needs to be improved.
In the future, multilayer coatings consisting of TiNb and TiNbN with optimized atomic ratios will be
studied with aim to improve material’s corrosion resistance and conductivity further.
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Abstract: The aim of this study is to investigate the corrosion behavior of steel reinforcement
embedded in mortar specimens in which both the aggregate and cement are partially replaced by
ladle furnace slag (LFS) and different percentages of chloride ions by weight of cement are introduced
into the mix at the time of kneading. The corrosion behavior was studied by using electrochemical
techniques in order to evaluate the corrosion rate and the symptoms produced in steels of specimens
with and without slag LFS. From the analysis of the results, it is concluded that the use of LFS in a
partial replacement of aggregate and cement in mortar specimens does not compromise the behavior
of the mortar with regard to corrosion of the steel reinforcement; consequently, partial replacement
by LFS is fully feasible from this standpoint.

Keywords: corrosion; reinforcements; concrete; slag; LFS

1. Introduction

Due to its versatility and low cost, reinforced concrete is the most frequently used structural
material in the field of building and engineering; it reaches annual volumes of 10 km3/year and causes
major environmental problems. The manufacture of Portland cement produces between 5% and 8% of
global CO2 emissions due to human activity [1–3].

The regulations [4–7] specify the importance of durability in reinforced concrete and take as a
determining factor the corrosion of embedded reinforcement steel.

Corrosion of embedded steel reinforcement may occur through carbonation of the concrete cover,
the presence of chlorides, or the combination of both. These are the factors which trigger the corrosion
process and transfer the reinforcement from the passive state, in which the corrosion rates are barely
significant, to the active state, in which corrosion affects the durability of concrete structures.

Besides these triggering factors, the continuous presence of oxygen and humidity is necessary
as these are the controlling factors for the rate of the corrosion process. In practice, the presence
of chlorides in concrete is a determining factor in the onset of reinforcement corrosion. In general,
a threshold level of 0.4% of chloride ions by weight of cement is considered, as proposed by RILEM
Committee 60-CSC [8].

Moreover, the particular feature of steel as an indefinitely recyclable material has meant that the
use of scrap iron has become increasingly widespread in steel production at a global level. World
crude steel production reached 1689.4 million tons (Mt) for the year 2017 [9]. Steel production in
Spain has been increasing over the years, reaching 14.5 million tons in 2017 [10]. This provides
major environmental benefits as a ton of steel manufactured in electric arc furnaces (EAF) consumes
only 9–12 GJ/tcs, with a consequent reduction in CO2 emissions, though the continuous increase
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in steel production has been the cause of a significant increase in environmental problems over the
years [11,12].

EAF steel production generates approximately 120 to 180 kg of black slag and 20 to 30 kg of
white slag for each ton of steel produced [13]. The volume of ladle furnace slag (LFS) generated in the
European Union was 2.0 million tons in 2016 [14], while in Spain, with 70.5% of the steel produced by
EAF, the volume of white slags was between 0.20 and 0.31 million tons in 2017 [10].

Among the most immediate applications of the LFS are the manufacture of clinker, the partial
substitution of aggregates and/or cement in mortars and concretes, and the stabilization of soils and
pavements [15,16]. The characteristics of the slag that can be used in concrete depend on the different
treatments they have received [17].

There is some research on the characterization of ladle furnace slags and their hydration properties.
These studies show that the LFSs are a dusty material and are composed mainly of calcium oxide
(50%), silicon (15%), aluminum (12%), and magnesium (9%). Its density is of the order of 2.7 g/cm3

and associated important volumetric expansions are due to the high proportion of free lime. If this
expansion is controlled, it does not imply any inconvenience for its use in construction materials [18–20].
There has also been some research that studied the behavior of mortars or concretes in which the
aggregate and/or the cement was partially replaced by LFS and that indicate that its application is
viable, improving the properties of mortars and sustainability both in traditional concretes and in
self-compacting concretes [21–27].

Taking into account the previous premises, it is observed that although the corrosion process of
steel bars embedded in concrete has been studied in various research projects [28–30], no studies have
analyzed this process when ladle furnace slag is introduced into the concrete instead of some of its
components. In this work, corrosion behavior was tested using electrochemical techniques in order
to evaluate the corrosion rate and the effects produced in the reinforcements of the specimens with
and without LFS. These specimens were initially subjected to a natural corrosion process and then to
accelerated corrosion; this allowed us to determine the influence range of the LFS slag.

2. Experimental Investigation

2.1. Materials

The materials employed in the manufacturing of the mortar specimens were Portland cement
CEM I/42.5 R [31] (Table 1), silica sand specified as “siliceous rolled aggregate 0/4” (Table 2), urban
drinking water, retardant SikaTard, calcium chloride (CaCl2), and ladle furnace slag (Table 3).

Table 1. Main properties of Portland cement.

Chemical (%) Physical

SO3 3.4 Specific surface area (Blaine) 414 m2/kg
Cl− 0.01 Density 3.15 g/cm3

Calcination loss 1.72 Le Chatelier expansion 0 mm
Insoluble residue 0.4 Initial setting time 108 min

Final setting time 160 min
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Table 2. Characterization of the sand used in the specimens.

Aggregate 0.78%
Sand equivalent 78

Real density 2.619 g/cm3

Normal absorption coefficient 15%
Saturated surface dry density 2.630 g/cm3

Clay lumps 0.01%
Low specific weight particles 0.00%
Coefficient of type of course 0.26%

Soft particles 0.93%
S, S03, Cl− 0%

Table 3. Physical properties and chemical composition of ladle furnace slag (LFS).

Density 2.83 g/cm3

Specific surface 2064 cm2/g
Chlorides Absence

Total sulfur, expressed as sulfate ions <1%
Clay lumps Absence

Organic material Absence
CaO 56%
SiO2 17%

Al2O3 11%
MgO 10%

Others
(Fe2O3+MnO+TiO2+SO3+Na2O+K2O) 6%

Taking into account the results obtained in other research work [25], the following guidelines for
dosages were considered:

- A ratio of cement/sand/water by weight of 1:6:w, with w relating to the necessary quantity of
water to achieve a slump of 175 ± 10 mm;

- A compressive mechanical strength at 28 days of at least 7.5 N/mm2;
- 30% of cement and 25% of sand substituted for ladle furnace slag in the LFS specimens;
- 0.5% by weight of cement of retardant was used.
Two series of mortar test specimens were manufactured: one used as a standard test specimen

(MCC) and another in which part of the cement and sand was replaced by LFS (MCE) (Table 4). During
kneading, chloride ions were added in the form of calcium chloride, corresponding to 0%, 0.4%, 0.8%,
1.2%, and 2% by weight of cement.

Table 4. Dosages of the samples with and without LFS.

Label
Cement

(g)
Sand

(g)
Water

(g)
LFS
(g)

Retardant
(g)

CaCl2

(g)
Ion Cl−

(%)

MCC-0.0 99.6 597.5 102.9 —– 0.50 0.00 0.0
MCC-0.4 99.6 597.5 102.9 —– 0.50 0.80 0.4
MCC-0.8 99.6 597.5 102.9 —– 0.50 1.60 0.8
MCC-1.2 99.6 597.5 102.9 —– 0.50 2.40 1.2
MCC-2.0 99.6 597.5 102.9 —– 0.50 3.99 2.0
MCE-0.0 68.6 441.1 113.9 176.4 0.35 0.00 0.0
MCE-0.4 68.6 441.1 113.9 176.4 0.35 0.55 0.4
MCE-0.8 68.6 441.1 113.9 176.4 0.35 1.10 0.8
MCE-1.2 68.6 441.1 113.9 176.4 0.35 1.65 1.2
MCE-2.0 68.6 441.1 113.9 176.4 0.35 2.75 2.0
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2.2. Experimental Setup

This experimental work involved the preparation of prismatic mortar test specimens measuring
6 × 8 × 2 cm3, in which 3 parallel steel rebars with a diameter of 6 mm were embedded (Figure 1).
The study is a continuation of research into LFS as a partial replacement for aggregate and cement in
mortars [32,33] from the viewpoint of its behavior with regard to rebar corrosion and the symptom
this produces with the time.

All the steel bars were measured, numbered, and weighed before their introduction into the mold.
The steel–concrete–atmosphere interface was protected by adhesive tape over a length of 5 cm in
order to avoid the possibility of localized corrosion attacks by differential aeration, leaving an effective
length of 6 cm contact between the steel and the concrete. The mortar was kneaded in a mechanical
mixer for 90 s. The mold was filled in two pourings, coinciding with the arrangement of the steel bars.
Thereafter, test specimens were placed in a humidity chamber for 24 h. After this period, the specimens
were demolded and placed again in the humidity chamber for 28 days, and then they were left to
dry normally. With the aim of studying the corrosion of the bars by using electrochemical techniques,
the specimens were once again placed in a humidity chamber for 550 days, at a temperature of 20 ◦C
and a relative humidity 95%, associating each measurement of corrosion potential and corrosion rate
with the degree of moistness of the mortar.

Figure 1. Geometrical characteristics of the specimens and specimens corresponding to the
MCC dosages.

To highlight the symptoms that rebar corrosion produces in the mortar test specimens with
mixed-in chlorides, the corrosion process was further accelerated by connecting the central bar of the
standard test specimens as well as the test specimens containing LFS, both having mixed-in chloride
ions percentages of 1.2% and 2%, to a direct current source. Once connected, a constant anodic current
of 1.3 mA, corresponding to 10 μA/cm2, was passed through each central bar for 282 days. During the
periodic measurements of the voltage needed to maintain this preset current and observation of the
symptoms, the degree of moistness of the test specimens, with measurements taken before and after
their moistening on each occasion, was again associated with the stabilized potential.

2.3. Measurement Techniques

Electrochemical measurements were performed with an AUTOLAB/PGSTAT302N potentiostat
(Version 4.9 AUTO83745, ECO CHEMIE, Utrech, Netherland, 2008) [34]. The central steel bar was
used as the working electrode while the parallel bars on the sides were used as the counter electrodes.
For the electrochemical measurements a silver/silver chloride reference electrode was used (SSCE;
+0.222 V SHE). During the measurements a damp flannel was placed on the mortar surface in order to
improve electrolytic contact between the mortar and reference electrode (Figure 2).
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Figure 2. Setup for carrying out electrochemical measurements using an AUTOLAB/PGSTAT302N
potentiostat and setup of the accelerated corrosion process using a POWER SUPPLY FAC-662B POWER
SUPPLY FAC-662B (PROMAX, Barcelona, Spain, 1998).

All the electrochemical measurements were associated with the humidity content of the test
specimens, which were gradually moistening and were kept in a humidity chamber.

The use of the potentiostat enabled the evolution of the corrosion to be studied by means of
the polarization curve, producing data on the open circuit corrosion potential (Ecorr), and through
the polarization resistance on the corrosion rate (icorr). Since midway through the 20th century the
polarization resistance technique has become a common technique to study corrosion [35].

The first evaluation of rebar behavior with regard to corrosion was made by measuring their
corrosion potentials, which are useful for a qualitative determination of whether the steel bars are
in an active or a passive state. The data obtained were interpreted according to the ASTM C 876
standard [36], from which, taking into account the reference electrode used, it was concluded that
Ecorr < −231 mV would indicate a 90% probability that corrosion exists in the active state, a potential in
the region −231 mV < Ecorr < −91 mV would indicate uncertainty, and Ecorr > −91 mV would indicate
a probability of 10% that corrosion exists in the active state.

The following step was to interpret the results for the rate or intensity of corrosion as this
information enables us to quantitatively interpret the active or passive state of the bars.

According to different research [37], icorr < 0.1 μA/cm2 indicates a passive state, 0.1 μA/cm2 <
icorr < 0.5 μA/cm2 is equivalent to a low level of corrosion, 0.5 μA/cm2 < icorr < 1 μA/cm2 to a high
level of corrosion, and icorr > 1 μA/cm2 to a very high level of corrosion.

The central bar was connected to a POWER SUPPLY FAC-662B (PROMAX, Barcelona, Spain, 1998)
to accelerate the corrosion process in both the standard test specimens and the test specimens with
LFS, for specimens containing 1.2% and 2% of mixed-in chloride ions by weight of cement, making
the embedded central steel bar act as an anode. On the upper face of the test specimens was placed a
damp flannel with a lead sheet on top; this acted as a continuous counter electrode [38]. The voltage
necessary to maintain the intensity of the preset current (1.3 mA) was then measured, moistening the
test specimens frequently, as the potential varies substantially with the humidity content (Figure 2).

3. Results and Analysis

Figure 3a shows the evolution of the corrosion potential (Ecorr) in standard test specimens while
Figure 3b provides the data from test specimens with slag for different chloride ion percentages.
The corrosion potentials in the standard test specimens for chloride ion percentages equal to or below
0.4% are clearly less negative than those in the test specimens with chloride ion percentages above
the limit set by the standards of different countries, which show potentials suggesting the active
state. In the test specimens with LFS, regardless of the chloride ion percentages possessed by the test
specimens, the corrosion potentials correspond to the active state. In all test specimens the potential
becomes more negative over time and, consequently, with their humidity content, as well as with the
chloride ion percentages of the test specimens.
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(a) 

(b) 

Figure 3. Evolution of Ecorr over time in standard test specimens (a) and in LFS specimens (b) at
different chloride ion percentages.

The corrosion rate increases over time and, therefore, with the humidity content, together with
the chloride ion percentage introduced at the time of kneading. In the test specimens with chloride ion
percentages within the limit of the EHE “Instrucción de Hormigón Estructural” Instruction (Figure 4a)
(0.4% of chloride ions by weight of cement), the corrosion rates are characteristic of the passive state
as the maximum values are around 0.1 μA/cm2, regardless of whether the test specimens contain
LFS, with data corresponding to 545 days of exposure in the humidity chamber. In the test specimens
with chloride ion percentages above 0.4% by weight of cement (Figure 4b), the corrosion rates are
characteristic of the active state, with values above 1 μA/cm2. In the test specimens with 0.8% chloride
ions, with data obtained for up to 545 days of exposure, the corrosion rates are slightly higher in the
standard test specimens than in the test specimens with LFS. In the test specimens with chloride ion
percentages of 1.2% and 2%, data are held on the corrosion rate for up to 326 days of exposure in the
moist chamber, as from that moment they underwent an accelerated corrosion process; the results are
discussed below. In these test specimens, the corrosion rates increased with the chloride percentage
contained in the test specimens, which were slightly higher in the standard test specimens than in the
LFS test specimens.
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(a) 

(b) 

Figure 4. Evolution of icorr over time in test specimens without chlorides and with 0.4% chloride ions
by weight of cement (a) and in test specimens with chloride ion percentages of 0.8%, 1.2% and 2% (b).

Figure 5 shows the evolution of the voltage needed to maintain the preset current at a level of
1.3 mA. The voltage increases over time and with the chloride ion percentage introduced at the time of
kneading. Moreover, standard specimens need higher voltage to maintain the preset current than do
the specimens with slag LFS.

Figures 6 and 7 show the symptoms produced by the corrosion of the steel bars subjected to an
accelerated corrosion process by an impressed anodic current for chloride ion percentages of 1.2% and
2.0% by weight of cement. Each image shows the number of days that had elapsed since the start
of the process of natural corrosion, the number of days subjected to accelerated corrosion, and the
potential and the intensity of the current passed through the rebar.
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Figure 5. Evolution of the potential (V) necessary to maintain a constant current of 1.3 mA in each rebar.

(a) 

 
(b) 

Figure 6. Symptoms in the MCC test specimen with 1.2% chloride ions (a) and 2% chloride ions (b).
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(a) 

(b) 

Figure 7. Symptoms in the MCE test specimen with 1.2% chloride ions (a) and 2% chloride ions (b).

In the standard test specimen with a chloride ion percentage of 1.2%, it was observed that the
first rust stains began to appear 31 days after the start of the accelerated corrosion, appearing both
on the edge of the test specimen and on the lower face, gradually increasing up to 72 days when
the stain extended over the entire face of the test specimen, while on the upper face there were no
signs of corrosion. The standard test specimen showed no signs of cracking after the central bar had
been connected to the current for 282 days, an externally applied electrical charge of 366.6 mA having
passed through the central bar (Figure 6a).

In the final test specimen which was subjected to the accelerated corrosion process, corresponding
to the other standard test specimen with 2% chloride ions, rust stains began to appear on the edge of
the test specimen 11 days after the start of the process, with stains appearing on the lower face of the
test specimen after 32 days. From that moment, the rust stains became more uniform on the lower
face of the test specimen after 73 days with an electrical charge passed through of 94.9 mA. The test
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specimen continued to show signs of corrosion over time in the form of increasingly marked stains,
but it presented no cracks after 283 days of accelerated corrosion with an electrical charge of 367.9 mA
having passed through the bar (Figure 6b).

In the test specimens with LFS and with 1.2% chloride ions by weight of cement, rust stains began
to appear in the upper part of the test specimen coinciding with the position of the bar which was
undergoing accelerated corrosion. This initial stain appeared approximately 40 days following the
commencement of the accelerated corrosion process and continued to enlarge its surface area and
importance with the progressive passage of the current. After 174 days of current, the first cracks
appeared, on both the upper and lower faces of the test specimen and even on its edge, coinciding
with the central bar. The cracks increased in length and width over time, forking at the end of the test
specimen 250 days after the commencement of accelerated corrosion, an overall electrical charge of
325 mA having passed through the bar. The crack width after 282 days, once a charge of 366.6 mA had
passed through the bar, was 1 mm (Figure 7a).

The first rust stain in the test specimen with 2% chloride ions and with LFS appeared 42 days after
the commencement of accelerated corrosion. The first stain, on the upper face of the test specimen,
increased in size over time, leaving an appearance of generalized stains on the test specimen. After
132 days since the commencement of the accelerated corrosion process, the first cracks appeared,
coinciding with the central bar and appearing both on the upper and lower faces of the test specimen.
The width of the cracks gradually increased; after 250 days and after passing a 325 mA electrical charge
through the central bar, numerous cracks in a mesh were formed on the rear of the test specimen,
which caused the mortar to disintegrate (Figure 7b).

4. Discussion

Both the qualitative results obtained through the measurement of corrosion potential and the
quantitative results deduced from the corrosion rates (Figures 3 and 4) show that for chloride ion
percentages of 0.4%, the bars are in a passive state but with higher corrosion rates in test specimens
with LFS than in the standard test specimens. For test specimens with chloride ion percentages above
0.4%, the bars demonstrate very high states of corrosion both in standard test specimens and in those
with LFS, being slightly larger in the former.

The symptoms produced by corrosion show as growing rust stains appearing over time and,
therefore, with the increase in current in the standard test specimens, appearing first in the test
specimens with 2% chloride ions. The stains began to coincide with the bar through which the external
current passed, only to extend gradually along the edge and the lower face of the test specimens,
but without cracking 608 days after the start of the experiment and having undergone 283 days of
accelerated corrosion.

In the test specimens with LFS, the rust stains began to form later than in the standard test
specimens, on the upper face of the test specimen, coinciding with its central bar. In the test specimens
with 1.2% chloride ions, 174 days after the commencement of accelerated corrosion, cracks appeared
on the lower face and on the edge of the test specimens; these increased in width and length over time
until 282 days, when the upper face cracked. In the test specimens with 2% chloride ions by weight of
cement, the cracks began 132 days after the commencement of the accelerated corrosion on both the
upper and lower faces and on the edge of the test specimens, coinciding with the central bar of the test
specimen. The passage of time and the increase in current increased the cracks, with a mesh of cracks
appearing in the lower part of the test specimen after 250 days.

Breaking of the test specimens enabled observation of the penetration of corrosive products on
the mortar pores in the test specimens with 2% chloride ions; this showed corrosion in the form of
pitting produced by the presence of chlorides, beginning with the loss of corrugation in the bar and
continuing with the loss of sections in a localized manner (Figure 8).
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Figure 8. Corrosion products in the test specimens without (a) and with LFS (b), with 2% chloride ions
by weight of cement.

Figure 9 shows the corrosion rates in standard test specimens and those with LFS for different
chloride ion percentages within 546 days after the experiment onset. The results show that in test
specimens with chloride ion percentages of 0.4%, the corrosion rates were slightly higher in the slag
test specimens than in the standard ones. By contrast, for chloride ion percentages higher than the
EHE Instruction Limit, the corrosion rates were similar and even higher in standard test specimens.

Figure 9. icorr values of test specimens attacked by chlorides, in standard test specimens (MCC) and
test specimens with LFS (MCE) after 546 days.

5. Conclusions

Corrosion potentials both in standard test specimens and in test specimens with LFS became more
negative as the humidity of the test specimens and the percentage of chloride ions increased, reaching
values which indicate a probability of corrosion which is over 90% for chloride ion percentages above
0.4% by weight of cement.

The corrosion rates increased with the humidity content of the test specimens and with the
chloride ion percentage introduced at the time of kneading, both in standard test specimens and in
those with LFS, reaching values characteristic of the active state for chloride ion percentages above
0.4% by weight of cement.

The standard test specimens offered greater resistance to the passage of an electrical current
than the LFS test specimens. The voltage necessary to maintain a constant current fell drastically
on increasing the moisture content, increasing progressively as the degree of moistness of the test
specimens decreased.
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The symptoms produced in standard test specimens with chloride ion percentages of 1.2% and
2.0% by weight of cement subjected to an accelerated corrosion process consisted of rust stains, initially
coinciding with the central bar, which progressively lengthened until they occupied the lower face and
the edge of the test specimens.

The symptoms produced in test specimens with LFS with chloride ion percentages of 1.2% and
2.0% by weight of cement that underwent the accelerated corrosion process began with the appearance
of rust stains that coincided with the central bar of the test specimens and spread over the upper and
lower faces and the edge of the test specimens. The pressure exerted by the corrosive products caused
progressive cracking of the test specimens, becoming more evident in the test specimens with a greater
chloride ion percentage.

The presence of chlorides in the test specimens produced localized pitting in the steel rebar, both
in the standard test specimens and in the test specimens with LFS.

From the study on the corrosion behavior through electrochemical techniques and the study of
the symptoms produced in the accelerated corrosion process, it may be concluded that in mortars with
the presence of mixed-in chlorides, the incorporation of LFS in the mortar at the time of kneading does
not negatively affect the corrosive process of the rebar.
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Abstract: The grounding device plays performs the role of releasing a lightning current and a fault
current in the power system, and the corrosion of the conductor will cause damage to the grounding
body, which threatens the safe operation of the power system. The grounding grid corrosion detection
technology and equipment guarantee the safe operation of the power system. This paper discusses
the research status of grounding corrosion and topological detection in detail and introduces the basic
principles, research difficulties and existing problems of the methods such as the electric network
method, electromagnetic field method, electrochemical method, ultrasonic detection method and
electromagnetic imaging method. The methods of electromagnetic imaging and time difference
positioning proposed in recent years have been also discussed in detail. The paper points out that the
application of grounding grid corrosion detection distance engineering still faces great challenges
and that multi-disciplinary, multi-information fusion, new sensing technology, big data platforms
and intelligent computing will be the trends to follow in research on grounding grid fault, corrosion
detection and life prediction.

Keywords: grounding grid; metal corrosion; topology detection; corrosion detection;
nondestructive testing

1. Introduction

The grounding engineering of power systems mainly includes substation grounding, tower
grounding, and a high-voltage direct current grounding rod. A major purpose of grounding engineering
is to ensure surface point stability and to reinforce the safety of personnel and equipment in the
event of a lightning striking or massive amount of current discharged into the ground due to the
failure of a power system. However, due to the fact that corrosion will inevitably occur in power
systems at the subsurface level, this has become a potential safety hazard of grounding systems.
Stray current corrosion, bacterial corrosion, and electrochemical corrosion are the main causes of
grounding body corrosion [1,2]. Therefore, the diagnose of grounding body corrosion is one of the
major challenges in the evaluation of grounding system conditions [3]. In addition, the detection of
subsurface power system involves grounding network topology and grounding impedance detection.
Grounding impedance detection technology and equipment are fairly developed [4]. Due to the high
difficulty of the grounding body corrosion and topology detection, more advanced technology and
equipment are required for such operations.
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Research concerning grounding body corrosion detection technology has been conducted for
decades, yet it remains difficult to put theories into practice at a large scale. Copper and flat steel are
commonly used as grounding conductors. Although copper has stronger corrosion resistance than flat
steel, they both have been buried underground for a long time which can be up to more than 30 or
40 years. Thus, their possibility of being corroded cannot be ignored. In China, flat steel is mainly
used as a grounding material, but it can be easily corroded. The research of corrosion detection is
extensive. Corrosion detection technology of a substation grounding grid mainly includes the network
method [5–26], electromagnetic field method [27–35], and electrochemical method [3,36–40]. In recent
years, emerging technologies, such as ultrasonic testing [41,42], electromagnetic pulse time difference
location [43] and electromagnetic imaging [44–49], have been considered for corrosion detection.
Ultrahigh-voltage DC transmission has developed intensively in recent decades, and DC grounding
corrosion is a severe challenge. When single pole earth return is used, the carbon steel corrodes rapidly.
Thus, grounding corrosion has become the most difficult problem to solve in DC transmission projects.
However, the depth, structure, and operation of grounding rods are quite different from those of
grounding grids of substation. To our knowledge, no study has been conducted on the diagnosis of
grounding rod corrosion. With the rapid development of new energy power generation, the corrosion
of grounding bodies caused by a DC stray current in photovoltaic power plants is a new problem that
is rarely discussed at present. Charalambos et al. [50] discussed a method of carrying out evaluations
for grounding body corrosion caused by DC stray current in photovoltaic power plants. Because the
grounding body is buried underground, it is concealed, and the degree of corrosion is difficult to detect
directly. At present, evaluating grounding body corrosion mainly depends on site excavation, which
is extremely low cost-efficient. It is also restricted by operating conditions. Therefore, the trenchless
diagnosis and evaluation technology of grounding body corrosion is demanded.

Recently, grounding grid topology diagnosis technology has come to play an increasingly
significant role. In grounding network fault detection and state assessment, accurate drawings of
the grounding network are needed. However, in practical projects, old drawings of grounding
networks with long a service life are missing or defective due to reconstruction and expansion.
Intertwined old and new grids result in a large deviation between the drawing and the actual layout
of grounding network, which contributes to the difficulty of fault diagnosis and state assessment
of a grounding network. For the grounding project of newly built substations, effective detection
methods to judge whether the grounding grid is constructed strictly according to the design drawings
are not well-developed. For the fault diagnosis methods of grounding grids such as network method,
determining the topological structure of grounding grids in order to establish the diagnosis equation is
necessary. Therefore, a considerable amount of attention has been paid to the diagnosis technology of
grounding grid topology. Accordingly, the electromagnetic field method, transient electromagnetic
method (TEM), and some image processing technologies have been developed in recent years.

2. Corrosion Detection Method of Substation Grounding Grid

According to the detection principle, grounding grid corrosion diagnosis methods can be
generalized as the electrical network method, electromagnetic field method, electrochemical method,
ultrasonic detection method, and electromagnetic imaging method.

2.1. Electric Network Method

The corrosion or fracture of nodes can be obtained by taking the resistance of ground network
conductor as the fault parameter, combining the diagnosis theory with the network theory, adopting the
non-linear optimization method, and comparing with the original data. The electric network method
can be divided into port resistance method, sensitivity analysis method, and improved sensitivity
analysis method.
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2.1.1. Port Resistance Method

The basic principle of the port resistance method based on Telegen’s theorem is described in [5,6].
It was first proposed by Huang Yong and He Xingbai of Chongqing University in the early 1990s. The
principle of the port resistance method is shown in Figure 1. Grounding grids are usually formed by
the interconnection of horizontal equalizing conductors. They are buried underground. Single grids
are usually rectangular, and the materials are ordinary galvanized flat steel, round steel, or flat copper.
Ignoring the influence of soil and other factors, the grounding conductor is regarded as an equivalent
of resistors, and the points connecting the down-line and the grid are assumed to be located at the
nodes of the grid without any deviation. The grounding conductor network after the completion of
grounding grid laying is set to N. According to the structural drawing, and the size and material of
the laying conductor, the complete conductor resistance values of each section can be obtained. After
using the grounding grid for a long time, the resistance parameters of the grounding conductor are
changed due to corrosion. At this time, the network is set to N′. The network N and N′ have the
same topological structure and can be applied to Tellegen’s theorem. By injecting current I0 between
accessible nodes i and j of network N and N′ and measuring the port voltage Uij, we can calculate the
port resistance Rij and R′i j of network N and N′ and then obtain the change of port resistance ΔRij. If
the network N and N′ have m group accessible nodes, the injected nodes can be replaced in turn, and
the m group port resistance can be obtained. According to Kirchhoff’s current law (KCL), Kirchhoff’s
voltage law (KVL), and Tellegen’s theorem, the diagnostic equation of the electric network method can
be deduced. ⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ΔRij{1 =
b∑

k=1
ΔRkIk{1I′k{1/I2

0

ΔRij{2 =
b∑

k=1
ΔRkIk{2I′k{2/I2

0

· · ·
ΔRij{m =

b∑
k=1

ΔRkIk{mI′k{m/I2
0

(1)

Figure 1. Schematic diagram of port resistance method [5].

In Formula (1), I0 is the injection current of two accessible nodes, and ΔRij is the change of port
resistance measured by injection current between two accessible nodes. Ik is based on the current of
each branch of network N at the injection of I0. All three quantities are known. ΔRk is the variation of
branch resistance before and after network corrosion, I′k is the branch current of network N′; thus, ΔRk
and I′k are unknown.

Formula (1) is a non-linear system of equations, and the number of equations (m) is usually less
than the number of branches (b). The formula belongs to the undetermined system of equations and
cannot be solved directly. Generally, an iterative algorithm is implemented to solve this equation.
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The effectiveness of port resistance method depends on the accuracy of port resistance
measurements. The application of this method is restricted by instrumental error from measuring
the small resistance value of grounding conductor and the influence of down-line resistance, contact
resistance, and cable resistance.

2.1.2. Sensitivity Analysis Method

Chen [7–9] proposed a sensitivity analysis method to diagnose grounding grid corrosion. In this
method, conductor resistance increment of the grounding grid is taken as the fault parameter, and
the fault diagnosis equation is established by sensitivity analysis method. The principle of minimum
energy and optimization technology are introduced into the solution of the fault diagnosis equation.

For grounding grids with b branches and r accessible nodes, a fault diagnosis Equation (2)
is established.

ΔUr = Urb·X (2)

where Urb is the sensitivity matrix and Uij represents the effect of branch j conductor resistance on the
potential of measuring node i. ΔUr is the variation of node voltage before and after corrosion, which
can be obtained by measurement. X is a b-dimensional column vector, xj represents the multiplier
of the conductor resistance increment in the j-th segment, which is to be determined. For the actual
grounding grid, the fault diagnosis equation is undetermined because the number of accessible nodes
m is always less than the number of branches b. The sensitivity matrix is related to branch resistance;
that is, the sensitivity matrix is not constant, so Formula (2) is a non-linear equation and is established
only when resistance slightly changes.

Min P =
b∑

i=1

I∗2j R∗j (3)

The application of optimization theory to the solution of the undetermined equation can solve the
problem of calculating the actual resistance of conductors in each segment of the grounding grid.

2.1.3. Improved Sensitivity Analysis Method

Because the sensitivity analysis method only makes use of a very limited number of equations
and does not take non-linearity into consideration, the resistance of each conductor segment deviates
greatly from the actual value. Liu [10] and Luo [11] have improved the sensitivity analysis method.
They rotated the excitation position of the current source in the accessible node and measured the
voltage of nodes at many locations when each excitation occurs. They made full use of the limited
accessible nodes and greatly expanded the number of equations.

The diagnostic equation of the electric network method is a set of undetermined or overdetermined
non-linear equations, and the optimization algorithm is a research hotspot. The simplex method [7,8],
TABU search algorithm [12], support vector regression [13], differential evolution algorithm [14],
constrained total least squares algorithm [15], genetic algorithm [16], and dynamic chaotic PSO [17]
have all been applied. Yang [18] proposed Tikhonov regularization on the basis of the least square
method in order to reduce the ill-conditioning of non-linear equations, and used the L-curve method
to identify grounding grid faults.

Fault diagnosis for large-scale networks requires not only large size matrix operations but
measurement errors and mutual-interference. Tearing and block testing methods [19–21] have been
developed. In the partial fault diagnosis of grounding grid, only the relevant parts can be tested, which
can reduce the testing workload and effectively improve the fault diagnosis efficiency.

Liu [22] and Luo [23] analyzed the branch corrosion measurability of the grounding grid. They
eliminated inaccessible nodes by network transformation and carried out inversions to determine the
measurability of each branch gradually. The testability of fault diagnosis of the grounding grid is
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predictable, which has guiding significance for optimizing the test scheme and making scientific use of
the diagnosis results.

The substation site is complex, and the practical application of the network method involves many
obstacles. The influence of down-line offset [24], portal frame [25], and cable trench [26] is a difficult
problem to be solved urgently in the power network method; thus, further research is necessary.

The electric network method has been put forward for nearly 30 years, nevertheless, the testing
equipment and implementation methods are not sufficiently practical, as the result, their popularization
are obstructed. The network method needs to be developed in more practical manners to determine
the topological structure of the grounding network. Establishing an accurate grounding network
model is difficult because of irregular construction, lack of drawings, inconsistency of construction and
drawings, incomplete grounding network, and connection between the new grounding network and
the old one. Moreover, the selection principle of down-line is difficult to determine, and the grounding
conductor resistance is very small. In order to suppress strong electromagnetic interference, high power
supply is required. There are factors such as the deviation of the positions of the accessible nodes,
measuring the resistance of the wire, contact resistance, cable trench and surrounding equipment, which
will affect the measurement results. In addition, it has large measurement workload, difficult data
management, and low detection efficiency. Hence, operators should have a high technical threshold
and limited practicability.

2.2. Surface Electromagnetic Field Method

The surface electromagnetic field method carries out data acquisition from the surface magnetic
field, analyzes surface magnetic field characteristics and determines the distribution and fault
of grounding grid conductors. Two kinds of grounding grid methods are present: injected
and non-injected.

The non-injected type uses the magnetic field induced by the ground current in the ground
network to directly measure and analyze its characteristics for fault diagnosis. Gomes et al. [27]
designed the surface electromagnetic field detection system and developed a fault diagnosis program
on the basis of the finite difference method. This method can test the surface potential, test the
distribution of grounding grid, and evaluate the unbalanced current of transformer and the corrosion
degree of grounding grid. The non-injected surface electromagnetic field method requires the presence
of grid current from power station, which is simple and convenient to set up. However, this method is
subject to the change of in situ current and therefore is less used for research and applications.

The injected surface electromagnetic field method was proposed by Dawalibi [28] in 1986 to
measure the electromagnetic field distribution on the ground surface which is induced by current
injected into the down-line of grounding grids. By comparing data with the theoretical model, local
electromagnetic field changes were obtained to determine the locations of grounding grid faults.
Dawalibi analyzed the impact of injection mode (location and number of injection points), frequency,
and network structure on the diagnosis. Since then, many scholars have studied various forms of
injected current, namely DC, alternating current (AC), square wave, and HF. Zhang et al. [29] applied
high-frequency AC current injection (up to 1 MHz) to diagnose the grounding grid breakpoint on
the basis of the leakage current. The higher the injection current frequency, the better the diagnostic
resolution. However, developing a 1 MHz high-frequency current source is difficult. The influence
of displacement current should also be considered. Cui and Liu adopted a 379 Hz AC injection
current to determine the corrosion degree of ground grid by measuring the drop in magnetic field
amplitude [30]. A low-frequency current source reduces the difficulty of power supply design.
He [31] injected 50 Hz and 10 A current into high-speed railway grounding systems and realized the
corrosion diagnosis of the grounding conductor through the sur face magnetic field. On the basis
of the geophysical frequency-domain detection and dual-frequency induced polarization method,
the dispersion characteristics of soil and proposed injecting double-frequency square wave current
could be realized [32]. The square wave current has broadband characteristics, and some frequency
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points may amplify the corrosion information of the grounding grid to improve the detection effect
of the surface magnetic field method. Qamar [33,34] used the differential operation to amplify the
characteristic signal (the third-order differential of the surface magnetic field), locate the grounding
grid conductor with peak value, realize grounding network topology detection, and determine the flat
steel fracture on the basis of the missing third-order differential peak of the surface magnetic field.
However, the differential operation will amplify the noise, which is not practical under the presence
of strong electromagnetic interference in the substation. In order to reduce measurement workload,
Yang [35] measured the magnetic induction intensity of some measuring points above the grounding
grid of substation, established the inverse problem of the grounding grid magnetic field, solved the
inverse problem using the reconstruction method based on magnetic detection electrical impedance
tomography (MDEIT) method, reconstructed the magnetic field model above the grounding grid, and
realized the corrosion fault diagnosis of the grounding grid.

The electromagnetic field method is much simpler than the electric network method in terms of
working mode and fault diagnosis characteristic analysis. Moreover, the operability is significantly
improved, but the method still has many problems: The noise from the substation is very large, which
will affect the judgment accuracy. Moreover, the injection current position is difficult to normalize as it
is easily affected by the injection down-line. In addition, the layout of the down-line has not yet been
thoroughly investigated. Given the soil dispersion characteristics, the optimal injection frequency and
waveform shape are not clear. Moreover, research on the electromagnetic field distribution in the case
of the uneven distribution of grounding conductors and complex soil resistivity is still underdeveloped,
and the transformer, cable trench, bracket, and other electrical equipment can be easily influenced.

2.3. Electrochemical Method

The electrochemical method determines the corrosion degree or rate of metals by measuring the
electrochemical characteristics of the corrosion system between metals and soil, including potentiometry,
electrochemical noise, linear polarization, AC impedance, and electrostatic method. The electrochemical
method has successfully been applied to detect corrosion of pipelines, concrete reinforcing bars, and
metal components. However, the corrosion detection of groundwork has only begun in recent years.
The detection targets of the electric network and surface electromagnetic field methods are the corrosion
degree of the grounding grid. The electrochemical method mainly detects the corrosion rate of metals.
Therefore, it can be used to evaluate the state of the grounding grid and predict its service life span.
The electrochemical method has been widely used in the study of corrosion resistance of grounding
conductor materials [3,36,37]; by contrast, the corrosion state detection in grounding grid is seldom
used. Han et al. [38] proposed a constant current step method to detect the corrosion of the grounding
grid and obtained the polarization resistance value by analyzing the charging curve to reflect the
corrosion of the grounding grid at the test location. Yang and Peng [39] used the quasi-steady-state
measurement of step voltage excitation to obtain the corrosion rate of the ground conductor.

The physical and chemical significance of electrochemical measurement method is clear and it
reveals the nature of corrosion. From this point of view, it is a research direction with development
prospects. However, electrochemical method is not yet mature and the problems with it focus on:

1. Reliability of corrosion rate detection. This problem has three causes: (1) The influence of AC and
DC dispersion. (2) The conductor dispersion is not uniform. The dispersion is affected by the
location of the injection point and the distribution of the geoelectric field, and the dispersion of
conductors in each segment is extremely uneven. (3) Sensor installation brings influences to the
original soil environment. The electrochemical method can only detect the corrosion rate of a test
point, and the measurement results are discrete in time and location.

2. Sensor current limiting problem. As a whole, the ground grid is a working electrode. The
polarization current is not confined to the measured conductor. The uncertainty of the polarized
ground network area makes the corrosion rate impossible to calculate. Han et al. [38] designed
a small hole current-limiting device for corrosion detection of the grounding grid. The basic
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principle of this device is to use the electric field to guide the focusing and directional flow of the
polarization current in soil, so as to achieve current limiting. This method has been applied in
concrete corrosion monitoring [40].

3. Strong electromagnetic noise. Strong electromagnetic interference is present in power plants,
substations and transmission lines, ground grid dispersion, and stray current effects. There are
methods such as wavelet denoising, but the polarization current is on the order of μA. Compared
with ground grid and stray current, it is far less than an order of magnitude, and the signal
feasibility is not high.

4. Poor accuracy of corrosion assessment. The electrochemical method usually obtains the corrosion
rate by measuring the corrosion current and then estimates the corrosion degree by integral. It is
an indirect measurement method. The integral calculation produces cumulative error.

In addition, the electrochemical method for the grounding grid is a microscopic measurement.
The measurement can only measure the corrosion rate of the measurement point, but it is impossible to
judge the location of the breakpoint and cannot applied in the case of the reinforced concrete ground.

2.4. Time Difference Location Method

Time difference location is a newly proposed method to determine the defect location of grounding
grids. This method involves ultrasonic detection and electromagnetic pulse time difference location
(D-TDOA).

The ultrasonic detection method utilizes the uniform velocity propagation of ultrasonic waves
to determine the reflection characteristics of defects, determines the defect location by calculating
the time difference of the received reflected wave, estimates the defect magnitude according to the
reflected wave amplitude, and detects the non-electromagnetic parameter by ultrasonic method [41,42].
This method is not sensitive to strong electromagnetic interference in power systems, which is its
main merit. The overall response of the whole network is measured by the electric network method,
but the transmission speed of the guided wave is slow. Early signal response conductor near-end
corrosion information can eliminate the influence of near-grid conductor. However, the underground
network is deeply buried. In addition, the directional problem caused by the mesh structure, influence
of the flat steel solder joint, down-line and electrical equipment connection points, and influence of
soil non-uniformity are difficult to solve for the ultrasonic guided wave detection method. A time
difference location method (D-TDOA) was proposed to inject the Gauss pulse current and detect pulse
transmission time with a broadband measurement sensor (1 kHz–1 GHz) [43]. The fault location
accuracy is 10 cm. This method has not been tested on site. Moreover, the output power is a huge
problem because the excitation source frequency is very high.

2.5. Electromagnetic Imaging

In recent years, the research achievements in geophysical exploration, biomedical imaging, and
other fields have brought vitality to the diagnosis of grounding grid corrosion, forming a branch of the
electromagnetic imaging method.

TEM is a geophysical method. It establishes a pulsed magnetic field underground by sending
current through a loop. During a field intermission, the secondary eddy current field is observed by a
receiving coil, and the longitudinal resistivity profile is formed by inversion. TEM has the characteristics
of strong penetration, high resolution, small volume effect, and non-contact measurement. It is
mainly used in the field of geophysical exploration. Therefore, the author proposed the transient
electromagnetic method for grounding grids (GG-TEM method) [44–46]. The basic principle of
GG-TEM is shown in Figure 2. The transmitter outputs bipolar pulse current and excites the magnetic
field through the coil. At the moment of a magnetic field turn-off, the secondary eddy current
field is excited at the ground grid, and the eddy current is confined within the grounded grid and
attenuated. The receiving coil measures the secondary eddy current magnetic field in the ground

169



Appl. Sci. 2019, 9, 2290

network intermittently in one pulse. The magnitude and attenuation rate of the secondary eddy current
field are determined by the thickness of grounding grid conductor, electromagnetic characteristics
of the material, and corrosion degree. The apparent resistivity imaging method is used to obtain the
sectional map of the grounding grid. The corrosion degree of the grounding body can be analyzed by
the apparent resistivity section characteristics.

Figure 2. A Schematic field setup of transient electromagnetic method [46].

In 2016, we conducted experiments in the Wuhan Nanrui Grounding Network Experimental Field
and achieved fairly ideal detection results (Figures 3–5). The grounding grid, grid spacing, trench
width, and depth were24 m × 24 m, 4 m, 0.4 m, and 0.6 m, respectively. The degree of corrosion was
simulated by the thickness of the flat steel. The thinner the flat steel, the higher the corrosion degree.
Four zones (60 × 6 mm (A), 40 × 4 mm (B), 20 × 3 mm (C), and 40 × 4 mm flat steel (D)) were set, with
four fracture ports (numbered 1, 2, 3, and 4).

Figure 3. Wuhan Nanrui grounding grid experimental site.
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Figure 4. Apparent resistivity section of flat steel.

Figure 5. Apparent resistivity section with breakpoints.

Two lines were arranged to detect the imaging characteristics of the thickness and breakpoint of
flat steel. In Figure 4, the measuring line passes along the flat steel through areas of different thickness
(60 × 6 mm and 20 × 3 mm). As shown in the figure, the high-resistivity layer is thin, and the resistivity
is low in the thick conductor section. In the thin conductor section, the high-resistivity layer is thicker,
and the resistivity is higher. The electrical resistivity imaging characteristics coincide with the thickness
of flat steel. Breakpoint detection: The line passes through the BD area, which has the same flat steel
thickness (40 × 4 mm), and the line passes through the breakpoint grids of 4, 1, and 2. Figure 5 shows
that the apparent grid resistivity of the three grids where the breakpoints are located is significantly
higher than that of the intact grid. Moreover, the thickness of the high-resistivity layer is obvious, and
the resistivity of the intact grid is low.

Compared with the surface electromagnetic field method, GG-TEM can solve the problem of
current injection point of electromagnetic field method, normalization of injection point, primary field
influence problem of electromagnetic induction method, and contact resistance problem and realize
contactless measurement.

Yang et al. [47] proposed the grounding net imaging method of endogenous EIT. The 16-channel
device mode and imaging principle of biomedical electrical impedance tomography were adopted.
The amount of information was greatly increased, and the construction efficiency and diagnostic
accuracy were improved. Wu [48] and Wang [49] proposed the radar imaging method, where the
ultrawideband emission signal propagates through the soil medium to reach the grounding body and
the echo signal is used to obtain the physical state of the grounding body.
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In recent years, the electromagnetic imaging method has become a hotspot in the research of
grounding grid corrosion diagnosis. However, this method is limited by problems such as reinforced bar
shielding of concrete pavement, cable trench, power equipment impact, and large calculation workload.

3. Grounding Network Topology Detection Method

The current injection method and magnetic field excitation method are the main detection methods
of grounding grid topology structure.

3.1. Current Injection Method

The current injection method injects a sinusoidal current by selecting a suitable injection node,
measures the magnetic field on the surface, and analyzes the magnetic field distribution characteristics
to realize the grounding conductor positioning.

Yang [30] designed and developed a different frequency current supply system, mobile weak
magnetic induction intensity measurement system, and corresponding software system. Qamar [33]
proposed a grounding network topology detection method on the basis of the differential method and
established a magnetic field shape function for describing the direction of the ground surface parallel
or perpendicular to the grounding grid. This method uses the principal peak characteristic of the even
derivative of horizontal component shape function and odd derivative of vertical component shape
function to filter and differentiate the measured data of a square magnetic field in the grounding grid
after injecting a current, so as to determine the topological structure of the grounding grid. However,
the differential method is very sensitive to noise and measurement error. The detection path has a good
effect perpendicular to the conductor direction, and the positioning result may have a large error when
a large deviation from the vertical direction exists [30,33]. Fu et al. [51] proposed a grounding network
topology detection method on the basis of wavelet edge detection technology. Wavelet edge detection
effectively strips the magnetic gradient characteristics of each conductor segment from the background
field, which greatly reduces the influence of magnetic field superposition on positioning accuracy.
At the same time, the strong anti-interference ability of the wavelet transform suppresses the error
introduced in the measurement and magnetic field fitting process and ensures the method’s stability.

3.2. Magnetic Field Excitation Method

The magnetic field excitation method excites the grounded flat steel through the coil to generate
the eddy current field (the secondary field), and the topology of the grounding network is obtained
by detecting the eddy current field. The transient electromagnetic method [46] measures the net
secondary field, and it has high detection accuracy. The topography of the grounding grid can be
visually obtained using the apparent resistivity imaging technology, and the image is intuitive, but it
has a large amount of calculation. In addition, the topology of the grounding grid can be obtained by
analyzing the amplitude characteristic of the magnetic field which generated by the sinusoidal current.
The method is simple in measurement and small in calculation, but the background field is included in
the measurement result of the method, so the detection accuracy is relatively low.

4. Challenges and Opportunities

Although a variety of grounding grid corrosion and topological detection methods have been
proposed, these methods are still immature, and commercial equipment and technical regulations are
lacking. The following are challenges from a technical perspective:

1. Strong electromagnetic interference

The electromagnetic environment of the substation is very complicated, and the power
frequency interference magnetic field of the substation operating state can reach more than 10 μT.
The high-frequency transient interference caused by high-voltage switching action; large power
frequency current from ground power equipment, such as transformers, knife gates, transformers,
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and gate brackets; power grounding current; harmonic interference; and various secondary and
communication equipment will affect the normal operation of the detection instrument by means of
spatial and conduction coupling.

The strong electromagnetic interference poses a serious threat to the electrical network method,
surface electromagnetic field method, electrochemical method, and electromagnetic imaging method.
By using an active source, the excitation source power is increased, and the signal-to-noise ratio is
improved. Changing the frequency of the excitation current signal and using a frequency-selective
amplification technique, such as notch, amplification, and filtering, can suppress the power frequency
and avoid the main interference frequency.

2. Strong metal interference

The substation has a large number of metal facilities, and the connection of several important
facilities to the grounding network brings great difficulties to the detection of the grounding grid.
For example, a large number of underground metal pipes, cables, leads and cement roads with steel
structures will have a great impact on the distribution of surface magnetic fields. This makes it difficult
to distinguish the grounding grid information.

3. Corrosion detection of down-line

The grounding grid down conductor is a communication channel between the power equipment
and the grounding network. The stray current density is large near the surface layer of the soil,
and because of the direct contact of the air, it is susceptible to changes in air and soil humidity, so
that the corrosion rate of the part of the grounding conductor is higher than that of the horizontal
conductor of the grounding grid. Therefore, the down-line underground part is easily corroded.
Moreover, diagnosing down-line corrosion is very difficult, and studies on the corrosion diagnosis of
the down-line are lacking.

4. Small target body of flat steel in grounding grid

The common cross-sectional area of the grounding grid conductor is very small compared to other
geophysical targets. The cross-sectional area of the grounding grid is much smaller than the length
of the conductor, which brings great difficulty to the software simulation. For the electromagnetic
induction method, because the conductor cross section is small, the eddy current response intensity
and the influence range are small; for the ground penetrating radar, the reflection surface is too small,
which brings great difficulty for detection.

5. Multi-information fusion

The electric network method, surface electromagnetic field method, time difference positioning
method, and electromagnetic imaging method consider the physical characteristics of the grounding
grid corrosion. However, these methods do not reveal the nature of corrosion and can only solve
the problem of corrosion degree detection. The electrochemical method can detect the corrosion rate
but not the degree of corrosion. Multi-information fusion [52], combined with multiple methods, is
expected to simultaneously achieve corrosion degree and corrosion rate detection. Therefore, tapping
the potential of existing methods, implementing two or more corrosion detection methods in one
device, solving the problem of simultaneous detection of corrosion degree and corrosion rate, and
improving the practicality of the detection method are future development directions.

6. Life prediction of grounding grid

With the development of power grid technology and the improvement of voltage levels, the
safe operating life of grounding grids has begun to receive attention. It is expected to realize the life
prediction of the grounding grid by detecting the corrosion degree of the grounding grid conductor, the
corrosion rate, and the parameters of soil aeration, water content, salt content, pH value, soil resistivity,
oxidation-reduction potential and soil temperature. Multidisciplinary intersection, multi-information
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fusion, new sensing technology, big data platform [53] and intelligent computing will certainly promote
the maturity and application of grounding grid detection technology and life prediction. These bring
new opportunities for research in the field of grounding grid testing.
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