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1. Introduction and Scope

From an engineering standpoint, the corrosion of metallic materials is a challenging
phenomenon, responsible for huge costs and serious failures. This situation has driven the
quest for increasing scientific initiatives to improve the current knowledge on corrosion
mechanisms and mitigation strategies in different areas. Hence, intense research activity
is dedicated to develop new alloy compositions, protection methods, and to investigate
corrosion mechanisms in depth.

As part of this scenario, this Special Issue was conceived to gather new, innovative con-
tributions towards a deeper understanding of corrosion processes in a variety of applications.

2. Contributions

This volume collected 12 research papers devoted to different aspects of corrosion
and its mechanisms. In the first paper, Seikh et al. [1] prepared low-Ni, Co-free maraging
steels with varying Mo concentrations using an electroslag remelting process. The effect of
Mo addition on the electrochemical behavior of the new maraging steels was investigated
in H2SO4 and NaCl solutions. The corrosion resistance was improved with respect to the
Mo-free steel, depending on the Mo content.

Queiroz et al. [2] compared the corrosion resistance of the AA2024-T3 and AA2524
T3 aeronautic Al alloys, giving emphasis to the interplay between microstructural aspects
(presence of intermetallic compounds) and the electrochemical behavior of the alloys.
The surface area of intermetallic compounds was associated with the localized corrosion
susceptibility of the alloys.

The local and global corrosion behaviors of composite Ni–P-multiwalled carbon
nanotube films obtained by electroless deposition on carbon steel substrates were studied
by Oliveira et al. [3]. The addition of multiwalled carbon nanotubes increased the adhesion
strength and reduced the electrochemical activity on the surface of the coated samples.

As ship hull steel is subject to severe corrosion attack, Zhang et al. [4] submitted
a contribution towards understanding the corrosion mechanism of EH47 ship steel in
seawater. Electrochemical tests and immersions tests (up to 80 days of immersion) were
conducted. A mixed pitting corrosion and crevice corrosion mechanism was proposed,
depending on the immersion time.

Li et al. [5] obtained a copper-rich surface on copper-bearing steels by wet/dry cyclic
corrosion tests, thus forming an in situ composite material. The new copper-rich surface
significantly increased the corrosion resistance of the copper-bearing steels.

Anodization is a traditional surface treatment for magnesium alloys. The effect of
anodization parameters on the corrosion-fatigue behavior of structural Mg alloys is yet not
well understood. The paper by Oliveira et al. [6] aimed to shed light on this topic. They
investigated the corrosion-fatigue behavior of an anodized AZ31B Mg alloy in phosphate-
buffered solution. The effect of the anodized layer on the fatigue resistance of the alloy
is discussed.

Wang et al. [7] evaluated the effect of pH on the localized corrosion behavior of
the L360 pipeline steel with and without S8 coating in a typical sour-simulated environ-

Metals 2023, 13, 1059. https://doi.org/10.3390/met13061059 https://www.mdpi.com/journal/metals
1



Metals 2023, 13, 1059

ment. An innovative wire beam electrode (WBE) was employed for studying the local
corrosion processes.

The oxidation behavior of Fe-W-Cr-Zr steel with dispersed Fe2Zr particles was studied
by Chen and Rong [8]. This material is a candidate for advanced generation IV nuclear
reactors. In this work, the authors characterized the composition of the oxide layer formed
after oxidation tests in stagnant air and oxygen-saturated stagnant liquid Pb-Bi eutectic, as
well as the influence of microstructural features on the scale growth rate.

Microbiologically induced corrosion (MIC) is a serious concern in oilfield production.
The contribution by Welikala et al. [9] was focused on the study of biofilm growth by
iron-reducing bacteria Shewanella putrefaciens on carbon steel and its effect on the corrosion
behavior of the material in different culture media. They provided an in-depth evaluation
of the effect of the IRB biofilms on the corrosion behavior of the carbon steel.

Aperador et al. [10] investigated the corrosion resistance of structural rebar embedded
in non-Portland cement alkali-activated slag concrete. The effect of immersion time in
chloride solution was investigated. The correlation between concrete porosity and corrosion
resistance was discussed for the new cement composition.

Ductile cast iron used for water transmission pipelines are subject to corrosion. In the
paper by Wang et al. [11], the effect of surface cracks on the corrosion resistance of a ductile
iron casting was studied. They identified the main environmental factors that influence the
corrosion behavior, such as oxygen solubility, temperature, pH, chloride concentration, and
water hardness.

Howyan et al. [12] developed polystyrene/organoclay nanocomposites to investigate
their corrosion protection ability as coatings for carbon steel parts. They used commercial
Indian clay and Khulays clay as nanofillers. A corrosion protection efficiency of up to
81.4% was reached using the commercial clay at a filler loading of 1 wt.%. Dispersion
of the nanoclays in the polymer matrix was the essential factor influencing the corrosion
resistance of the coated samples.
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and timely support in all publication steps.
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Comparative Study of Protection Efficiency of C-Steel Using
Polystyrene Clay Nanocomposite Coating Prepared from
Commercial Indian Clay and Local Khulays Clay

Nashwa A. Howyan 1, Layla A. Al Juhaiman 1,*, Waffa K. Mekhamer 1,2 and Hissah H. Altilasi 1

1 Chemistry Department, King Saud University, Riyadh 145111, Saudi Arabia
2 Material Science Department, Institute of Graduate Studies, Alexandria University, Alexandria 21526, Egypt
* Correspondence: ljuhiman@ksu.edu.sa

Abstract: This work aimed to compare the coating protection efficiency of C-steel using two kinds
of clay: a local Khulays clay (RCKh) from Saudi Arabia and a commercial clay (CCIn) from India.
Clay-based polymer nanocomposites have a unique layered structure, rich intercalation chemistry,
and availability at low cost. They are promising reinforcements for polymers. The raw clay for both
clay types was washed before being treated with NaCl to produce sodium clay (NaC). The cationic
surfactant cetylpyridinium chloride (CPC) was then used to convert the NaC into the organoclay
(OC) form. Polystyrene/organoclay nanocomposites (PCNs) were prepared by combining different
concentrations of organoclay (1%, 3%, and 5% OC) in toluene solvent and polystyrene (PS) as the
matrix. To ensure the success of the PCN modification process, the organoclay and PCN films were
characterized using a variety of techniques, including Fourier transform infrared spectroscopy (FT-IR),
X-ray diffraction (XRD), and transmission electron microscopy (TEM). The shifts in the FT-IR spectra
after the CPC treatment of NaC confirmed the presence of CPC in the organoclay samples and the
presence of OC in the PCNs. The exfoliated structure was obtained from the XRD spectrum for low
clay loading (1–3% PCN), while the intercalated structure was the dominant form for the 5% PCN. The
XRD results were confirmed by TEM images. To calculate the coating efficiency of the PCNs, various
electrochemical methods were used. The electrochemical measurements included electrochemical
impedance spectroscopy (EIS), the electrochemical frequency modulation (EFM) method, and Tafel
plots. The PCN with a concentration of 1 wt.% OC has a fully exfoliated structure and higher coating
efficiency than the PCNs with partially exfoliated structures (3 wt.% and 5 wt.%). It was found from
the Tafel plots that commercial Indian clay has better corrosion protection (81.4%) than local Khulays
clay (60.2%). A comparison with other studies using current density values shows that our results are
superior to those of many studies.

Keywords: clay; polystyrene clay nanocomposite; C-steel; protection efficiency; electrochemical
measurements

1. Introduction

Many metals are widely used in construction and other industrial fields. Corrosion
problems, which limit the long-term use of metals such as iron, zinc, and their alloys, are
one of the greatest challenges in the metals industry. Carbon steel (C-steel) is a common
steel alloy that is used extensively in a variety of applications, such as installation, trans-
portation, mining, and construction [1–7]. C-steel has a carbon content ranging from 0.12%
to 2.0% (w/w), which increases the strength and hardness of steel objects, as well as their
corrosion resistance [1–7]. Metal corrosion protection is the most difficult problem that
many engineers and chemists face [1–4]. Many studies have been conducted to protect steel
bodies and other metal alloys from damage caused by aggressive corrosion [1–7]. Organic
coatings are one of many coating applications used to protect various steel bodies and
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other metallic substrates from corrosion due to their good barrier properties. Recently, sci-
entists have attempted to prepare nanocomposite materials by interacting polymer coating
materials with nanosized particles (e.g., metallic, organic, and inorganic nanofillers, and
many nanoscale additives) that are added to improve the barrier, mechanical, and thermal
properties of these polymer coatings [7–12]. Some filler nanoparticles are SiO2, TiO2, ZrO2,
Fe2O3, Al2O3 [10,11], and clay derivatives (e.g., organic and inorganic clay) [11–19].

A nanocomposite is described as a mixture of two or more different materials, at least
one of which has nanostructural dimensions between 1 and 100 nm. Clay and polymer
or monomer molecules can be combined to create nanocomposite materials, or they can
be made via a variety of other methods [20–23]. According to the degree of silicate-
layer separation and the strength of the interfacial tension between the polymer matrix
and clay layers, polymer organoclay nanocomposites are divided into three categories:
intercalated nanocomposites, exfoliated nanocomposites, and conventional composites [21].
Due to their superior properties as compared with pure polymers, polymer organoclay
nanocomposites (PCNs) have been used in several applications in numerous fields. These
characteristics include flame resistance, thermal stability, barrier properties, mechanical
properties, chemical resistance, and optical qualities [13,14]. Additionally, many studies
have examined the coating characteristics of polymers and assessed the impact of adding
clay to various polymers and epoxy coating [13,16–19,23,24].

Montmorillonite clay (MMT), which belongs to the Smectite group, is used for interca-
lation or exfoliation with the polymer matrix in PCN application [12,21]. MMT is a very
soft layered silicate with the following chemical formula:

Na0.67K0.13Ca0.02Ba0.04(Si7.47Al0.53)(Al2.59Fe0.78Ti0.14Mg0.44Cr0.04)O20(OH)4

MMT possesses a high cationic-exchange capacity (CEC), which ranges between
80 and 150 meq./100 g, as well as high reactivity and a large surface area. MMT clay’s
crystal structure consists of nanometer-thick layers or plates (approximately 1 nm) of alu-
minum octahedron sheets sandwiched between two silicon tetrahedron sheets. When the
layers are arranged and stacked, a gap between them is created that is known as d-spacing
or gallery spacing [12,20,21]. MMT and other layered silicate clays are hydrophilic by
nature. This makes them unsuitable for interacting and mixing with most hydrophobic
polymer matrices. The surface of the inorganic clay should be treated with an organic
surfactant to make it compatible with the organic polymer. The conventional ion-exchange
method is a simple way to modify the clay surface. The most common organic surfactants
used for clay modification are phosphonium or ammonium ions in the primary, secondary,
tertiary, and quaternary states. Organic cations can be exchanged for inorganic cations (K+,
Na+, and Ca++) that are not strongly bound to the clay surface [12–19,21–24]. This organic
modification causes the d-spacing to increase in proportion to the length of the alkyl group
in the surfactant. A wide range of matrix polymers are compatible with modified organic
clay (OC) [12–19,21–24]. The organic polymer can diffuse into the clay galleries after reduc-
ing the electrostatic interaction between the clay layers, which helps to separate the clay
platelets so they can be more easily intercalated and exfoliated. Polymer nanocomposites
represent an exciting and promising alternative to conventional composites due to the
dispersion of nanometer clay platelets and their improved performance in mechanical, ther-
mal, barrier, optical, electrical, and other physical and chemical properties [8,17–19,21–26].
In the present study, proceeding from our previous findings, we aimed to enhance the
coating protection of C-steel using low clay loading and two types of clay.

Because of the amount of sea salt deposited on metallic and nonmetallic bodies, the
marine system is one of the most important aggressive-corrosion environments. To simulate
the seawater system, the corrosion behavior of steel bodies is frequently studied in a
solution containing 3.5% w/v % sodium chloride. The difference in the coating efficiency of
C- steel differs according to the clay type or nanoadditive intercalated with the polymer. In
the first stage, the goal of this research was to modify and prepare polystyrene/organoclay
nanocomposites (PS/OC PCNs). In the second stage, we aimed to characterize these PCN
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formulations using FT-IR, XRD, and TEM. The final stage was to investigate the corrosion
behavior of C-steel rods coated with PCN using commercial Indian clay (CCIn) and local
Khulays clay (RCKh) at various concentrations (1, 3, 5% PCN). The coating efficiency of the
RCKh and CCIn after preparing the anticorrosive PCN coatings was then calculated using
various electrochemical methods, such as electrochemical impedance spectroscopy (EIS),
the electrochemical frequency modulation (EFM) method, and Tafel plots.

2. Materials and Methods

2.1. Materials

To compare the coating efficiency, two types of raw clay were studied: a commercial
clay from India (CCIn) provided from the Clay Craft India, Jaipur [25] and a local clay (RCKh)
from Saudi Arabia’s Khulays region, Jeddah. The RCKh was prepared by grinding raw
rocks with a mortar and pestle to achieve a fine grain size in the micrometer range. X-ray
Florescence (XRF, from Hitachi Company, Tokyo, Japan) was used to characterize both types
of clay. The dominant CCIn components were montmorillonite (64.9%), kaolinite (10.6%),
goethite (9.5%), hematite (9.4%), and boehmite (5.6%), as found earlier [25]. The XRD
patterns of the RCKh show that the dominant components were montmorillonite (35.22%),
mica (22.8%), kaolinite (13.33%), quartz (8.57%), feldspar (6.66%), and ilmenite (5.71%).
Dolomite and gypsum (3.81%) and calcite (3.81%) were the remaining components [26].

Polystyrene (PS), with a molecular weight of 259,000 g/mol, was used to prepare the
polymer clay nanocomposite in this study, and it was provided by the Sabic Company,
Riyadh, Saudi Arabia.

Cetylpyridinium chloride (CPC) was purchased from the BDH Co., Istanbul, Turkey.
It was used as a cationic surfactant in the production of organoclay (OC). The general
formula is C21H38ClN, and its molecular weight is 358.01 g/mol. The Avonchem Company,
Cheshire, UK, provided toluene (C6H5CH3), with a high purity percentage of 99.5%, which
was used as a solvent for the polymer matrix PS. The Win lab Company, Queensland,
Australia, provided analytical-grade sodium chloride AR.

The carbon steel (C-steel) rods were provided by the ODS Co., Schleswig-Holstein,
Germany. C-steel has a chemical composition of 98.468% Fe and 0.46% C [17].

2.2. Methods
2.2.1. Modification Methods of Clay

The scheme of synthesis of PCN starting from raw clay using present study technique
is shown in Figure 1. The local Khulays clay was prepared in our laboratory from raw
rocks by grinding to a fine grain size in the micrometer range [26], and the CCIn was
supplied as a fine powder. An amount of 30 g of raw clay (RC) was dispersed in 500 mL of
distilled water and shaken overnight to remove undesirable salts and contaminants from
both clay types. After setting the solution aside for a while, the supernatant solution was
removed. Three days were spent repeating this action. A 250 mL solution of 0.25 M NaCl
was added to the raw clay suspension of both types of clay (RCKh and CCIn), which was
then agitated overnight. This process was repeated for three days. This is referred to as the
inorganic cationic-exchange modification that creates a homo ionic clay surface. Following
this process, the solution suspension was separated by centrifuging at 3800 rpm for roughly
10 min. When the AgNO3 test for chloride ions was negative, the produced homo ionic
clay (NaC) was washed and separated by centrifuging. After this alteration, the NaC was
ground to fine powder and stored in a desiccator after being dried in an oven. The organic
modification of the NaCl of both clay types was then achieved through a cationic-exchange
reaction with cetylpyridinium chloride (CPC), in which organic cations replaced sodium
ions to prepare the organoclay (OC).
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Figure 1. Scheme of synthesis of PCN starting from raw clay using present study technique.

This procedure was carried out by dispersing 5 g of NaC from both clay types in 500 mL
of distilled water, stirring the solution, and leaving it overnight. CPC solution was made by
dissolving 3.58 g of cetylpyridinium chloride (two times the CEC of clay) in 100 mL distilled
water. The CPC surfactant solution was added dropwise to the NaC suspension while
vigorously stirring, and the mixture was stirred for 24 h at room temperature to ensure
CPC insertion within the clay layers. The OC was collected and separated by centrifugation
at 3800 rpm for about 10 min, followed by several washes with distilled water until no
chloride ions were found in the solutions. The organoclay was oven-dried overnight before
being ground with a mortar and pestle to a fine grain size in the micrometer range and
stored in a desiccator [17].

2.2.2. PCN Preparation Methods

Polystyrene/organoclay (PS/OC) composites, or PCNs, were prepared utilizing so-
lution techniques, with the OC contents ranging from 1% to 5%. A specific amount of
organoclay (0.02, 0.06, or 0.1 g) was added to 10 mL of toluene solvent in 50 mL glass
bottles, and the mixture was magnetically agitated for 24 h at room temperature. The next
day, two grams of PS was added to the organoclay suspension, which was magnetically
stirred for six hours at room temperature. The PS/OC (PCN) mixture was then subjected
to 10 min of sonication. For the characterization methods, the PCN solutions were cast
into Petri dishes and allowed to dry at room temperature for 24 h before being delicately
removed from the glass surface [26]. Figure 1 shows the process of preparing a PS/OC
nanocomposite from raw clay to the final goal of preparing the coating protecting the
C-steel using PCN.

2.2.3. Characterization Methods

For the characterization, the methods FT-IR and XRD were performed at King Saud
University’s College of Science, the Department of Chemistry. In the absorbance range
from 400 to 4000 cm−1, Perkin Elmer FT-IR (Waltham, MA, USA) was used to characterize
the raw clay, Na clay, organoclay, and all prepared polystyrene nanocomposites. Wide-
angle X-ray diffraction (XRD) patterns were used to examine all the PCN samples and
modified clays using an XRD (Bruker model D8 ADVANCE from Hamburg, Germany).
The operating conditions were as follows: a Cu anode radiation source with a wavelength
of λ = 0.154 nm, and a current and voltage generator of 40 mA and 40 kV, respectively.
The experiments were conducted at a scanning rate of 0.30/sec in the 2θ = 3–50◦ range.
Transmission electron microscope (TEM) (JOEL-1400 from Japan) measurements were taken
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in the central laboratory for the Center of Science and Medical Studies for Female Students
at KSU. All prepared films were immersed in epoxy resin and cured at room temperature
overnight. They were then divided into segments with a thickness of roughly 70–100 nm
using a microtome. The nanocomposite samples were placed on carbon-coated 200-mesh
Cu grade, and the ultrathin segments were cut with a diamond knife to create clear images.
TEM was used to examine the morphology of the pure PS, OC, and polystyrene/organoclay
nanocomposite (1–5% wt.) films.

2.2.4. Electrochemical Methods

All electrochemical measurements were performed using a three-electrode electro-
chemical cell, with the C-steel as the working electrode, having a surface area of 9.95 cm2,
which was calculated using a Mitutoyo gauging tool (Kanagawa, Japan). The standard
Calomel electrode (SCE) served as the reference electrode, and rigid platinum foil served
as the auxiliary/counter electrode, having a surface area of 100 mm2. The working elec-
trode was polished to a mirror image by the polishing machine (Metaserve 2000, Buehler,
London, UK) using emery papers of various grades (80, 220, 600, 1000). The electrodes
were then washed several times with distilled water and cleaned with an ultrasonic cleaner
in acetone for 2 min. The PCN solutions were cast dropwise onto the polished C-steel
rods to completely cover their surfaces. The coated C-steel samples were then dried at
room temperature for 1 h before being dried at 50 ◦C overnight. Another layer was added
to achieve a final thickness of 100 ± 10 μm, as measured by a coating-thickness gauge
(Elcometer 465, Manchester, UK) [8]. All of the electrodes were immersed in a 3.5 wt.%
NaCl aqueous solution at room temperature (30 ± 0.5 ◦C).

The electrochemical measurements were performed using a Gamry Potentiostat/Galvanostat
ZRA (model 3000, Warminster, PA, USA). Three electrochemical methods were used in the
following order to assess the protection efficiencies of the prepared PCN coatings. The first step
was to attain equilibrium. The open-circuit potential (OCP) was activated for 90 min to stabilize
the system and achieve steady-state potential (ESS). The first method was electrochemical
impedance spectroscopy (EIS) using Nyquist plots, with a sweep frequency from 105 to 10−1 Hz
and at an AC amplitude of 10 mV. The perturbation amplitude for the second approach,
electrochemical frequency modulation (EFM), was 10 mV with a base frequency of 0.1 Hz.
The potential 250 mV from the ESS was scanned using the fourth method, potentiodynamic
polarization (Tafel plot), at a rate of 1 mV/sec. Each experiment was conducted three times,
and the reported results are the averages of three similar results.

3. Results and Discussion

3.1. Characterization Methods

The following parts will exhibit the FT-IR spectra, XRD, and TEM analyses of the
different types of clay: commercial Indian clay (CCIn), local Khulays clay (RCKh), and their
derivatives (NaC, OC), in addition to all recorded from 1–5 wt.% PCN.

3.1.1. FT-IR Analysis

Clay surface changes are identified using FT-IR analysis [27,28]. The FT-IR spectra of
the unmodified, Na-modified, and organically modified clay from the CCIn and RCKh are
shown in Figures 2 and 3, respectively. From Figure 2, the infrared spectrum of commercial
clay, the band in the OH-stretching region at 3628 cm−1 is attributed to the hydroxyl
groups coordinated to Al+3 octahedral cations (Al-OH) [28]. At 3439 cm−1 and 1646 cm−1,
respectively, the OH-stretching and -bending vibrations of the adsorbed water molecules
were seen [29]. Additionally, a band at 522 cm−1 is for Al–O–Si deformation, and a band
width at 1033 cm−1 is for the clay’s Si–O stretching vibrations. Additionally, a wide weak
band at 462 cm−1 has been linked to Si–O–Si deformation [28,30,31]. Absorption bands
for water molecules were seen at 3440 and 1650 cm−1. The bands for the deformations of
Al–O–Al and Si–O–Si are situated at 523 and 464 cm−1, respectively.
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Figure 2. FT-IR spectra of CCIn, NaCIn, OCIn, and CPC from CCIn modification.

 

Figure 3. FT-IR spectra of RCKh, NaCKh, OCKh, and CPC from RCKh modification.
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The asymmetric and symmetric stretching vibrations of the (C–H) in the alkyl group of
CPC have significant sharp peaks at 2924 and 2851 cm−1, respectively [32]. These two distinct,
strong bands are unmistakably an indication of the intermolecular interactions that take
place between neighboring alkyl chains of the organic surfactant (CPC) in clay galleries
that have been treated with sodium. Additionally, a new peak for the aromatic (C = C)
stretching vibrations of CPC molecules has been identified at 1491 cm−1 [33]. In addition to
the Si–O vibrations’ strong broadband properties, which were seen at 1032 cm−1, the OH
groups of water’s asymmetric stretching and bending vibrations were visible at 3441 cm−1

and 1640 cm−1. The success of the CPC cation intercalation between silicate layers and the
organic alteration of NaC by CPC were both validated by all of these shifts and modifications
in the OC spectrum [34]. Figures 4 and 5 for the CCIn and RCKh, respectively, display the
FT-IR spectra for all synthesized PS/OC nanocomposites (PCNs) and their derivatives. These
spectra show the presence of OC in the polymer matrix. The absorption bands emerged
in these spectrums at the same places of the polystyrene matrix with little shifting, while
some novel band alterations were attributed to the OC structure [34,35]. Two absorption
bands related to the aromatic stretching vibration of sp2 can be seen in the PS spectrum at
3059 and 3027 cm−1 (C–H). Additionally, at a wavelength from 2923 to 2852 cm−1, there are
two powerful absorption bands that are connected to the asymmetric/symmetric vibrations
of the aliphatic (C–H) stretching of (–CH2).

Figure 4. FT-IR spectra of PS, 1–5% wt.% PCN, and OCIn using CCIn.
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Figure 5. FT-IR spectra of PS, 1–5% wt.% PCN, and OCKh using RCKh.

Additionally, it was discovered that in all the PCN spectra, the aromatic ring stretching
vibrations of (C = C–C) had absorptions between 1492 and 1600 cm−1, and their overtone
bands were seen between 1945 and 1746 cm−1. For the Indian and Khulays clay types, as
well as for all manufactured nanocomposites (1–5% wt.% PCNs), the evident change in
the weak band of pure PS at 3652 cm−1 was noted, especially in the case of the 5% PCN.
Additionally, for all the nanocomposites, the overlap with the aliphatic and aromatic C–H
stretching of PS is to blame for the removal of the CH2 stretch peak for OC. Additionally,
it was noted that the form of the CH2 bending peak for PS at 1027 cm−1 changed, and it
was particularly obvious in the case of the 5 wt.% PCN. These alterations all pointed to
the successful intercalation between the OC and PS matrices. Additionally, the overlap
with the aliphatic and aromatic C–H stretching of PS is to blame for all the nanocomposites’
elimination of the CH2 stretch peak for OC.

3.1.2. X-ray Diffraction

The distances between the clay layers for the raw clay, NaC, OC, and PCN films were
obtained from the peak position of the XRD pattern using Bragg’s equation:

2d sinθ = n λ (1)

where d is the basal spacing between the clay layers; θ is the angle from the diffraction
beam to the atomic plane; n (equal to one here) relates to the order of the reflection; λ is the
wavelength of the X-ray radiation employed in the experiment (λ = 1.54060 Å).

X-ray Diffraction of RC, NaC, and OC

In Figure 6 the spectra of the raw Indian clay (CCIn) showed a characteristic peak at
a 2θ value of 7.15◦, corresponding to a basal spacing of 12.35 Å. The small peak in NaC
appeared at a 2θ value of 9.17◦, with a d-spacing of 9.64 Å. However, the NaCIn peak after
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modification with a CPC organic surfactant to obtain in the OCIn shifted to a lower 2θ
value at 4.21◦, with a d-spacing equal to 21 Å due to the loss of water molecules. The
XRD patterns for the local Khulays clay (RCKh) in Figure 7 show the characteristic peak
of d-spacing at a 2θ equal to 7.00◦ (d = 12.62 Å). This peak in the NaCKh and OCKh was
observed at a 2θ equal to 7.39◦ (d = 11.95 Å) and 2θ equal to 4.30◦ (d = 20.55 Å), respectively.
The changes and shifting of the OC peaks (for the Indian and Khulays clay) to a lower 2θ
and the increase in the d-spacing refer to the increase in the gap between the clay platelets.
Thus, the large increase between the NaC platelets provides a good interlayer exchange of
sodium cations by CPC cations [34], which means that the CPC surfactant was successfully
intercalated in these types of clay [34,36].

Figure 6. XRD patterns for RC, NaC, and OC of commercial Indian clay.

X-ray Diffraction of PS, OC, and PCN

The XRD of the PCN samples from both clay types are shown in Figures 8 and 9. Both
figures show the amorphous PS humps. Low crystallinity is the factor behind the broad
diffraction peaks in PS. In the 1–5% PCN patterns, the diffraction peak of polystyrene
appeared in the same position in these PCNs (1–5% PCNs). Importantly, the diffraction
peak of the OC disappeared in the prepared PCNs, which indicated the amorphous PCN
structure. The elimination of the OC peak denotes a significant opening of the clay layers,
which is consistent with a good intercalation between the OC and PS matrix. The produced
PCNs thus acquired an exfoliated structure. Our findings are consistent with numerous
earlier investigations that found polymer clay nanocomposites to have an exfoliated struc-
ture [34,36]. The intercalated organic cations can be distinguished based on their different
configurations using the d001 spacing value that Chen et al. [37] previously published. The
change in the basal spacing for both types of OC is attributed to the increase in the interlayer
space distance, indicating a successful intercalation of surfactant molecules between clay
layers for both CCIn and RCKh [38,39].
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Figure 7. XRD patterns for RC, NaC, and OC of Khulays clay.

Figure 8. XRD patterns of pure OC, pure PS, and 1–5% wt. PCN using Indian organoclay.
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Figure 9. XRD patterns of pure OC, pure PS, and 1–5% PCN using Khulays organoclay.

3.1.3. TEM Analysis

In this investigation, TEM was employed to confirm and explore the dispersion states
of polystyrene chains into the organoclay (OC) clay galleries [36]. Figures 10 and 11 show
the TEM micrographs of pure organoclay (OC) from the Indian and Khulays clay, as well as
all prepared nanocomposites (1–5 wt.% PCNs). The bright areas in these photos repre-sent
the PS matrix, and the dark lines represent the OC sheets [17]. Images of the 1% PCN
from both types of clay revealed that the OC sheets are entirely exfoliated, whereas at
3% and 5% PCN, the OC sheets are still well ordered in certain tiny regions. This finding
demonstrates categorically that the structure of the PS/OC nanocomposite at 1 wt.% is
totally exfoliated, while the structure at 3 and 5 wt.% PS/OC nanocomposites are only
partially exfoliated. In the case of the 1% PCN, the results are consistent based on the
available XRD data and TEM micrographs.

However, the XRD results for the 3 and 5% PCNs revealed the formation of an exfoli-
ated structure, while the TEM data revealed the presence of an intercalated structure in
localized locations. The same outcomes were attained for all the PS/OC nanocomposites
made from the local Khulays and Indian clay. As a result, the TEM technique is regarded
as an important tool for evaluating the dispersion degree of nanoparticles in polymer
matrices [11,12,21]. When the TEM pictures are compared, it is clear that the CCIn exhibited
greater exfoliation than the RCKh at all the formulations tested.
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Figure 10. TEM micrographs of pure OC and 1–5 wt.% PCN for CCIn at high magnifications.

3.2. Electrochemical Methods
3.2.1. Electrochemical Impedance Spectroscopy (EIS)

The coating efficiencies of pure PS and all PS nanocomposite coatings on C-steel rods
were investigated using electrochemical impedance spectroscopy (EIS), which is a vital
tool in electrochemistry research. It is a strong nondestructive tool for examining and
evaluating various electrical characteristics of materials [2–4]. Figures 12 and 13 show
Nyquist plots of pure PS and all samples of commercial and local clay PCNs, as well as
similar circuits. Table 1 shows the EIS parameters as corrosion resistance (RCorr or Rct),
electrical double-layer capacitance (Cdl or CCorr), coating resistance (Rpo) (pore resistance),
and coating capacitance (CC). As illustrated in Figures 12 and 13, these parameters were
derived by fitting the Nyquist plots of all the coated C-steel samples that had undergone
testing to an analogous circuit using Gamry software.
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Figure 11. TEM micrographs of pure OC and 1–5 wt.% PCN for RCKh at high magnifications.

Table 1. EIS data of bare C-steel, pure PS, and 1–5 wt.% PCN coating from commercial Indian and
local Khulays clay in 3.5% NaCl solution at 30 ◦C.

Sample Code
EIS Parameters

Rct (Ω.cm2) CCorr (F/cm2) Rpo (Ω.cm2) Cc (F/cm2)

Bare C-steel 1.29 × 102 8.61 × 10−3 - -
Pure PS 5.24 × 105 4.79 × 10−6 7.59 × 105 6.81 × 10−10

CCIn

1% PCN 6.26 × 106 1.73 × 10−7 1.21 × 105 2.72 × 10−10

3% PCN 5.25 × 106 9.81 × 10−7 2.21 × 105 2.89 × 10−10

5% PCN 4.30 × 106 1.99 × 10−6 2.59 × 104 3.60 × 10−10

RCKh

1% PCN 2.46 × 106 2.71 × 10−8 4.84 × 105 2.98 × 10−10

3% PCN 1.31 × 106 6.01 × 10−8 1.88 × 105 2.83 × 10−10

5% PCN 8.83 × 105 1.48 × 10−7 8.43 × 104 2.84 × 10−10
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Figure 12. EIS plots of coated C-steel by pure PS and all prepared 1–5% PCNs from Indian clay (CCIn)
in 3.5% NaCl solution at 30 ◦C.

 

Figure 13. EIS plots of coated C-steel by pure PS and all prepared (1–5% PCNs for RCKh in 3.5% NaCl
solution at 30 ◦C.

The fitted EIS data of bare C-steel and PS and the 1–5% PCN data for both types
of clay are presented in Table 1. It is noticed that the coating of C-steel with PS greatly
increased the RCorr values and decreased the CCorr values relative to bare C-steel. As
reported in the literature for the coated substrates, the first semicircle in the high-frequency
region was related to the resistance and capacitance of the protective coating and its
properties [13–15,22]. The second semicircle in the low-frequency region was attributed
to the electrochemical reactions on the C-steel surface. The findings demonstrated that,
in comparison with pure PS coating, the introduction of a tiny amount of OC to the PS
polymer enhanced the corrosion resistance (RCorr) and pore resistance (Rpo) of the prepared
PCNs. It was realized that, as the diameter of the second semicircle increased, so did
the values of the RCorr and Rpo. By adding the small percentage of OC, the values of the
corrosion and coating capacitance (CCorr, CC) decreased. These observations for the RCorr,
Rpo, CCorr, and CC values indicate that the PCN coatings have higher corrosion protection
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than pure PS coating. Generally, this indicates that the protective properties of pure PS
coating were improved by adding OC content. This behavior was observed for all the
prepared PCNs from commercial Indian clay and Khulays clay. In the present study, our
impedance results are in agreement with many previous studies [2,3,19,23,24]. Moreover,
adding the organic form of the commercial Indian clay at 1% PCN increased the corrosion
resistance value (RCorr) of the coating by about three times the value of the local Khulays
clay at 1% PCN. The value of the RCorr in the case of the commercial Indian clay was
6.26 MΩ·cm2, while in the case of the local Khulays clay, the value was 2.46 MΩ·cm2 This
was probably due to the high montmorillonite content in the CCIn, which could be easily
exfoliated and allows for maximum protection.

3.2.2. EFM Method

The electrochemical frequency modulation (EFM) method is considered a new nonde-
structive way of electrochemical corrosion monitoring. Consequently, it is a good choice for
many metals and metal alloys in different aqueous corrosion systems. The corrosion param-
eters of the EFM test are good for comparison with the results from the Tafel method and
linear polarization resistance [40,41]. The results from the EFM are included in Table 2, with
the potentiodynamic polarization results prepared from 1–5 wt.% PCNs for commercial
Indian (CCIn) and local Khulays (RCKh) clay in 3.5% NaCl solution at 30 ◦C. The percentage
of coating, or the protection efficiency, was calculated from the following equation:

%PE =
(Icorr(PS)− Icorr(PCN))

Icorr(PS)
(2)

Table 2. EFM data of bare C-steel, pure PS, and 1–5% PCN coating from commercial Indian and local
Khulays clay in 3.5% NaCl solution at 30 ◦C, and relative protection efficiencies (%PE) calculated
using ICorr.

Sample Code ICorr (μA/cm2) CR (mpy) CF2 CF3 %PE

Bare C-steel 3.65 × 102 17.17 2.75 - -
PS 8.43 × 10−2 3.87 × 10−3 1.30 - -

CCIn

1% PCN 1.29 × 10−2 5.92 × 10−4 2.36 1.34 84.69
3% PCN 1.96 × 10−2 8.98 × 10−4 1.23 1.75 76.75
5% PCN 1.97 × 10−2 9.07 × 10−4 4.84 1.14 76.63

RCKh

1% PCN 1.56 × 10−2 7.16 × 10−4 1.86 1.53 81.49
3% PCN 1.56 × 10−2 7.17 × 10−3 2.01 1.70 81.49
5% PCN 2.61 × 10−2 1.20 × 10−3 1.16 1.34 69.04

The EFM parameters (the corrosion current (ICorr), corrosion potential (ECorr), corro-
sion rate (CR), and calculated relative coating efficiency from the ICorr values) are sum-
marized in Tables 2 and 3. It can be noticed that the coating of C-steel with PS greatly
decreased the CR and ICorr values relative to the bare C-steel. Moreover, the PCN coating
further decreased the corrosion rate and increased the coating efficiency for both clay types.
For the EFM in Table 2, the parameters are the current density in μA/cm2 and the corrosion
rate in MPY (milli-inch per year). The goodness of fit for the EFM method is presented in
causality factors 2 and 3. Almost all of our results fit this criterion. It is shown in Table 2
that for the 1% PCN of CCIn, the CR is 5.920 × 10−4 mpy, which is the lowest CR of all
the formulations.

3.2.3. Potentiodynamic Polarization (Tafel Plots)

Tafel plots are represented in Figures 14 and 15 for the coated C-steel samples pre-
pared from PCNs prepared from CCIn and RCKh, respectively, in 3.5 wt.% NaCl solution
at 30 ◦C. The cathodic and anodic curves were analyzed directly from a Gamry potentio-
stat/galvanostat to determine the Tafel corrosion parameters.
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Figure 14. Tafel plots of coated C-steel by pure PS and from 1–5 wt.% PCN prepared from commercial
Indian clay (CCIn) in 3.5% NaCl solution at 30 ◦C.

 
Figure 15. Tafel plots of coated C-steel by pure PS and 1–5 wt.% PCN prepared from local Khulays
clay (RCKh) in 3.5% NaCl solution at 30 ◦C.

Table 3. Tafel data of bare C-steel, pure PS, and 1–5% PCN coating from CCIn and RCKh in 3.5% NaCl
solution at 30 ◦C, and the relative protection efficiencies (PE%) calculated using ICorr.

Sample Code ECorr (mV) ICorr (μA/cm2) CR (mpy) Chi.sq. %PE

Bare C-steel −631 1.46 × 102 6.87 2.55 × 10−2 -
PS −515 3.89 × 10−1 1.79 ×10−2 1.20 -

CCIn

1% PCN −431 7.23 × 10−2 3.32 ×10−3 2.38 81.41
3% PCN −568 1.34 × 10−1 6.12 ×10−3 4.48 65.55
5% PCN −561 9.20 × 10−2 4.23 × 10−3 2.29 76.35

RCKh

1% PCN −425 1.52 × 10−1 6.99 × 10−3 3.93 × 10−2 60.93
3% PCN −496 1.71 × 10−1 1.06 × 10−2 3.83 56.04
5% PCN −496 2.90 × 10−1 1.33 × 10−2 16.18 25.44

20



Metals 2023, 13, 879

In Table 3 for the Tafel plots, the parameters are the current density in μA/cm2 and
the corrosion rate in mpy. For Tafel, the values of the chi-square values are included, which
reflect the goodness of fit of the present data, which lies in the accepted range. As in the
EFM, the best coating efficiency is shown for the 1% PCN of CCIn.

The Tafel plot results showed that the PCN-coated C-steel samples had smaller ICorr
and CR values than the PS-coated sample. This indicates that an incorporation of OC
in the PS matrix enhances the protective properties of this polymer as a coating for
C-steel. This behavior is consistent with previous studies that evaluated the effect of
adding small amounts of clay to different types of polymers, such as polyurethane [13],
polyaniline [16,23], polypyrrole [22], polystyrene [17,18], and epoxy coating [9,24]. More-
over, the trend in the Tafel results was in agreement with the EFM investigation. According
to the EIS, EFM, and Tafel results, the PCN-coated C-steel samples exhibited better corro-
sion resistance and coating efficiency than the pure PS coating. The best electrochemical
protection efficacy was observed at 1% PCN for both types of clay. This is most likely due
to the good dispersion of the 1 wt.% organoclay layers in the PS chains, as demonstrated by
the XRD and TEM results. Other research groups [13,17] have obtained greater protection
efficiencies at 3 wt.% organoclay with polymers. In the case of 1% PCN, however, the fully
exfoliated structure was obtained by comparing the electrochemical results with the charac-
terization method results (XRD, TEM). However, the corrosion protection performances of
the 3% and 5% PCNs were worse than that of the 1% PCN. This suggests that the results of
the characterization methods are consistent with the electrochemical investigations (EIS,
EFM, and Tafel). The order of the coating efficiency for both clay types from Tables 2 and 3
is as follows:

1% PCN > 3% PCN > 5% PCN

3.2.4. Comparison Studies

Finally, Figure 16 compares the results of the three methods used in the present study
to assess the corrosion protection efficiency. It was found that the CCIn had a superior
corrosion resistance to the local clay in all of these procedures. The corrosion resistance
value of the 1% PCN of the commercial Indian clay is about three times higher than the
value of the 1% PCN of the local Khulays clay, as illustrated in Figure 16. Furthermore,
the corrosion resistance of these polymer clay nanocomposites decreased gradually from
1–5% PCN. When comparing the corrosion resistance (Rct) obtained from the EIS results
(Figure 16), it was found that they coincide with the corrosion current density (ICorr)
values derived from the EFM and Tafel methods (Figure 17a,b). This main conclusion
may be attributed to the chemical composition of the commercial Indian clay and the
high percentage of montmorillonite content compared with the local Khulays clay. The
high percentage of montmorillonite content (64.9%) [25] increased the ability of this clay
to swell more than the local Khulays clay, which contains 35.22% montmorillonite. This
resulted in the improved CPC intercalation and greater dispersion of the commercial
Indian clay layers inside the polystyrene chains, which increased the tortuous course of the
corrosive ions and resulted in a higher coating efficiency. Fully exfoliated organoclay layers
within the PS matrix improve the protective qualities of the PS coating more than partially
exfoliated nanocomposite and pure PS coatings. Thus, the permeating molecules are forced
to take a wiggling path and diffuse via the convoluted channels around them, especially
at low OC content, which increases the tortuosity of the oxygen, water, and chloride ion
diffusion pathways and increases the coating efficiency compared with using a pure PS
coating [4,9,17].
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Figure 16. Comparison of electrochemical results from EIS method of PCN coating of present study
for both clay types.

 

 
Figure 17. (a,b) Comparison of electrochemical results from (a) EFM and (b) Tafel for PCN coating of
present study for both clay types.

A comparison with other studies is shown in Table 4 using current density values. It
is noticed that the current density values of our study are much better than those of the
best study, which is Chen-Yang et al. [42] using polyurethan. The current density value of
PCN (CCIn) 7.23 × 10−8 A/cm2 is better than any other formulation, as shown in Table 4.
However, it is hard to make such a comparison with other studies, as there are many
parameters that need to be taken into consideration, such as the adhesion of the polymer
and PCN on the metal, the coating thickness, the metal, the temperature of the study, and
the exfoliation of the organoclay layers within the polymer matrix.
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Table 4. A comparison of our results with previous ones.

Code Ref. No. Polymer ICorr (A/cm2)

Previous studies

Chen-Yang et al. [42] Polyurethan 3.12 × 10−7

Navarchian et al. [16] Polyaniline 4.67 × 10−7

Motlatle et al. [23] Polyaniline 2.10 × 10−4

Piromruen et al. [4] Polyaniline 1.69 × 10−5

Olad and Rashidzadeh [43] Polyaniline 2.58 × 10−6

Olad et al. [44] Polypyrrole 6.30 × 10−5

Raju et al. [18] Polystyrene 2.40 × 10−6

Yeh et al. [45] Polystyrene 1.40 × 10−7

Nematollahi et al. [46] Epoxy 4.96 × 10−7

Huang et al. [47] Polyimide 1.09 × 10−6

Chang et al. [48] PMMA 1.28 × 10−6

Present study PCN (RCKh) Polystyrene 1.52 × 10−7

PCN (CCIn) Polystyrene 7.23 × 10−8

4. Conclusions

Polymer clay nanocomposite (PCN) samples were generated in this study by com-
bining different concentrations of organic clay (1%, 3%, and 5% OC) in toluene solvent
and polystyrene as the matrix (OC/PS). Many techniques, including FT-IR, XRD, and
TEM, were used to characterize the organoclay and PCN films to ensure the success of the
modification procedure. After treating sodium clay (NaC) with CPC, the shifts in the FT-IR
spectra confirmed the presence of CPC in the organic clay samples. An exfoliated structure
was obtained from the XRD spectrum for low clay loading (1–3% PCN), whereas an inter-
calated structure was the dominant form for the 5% PCN. The XRD results were confirmed
by TEM images. Exfoliated structure preparation is crucial, as it might be employed in
polymer clay nanocomposite coating. Furthermore, the electrochemical measurements
(EIS, EFM, and Tafel plots) coincide with the morphological data from the XRD and TEM.
According to the results of the electrochemical experiments (EIS, EFM, and Tafel plots),
commercial Indian clay provides greater corrosion protection than native Khulays clay.
This is clearly demonstrated by comparing the corrosion resistance values obtained from
the EIS technique, as well as the relative coating efficiencies obtained from the EFM test
and Tafel plots of both types of PCNs. The nanocomposite with a concentration of 1%
has a fully exfoliated structure and showed stronger protective characteristics than the
nanocomposites with partially exfoliated structures (3 wt.% PCN and 5% PCN). This is due
to the increased tortuosity of the diffusion paths of oxygen, water molecules, and chloride
ions when compared with pure PS coating. Even with a modest amount of clay added,
polymer clay nanocomposites exhibit improved coating characteristics. This is due to the
clay particles’ nanoscale size, which results in a wide contact area between the polymer
matrix and filler. The structure of clay, with layers of a high aspect ratio, provides superior
barrier characteristics as well as enhanced anticorrosive capabilities. This principal result
can be attributed to the chemical composition of commercial Indian clay and the high
percentage of the montmorillonite concentration when compared with the local Khulays
clay. The high montmorillonite content (64.9%) boosted the ability of this clay to swell
more than Khulays clay, which has 35.22% montmorillonite, which increases the tortuous
track of corrosive ions. It was discovered that commercial Indian clay has better corrosion
protection (81.4%) than local Khulays clay (60.2%). A comparison with other studies using
current density values proved that the current density values of our study are much better
than those of the best study of Chen-Yang et al. using polyurethan. The current density
value of PCN (RCIn) 7.23 × 10−8 A/cm2 is better than any other formulation.
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Abbreviations

Symbol Meaning Symbol Meaning

RCKh Raw Khulays clay CEC Cation-exchange Capacity
CCIn Commercial Indian clay OCP Open-circuit potential
NaC Sodium clay ESS Steady-state potential
CPC Cetylpyridinium clay RCorr Corrosion resistance
OC Organoclay Cdl Electrical double-layer capacitance
PS/OC Polystyrene organoclay nanocomposite CCorr Corrosion capacitance
MMT Montmorillonite Rpo Pore resistance
PS Polystyrene CC Coating capacitance
EIS Electrochemical impedance spectroscopy %PE % Protection efficiency
EFM Electrochemical frequency modulation ICorr Corrosion current density
ECorr Corrosion potential CR Corrosion rate
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Abstract: Ductile iron is a high-strength cast iron material. The spherical graphite obtained by
inoculation treatment effectively improves the mechanical properties of cast iron, resulting in higher
strength than carbon steel. However, severe corrosion may occur under specific circumstances,
especially in thermal water pipelines. In this paper, the corrosion mechanisms at the main defective
points of ductile iron were investigated using microscopic morphological characterization after
accelerated tests combined with numerical simulations. The influence law of each environmental
factor on the corrosion kinetics of ductile iron in a complex water quality environment was studied
using dynamic potential polarization tests. The results showed that the main causative factors leading
to the increased corrosion of ductile iron were the presence of tail-like gaps on its surface, and the
crescent-shaped shrinkage and loosening organization around the graphite spheres. After mechanical
treatment was applied to eliminate the obvious defects, the number of corrosion pits was reduced by
41.6%, and the depth of the pits was slowed down by 40% after five days. By comparison, after ten
days, the number of pits was reduced by 51%, and the depth of the pits was slowed down by 50%.
The dynamic potential polarization test results show that the dissolved oxygen concentration has the
greatest influence on the corrosion of ductile iron in the simulated water environment; meanwhile,
the water hardness can slow down the corrosion of ductile iron. The relative influence of each
environmental factor is as follows: dissolved oxygen concentration > temperature > immersion
time > water hardness > pH > Cl−.

Keywords: ductile iron; harsh water; mechanical treatment; localized corrosion

1. Introduction

With increasing demand for water resources, the laying of water transmission pipelines
has been gradually accelerated [1]. Additionally, the demand for water transmission
pipelines such as steel pipes, ductile iron pipes, pre-stressed steel cylinder concrete pipes
(PCCP), and sandwich glass steel pipes has increased sharply. In the application of cast
pipes with cement lining, harmful ions such as Cr6+ often enter into the water from
contaminated cement and endanger human health. With the increased use of cement-free
lined cast iron pipes in plumbing lines, the fluid in the pipeline comes into direct contact
with the line material. In these circumstances, the flow rate and shear stress destroy the
resulting corrosion film on the material’s surface [2], and elevate the potential risk of the
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corrosion-based deterioration of pipelines [2–8]. This may endanger the safe operation
of the entire water supply system and lead to a series of problems, such as water quality
deterioration, and ecological and economic losses.

In non-cement-lined water supply pipelines, the water temperature, pH [1,9], oxygen
content, and chloride ion concentration are important factors that lead to the immersion
corrosion of the transmission pipeline; these factors exist in addition to the flow immersion
corrosion effect. Stefano [3] described the effect of scaling ions (Ca2+ and Mg2+) in water
quality on the corrosion process of geothermal galvanized steel pipes. The concentration
of Zn2+ and OH− has a clear effect on the formation of the nuclei of corrosion products
in a solution with a higher concentration of scaling ions, which results in the presence of
spherical corrosion products and scales on the surface of the pipe. This corrosion product
mainly comprises zinc oxide, calcium carbonate, and magnesium carbonate, which could
decrease the corrosion rate. Georgii [6] showed the effect of different flow rates on the
corrosion process of mild steel, whereby, at higher flow rates (0.19–0.45 m/s), the protective
properties of the metal surface layer were brought about by enhanced mass transport. In
this condition, crystals of calcite and iron oxide could be formed in the cathodic and anodic
regions, respectively, leading to the formation of a self-healing barrier film that blocked the
oxygen supply and prevented the release of iron into the water.

Ductile iron, as the material most widely used in aqueducts, can lead to the acceler-
ated damage of aqueducts due to microstructural defects such as microscopic shrinkage
loosening on the material’s surface, which can increase the corrosion area of castings. These
defects are also more likely to cause the formation of pits. However, these defects could be
improved by suitable surface mechanical treatment techniques [10,11], thus enhancing the
corrosion resistance of ductile iron castings in aqueduct services.

Studies of the corrosion resistance of ductile iron are currently dominated by single
influencing factors [12–16]. The corrosion of ductile iron [14] under cyclic salt spray
exposure consists of three processes: (i) the pitting of ferrite, (ii) the inward oxidation of the
austenitic ferrite matrix, associated with the formation of a dense inner layer, and (iii) the
mixed oxidation of the matrix, associated with the formation of a rust layer on the sample
surface, where chloride ions are transferred and become involved in the corrosion reaction
by changing the properties and composition of the rust layer. The levels of corrosion
resistance of carbon steel and ductile iron castings show significant differences at different
levels of chloride ion content [15]. An increase in the chloride content leads to an increase
in the corrosion rate, and carbon steel is more susceptible to damage from chloride than
ductile iron is. However, the differences in the mechanisms of the carbon steel and ductile
iron castings in a multi-factor coupled environment remain unclear.

This study investigated the influence of surface cracks on the corrosion resistance
of ductile iron castings. In this work, the main causative factors for the acceleration of
the corrosion of ductile iron materials were investigated, and a variety of water quality
environments that may exist in water pipelines were simulated. We offer a quantitative
ranking of the degree of influence of each environmental factor on the corrosion kinetics of
ductile iron, and screen out the environmental factors that have the greatest influence on the
acceleration of the corrosion of ductile iron at each corrosive stage. The main environmental
factors that influence the corrosion resistance of ductile iron castings were identified.

2. Materials and Methods

2.1. Materials

The chemical composition of the ductile iron castings used in this work is 3.75% C,
1.8% Si, 0.45% Mn, 0.07% P, 0.012% S, 0.06% Mg, and Bal. Fe. Defects including shrinkage
and holes can be easily formed on the material’s surface in the manufacturing process.
Two different specimens were produced for this research. One type of specimen was
produced by being slightly mechanically ground to 2000#, with surface defects maintained
on the specimen surface. Another type of specimen was mechanically ground to 2000#
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until the defect layer disappeared. All of the specimens were polished to a mirror finish
with diamond abrasives with a particle size of 1.0 μm.

2.2. Environmentally Simulated Solution

Before the immersion experiment, nitrogen was introduced into the environment; this
required deoxygenation to simulate an anoxic environment, in which the simulated liquid
was deoxygenated at a constant speed of every 250 mL for 3 h. The concentration was then
measured and controlled at 0.3 mg∗L−1, and then start the immersion experiment. A total
of 8 different environments were configured for the experiments, as shown in Table 1. The
water hardness was adjusted with CaCO3, and the Cl− concentration was adjusted with
NaCl. The same batch was immersed in a large 8-hole water bath during the immersion
process. A small water bath was used for the electrochemical measurements to ensure a
constant temperature during the test.

Table 1. Characteristic parameters of the simulated solution.

No. 1 2 3 4 5 6 7 8

Hardness/ppm 20 20 20 20 80 80 80 80
pH 7 7 10 10 7 7 10 10

Temperature/◦C 60 90 90 60 90 60 60 90
Cl−/ppm 20 120 20 120 20 120 20 120

Oxygen concentration/mg∗L−1 0.3 0.3 6.5 6.5 6.5 0.3 6.5 0.3

2.3. Autoclave Immersion Experiment

Solution environment no. 8 was selected for the experiment. Ductile iron samples
of 50 mm × 25 mm × 4 mm, both with and without surface mechanical treatment, were
polished with silicon carbide paper (2000#) and then cleaned with ethanol and dried
using cold air. After determining the original weight of the specimen, the specimen
was suspended from the inner wall of the beaker using a nylon fishing line. During the
immersion process, the autoclave was pressurized to 1 MPa and the water temperature
was controlled at 90 ◦C; the test cycles were 1220 h and 2440 h. Four parallel specimens
were prepared for each material, and three of them were used to determine the loss in
thickness. The last sample was used for scanning electron microscopy (SEM) and laser
scanning confocal microscopy (CLSM) characterization. The rust on the specimen was
ultrasonically cleaned in a descaling solution that consisted of 98%HCl (500 mL), H2O
(500 mL), and hexamethylenetetramine.

2.4. Electrochemical Test

Electrochemical measurements were performed using the PARSTAT4000A electro-
chemical workstation and electrochemical system using the classic three-electrode system
with a platinum sheet as the counter electrode, a saturated calomel electrode (SSCE) as the
reference electrode, and ductile iron samples as the working electrodes. Electrochemical
samples were sealed with high-temperature-resistant epoxy resin. The exposure area was
1 cm2. The open circuit potential (OCP) was measured for at least 30 min until a steady
state was reached; then, electrochemical experiments were conducted. Three sets of parallel
experiments were set up for each environment to minimize experimental errors [17].

Potentiodynamic polarization curves were obtained by performing kinetic polariza-
tion curve measurements with a scan rate of 0.333 mV/s and a scan potential range of
−0.5 V/OCP to 0.8 V/OCP.

The test conditions for electrochemical impedance spectroscopy (EIS) in each solution
were the same as the working electrode used for the kinetic potential polarization test. The
frequency range for EIS was from 100 kHz to 10 mHz with an amplitude of 5 mV (rms) at
the open circuit potential.
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2.5. Simulation Model Calculations

The model uses the same solution environment as the autoclave immersion experiment.
Finite element simulation was performed using Comsol software [18–21]. Irrespective
of insoluble substances, the modeled electrolyte species are H+, OH−, Cl−, Na+, and
Fe2+. Fixed concentrations and electrolyte phase potential were set at the top horizontal
electrolyte boundary, facing the air. The iron dissolves at the electrode surface:

Fe2+ + 2e− ⇔ Fe (s) (1)

Additionally, the kinetics depend on pH (i0 proportional to H+):

iloc = i0(exp(
∂aFη

RT
)− exp(−∂cFη

RT
)) (2)

iloc = i0(cR exp(
αaFηre f

RT
)− c0 exp(−−αcFηre f

RT
)) (3)

Equation (2) is a Butler–Volmer expression [22], where αc denotes the cathodic charge
transfer coefficient, αa is the anodic charge transfer coefficient, and i0 is the exchange current
density. The kinetic equation is then coupled with the solution environment. Equation
(3) is a Butler–Volmer expression with concentration dependence. This type of expression
allows for more freedom in defining the concentration-dependent Butler–Volmer type
of expressions, where the anodic and cathodic terms of the current density expression
typically depend on the local concentrations of the electroactive species at the electrode’s
surface. cR and c0 are dimensionless expressions, describing the dependence on the reduced
and oxidized species in the reaction.

η is the overpotential given by

η = Em − Eeq (4)

Em is the electrode potential and Eeq is the equilibrium potential. The metal potential
is set to a fixed value, resulting in a mixed potential not affected by the local pit corro-
sion. Ions such as Cl− may also be transported in order to maintain electroneutrality. The
transport of ions, in combination with the pit shape, determine the local pH. If the iron
oxidation reaction is catalyzed by H+, a lower pH within the pit results in faster metal
dissolution compared to the metal surface outside the pit. The tertiary current distribution
and Nernst–Planck interface defines the mass and ion transport. The water-based charge
balance model with electroneutrality defines the H+ concentration and the OH− concentra-
tion as built-in variables, and automatically defines the water autoprotolysis equilibrium.
The separator node is used to define the pit as a porous structure. Deformed geometry
handles the deformation of the pit. The multiphysics nodes couple the electrochemistry to
the deformation.

3. Results and Discussion

3.1. Exploration of the Corrosion Mechanisms of Ductile Iron Shrinkage Holes
3.1.1. Microstructure Characteristics

As shown in Figure 1a–f, a large number of shrinkage holes, which are visible to
the naked eye, can be seen on the surface of the ductile iron pipe that did not receive
surface mechanical treatment. Additionally, these holes are deep and cover a wide area.
These holes are highly likely to become areas of aggressive ion accumulation in a harsh
environment. This would accelerate the formation of a local acidified environment, in
which the dissolution of the iron matrix would be promoted. After the surface mechanical
treatment, these obvious defects on the surface of the ductile iron pipe are removed; the
microscopic morphology is shown in Figure 1g–k. It can be seen that the shrinkage holes
on the surface of this specimen are significantly reduced. The surface uniformity of this
specimen is better, and the graphite balls are uniformly distributed on the surface.
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3.1.2. Corrosion Morphology

To investigate the corrosion process of the ductile iron pipe in the real service environ-
ment of thermal pipeline, an immersion corrosion test was conducted in the autoclave. The
corrosion morphology of the two different specimens after different periods of immersion
is shown in Figure 2. As the immersion time increases, there was a marked increase in
the corrosion product (Figure 2a,b,e,f). As shown in Figure 2c,d, the surface of the ductile
iron without surface mechanical treatment featured large pits after the rust removal, in-
dicating that serious localized corrosion was initiated on the specimen’s surface. As the
acceleration time increases, the number of large-sized holes increases, and local corrosion
intensifies [23,24]. The whole interface between the graphite spheres and the matrix was
dissolved on the ductile iron specimen that had not received surface mechanical treat-
ment. This is primarily the result of the holes and shrinkages formed around the graphite
spheres. Aggressive ions such as Cl− would be preferentially enriched at these defect sites,
resulting in the local acidification of the solution environment. The interface with high
electrochemical activity would be dissolved easily. The mechanically treated ductile iron
sample shows slight corrosion morphology (Figure 2g). Serval shallow pits were randomly
distributed on the specimen’s surface after 120 h of immersion. The corrosion is relatively
mild, mainly comprising the pits left by the dislodging of graphite balls after the spread of
corrosion. As the immersion time increased to 240 h, larger sized pits could be seen on the
surface of the mechanically treated ductile iron specimen (Figure 2h). This is mainly due
to the integration of the pits formed after the dislodging of the graphite balls. However,
the number of pits was significantly smaller than that of the ductile iron samples that had
not received surface mechanical treatment (Figure 2d). As the upper graphite sphere is
detached, the graphite sphere buried at the bottom is also exposed.
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Figure 1. The microscopic morphology of the two ductile iron samples before the experiment.
(a–f) ductile iron pipe with no surface mechanical treatment, (g–k) ductile iron pipe with surface
mechanical treatment.

32



Metals 2022, 12, 2103

    

  

Figure 2. Surface corrosion morphology of different specimens after the immersion test. (a,b,e,f) Be-
fore and (c,d,g,h) after the corrosion rust removal. (a,c,e,g) Immersion at 120 h, and (b,d,f,h) immer-
sion at 240 h. (a–d) Ductile iron with no surface mechanical treatment, (e–h) Ductile iron with surface
mechanical treatment.

The SEM observation results show that there are many shrinkage holes and tail-like
crevices on the surface of the ductile iron. After mechanical polishing to remove these
obvious defects and applying a high-pressure immersion corrosion test, the degree of
corrosion on the specimen’s surface is significantly reduced, as is the number of local
corrosion holes. It can initially be concluded that the corrosion resistance of ductile iron is
significantly improved by the use of suitable surface mechanical treatments.

In order to analyze the development of the different pits in a quantitative manner,
the 3D corrosion pit morphology of the specimen after rust removal was observed using
confocal laser scanning microscopy (CLSM). The results are shown in Figure 3. Due to
the presence of more tail-like defects with the shrinkage and loosening of the tissue, the
corrosion on the surface of the non-mechanically treated ductile iron samples increased after
the immersion test (Figure 3a,c). There was also an increase in the depth of the localized
corrosion pits and an increase in the corrosion area. In contrast, the surface-treated ductile
iron samples corroded slightly (Figure 3b,d); this is consistent with the results observed
using SEM.

The pits on the surfaces of both samples were analyzed quantitatively and the results
are shown in Figures 4 and 5. After 120 h of immersion corrosion, the number of pits
(124/15 μm) and the maximum depth of the pits in the surface of the mechanically treated
ductile iron samples were significantly lower than in the untreated specimens (220/25 μm).
Equations (5) and (6) are used to describe the effect of the surface treatment on improving
the pitting resistance of the ductile iron material:

pren(number) =
n − nst

n
× 100% (5)

pren(depth) =
d − dst

d
× 100% (6)

where n is the number of etch pits on the ductile iron without surface treatment, and nst is
the number of etch pits for the ductile iron with surface treatment. Additionally, d is the
maximum pit depth for the ductile iron without surface treatment, and dst is the maximum
pit depth for the ductile iron with surface treatment. The results show that the number
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of pits decreased by 43.6%, and the maximum pit depth reduction rate reached 40%. The
K-value distribution results show that, after the 120 h immersion corrosion test, the volume
of etch pits on the surface of the ductile iron samples without surface mechanical treatment
reached 2500–10,000 μm3. The K value distribution is not completely concentrated in the
small corrosion pit area; it is evenly distributed between the medium and large corrosion
pits. This indicates that the large pits observed by SEM are not coincidental. As shown in
Figure 4b, the volume of corrosion pits on the surface of the sample is distributed below
2500 μm3 after the surface mechanical treatment.

 

  

Figure 3. 3D corrosion morphology of different specimens after the immersion test. (a,c) represent
the ductile iron that had not received surface mechanical treatment; (b,d) represent the ductile iron
that had received surface mechanical treatment.

 

 

  

Figure 4. The number of etching pits and the K-value statistics of the CLSM results after the 120 h
accelerated test. (a,b) Ductile iron with no surface mechanical treatment, (c,d) ductile iron with
surface mechanical treatment.
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Figure 5. Distribution of the number of etch holes as a function of their size and the statistics of
the K value of the CLSM results after the 240 h accelerated test. (a,b) Ductile iron with no surface
mechanical treatment, (c,d) ductile iron with surface mechanical treatment.

After continuing the immersion in the autoclave up to 240 h, the corrosion of both
ductile iron samples increased to different degrees. Specifically, the number, volume, and
depth of pits increased, especially for specimens that had not received surface mechan-
ical treatment. Although the surface corrosion pits on the surface of the mechanically
treated ductile iron samples remained small, medium and large volume corrosion pits
with volumes greater than 2500 μm3 began to appear, and reached a maximum volume
of 8000 μm3. These occasional large pits are formed by the fusion of several small pits
during the corrosion evolution process. Compared to the state of the surface at 120 h, the
number of corrosion pits with a volume distribution of 2500 to 10,000 μm3 was, predictably,
increased for the samples without surface mechanical treatment. Calculations show that, in
the surface-treated ductile iron material, the number of corrosion pits can be reduced by
51% and the maximum pit depth is slowed by 50% after 240 h of immersion.

3.1.3. Mechanisms of the Localized Corrosion Initiation

The CLSM results showed that the corrosion of the ductile iron was effectively slowed
down after the mechanical treatment was used to eliminate the obvious defects on the
surface of the ductile iron. Combined with the SEM observations, these finding suggest
that the main reason that the increased corrosion of the ductile iron occurs in the simulated
water quality is due to localized corrosion [23,25,26]. After the ductile iron that had not had
its surface defects removed was soaked in the autoclave, there were many large corrosion
pits on the surface of the sample. These local corrosion pits are large, deep, and numerous.
Additionally, when these surface defects are removed, the surface of the ductile iron is
basically flat, except for a very small number of small holes. However, as the corrosion
proceeds, the surface will continue to exhibit shrinkage holes and defects, and the rate of
corrosion will gradually increase.

Observation results by SEM, the localized corrosion process can be described as follows:
(1) With the aggressive ions accumulated in the defects at the matrix and the graphite nodule,
the initiation of localized corrosion is triggered (Figure 6a). (2) With the evolution of the
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localized corrosion, the galvanic effect [27–29] between the matrix and graphite promotes
the development of localized corrosion (Figure 6b). (3) With the growth of smaller pits, larger
pits would be formed, resulting from the consolidation of these smaller pits (Figure 6c).
The depth of the pits increases as the small graphite spheres continue to fall off during the
corrosion process.

 
   

Figure 6. The localized corrosion initiation process in ductile iron (a–c).

3.1.4. Simulation of the Corrosion Process

In order to further confirm the conclusion offered in 3.1.3, and to describe clearly
the dynamic process of the increased corrosion of ductile iron by shrinkage holes, a finite
element simulation [30–33] was used to assess the ductile iron’s surface at the shrinkage
gap. The model defines the kinetic characteristics of the actual electrolyte environment and
the cast iron substrate. The planar geometry and mesh division of the model are shown in
Figure 7. The whole model consists of spherical graphite, an electrolyte, and a cast iron
electrode. Marking points 1,2,3 facilitates the observation of shape changes due to corrosion
in the later simulation studies.
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Figure 7. Schematic diagram of the geometry and meshing of the simulation model.

In the early stages of corrosion, when uniform electrochemical corrosion occurs over
the entire area, the crescent-shaped gaps around the graphite were filled with the electrolyte
solution (Figure 7b). This is because the shape of the gap was not extended when corrosion
occurred for 1d (Figure 8a,e). When corrosion occurs for 3 d (Figure 8b,f), the shape of
the gap changes due to corrosion. Additionally, because of charge conservation, as Fe2+

dissolves and oxygen are consumed, higher amounts of H+ and Cl− in the solution diffuse
into the gap. The pH and Cl− concentrations also changed. The highest Cl− concentration
was found at the bottom of the gap (point 3), reaching 190 ppm, and the pH decreased to 9.
This also resulted in a concentration difference within the gap from the overall solution
environment [25,34].The gap kept expanding. After 7 d of corrosion (Figure 8c,g), the
gap gradually evolved into a teardrop-shaped etch pit [35]. The Cl− concentration in the
gap reached a maximum of 260 ppm and the pH dropped to a minimum of 8.9. At this
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point, the gap expanded at an increasingly rapid rate. This continuous anodic dissolution
also continuously produced Fe2+ and consumed oxygen, prompting more migration of
Cl ions and transport of H into the crescentic gap. further acidifying the solution in the
interstitial space. Because of this vicious cycle, the initial gap gradually expanded into a
teardrop-shaped corrosion pit at 10 d (Figure 8d,h). This is consistent with the statistics
provided by the CLSM. The pH of the corrosion pits (point 3) was only 8.32 at this time,
and the Cl− concentration increased to 700 ppm.

    

    

Figure 8. The pH and Cl− diffusion at different times. (a–d) culated results of pH at 24 h, 72 h,
168 h, and 240 h, (e–h) alculated results of Cl− diffusion at 24 h, 72 h, 168 h, and 240 h. On this scale,
1 represents 100 ppm concentration.

According to the guidelines of the physical model adopted in this work, as corrosion
occurs, the variation in the anode’s surface potential in the crescent-shaped gap is shown in
Figure 9a~d. Inside the gap, the local potential difference in the interface iron/near solution
gradually becomes more negative from the top to the bottom of the gap. The electrode
potential at the top of the gap (point 1) was −0.62 V at 10 h and 90 h. The anode’s metal
corrosion potential at the bottom of the slit (point 3) decreased to −0.65 V. A more negative
electrode surface potential also leads to a higher corrosion rate and more severe corrosion at
the bottom of the crevice (Figure 9c). This is because, with the negative shift of the electrode
potential, a higher overpotential is generated in the interface region between the electrode
and the electrolyte (Equation 4), which results in an enhanced corrosion kinetic process.
At 240 h, the surface corrosion potential of the electrodes inside the gap continues to shift
negatively. The potential at point 1 decreases to −0.65 V and the surface potential at point
3 decreases to −0.73 V. The corrosion process still gradually increases.

3.2. The Effect of the Water Environment on the Corrosion Kinetics of Ductile Iron
3.2.1. Corrosion Rate Analysis

Figure 10 shows the corrosion rate of the two ductile iron materials after the autoclave
immersion experiment. After 120 h of immersion, the corrosion rate of the ductile iron
samples without surface treatment was much higher than that of the surface-treated sam-
ples. With the immersion time increased to 240 h, the corrosion rate of the surface-treated
samples was still lower than the specimen without surface treatment. This corrosion kinetic
law indicates that the corrosion rate of ductile iron can be substantially slowed down
after surface treatment to eliminate obvious defects on the surface. It also shows that
the corrosion damage of ductile iron in a harsh water quality environment is caused by
very severe local corrosion [36,37] due to the formation of dense differential cells [38] by
shrinkage holes.
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Figure 9. Calculated relative changes of local metal potential at different times. (a–c) potential
distribution clouds at 10 h, 90 h, and 240 h, respectively, (d) relative changes of local potential of the
metal surface along the y-direction, and (e) the corrosion rate distribution along the y-direction.

Figure 10. Corrosion rates of different ductile iron samples after different periods of immersion.

3.2.2. Electrochemical Test

The polarization curve can accurately reflect the corrosion kinetics of the electrode. It is
able to express both the cathodic oxygen consumption and the anodic electrode dissolution.
It is widely used in metal corrosion studies [23,39–42]. The results are shown in Figure 11.
The figure shows that the two ductile iron samples exhibit the same electrochemical reaction
mechanism in different solution environments. The cathodic process primarily concerns the
consumption of oxygen, and the anodic process concerns the dissolution of the metal. Under
low oxygen dissolution conditions, the cathodic process is limited. It is worth noting that the
surface-treated ductile iron samples in solution no. 4 are always passivated after a certain
anodic potential polarization. The two materials also exhibit significant differences in their
corrosion kinetics at different immersion cycles when the water environment changes.
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Figure 11. Dynamic potential polarization curves of two types of ductile iron during different periods
of immersion in eight simulated water conditions, (a–c) are ductile iron without mechanical treatment;
(d–f) are ductile iron with mechanical treatment.

The polarization curve data in the range of ±(100 to 125) mV, relative to the open circuit
potential, were intercepted to fit the icorr, and the results of the fit are shown in Table 2.
At 0 d, the icorr of the unsurfaced samples was higher than that of the surface-treated
samples in all simulated environments (Figure 12a). However, the icorr of the surface-
treated samples started to improve as the immersion time increased. By 10 d of immersion,
the icorr of the surface-treated samples in the No. 3, 5, 7, and 8 solutions had surpassed that
of the unsurfaced samples (Figure 12c). This verifies the hypothesis previously made in the
autoclave immersion experiment. The mechanical treatment eliminates the obvious defects
on the ductile iron surface; however, as the corrosion proceeds, uniform corrosion will
cause defects to gradually be exposed on the sample surface, accelerating the occurrence
of local corrosion. Overall, compared to the icorr average, the surface-treated ductile iron
samples showed significantly higher corrosion resistance in harsh water conditions than
the non-surface-treated samples.

To confirm the findings of the kinetic potential test, an electrochemical workstation was
used to perform EIS tests on both materials under the same conditions in solutions no. 2, 4, 5,
and 8. The nyquist plot (Figure 13a) shows that the EIS in solutions no. 8 and 7 appears to be
characterized by high frequency capacitive arcs and low frequency Warburg impedance.
It shows that there is a diffusion impedance for the electrochemical reaction under this
condition. The equivalent circuit in Figure 13h was used to fit the EIS data. Additionally,
only one capacitive arc exists for the EIS in solutions no. 3 and 5. The equivalent circuit
in Figure 13g was used to fit the EIS data [43]. R1 is the solution resistance, and R2 is the
equivalent resistance of the charge transfer impedance in the interface region. CPE1 is
the equivalent capacitance of the bilayer in the interface region, and W1 is the Warburg
impedance [44,45].
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Table 2. Fitting results of icorr by potentiodynamic linear polarization scanning.

Times(d) icorr without Mechanical Treatment(A/cm2)

1 2 3 4 5 6 7 8
0 8.3 16.8 8.7 15.6 15.4 14.8 17.4 4.6
3 6.8 5.9 5.1 6.7 5.0 9.6 11.1 6.3
10 6.9 7.6 9.7 9.2 5.2 9.1 4.2 3.1

Average 7.3 10.1 7.8 10.5 8.5 11.1 10.9 4.6

icorr with mechanical treatment(A/cm2)

1 2 3 4 5 6 7 8
0 6.2 2.9 7.2 0.2 13.3 11.8 7.7 2.6
3 3.9 5.8 6.2 0.6 4.2 10.8 4.8 4.2
10 5.9 4.7 10.2 2.1 6.7 3.6 19.2 4.5

Average 5.3 4.5 7.9 1.0 8.1 8.7 10.6 3.8

   

Figure 12. Fitting results of the icorr values of different ductile iron samples (a–c).

  

   

 

 

  

Figure 13. EIS test results. (a–c) are nyquist plots, (d–f) are bode plots and phase angles, (g,h) are the
equivalent circuits, (i,j) are the comparison fitting results of RP at 0 d and 10 d.
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The fitted results are shown in Table 3. It can be seen, the charge transfer resistance
of the surface-treated ductile iron samples is generally higher at the beginning of the
immersion process (Figure 13i). As the immersion time increases, the Rp of the surface-
treated ductile iron material starts to decrease at 10 d of corrosion. A weaker corrosion
inhibition effect was exhibited. This also explains the sudden increase in the icorr of the
surface-treated ductile iron at 10 d (Figure 12c).

Table 3. Fitting results of Rs, Rp, and WR by EIS.

Times(d) Rs without Mechanical Treatment (Ω/cm2) Rp/WR without Mechanical Treatment (Ω/cm2)

3 8 5 7 3 8 5 7

0 112 58 327 31 2848 526/
3 967 100

/2

3 84 69 226 46. 989 139.4/0.5 821 163
/4

10 49 108 187 45 3149 193/ 1020 445
/0.2

Times(d) Rs with mechanical treatment (Ω/cm2) Rp/WR with mechanical treatment (Ω/cm2)

3 8 5 7 3 8 5 7

0 102 83 297 52 6222 4785 1493 171/
36

3 118 91 154 35 1409 366.1
/62 547 182

/14

10 58 109 133 47 58.26 150/1.1 650 220
/4.7

3.2.3. The Influence of Environmental Factors

In order to further quantify the influence of different water quality environmental
factors on the corrosion process of ductile iron with different treatments, the xgboost algo-
rithm was used to compare the influence of environmental factors (pH, Cl− concentration,
hardness, oxygen content, and temperature) on the corrosion ductile iron with different
surface states. The calculation results are shown in Figure 14.

As can be seen from Figure 14a, for the ductile iron material without surface mechanical
treatment, the presence of dissolved oxygen in the solution plays a major controlling
role among all environmental factors, contributing to 68.5% of the increase in icorr. The
remaining environmental factors were evenly distributed below 15% in terms of the degree
of influence on icorr [46,47]. It is noteworthy that the contribution of Cl− concentration to
icorr was only 2%. This is because the restricted oxygen levels caused a significant slowing of
local corrosion. At the same time, temperature also reduces the corrosion acceleration effect
of Cl− [39]. The contribution of each environmental factor to the elevated icorr under fully
oxygenated conditions is shown in Figure 14b. At this point, the Cl− [25] concentration
played a control role and contributed up to 85% of the increase of icorr. This indicates that
the acceleration effect brought about by Cl− can only occur under conditions of sufficient
oxygen. The study in 3.1 found that the corrosion of ductile iron intensified because of the
severe localized corrosion caused by the concentration cell effect, and the results of the
kinetic law analysis here also confirmed this. The continued dissolution of the anode under
conditions of sufficient oxygen causes Cl− to continue to diffuse into the slit between the
graphite and the cast iron, exacerbating the corrosion of the ductile iron. this is why the
icorr contribution is so high.

Figure 14c shows the contribution of environmental factors to the icorr of ductile iron
after eliminating obvious defects on the surface. It can be deduced that the influence effect
of each environmental factor becomes uniform. This means that, under this condition, the
effect of the deterioration of the water quality environment on the corrosion acceleration
of ductile iron is obviously weakened; moreover, the oxygen concentration is not a highly
influential environmental factor, but the contribution rate is still high. This may be the
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reason for the weakening of the local corrosion effect. Under fully oxygenated conditions,
the contribution of Cl− concentration to icorr suddenly decreases. This indicates that, as
the degree of local corrosion decreases, Cl− concentration is no longer the most important
environmental factor affecting icorr. However, pH and immersion time contributed to
the increase in icorr, which may be due to the fact, that the originally flat surface of the
mechanically treated ductile iron samples gradually exhibited more defects as the corrosion
progressed, leading to increased localized corrosion. However, it still corrodes less than
ductile iron without any surface treatment. For temperature and water hardness, the icorr
contribution did not change significantly before and after mechanical treatment under fully
oxygenated conditions. This indicates that an increase in temperature from 60 ◦C to 90 ◦C
does not bring about a significant increase in localized corrosion.

Figure 14. Analysis of the contribution of environmental factors to icorr. (a,c) show the contribution of
non-surface-treated ductile iron in all environments and in fully oxygenated conditions, respectively;
(b,d) show the contribution of the surface-treated ductile iron in all environments and in fully
oxygenated conditions, respectively.

4. Conclusions

(1) Defects such as pores and shrinkage generated in the process of producing ductile
iron easily become a gathering place for aggressive ions, which induce the dissolution of
graphite spheres and the matrix interface, and then induce serious local corrosion. After
surface mechanical treatment to eliminate holes and shrinkage, SEM observations and
CLSM statistics of the pits show that localized corrosion pits on the material surface are sig-
nificantly suppressed. The average icorr in the different solutions is lower and the corrosion
kinetic processes are inhibited. All of the results prove that surface treatment techniques
can improve the corrosion resistance of ductile iron, and inhibit localized corrosion.

(2) Simulations revealed that the solution around graphite spheres for defects such
as pores and shrinkage loosening is highly susceptible to acidification, whereby an acidifi-
cation autocatalytic cell effect is formed, accelerating the dissolution of the substrate and
reducing the corrosion resistance of the material.

(3) Electrochemical test results showed that changes in water quality have a greater
impact on the corrosion kinetic process of ductile iron. For unsurfaced ductile iron, the
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order of the relative weight of the environmental factors that affect corrosion resistance
in all environments is oxygen solubility > temperature > water hardness > immersion
time > pH > Cl− concentration. Under oxyfuel conditions, the order of the relative weight
of the environmental factors that affect corrosion resistance is Cl− concentration > water
hardness > immersion time > pH > temperature.

(4) For surface-treated ductile iron, with the removal of obvious defects from the
ductile iron’s surface, oxygen concentration is no longer the main factor in determining
the icorr value. Under oxyfuel conditions, the immersion time becomes the largest factor
affecting the icorr contribution, not Cl− or pH. This indicates that uniform corrosion emerges
as the dominant type of erosion as immersion time increases.
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Abstract: The electrochemical impedance spectroscopy (EIS) technique is widely used in the study of
the corrosion of metallic materials. This method also allows for the electrical characterization at the
ceramic–metal interface in contact with an aqueous solution composed of chloride ions. EIS makes it
possible to discriminate the contribution of the phenomena that occur in the interface to determine the
porosity of the cementitious material. The porosity determines the degree of corrosion of the metallic
material and the diffusion processes on the electrode surface. In this study, the degradation of a type
of non-Portland cement obtained from blast furnace steel slag and activated alkali was evaluated.
This type of cement is of great interest because it avoids the emission of CO2 during its manufacture.
Estimating the porosity determined the degree of deterioration suffered by the steel embedded in
the concrete as a function of the evaluation time. The hydrated samples were also characterized by
29Si magic angle spinning nuclear magnetic resonance (MAS-NMR) to determine the structure of the
formed calcium silicate hydrate (C-S-H) gel. This mixture formed a C-S-H gel, constituted mainly
of silicon in the middle groups, in chains in the disilicates. The effect of the slag was remarkable
in improving the other evaluated characteristics, i.e., in the porous matrix, the concrete was found
to significantly reduce the current passing through as a function of time, showing a reduction in
porosity and an increase in impedance because of the generated pozzolanic reaction.

Keywords: porosity; EIS; corrosion; alkali-activated slag; diffusion

1. Introduction

There is extensive scientific information on the potential of alkali-activated concrete
as a sustainable material to replace ordinary Portland cement due to its low energy cost,
high compressive strength, rapid setting and hardening, and its resistance to fire, acid, and
saline solutions compared to ordinary Portland cement [1]. However, the electrochemical
characteristics of the concrete–steel system have become the subject of recent studies due
to the valuable life guaranteed—for at least 50 years—for structures built with reinforced
concrete [2]. These are the challenges facing developers and marketing agencies engaged
in large-scale construction [3].

Alternative types of cement are obtained by mixing different minerals, residues,
and industrial by-products [4]. These materials, on some occasions, do not meet the
specifications to be classified as materials suitable for incorporation into cement and
concrete [5]. However, using alkaline activation technology, industrial waste and by-
products can be transformed into new materials with low energy consumption, high
durability, and excellent mechanical performance [6,7]. A specific type of said cement
is obtained from blast furnace steel slag, which uses a relatively simple preparation of
materials [8]. The metallurgical industry generates considerable amounts of this industrial
“waste”, but it is not correctly used [9]. Therefore, studying blast furnace slag as a raw
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material for manufacturing new cement is of great scientific, environmental, and economic
interest [10]. The research results aimed at characterizing these materials can benefit both
slag-producing companies and those that manufacture construction materials [11]. The
former companies can improve the disposal of their waste with less environmental impact.
From the low-cost slag, the latter companies will obtain cement with excellent mechanical,
durability, and preparation properties [12].

Reinforced concrete is one of the most versatile construction materials, due both to its
properties regarding its service and wide range of applications, as well its low cost [12].
However, the reinforcing steel in this structure is susceptible to corrosion, considerably
reducing the useful life of structures built with this type of material [13,14].

In this study, the degradation of a type of non-Portland cement obtained from blast
furnace steel slag and activated alkali was evaluated. This type of cement is of great
interest because it avoids the emission of CO2 during its manufacture. Estimating the
porosity determined the degree of deterioration suffered by the steel embedded in the
concrete as a function of the evaluation time. The hydrated samples are also characterized
by 29Si magic angle spinning nuclear magnetic resonance (MAS-NMR) to determine the
structure of the formed calcium silicate hydrate (C-S-H) gel. This mixture formed a C-S-H
gel, constituted mainly of silicon in the middle groups, in chains in the disilicates. The
effect of the slag was remarkable in improving the non-Portland cement, i.e., in the porous
matrix, the concrete was found to considerably reduce the current passing through as a
function of time, showing a reduction in porosity and an increase in impedance because of
the generated pozzolanic reaction.

2. Materials and Methods

2.1. Preparation of Concrete Specimen

The study mixtures were obtained by cementing granulated blast furnace slag acti-
vated with sodium silicate (Na2SiO3) at a 5% Na2O, expressed as a percentage by slag
weight to be incorporated. The SiO2/Na2O ratio used was 2.4. The manufacture of the
concrete mixtures in both cases contained a cementitious material dosage of 300 kg/m3. It
was assumed that the water + activator/slag solution ratios were equivalent; the ratio was
0.5 to obtain an adequate slump of 80 mm.

The type, composition, and size of the fine and coarse aggregates corresponded to
gravel with a maximum size of 19 mm, a specific gravity of 2.94 g/cm3, a compact unit
mass of 1860 g/cm3, a loose unit mass of 1700 g/cm3, and an absorption of 1.3%. The sand
employed in the mixture had a specific surface area of 2.47 g/cm3, a compact unit mass
of 1670 g/cm3, a loose unit mass of 1580 g/cm3, and an absorption of 2.9%. Curing was
carried out with a relative humidity of approximately 85% and a constant temperature of
25 ◦C.

2.2. Microstructural Characterization

The microstructural characteristics of the materials were also studied via 29Si magic
angle spinning nuclear magnetic resonance (MAS-NMR) at the age of 90 days. Solid-
state 29Si MAS-NMR spectra were recorded using a Bruker Avance-400 pulse spectrometer.
Spectra were recorded after irradiation of the samples with a π/2 (5-μs) pulse; the resonance
frequency used was 79.5 MHz, (9.4 T magnetic field), and the spinning rate was 10 kHz. In
order to avoid saturation effects, the recycle delay time was set at 10 s. All measurements
were taken at room temperature with TMS (tetramethylsilane) as the external standard.
The error in chemical shift values was estimated to be lower than 0.5 ppm. NMR spectra
deconvolutions were performed using the DMFIT software [15]. Chemical shift (position of
the line), intensity (integrated area), width (width at half-height), and line shape (Lorentzian
or Gaussian) of the components were then deduced.
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2.3. Immersion Test

The samples for the study were manufactured using the materials specified above
and were arranged as shown in Figure 1. For the development of the electrochemical tests,
Cu/CuSO4 (sat) electrodes were used as external reference electrodes. The working elec-
trode corresponds to a reference structural steel ASTM A706 commonly used in earthquake-
resistant constructions, with a diameter of 1/8” and without any previous treatment.

 
(a) (b) 

Figure 1. Reinforced concrete used in determining the effect of porosity and its correlation with
degradation: (a) sample; (b) schematic.

The samples with the reinforcing steel were immersed in a liquid solution saturated
with 3.5% analytical sodium chloride (Panreac PA 131655.1211 NaCl-99.0%), and cycles
of agitation of the liquid solution were carried out every 28 days. Due to the evaporation
process that occurs, the solution was analyzed and stabilized to the original salt content
in order to maintain the initial conditions. This solution then acts as the electrolyte of
the electrochemical cell, which was located in a climate controlled environment at 20 ◦C
with a relative humidity of 60%, where it was left to stand for 60 min after carrying out
the connections of the assembly in order to avoid distortions during the measurements
performed during testing.

2.4. Electrochemical Test

Over the nine-year period, the steel’s behavior was monitored using the electro-
chemical impedance spectroscopy (EIS) technique to determine the characteristics of the
concrete–steel interface. The study configuration is shown in Figure 2. The characterization
was performed with a Gamry Interface 1010 ETM potentiostat/galvanostat. A 10-mV
sinusoidal signal was applied in one sweep at frequencies ranging from 105 Hz to 10−3 Hz.
The modeling of the equivalent electrochemical circuits was carried out with the Echem
Analyst software.

2.5. Durability Properties

The properties of water absorption, including total porosity, were evaluated using
cylindrical specimens with a diameter of 76.2 mm and a thickness of 50 mm, according
to the standard procedure described in ASTM C642-06 [16]. In addition, the resistance to
chloride ion penetration was determined through the Rapid Chloride Permeability Test
(ASTM C1202-05) by measuring the passage of an electric current through the chloride
ion. [17].

2.6. Chloride Migration

The NT Build 492 standard was used to determine the non-steady state chloride
migration coefficient in concrete or cement-based materials [18]. The standard requires
hardened samples to determine the material’s resistance to chloride penetration. The
method requires samples with a diameter of 100 mm and a thickness of 50 mm cut from the
casting cylinders. The samples are immersed in a saturated solution of calcium hydroxide—
Ca(OH)2—and prepared with distilled water, using a desiccator and a vacuum pump, for
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25 h. Once the saturation cycle is complete, the anode contains a 0.3 N NaOH solution (12 g
NaOH in 1000 mL distilled water), and the cathode contains a 2 N NaCl solution (100 g
NaCl in 900 mL water).

 

Figure 2. Experimental setup for the characterization of reinforced concrete samples.

3. Results and Discussion

3.1. Microstructural Characterization

The 29Si NMR spectra of the blast-furnace slag are shown in Figure 3, and the decon-
volutions of the starting materials are listed in Table 1. The 29Si spectrum of the anhydrous
cement showed 5 peaks; the peaks at −57, −71, −80, and −91 are assigned to the glassy
component of the slag, and these signals confirmed the presence of natural pozzolans. The
last peak in the spectrum is a very wide signal, which is indicative of low crystallinity. The
gehlenite −71 ppm signals were still observed. The two signals of the natural pozzolan
(−80.3 and −90.8 ppm) were also detected; this implies that the pozzolan is a non-reactive
material, as its percentage was maintained after the hydration of the cement, and the peak
at −89 ppm corresponded to the crystalline mullite [14]. The signal assigned to the Q4(0Al)
units remained very wide, but had shifted slightly downward (greater chemical shift) and
was centered at −106 ppm.

Figure 3. 29Si NMR spectra of the raw materials.
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Table 1. Deconvolution of the 29Si MAS-NMR spectra.

Vitreous Material Phases of Silica, Q4(0Al)

Slag

Position (ppm) −57.1 −71.1 −80.3 −90.8 −106.5

Width 10.49 10.49 10.49 10.49 10.49

Integral (%) 9.11 23.13 36.50 21.05 10.22

3.2. Electrochemical Impedance Spectroscopy

Figure 4 shows the equivalent circuit characterized by the resistors and CPEs (constant
phase elements) used in the impedance data simulation, indicating the distribution of the
ions in the sample-solution system. The first interface corresponds to cementitious material
in contact with the saline solution (Rs combined with Yp1-R1). The second corresponds to
the cementitious material containing the reinforcing steel (R1-Yp1) combined with Yp2-R2.

Figure 4. Equivalent circuit corresponding to the different interfaces.

Figure 5 shows the Bode plots as a function of time for the alkaline-activated concrete
samples immersed in a 3.5% sodium solution. Table 2 includes the parameters used in the
simulation. The values of these parameters have been obtained using a complex least-square
nonlinear program (CNLS) [19]. In addition, the EIS test allows the diffusion coefficient to
be calculated and the degree of porosity of the material to be related [20]. Finally, the Bode
plots have been simulated using the equivalent electrical circuit in Figure 3.

Figure 5. Bode plots for steel samples embedded in concrete and evaluated over a nine-year period.
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Table 2. Values of the characteristic parameters used in evaluating the behavior of steel embedded in
alkaline-activated concrete, along with its response over time.

Time
Years

RS

Ω cm2
R1

kΩ cm2
YP1

μF/cm2 s1−α1 α1
YP2

μF/cm2 s1−α2 α2
R2

kΩ cm2

0 7.27 0.82 385 0.8421 12 0.8214 1.425
1.5 8.31 1.357 563 0.8448 45 0.7953 3.602
3 12.21 2.158 474 0.8718 58 0.6399 20.316

4.5 25.14 2.479 465 0.8932 69 0.7563 56.521
6 28.65 8.869 1274 0.8510 235 0.6954 189.350

7.5 39.21 3.953 622 0.8714 157 0.7369 63.872
9 48.97 5.77 653 0.8845 155 0.7152 69.233

In the Bode plots, as a function of the evaluation time (Figure 4), a capacitive behavior
is observed by two time-constants determined by two flattened mid- and low-frequency
inflections in which the center is located below the real axis [21]. The inflection defined
at high frequencies is associated with the porosity of the samples [22]. This phenomenon
of lower inflection attenuation is associated with a dispersion process in the frequency,
since the surface of the steel rod is corrugated. The phase vs. frequency Bode plots define
an inflection at high frequencies after 3 years of evaluation. This type of behavior can be
interpreted by the barrier effect generated in the system, being more significant at 6 years
and stabilizing at 7.5 years [23,24].

The Bode plots showing magnitude vs. frequency (Figure 5) show the evolution of
the concrete’s protective effect over time when immersed in a solution of 3.5% by weight
of NaCl. For 1.5 years, the value of the magnitude of impedance doubled regarding the
material after the curing process and without the presence of a chloride ion. This condition
was called zero time. Subsequently, the impedance values increased dramatically up to the
6-years point [25]. After 7.5 years of testing, the magnitude of the impedance decreased,
stabilizing, and the values were like those obtained at 9 years [26]. The results showed that
the impedance values increased in the first years of the test due to the alkaline activation
of the aluminosilicates, which played an essential role in the stability of the steel. After
the sixth year of testing, the decomposition of the steel’s protective layer was accelerated,
similar to the behavior noted without protection; the loss of stability was minimal after
7.5 years, and there was no evidence of a decrease in impedance values [27].

The evolution of the impedance occurs in the first 28 days of concrete curing, during
which time the formation of the hydration products of the pozzolanic reaction favors the
initial values of protection against the corrosion phenomena [28]. Likewise, the samples
in contact with the NaCl solution evaluated between 18 months and 9 years showed
that the impedance values were related to the decrease in the degree of porosity of the
mixtures. This process is attributed to a higher generation of hydration products as a result
of the protection of steel. Using materials such as iron and steel slag in concrete mixtures
contributes to the optimization of the mechanisms that control the entry of chloride ions
into the samples [29]. Using materials such as iron and steel slag in concrete mixes helps
optimize the mechanisms that control the entry of chloride ions into the samples [29].
Blast furnace slag, with its pozzolanic, chemical, and physical properties, can reduce the
permeability of mixtures during their hydration processes. These characteristics prevent
the migration of chloride ions into the samples, improving their durability [30]. Alkaline
activation generates dense and uniform zones at the steel–concrete interface owing to the
slag activated with Na2SiO3. This behavior is attributed to factors such as the water content
that reduces the function of Na2SiO3. The low porosity as a function of time is explained by
the high initial concentrations of SiO4 in the pore solution and the increasing dissolution
of quartz [31]. Another factor is the production of calcium hydroxide in the cementitious
hydration processes, resulting in the formation of hydrated calcium silicates that fill the
existing pores in the concrete mixtures, reducing porosity [32,33].
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The impedances shown in Figure 5 illustrate the different assessment times, indicating
that when compared to the average migration of the chloride ion in the concrete, the
first years of evaluation show that the reaction was slow, and the migration values were
high. However, after 7.5 years of evaluation, it was established that the pozzolanic activity
generated a reduction in the migration of the chlorides. Therefore, time was determined to
be a factor in reducing the mobility of the chloride ions across the porous matrix.

3.3. Resistance to Chloride Ion Penetration

Figure 6 shows the results obtained by applying the ASTM C1202 standard to deter-
mine the permeability of concrete to chloride ions. This methodology measures the passage
of an electrical current through concrete samples [31,32]. The behavior of the analyzed
concretes as a function of the transferred load is observed (Figure 6). The results show that
the alkali-activated concrete evaluated for up to 9 years presented a lower permeability
to chlorides than did the samples at 28 days, which was called zero value. Slag concrete
activated with sodium silicate is classified as having a low permeability to chlorides, and
the behavior is observed as a function of time, up to nine years [33]. This behavior is
associated with the plugging of the pores. The permeability of concrete is explained by
the relationship or factor that most influences the fixation of chloride ions to the sample.
The high concentration of chlorides in the studied systems is due to the exposure time
(nine years), which can increase the capacity of the sample to fix chlorides [34]. It was also
determined that the concretes evaluated at nine years could still fix chlorides; therefore,
the existence of free chloride ions (within the concrete samples) looking for a way to fix
themselves to the specimens was noted. These free chloride ions can affect the durability
of concrete because they are responsible for initiating the corrosive process in the steel
reinforcement within the structures [35]. By correlating this phenomenon with the EIS
technique, it was established that the high impedance values are due to the presence of
alumina in activated concrete, which is associated with the ability of concrete mixtures to
fix and immobilize free chloride ions within the pore solution [36].

Figure 6. Determination of resistance to chloride ion penetration.

3.4. Volume of Permeable Pores

Figure 7 shows the results obtained for the concrete used in this study, based on the
volume of permeable pores. In the graph, the concretes with more exposure time to the
saline solution had fewer permeable pores [37]. That is, they are good quality concretes. In
the case of alkali-activated iron and steel slag concrete, this property is attributed to the
more significant densification of the paste—due to the presence of the hydration products—
along the evaluation times, generating a lower percentage of pores [38]. This behavior
is compared with the results obtained by chloride ion permeability and electrochemical
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impedance spectroscopy, since chloride ions can be absorbed or dissolved in the water
concentrated in the pores. As previously mentioned, free chlorides are responsible for the
corrosion of the steel used to reinforce concrete structures. However, the low volume is
associated with the hydration of the cement, so there is no corrosion promoter [39]. This
behavior is attributed to the reactivity of the granulated blast furnace slag in the presence of
the alkaline activator, causing hydration products that block the pores, resulting in slower
chloride ion ingress rates when evaluating the systems as a function of time [40].

Figure 7. Variation of permeability in concrete with alkaline activation.

3.5. Chloride Ion Migration

Figure 8 shows the average evaluation times of chloride ion migration in concrete.
The graph shows high values in the first years of evaluation. However, after the third
year of evaluation, it was determined that the pozzolanic activity reduces the migration
of chlorides. From the analysis, it can be concluded that the mobility of the chloride ions
through the porous matrix is reduced over time.

Figure 8. Non-steady-state migration coefficient as a function of time.

3.6. X-ray Diffraction

Figure 9 shows the X-ray diffraction results of the corrosion product characterization
once the electrochemical studies have been completed. The procedure consisted of longitu-
dinally cutting the specimens at immersion times of 0, 1.5, 3, 6, and 9 years to study the
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concrete–steel interface. The spectra in Figure 7 show crystalline quartz (SiO2), C-S-H forma-
tion (CS), calcium carbonate (C), and beta larnite corresponding to Ca2SiO4. The corrosion
products identified on the steel surface correspond to compounds such as brownmillerite
related to CaAlFeO, goethite, magnetite, fayalite, iron oxyhydroxides, and hematite. These
compounds are related to iron oxides and hydroxides in all the samples analyzed.

Figure 9. The X-ray diffraction patterns of the concrete–steel interface.

Additionally, the ray diffraction results for the alkali-activated slag concrete samples
experiencing at least 1.5 years or more of saline solution immersion time showed over-
lapping characteristic diffraction peaks. The same intensity values were observed for the
calcium silicate-hydrate phase at 28.52◦ and calcium carbonate at 29.46◦. It is also evident
that the samples evaluated after up to three years of immersion in the saline solution
showed a higher intensity peak due to the stability of the layer of cementitious material
present in the steel–concrete interface. This layer was not removed by the pH present in the
concrete. When the concrete samples are subjected to salt immersion, the influx of chloride
ions accelerates the removal of the oxide layer. The removal degree of the oxides is directly
related to the exposure time of the samples to the solution [41]. However, the passivating
layer was determined with EIS measurements (Figure 4). The impedance values indirectly
indicate the formation of a protective passivating layer over the steel.

The study determined that the corrosion products found on the steel surface are
the phases corresponding to iron oxides, especially the ones corresponding to the fay-
alite Fe2(SiO4) at 39.17◦ formed in the electrochemical reactions. Magnetite compounds
(FeO·Fe2O3, Fe2+Fe3+

2O4) with peaks located at 35.19◦; 56.90◦; 62.20◦; 68.37◦; 79.50◦, and
82.58◦, and hematite (α-Fe2O3), with peaks at 51.40◦, 54.91◦, and 71.46◦, were also noted.
These products arise from the reaction process, as well as during the manufacture of steel;
they are known as the “steel shell”, but they offer low anticorrosive protection. The protec-
tive layer is mainly formed by iron oxyhydroxides (48.51◦), transforming into a mixture of
hydroxides and goethite (42.97◦). Although this iron oxide has excellent chemical stability,
it has an irregular morphology and protects the steel against electrochemical attacks. In ad-
dition, compounds such as magnetite and hematite increase the thickness of the oxide layer,
forming a mechanical protective barrier (small scale) [42,43]. Finally, the thick passive layer
formed with low protection compounds (iron oxyhydroxides and goethite), the electro-
chemical stability of the steel, and the low porosity of the concrete generate more excellent
anticorrosive protection of the steels embedded in concretes based on activated slag.
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4. Conclusions

This work used alkali-activated slag as a raw material to obtain concrete. Monosilicates
(Si-OH) and Al-OH groups then formed, which facilitated the polymerization of the silicate
chains in the C-S-H gel. These species connected the C-S-H dimers, producing a C-S-H gel
richer in Al. This compound contributes to optimizing the mechanisms that control the
entry of chlorides into the mixture, reducing the permeability of the concrete during the
hydration processes and favoring protection against electrochemical attacks.

It was also established that the protection mechanism in slag concrete improved when
it was immersed in saline solution, which evaluated as a function of time. Furthermore,
the protection of metal immersed in the concrete is related to the formation of oxide (and
hydroxide) layers on the steel due to the low degree of porosity of the samples.

The impedance data increased up to 6 years, and its stabilization at 7.5 years is
explained by the simultaneous combination of the uniform formation of protective layers
on the steel surface and the restriction of the passage of harmful elements into the system
through the ceramic matrix.
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Abstract: Microscopic, electrochemical and surface characterization techniques were used to inves-
tigate the effects of iron reducing bacteria (IRB) biofilm on carbon steel corrosion for 72 and 168 h
under batch conditions. The organic nutrient availability for the bacteria was varied to evaluate
biofilms formed under nutritionally rich, as compared to nutritionally deficient, conditions. Focused
ion beam-scanning electron microscopy (FIB-SEM) was used to investigate the effect of subsurface
biofilm structures on the corrosion characteristics of carbon steel. Hydrated biofilms produced
by IRB were observed under environmental scanning electron microscope (ESEM) with minimal
surface preparation, and the elemental composition of the biofilms was investigated using energy
dispersive spectroscopy (EDX). Attenuated total reflectance-Fourier transform infrared spectroscopy
(ATR-FTIR) was used to provide information on the organic and inorganic chemical makeup of the
biofilms. Electrochemical techniques employed for assessing corrosion, by open circuit potential,
linear polarization and potentiodynamic polarization tests indicated no significant difference in the
corrosion resistance for carbon steel in IRB-inoculated, compared to the abiotic solutions of common
Postgate C after 72 and 168 h. However, the steel was found to be more susceptible to corrosion when
the yeast extract was removed from the biotic environment for the 168 h test. In the absence of yeast
nutrient, it is postulated that IRB received energy by transforming the protective film of Fe3+ into
more soluble Fe2+ products.

Keywords: Iron reducing bacteria (IRB); focused ion beam-scanning electron microscopy (FIB-SEM);
environmental scanning electron microscopy (ESEM); microbiologically influenced corrosion

1. Introduction

Microbiologically influenced corrosion (MIC) is the term designated to the acceleration
of a corrosion process due to the activities of microorganisms where the electrochemical
reactions are enhanced because of bacterial metabolic products [1–4]. Microorganisms
contribute to corrosion processes by either direct influence on the rate of anodic or cathodic
reactions or by changing surface film characteristics due to biofilm formation [4]. The
structural and chemical heterogeneities of the biofilm most commonly causes localized
corrosion [5,6]. Moreover, due to the influence of microorganisms and their metabolic
processes, corrosion may be observed in unlikely conditions such as anoxic [7] or low
chloride environments where corrosion would otherwise not occur [8].

Iron reducing bacteria (IRB) derive energy from the reduction of ferric ions (Fe3+)
using either the electron transport chain in anaerobic respiration or via fermentation [9].
Influence of IRB on corrosion is a less explored topic, and the findings in the reported
studies are conflicting, with some observing corrosion protection and others showing
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corrosion acceleration in presence of IRB [10–12]. Such inconsistencies are due to difference
in species of IRB or the composition of electrolyte used in laboratory experiments [10].
In the limited studies on the topic, the corrosion acceleration due to IRB is attributed to
the bacteria’s ability to produce soluble ferrous irons through reductive dissolution of
the protective corrosion film of insoluble ferric iron oxides on the steel surface, thereby
exposing the alloy surface to aggressive ions in the environment [10,12,13]. However, a
few laboratory studies have reported the protective effect of IRB [14,15]. Lee and Newman
reported that even if biofilm coverage of the metal is incomplete, cumulative O2 respiration
from both planktonic and sessile cells rapidly depletes O2 on the metal surface, thus
inhibiting the galvanic process and corrosion [16]. In fact, Dubiel et al., reported that
mutant S. oneidensis sp. could be used as a potential method to control corrosion in
pipeline systems as the bacteria may colonise the metal surface and aerobically consume
oxygen molecules adjacent to the metal surface [15]. As oxygen is depleted, the facultative
anaerobic IRB turn to Fe3+ reduction and produce Fe2+ ions which diffuse into the bulk
fluid. This process has been reported to create a chemical shield that further reduces oxygen
diffusion, which in turn may inhibit the cathodic reaction due to lower oxygen availability.
By electrochemical reaction, Fe2+ is oxidized to Fe3+ and is available again for reduction by
bacterial respiration [17,18].

IRB Shewanella genera are relevant to corrosion as they are among the most common
bacteria in oilfield injection water [19]. The bacteria has the ability to reductively dissolve
iron oxyhydroxide minerals (that are generally insoluble at neutral pH [20–23]) into soluble
ferrous ion or secondary mineralised Fe(II) oxides such as magnetite (Fe3O4), siderite
(FeCO3), vivianite (Fe(PO4)2) and green rusts [21,24–26].

The objective of this work is to characterise the IRB biofilm on carbon steel, and its
effect on corrosion characteristics. In particular, the biofilms were manipulated by varying
the organic carbon nutrients available to the bacteria so that the biofilms developed under:
(i) high organic nutritional conditions such as the commonly used Postgate C medium;
(ii) where organic nutrients were moderately decreased by the removal of chemically un-
defined nutrient yeast extract (modified Postgate C medium) and (iii) where the biofilm
formed under starvation conditions, where all organic nutrients were removed (i.e., the
inorganic medium). Biofilms formed by a representative IRB (Shewanella putrefaciens) were
investigated using microscopic observation, chemical characterisation and electrochemical
techniques. Whether biofilms accelerate or inhibit corrosion processes on carbon steel is
highly dependent on environmental conditions available to the bacteria or by the ability
of the bacteria to alter the environment. The biofilms formed on carbon steel were in-
vestigated for 72 h and 168 h in pure culture of IRB. Open circuit potential (OCP), linear
polarization (LP) and potentiodynamic polarization (PDP) tests were used for character-
ization of corrosion. Environmental scanning electron microscopy (ESEM) was used to
investigate the morphologies of the biofilm on the carbon steel specimen. To the best of
authors’ knowledge this is among the first comprehensive characterisation of cross-sections
of biofilms and MIC using focused ion beam-scanning electron microscopy (FIB-SEM) that
enabled investigation of the sub-surface features of the biofilm, particularly at the locations
of specific surface features recognised by SEM. Attenuated Fourier transformation infrared
spectroscopy (ATR-FTIR) was used, alongside microscopic and electrochemical techniques,
to observe the extracellular polymeric substances (EPS) produced by IRB.

2. Materials and Methods

2.1. Maintenance of Bacterial Culture

Pure bacterial culture of IRB (S. putrefaciens) was grown in test tubes under aerobic
conditions in an amended B7 medium at a mesophilic temperature of 30 ◦C. The compo-
sition of the amended B7 medium (henceforth referred to as B7) was (/L): 0.8 g K2HPO4,
0.2 g KH2PO4, 0.2 g MgSO4, 5 g yeast extract, 5 g peptone, 10 g ferric ammonium citrate,
10 mL CaSO4 (saturated solution). The pH was adjusted to 7.5–7.8 using NaOH solution.
All lab glassware pipettes and solutions were autoclaved at 121 ◦C for 15 min to avoid
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contamination of the enrichment cultures. The cultures were periodically renewed to keep
them active and healthy. A 1 mL sample of a three-day old inoculum was taken from the
culture for biofilm development and electrochemical experiments.

2.2. Test Solutions Preparation

Three recipes of Postgate C medium were prepared for biofilm development and
corrosion characterization (i.e., commonly used Postgate C, modified Postgate C and
inorganic Postgate C solutions). Table 1 shows the composition of the three Postgate C used
in the present study. The modified Postgate C medium was prepared by removing the yeast
extract from the medium to moderately decrease the amount of organic nutrients available
to the bacteria. The inorganic medium was prepared by completely removing all organic
ingredients in the medium in order to study the behaviour of the bacteria under starvation
conditions. The pH of the culture medium was adjusted to 7.5–7.8 using sterilised NaOH
solution and all solutions were autoclaved to avoid contamination. No iron component
was included in the test media for electrochemical testing or for biofilm study. The iron in
solution that originated from the dissolution of the carbon steel specimen was measured
from the 1, 10 phenanthroline method.

Table 1. Chemical composition of the commonly used Postgate C [26], modified Postgate C and
inorganic Postgate C solutions.

Chemicals Postgate C Modified Postgate C Inorganic Postgate C

Na2SO4
a 4.5 4.5 4.5

CaCl2·2H2O a 0.06 0.06 0.06
Lactic acid b 4.8 4.8 -

Sodium citrate a 0.3 0.3 -
NH4Cl a 1.0 1.0 1.0

K2HPO4
a 0.5 0.5 0.5

MgSO4·7H2O a 2.0 2.0 2.0
Yeast extract a 1.0 - -

a Concentration in g/L. b Concentration in mL/L.

2.3. Carbon Steel Sample Preparation

For electrochemical test, the preparation of steel specimens is described in detail
in [27–29]. A copper wire was soldered to a square specimen of the carbon steel. The wire
was encased in a glass tube to prevent any contact of the wire with the electrolyte. Each
specimen was then mounted in epoxy resin so that only one face of the sample was exposed
to the test solution. The surface was wet ground with emery paper up to 1200 grit and then
polished with diamond paste up to 3 μm. The edges of the resin and the metal were painted
with enamel coating to avoid crevice corrosion [27–30]. For samples used for microscopic
investigation, a fishing line was used to hang the sample in the test solution. The samples
were ultrasonically cleaned for 15 min in ethanol prior to being used as test electrodes in
electrochemical experiments or in immersion tests for biofilm characterization.

2.4. Iron Quantification

Due to the importance of ferrous and ferric ion concentrations on the corrosion char-
acteristics of carbon steel, the total iron (Fe2+ and Fe3+) concentration in this study was
determined using a colorimetric technique using 1, 10-phenanthroline according to the
procedure outlined in reference [31].

2.5. Microscopic and Biofilm Cross-Sectional Analysis
2.5.1. Development of Biofilms on Carbon Steel for Microscopic Imaging and FIB-SEM Analysis

The carbon steel specimens, mounted in epoxy resin (as described in Section 2.3)
were attached to a polypropylene fishing line, and immersed in 250 mL of sterilized test
solutions in a 250 mL Duran bottle. Using aseptic techniques, 1 mL of bacterial culture
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was taken from a 3-day old stock culture of IRB and inoculated into the Duran bottle as
pure culture. The solution was not de-aerated. An abiotic control was also set up under the
same conditions. The carbon steel specimen was exposed to the bacterial culture (or abiotic
conditions) for a period of 72 h or 168 h at 30 ◦C. At least two samples were observed for
each condition in order to examine reproducibility.

2.5.2. Biofilm Fixation and Environmental Scanning Electron Microscopy (ESEM) Imaging

The morphology of the biofilm on the carbon steel specimen was observed using the
3D Quanta FEI in ESEM mode. Biofilms were fixed using 2% glutaraldehyde solution for
1 h and then subject to two washes in deionised water, each wash for 5 min. The use of
relatively high pressures (~650 Pa, or 1 mbar) and water vapor in the specimen chamber in
the ESEM mode allowed the samples to be viewed in a hydrated state, and without the
need for metallic coating, as is often required in SEM sample preparation which introduces
artifacts. Minimum of two samples were observed under ESEM for each condition.

2.5.3. Focused Ion Beam—Scanning Electron Microscopy (FIB-SEM)

FIB-SEM technique was used to investigate sub-surface features of the biofilm. FIB
milling was carried out using the FEI Quanta 3D FEG instrument. As this instrument also
has SEM and EDS capabilities, the subsurface structure could be viewed, and elemental
composition analysed following the milling. Due to the sample being placed in a high
vacuum chamber (~10−6 Pa), in addition to the sample preparation steps detailed in
Section 2.5.2 for ESEM, the sample was also dehydrated and sputter coated with 3 nm of
platinum coating in order to avoid charging. The surface of the specimen was first viewed
under SEM to locate a site of interest in the biofilm for subsequent cross-sectional analysis.
The site chosen for FIB milling was typical and representative for the condition under study.
A platinum strip, 1 μm in width and 1 μm in thickness, was applied across the length of the
area of interest in order to protect the biofilm from ion beam degradation during the milling
process [32]. The sample was then tilted to 52◦ so that the milling could be performed using
current gallium (Ga+) beam (in the range of 5 nA). Beam currents were lowered (in the pA
range) for subsequent cleaning of cross-sections to remove material re-deposited on the
area during the initial rough milling.

2.5.4. Attenuated Total Reflectance—Fourier Transform Infrared (ATR-FTIR) Spectroscopy

The specimens exposed to biotic and abiotic conditions were removed after 72 h
and any loosely attached bacterial cells were rinsed off with phosphate buffer solution.
The specimens were left in a desiccator for at least 24 h to dehydrate. FTIR spectra were
obtained using a Perkin Elmer Spectrum 100 series spectrometer. The spectral acquisition
(128 coadded scans at 8 cm−1 of spectral resolution in the 4000 cm−1 to 600 cm−1 range).

2.6. Electrochemical Measurements

Linear polarization (LP) and potentiodynamic polarization (PDP) were carried out
using a Princeton Applied Research Potentiostat (model: 2273) and a three-electrode
electrochemical cell. The test cell was a 250 mL Duran bottle filled with 250 mL of the
test solution. The design of the electrochemical cell is described in [27–29]. The steel
specimens were used as the working electrodes, saturated calomel electrode (SCE) was
used as the reference electrode and a platinum mesh was used as the counter electrode. For
the biotic electrochemical experiments, 1 mL of inoculum from the maintenance culture
was introduced into the test solution. Abiotic control experiments were also conducted
alongside the biotic experiments. All the measurements were repeated at least thrice to
examine reproducibility. Open circuit potential (OCP) was monitored to confirm its stability
with time. For LP test, the working electrode was polarized ±10 mV from Ecorr at a scan
rate of 0.166 mV/s. Potentiodynamic polarization was carried out at a scan rate of 1 mV/s,
starting at a potential of 400 mV more negative to the OCP.
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3. Results and Discussion

3.1. Iron and Sulfide Measurements in Solution

The B7 medium was used as the enrichment medium for maintaining the IRB culture.
This medium is designed especially for the IRB [33], and therefore, contains high contents of
ferric ammonium citrate (10 g/L) and yeast extract (5.0 g/L). Figure 1 follows the growth of
the IRB in the B7 medium over a 48-day period. Initial colour, at the time of IRB inoculation
(at day 0) is brown. This colour gradually changes to dark green, which indicates the ability
of IRB to reduce Fe3+ ions from ferric ammonium citrate to the ferrous ions (Fe2+) [33].
From day 3 onwards, a gelatinous substance was observed to have deposited at the bottom
of the test tube (though not clearly visible in Figure 1). This precipitate was sticky and
difficult to remove from the test tubes, at the end of experiments.

 

Figure 1. Growth of the IRB, Shewanella putrefaciens in B7 medium.

Dissolved sulfide ions were not detected in the solution in the B7 or Postgate C
medium containing IRB when tested spectrometrically, using the CuSO4 technique. This
confirmed that the bacterium used in this particular study was unable to reduce sulfate, as
also reported in the literature [34].

Figure 2 shows quantification of total iron (Fe2+ and Fe3+) in the modified Postgate
C medium in the presence of the IRB and carbon steel specimen. As suggested, the con-
centration of iron increased over time in the presence of the IRB, form 2.2 mg/L after
72 h to 21 mg/L after 168 h. The IRB is known to reduce insoluble Fe(III) oxides such as
goethite, hematite, ferrihydrite, akaganéite, and lepidocrocite into soluble ferrous com-
plexes [12,21,35] and this is the most likely reason for the much higher dissolved iron
concentration in biotic solution containing IRB.

Figure 2. Quantification of total iron (Fe2+ and Fe3+) in solution after 72 and 168 h in modified
Postgate C medium in the presence of the IRB and carbon steel specimen.
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3.2. Biofilm Development and Electrochemical Characterization of Carbon Steel in Biotic Postgate
C Solution
3.2.1. Biofilm Development in Commonly Used Postgate C Solution with IRB

Following 72 h exposure of carbon steel to the IRB in the Postgate C medium, the
specimen was covered by EPS-like material (Figure 3). Figure 3a shows a globular deposit
of ~2 μm diameter. Much smaller globular precipitates can be observed in Figure 3b
which are packed close together. Pits covered by loose corrosion product cap, as shown in
Figure 3c,d, were also a common occurrence throughout the sample surface.

Figure 3. ESEM images of hydrated biofilm formed on carbon steel by a pure IRB culture following
72 h exposure to Postgate C medium, (a,b) reduced Fe(II) oxide species, (c) sites of pitting attack
under loose cap of corrosion product and (d) pit initiated at a MnS inclusion site. (e) IR spectra of
IRB biofilm formed on carbon steel upon to exposure to pure IRB culture in Postgate C medium and
abiotic Postgate C for a period of 72 h.
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The IRB is capable of reducing minerals such as amorphous hydrous ferric oxide (HFO),
goethite, lepidocrocite or ferrihydrite into mixed Fe(III)/Fe(II) species [25]. Little et al. [12]
also observed similar globular precipitates when S. putrefaciens was grown on top of
synthetic goethite or ferrihydrite minerals. EDS carried out on these globular particles
following 190 h exposure showed that the composition contained iron, phosphorous and
magnesium, suggesting that these particles were residual goethite particles [12]. In the
current study, EDS could not be used to distinguish between the chemical compositions of
different particles in the 72 h IRB biofilm due to the thickness of the film being less than
the interaction volume of the EDS beam. Framboidal structures of Fe minerals are very
much associated with the biogenic formation. It has to do with the external surface to total
volume ratio of a sphere being the most stable condition thermodynamically.

Uncovered, irregular shaped pits (Figure 3d) were also observed and are likely to
be initiated due to dissolution of inclusions. The site of the inclusion at the centre of the
pit appears to have completely dissolved and pitting has progressed to a greater extent
than the micro-pits observed in the abiotic control. ESEM analysis could not confirm the
presence or absence of the IRB bacterial cells on the biofilm. Individual bacterial cells are
difficult to image using ESEM as bacteria are mostly composed of water and low atomic
number elements which are not very electron dense. It is also likely that the IRB cells are
unrecognizable due to being encrusted in the iron oxides and/or biofilm. Direct contact
between the IRB and the Fe(III) oxide, however, may not always be necessary, as numerous
geomicrobiological studies have reported on the ability of S. putrefaciens to reduce Fe(III)
from a distance without direct contact with the Fe(III) under anaerobic conditions [36,37].
Lies et al. [37] observed that S. oneidensis reduced at least 86.5% of iron from an “iron-bead”
system in the absence of direct contact when under nutritionally rich conditions. This
iron reduction from a distance is thought to be carried out through ferric iron chelators or
extracellular electron shuttles [36–38]. This is not, however, in agreement with all studies, as
some authors have reported that iron reduction did not occur when direct contact between
the bacterial cells and the iron oxyhydroxides was impeded [10,12].

Figure 3e depicts IR spectrum of IRB biofilm developed on carbon steel exposed
to pure culture of IRB in Postgate C medium for a period of 72 h, with the spectrum
of abiotic Poctgate C for comparison. Hydrogen and fatty acids are primary products
of IRB metabolism [39] and the peaks corresponding to these fatty acids can be clearly
identified for the IRB biofilm. Characteristic peaks corresponding to -CH3 asymmetric
stretching (2956 cm−1), asymmetric -CH2 stretching (2920 cm−1) and symmetric -CH2
stretching (2852 cm−1) were observed confirming the presence of organic hydrocarbon
chains in the IRB biofilm. Complementary bands for these hydrocarbons were found at
1454 cm−1 (asymmetric -CH3 bending/CH2 scissoring) as well as -CH3 symmetric bending
at 1372 cm−1.

The broad peak at 3200 cm−1 is considered to be due to -OH stretch of Fe(III) oxyhy-
droxides, which are the primary inorganic corrosion product of steel. IRB dissolves Fe(III)
oxyhydroxide minerals into Fe(II) oxides as part of anaerobic respiration. These OH groups
detected in the IR spectra are attributed to either stoichiometric -OH in iron oxyhydroxide
species such as goethite, lepidocrocite, ferrihydrite, but could also be surface bound water
present in the iron hydroxide minerals [40]. The broad peak detected at 3200 cm−1 in this
study could also be due to the formation of the mixed ferric/ferrous species, green rust,
due to the bacteria’s incomplete reduction of ferric oxyhydroxide and oxide minerals as
also observed in other studies in the presence of S. putrefaciens [21,41]. Magnetite may
also form in the solution if deficient in Fe2+ ions as this mineral has smaller Fe(II)/Fe(III)
ratio [25,41]. The green rusts precipitated due to IRB bio-mineralization may abiotically
re-mineralize into black magnetite precipitates with time [24].

The most intense peaks detected in the IR spectra for the IRB biofilm correspond to
the stretching of the phosphate ion. High intensity peaks for asymmetric PO2− stretch
at 1258 cm−1 and symmetric PO2− stretching at 1080 cm−1 were observed. The P-O
asymmetric stretch at 860 cm−1 was also detected as well as a high intensity peak for P-O

65



Metals 2022, 12, 1005

symmetric stretch at 792 cm−1. A high intensity vibration at 1012 cm−1 was observed in
the saccharide region which may correspond to C-O-C, C-O-P, P-O-P ring vibrations of
carbohydrates [42–44]. Specific identification is difficult in the saccharide region due to the
complex superpositions of the characteristic absorptions of various polysaccharides with
the various organophosphates present. The cell wall of gram-negative bacteria, such as
S. putrefaciens, consists of an outer membrane containing lipopolysaccharides (LPS) [25,45]
as well as a periplasm with a thin peptidoglycan layer [45]. Therefore, the C-O-P and P-O-P
vibrations may be due to polysaccharides of cell wall. LPS are known to be highly anionic
and would therefore contribute to binding of cations such as Fe2+ ions from the carbon
steel due to electrostatic interactions [24]. Omoike and Chorover [46] have reported that
phosphodiester groups of nucleic acids in the EPS may also facilitate the binding of the EPS
onto iron oxyhydroxide minerals.

The FIB-SEM cross-sections (Figure 4a,b) show two separate pits covered by a loose
corrosion product crust such as that shown in Figure 3c. The depth of these pits was
approximately 1.5 μm. The biofilm covering the pit was loosely attached to the corroded
carbon steel. The innermost layer was composed of initial layer of colloidal corrosion
products. The loose attachment between the metal and biofilm material covering the pit
allows chemical species from electrolyte to come in contact with the metal to facilitate
pit propagation. High organic material in the IRB biofilm caused charging and sample
movement when FIB milling was being carried out. This difficulty in obtaining clean
cross-sections from FIB milling only occurred in the IRB pure culture biofilm, due to the
higher organic EPS material in the biofilm which were not electron dense.

Figure 4. (a,b) FIB-SEM cross-sections of the biofilm formed on carbon steel and corrosion pitting
due to pure culture of IRB in Postgate C medium following a 72 h exposure.

Figure 5a,b show ESEM and SEM images of biofilm formed on carbon steel exposed for
168 h to Postgate C medium inoculated with pure IRB culture. Polishing marks were visible
on some areas of the carbon steel surface, indicating a low corrosion rate in considerable
parts of the specimen (Figure 5a). The surface was covered with a thin and porous biofilm,
with corrosion products scattered throughout the sample when observed under ESEM
(Figure 5b). EDS analysis of the biofilm corresponding to the ESEM image showed iron and
carbon to be the main elements detected in the biofilm as shown in Figure 5c. The detection
of carbon is most likely to be due to the EPS material, which is high in hydrocarbons
from fatty acids. Alongside the flat areas observed in ESEM analysis, thicker corrosion
deposits also occurred throughout the sample. One such deposit was chosen for the FIB-
SEM cross-sectional characterization (Figure 5d,e). At high magnification, the thin biofilm
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beside the deposit showed initial signs of undercutting attack as the metal was dissolved
from underneath.

 

Figure 5. (a) ESEM and (b) SEM images of biofilm formed on carbon steel by a pure IRB culture
(168 h exposure time to Postgate C medium). (c) EDS analysis of the biofilm corresponding to the
ESEM image. (d) FIB-SEM images of the cross-section and (e) initial layer of fibrous EPS material
produced by IRB.
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3.2.2. Electrochemical Behaviour of Carbon STEEL in Postgate C Medium Inoculated
with IRB

Figure 6a shows the polarization resistance (Rp) of mild steel exposed during the
duration of exposure of 72 h to the Postgate C medium inoculated with IRB culture in
comparison to that exposed to the abiotic Postgate C solution. Rp increased from 890 Ω/cm2

at 0 h to be 7676 Ω/cm2 at 24 h, presumably due to the removal of oxygen by the IRB
as IRB respiration removes oxygen, i.e., an expected cathodic reactant for steel corrosion.
From 24 h to 72 h, the Rp remained steady. The Rp of the carbon steel exposed to the IRB
had a slightly lower Rp value from around 24 h to 72 h reading than the Rp for abiotic
control. This indicated that the IRB biofilm may have somewhat decreased the corrosion
protection offered by the abiotic corrosion products, by dissolving iron oxyhydroxides
and/or forming porous EPS and reduced Fe(II) oxide species.

 

Figure 6. (a) Polarization resistance (a) of carbon steel exposed to a pure IRB culture and abiotic
conditions in Postgate C medium, and (b) a potentiodynamic polarization and (b) scan of carbon
steel after 72 h exposure with and without IRB.

Figure 6b shows potentiodynamic polarization curves of the steel samples pre-exposed
to the Postgate C solution with IRB for 72 and 168 h. The polarization curve of the steel
sample pre-exposed to the abiotic solution for 168 h is shown for comparison. There was
no significant difference in the anodic or cathodic regime of the carbon steel exposed to IRB
for 72 h or 168 h or to abiotic condition for 168 h. The Ecorr of the steel samples exposed
to the biotic solution is shifted about 50 mV towards positive direction. In all cases, Epit
appeared to be around −550 mV, where a sudden and rapid increase in anodic current was
observed. The IRB biofilm consisting of Fe(II)/Fe(III) oxides and EPS did not offer any
resistance to anodic dissolution.

3.3. Effect of Removal of Yeast Extract from Postgate C (Modified Postgate C) on IRB Activity and
Biofilm Development
3.3.1. Biofilm Development in Modified Postgate C Solution with IRB

Exclusion of yeast extract from the culture medium in the modified Postgate C medium
resulted in less coverage of the steel specimen with EPS and biominerals. However, as will
be evident from subsequent description, the carbon steel surface exposed to the modified
Postgate C medium for 72 h confirmed that IRB metabolized and reduced Fe3+ ions even in
the absence of the yeast extract. Lovely et al. [39] have also reported that yeast extract was
not essential for the growth and anaerobic metabolism of S. putrefaciens.

Figure 7 presents ESEM analysis of hydrated biofilm formed on carbon steel by a pure
IRB culture, following 72 h exposure in modified Postgate C medium. Most parts of the
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carbon steel surface had a very flat, uniformly corroded appearance (Figure 7a). However,
as seen in Figure 7b, a higher magnification reveals the hollow iron oxyhydroxide shell.
Lepidocrocite crystals in Figure 7c appear to be a mixture of crystalline and amorphous
or poorly crystalline material. O’Loughlin has observed through time-resolved XRD that
lepidocrocite was reduced to green rust by S. putrefaciens [21]. Green rust is a mixed
ferrous/ferric hydroxide which has a structure consisting of alternating layers of positively
charged hydroxide and hydrated anion often containing carbonate [21]. The morphology
of the green rust crystal is reported to vary with environmental conditions. The green rust
crystals are hexagonal in the presence of SO4

2− alone [47,48] but rhombohedral in solutions
containing Cl−, SO4

2− or Br− [47]. Globular aggregates, similar to that shown in Figure 7d,
have been assigned to be siderite in study by Fredrickson et al. [25]. Due to the thin nature
of the film, similar EDS spectra were obtained for all minerals across the biofilm. Carbon,
oxygen, iron, phosphorous were the common elements detected through EDS (Figure 7e),
which suggested that most minerals observed were different morphologies of the same
phases (mainly iron oxyhydroxides). Elemental sulphur was also detected in some areas of
the film.

The FTIR spectra for the biofilm in the modified Postgate C at 72 h (Figure 7f) was
generally similar to that observed in the Postgate C medium (Figure 3e). Due to the low
level of organic nutrients available for the bacteria, lower amounts of EPS were produced by
the IRB, as suggested by the weaker absorbance signal in the modified Postgate C medium.
The presence of hydrocarbon chains of lipids was confirmed by the characteristic peaks
corresponding to -CH3 asymmetric stretching (2958 cm−1), asymmetric -CH2 stretching
(2916 cm−1) and symmetric -CH2 stretching (2848 cm−1). Complementary bands for these
hydrocarbons were found at 1452 cm−1 (asymmetric -CH3 bending/CH2 scissoring), -CH2
of rocking vibration of lipids (716 cm−1) as well as -CH3 symmetric bending at 1372 cm−1.
Some contribution to a broad -OH stretch, probably due to iron oxyhydroxides, was
observed. However, this peak was not as intense due to the presence of less oxyhydroxides
or structurally bound water. Additional peaks detected in the IRB biofilm formed in the
modified Postgate C media and not in the Postgate C media included the band at 1600 cm−1

corresponding to the COO- symmetric stretch of lipids [44], the band corresponding to
amino acid side chains at 1508 cm−1, and a band observed at 1288 cm−1 corresponding
to α helix of amide III (30% C-N str, 30% N-H bending vibration, 10% O=C-N bending,
20% other) in proteins [44,49]. The most intense peak of the IR spectra, at 1180 cm−1 and
1002 cm−1, corresponded to the presence of carbohydrates and possibly LPS bacterial cell
wall CO-P, P-O-P components in the IRB biofilm [42–44]. The stretching of the phosphate
ions was also present, as indicated by peaks at 1246 cm−1 (asymmetric PO2 stretching)
and 1076 cm−1 (PO2 symmetric stretching) and asymmetric P-O stretch at 826 cm−1 [44].
The dwarf peaks at 696 cm−1 and 674 cm−1 assigned to C=O bending and CH2 rocking
vibrations, respectively [50,51].

Figure 7. Cont.
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Figure 7. ESEM analysis of hydrated biofilm formed on carbon steel by a pure IRB culture following
72 h exposure to modified Postgate C medium: appearance of uniform corrosion (a) across the surface
of carbon steel, a hollow iron oxide shell (b) at the surface of a corrosion pit, and needle (c) and
globular (d) forms of reduced iron oxyhydroxide compound. (e) EDS spectra of the biofilm. (f) IR
spectra of IRB biofilm formed on carbon steel exposed to pure IRB culture in modified Postgate C
medium for a period of 72 h.
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IR spectroscopy (Figures 3e and 7f) as well as microscopic observations (Figure 4a) of
the pure IRB biofilm showed that organic material in the form of EPS was more prevalent in
the presence of S. putrefaciens. The adhesive nature of the EPS secreted by the IRB may have
a role in facilitating attachment of other bacterial species and/or nutrients to the biofilm
as well as in consolidating the biofilm structure. The binding of metal ions by negatively
charged EPS carbohydrates and proteins has also been previously reported [52].

FIB-SEM analysis showed the IRB biofilm to be extremely porous (Figure 8a,b). As a
result, this film did not provide much protection and was expected to facilitate transport of
chemical species between the electrolyte and the carbon steel surface. Therefore, the surface
of the carbon steel under the biofilm was rough and corroded. At higher magnification
(Figure 8c), an initial colloidal iron oxyhydroxide layer can be observed that appeared to be
adhering to the corroding carbon steel with the aid from a sticky EPS-like material.

Figure 8. FIB-SEM images of the cross-sections (a,b) of biofilm formed two areas of a carbon steel
surface by pure culture of IRB in modified Postgate C medium following a 72 h exposure a detailed
view (c) of the corroded area of the cross-section identified in Figure 8b at higher magnification
showing channels that could allow electrolyte transport.
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The continuity of the IRB biofilm was observed to be of stochastic nature. In certain
areas of the same sample, colloidal inorganic/organic precipitates of C, O, Na, P, S, Cl, Mn
and Fe were observed (Figure 9a). Iron oxide shells covered in sticky EPS material, such as
that shown in Figure 9b, were found scattered throughout the sample.

Figure 9. ESEM images of hydrated biofilm formed on carbon steel due to a pure IRB culture
following 168 h exposure in the modified Postgate C medium: (a) overall covering (inorganic and
organic components), (b) an iron oxyhydroxide shell covered in adhesive EPS material and (c) SEM
image of precipitates of an iron phosphate species. (d) EDS analysis of the layered, plate-like deposit
in Figure 9c.
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The layered, plate-like deposit observed in Figure 9c was confirmed to be an iron
phosphate species by EDS analysis as shown in Figure 9d. Glasauer et al., have reported
that vivianite can form when sufficient Fe2+ and phosphates are available [22]. As discussed
earlier in Section 3.2.2, the morphology of these minerals was more easily observed under
SEM than ESEM. It is likely that dehydration, which is most likely under SEM set up,
changed the morphology of the minerals. FIB-SEM cross-section carried out under these
iron phosphate deposits showed the total thickness of the layered mineral in Figure 9c to be
approximately 10 μm. Pitting corrosion was not observed under iron phosphate deposits.

3.3.2. Electrochemical Behaviour of Steel in Modified Postgate C Medium with IRB

The build-up of biofilm was monitored using the OCP technique for a period of 168 h
(Figure 10a). The negative shift in Ecorr that occurred in the presence of IRB biofilm due
to either a decrease of cathodic reactant O2 caused by IRB aerobic respiration and/or an
increase in the anodic dissolution of iron caused by a loss of protective nature of the passive
iron oxyhydroxide film. During the OCP measurement, Ecorr stabilized quickly and did
not oscillate a great deal, suggesting low oxygen conditions in solution. O2 consumption
appeared to occur instantaneously as shown by a drop in Ecorr from initial reading of
−744 mV at 0 h down to −842 mV at 72 h. The Ecorr then became stable during 72–168 h
period where anaerobic or microaerobic conditions were set up by the bacteria. Consistent
with this results, Sherar et al., reported an Ecorr < −800 mV with anaerobic corrosion of
carbon steel [53]. Once anaerobic conditions ensued, the corrosion of carbon steel was
controlled by a combination of H2O, HCO3

− and Fe3+ reduction reactions.
Figure 10b depicts potentiodynamic polarization curves of carbon steel after 72 h

exposure to the biotic and abiotic modified Postgate C solution. Active corrosion behaviour
of carbon steel occurred in both the IRB and abiotic control. Corrosion resistance was similar
in the IRB and abiotic control following 72 h pre-exposure (i.e., there was insignificant
change in Ecorr and Icorr). However, following 168 h exposure, the Ecorr in the presence
of the IRB was lower than that observed under abiotic conditions (Figure 10c), indicating
the carbon steel to be more susceptible to corrosion in biotic solution without yeast after
168 h exposure. The corrosion current density of carbon steel in biotic solution was found
to be about 9 times higher than that in the abiotic solution. These findings are consistent
with the FIB-SEM observation, where pits are observed under the biofilm during the 168 h
exposure to biotic Postgate C without yeast. Pits appeared to have propagated sideways
and vertically. The slower increase in anodic current density in the potential range of
−600 to −800 mV can possibly be attributed to the imbedding of corrosion products into
the bacterial biofilm, thereby impeding the diffusion across the biofilm, which is consistent
with the literature [9]. Epit after 168 h exposure to biotic medium is observed around
−575 mV. At applied potentials more positive to Epit, active corrosion similar to the abiotic
control occurred (Figure 10c).

Figure 10. Cont.
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Figure 10. (a) Change in OCP of carbon steel with time of exposure to a modified Postgate C
medium with pure IRB culture and without the culture (abiotic). (b) Potentiodynamic polarization
scans of carbon steel after 72 h exposure in modified Postgate C medium with and without IRB.
(c) Potentiodynamic polarization scans of carbon steel after 168 h exposure in modified Postgate C
medium with and without IRB.

3.4. Biofilm Development and Electrochemical Characterization of Carbon Steel in Biotic Postgate C
Solution without Organic Nutrients (i.e., Inorganic Medium)
3.4.1. Biofilm Development on Carbon Steel Exposed to IRB in Inorganic Postgate C Solution

In the absence of organic nutrients such as yeast extract, lactic acid and sodium citrate,
the most likely electron donor for the IRB is hydrogen [54,55]. Not all IRB species can
couple H2 oxidation with growth [39,56]. However, Lovely et al. [39] have reported on the
ability of S. putrefaciens to metabolize hydrogen at partial pressures 25-fold lower than that
by the pure cultures of SRB. The hydrogen for bacterial metabolism would be generated
by the reduction of water Equation (1). The reduction of water would also be the most
likely cathodic reaction at neutral pH and limited O2 environments for the corrosion of the
carbon steel.

2H2O + 2e− → H2 + 2OH− (1)

The IRB may then utilise the H2 generated through Equation (2) and couple with the
reduction of Fe3+ ions from ferric oxyhydroxides with the oxidation of H2 Equation (2) [39];

H2 + 2Fe3+ → H+ + 2Fe2+ (2)

Previous studies have shown that IRB require direct contact with the Fe(III) minerals
for bioreduction under nutritionally limiting conditions [21,37]. In contrast, other studies
have observed that microbial siderophores (extracellular chelating agents) were involved in
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reductive dissolution of ferric oxyhydroxides and oxides [57]. Glasauer et al. [22] observed
that S. putrefaciens grown under nutrient-limited conditions only reduced poorly crystalline
hydrous ferric oxides. Due to the absence of lactate in the inorganic medium, the formation
of siderite, according to Equation (3), is not expected as the availability of bicarbonate in
solution occurs due to oxidation of lactate coupled with iron oxyhydroxide reduction [25].
However, the precipitation of magnetite Equation (4), vivianite Equation (5) or green rust
(GR) Equation (6) is still possible under different conditions of redox potential, available
Fe(III) and/or Fe (II) and appropriate ligands.

Fe2+ + HCO3
− → FeCO3 + H+ (3)

2Fe(OH)3 + Fe2+ → Fe3O4 + 2H2O + 2H+ (4)

3Fe2+ + 2HPO4
2− + 8H2O → Fe3(PO4)2.8H2O + 2H+ (5)

2Fe(OH)3 + 4Fe2+ + A2−
(

Cl−, CO3
2−, SO4

2−
)
+ 9H2O → GR + 6H+ (6)

In contrast to the IRB biofilms formed in complete Postgate C and the modified
Postgate C mediums, there was lesser incidence of crystalline iron oxyhydroxides observed
on the carbon steel surface when exposed to IRB in the inorganic medium. This may be
due to the rate of crystalline iron oxyhydroxide formation being slower than the biotic iron
reduction reaction [25]. Some colloidal particles observed in the IRB biofilm (Figure 11a) are
speculated to be magnetite. EDX analysis shows the presence of Fe, C and O corresponding
to the elemental composition of typical area, such as that shown in Figure 11a, indicating
that iron phosphates may also be present as was also observed earlier under inorganic
abiotic condition. The presence of iron oxyhydroxide shells in the biofilm became more
recognisable in SEM analysis (Figure 11b) than from hydrated biofilms observed through
ESEM. The shells in this case were observed to be broken down, either by the environmental
conditions in the IRB solution or due to sample dehydration under SEM chamber. FIB
cross-sectional analysis could not be performed with the intact hollow shells due to the
fragile nature of the shells. However, as shown in Figure 12, FIB-SEM cross-sectional
analysis could be performed on the broken iron oxyhydroxide shell (Figure 11b).

Figure 11. ESEM images of hydrated biofilm formed on carbon steel by a pure IRB culture following
72 h exposure to IRB and Postgate C without organic constituents: (a) amorphous corrosion product
deposits containing carbon, oxygen phosphorous and iron. (b) SEM image of iron oxyhyrdroxide
shell. FIB cross-section was carried out across the area indicated by the red line.
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Figure 12. FIB-SEM cross-sectional analysis of biofilm formed on carbon steel by pure culture of IRB
in inorganic medium following a 72 h exposure: (a) overview of the biofilm cross-section, and (b,c) the
extent of cracking attack observed under the IRB biofilm at higher magnification.

The IRB biofilm formed under the inorganic environment was very thin. FIB-SEM
cross-sectional analysis (Figure 12a) showed that the thickness was in the nm scale. When
the cross-section was observed under higher magnification, extensive grooving into the
steel surface was observed (Figure 12b). Figure 12c highlights an area of localized attack
that progressed along susceptible points in the steel microstructure such as voids, inclusions
or grain boundaries. Biofilm material was observed to have filled the grooves produced by
the localized attack. There have been limited studies on the influence of IRB on corrosion,
and this type of localized attack has not been previously reported in literature.

The localised attack shown in Figure 12c appears like a crack, which might occur
because of H+ cation build-up. H+ is generated due to H2 oxidizing ability of the IRB,
coupled with ferric hydroxide reduction at localized areas. H+ cations can transform into
H atoms that may lead to the build-up of adsorbed hydrogen atom in the carbon steel
subsurface. The H atoms may then combine to form H2 molecules, particularly at the high
energy locations such as voids and grain boundaries. The H2 molecules are too big to diffuse
out of the voids and the resulting build-up of gas pressure would cause cracking. Such
cracking does not require externally applied tensile stress to progress [58]. Although initial
signs of undercutting pitting attack were observed under the IRB biofilm in nutritionally
rich conditions (Figure 5), such cracking was only observed for the carbon steel exposed to
IRB in the inorganic medium. This may be due to the IRB oxidizing organic lactate in these
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two nutritionally rich media removes 7 moles of H+ for every lactate molecule oxidized,
as per Equation (7), and controls the build-up of H+ ions. While previous studies have
not investigated the MIC behaviour under the IRB biofilm, the acidic H2S formation in
the presence of the SRB has been reported to lead to MIC. H2S enhances the adsorption
of hydrogen atoms into the metal by poisoning the recombination of H atoms on the
metal surface [58]. A previous study has used hydrogen permeation experiments and has
observed enhanced hydrogen permeation due to cultures of SRB isolated from oil field
waters [59].

4Fe(OH)3 + CH3CHOHCOO− + 7H+ → 4Fe2+ + CH3COO− + HCO3
− + 10H2O (7)

After 168 h exposure of the carbon steel to the IRB in the inorganic medium, micro-
pitting could be observed (Figure 13a). The colloidal precipitates, such as these shown in
Figure 13b, were scatted throughout the sample surface, and were identified as an iron
phosphates species based on EDS. The polishing marks visible alongside these micro-pits
suggest a non-equal distribution of the corrosion rate. Low corrosion rate has occurred
in certain areas of the sample (Figure 13c), whereas deep localized pitting attack was also
observed, as discussed below.

Figure 13. ESEM images of hydrated biofilm formed on carbon steel by a pure IRB culture following
168 h exposure in inorganic medium: (a) pits covered under corrosion deposit, (b) micro-pits in an
area of low corrosion rate, and (c) SEM image showing the location where the cross-sectional FIB
milling was performed.

EDS carried out at the centre of one of the dark patches observed in ESEM (Figure 13a)
detected iron, oxygen and phosphorous to be the main elements. FIB-SEM cross-sectional
analysis was carried out on such an area to investigate if these were sites of localized
pitting attack. Figure 13c is a SEM image of the area and the red line is the location of FIB

77



Metals 2022, 12, 1005

cross-sectioning. Cracking of the film observed in the SEM images (Figure 13c) were not
observed under ESEM for the same sample and hence, the conclusion that the cracks were
a result of dehydration of IRB biofilm in the SEM chamber.

FIB-SEM in Figure 14a confirmed the existence of a deep pit under the area shown in
Figure 13c. A pit (~10 μm deep) developed underneath the biofilm. In previous studies
on stainless steels, growth of the pit may occur back towards the outer surface to where
the pit originated [60,61]. The mechanism for such behaviour has been attributed to the
passivation of the surface near the pit mouth due to concentration of metal ions being
below the critical concentration for pit propagation (Ccrit). However, in the pit adjacent to
the passivated area, Fe2+ ions are generated and the dissolution front progresses through
the sidewall until the passive film is punctured [61]. EDS analysis from the area highlighted
in Figure 14a showed a high intensity peak for carbon that can only be attributed to the
high content of organic material in the biofilm, since the test medium of Postgate C only
consists of inorganic constituents. Inorganic sulphate and chloride were also present.
It is assumed that SO4

− (as indicated by S and O in EDS) and Cl− ions moved to the
corroding site to maintain electrical neutrality by balancing out the positive Fe2+ generated
from the corroding carbon steel. They may also be incorporated into green rust minerals
according to Equation (6). Another notable mineral present on the pit covering material
was the hollow iron oxyhydroxides shells. These hollow shells were observed near the side
walls (Figure 14b) as well as being incorporated between other corrosion product layers as
outlined in Figure 14c.

Figure 14. FIB-SEM cross-section of specific features of carbon steel exposed to the pure culture of IRB
in the inorganic medium (i.e., Postgate C without organic components) for 168 h: (a) an overview of
the cross-section (the circled area marks undercutting pitting attack making its way back towards the
outer surface, EDS was performed in the area in the rectangle), (b) a close up view of the undercutting
pit, and (c) a close up view of the side walls of the pit where biofilm is loosely attached in this area
allowing electrolyte transport.
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FIB-SEM cross-section characterization was carried out also for another location in
the sample exposed for 168 h (Figure 15). In this case, the sample suffered some charging
during SEM imaging, due probably to the high organic content in the IRB biofilm. Pit was
covered under the corrosion product deposit (Figure 15b). The morphology showing an
undercutting attack in Figure 15b is similar to pitting in acidic environments [62]. The
cracking in the biofilm that was observed in the 72 h exposure to the inorganic medium
occurred also in the 168 h exposure (Figure 15c). Biofilm extended into the cracks, as seen
in the higher magnification images (Figure 15c). Similar to the 72 h exposure sample, EDS
of the corrosion deposit covering the pit shown in Figure 15b detected a high intensity peak
for carbon, indicating the presence of organic molecules. Other elements detected were
sulphur, chloride and iron.

 

Figure 15. FIB-SEM cross-section of more common features of carbon steel exposed to the pure
culture of IRB in the inorganic medium (i.e., Postgate C without organic components) for 168 h:
(a) overview of a cross-section under an area of a corrosion deposit, (b) undercutting pitting has
occurred under the biofilm, and (c) localised corrosion penetration and biofilm.

3.4.2. Electrochemical Behaviour Carbon Steel Exposed to Inorganic Postgate C Solution
with IRB

Potentiodynamic polarization scans of carbon steel following 72 h exposure in the
inorganic medium with and without the IRB are shown in Figure 16a. The corrosion
potential of steel in inorganic biotic medium shifted by about 50 mV in a cathodic direction
compared to that in the abiotic solution. The corrosion current density of the steel in biotic
solution was at least an order of magnitude lower than that in the abiotic solution. As
mentioned earlier, IRB are able to reduce the oxygen level, and limit the oxygen available
for corrosion. It is also reported that in case of nutrient deficiency, IRB fail to survive; hence,
there is no need of IRB forcing Fe(III) reduction to soluble Fe(II). Thus, the insoluble Fe(III)
oxides (such as goethite) [63] persist and provide protection.
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Figure 16. (a,b) Potentiodynamic polarization scans of carbon steel following 72 and 168 h exposure,
with and without the IRB, to inorganic Postgate C solution.

Figure 16b shows the potentiodynamic polarization scan following 168 h exposure to
IRB and the abiotic control inorganic Postgate C solutions. Though the corrosion resistance
of steel decreased when the duration of exposure to inorganic IRB solution increased
to 168 h, the corrosion current density of steel specimen in biotic solution still greater
by >1.5 times than that of steel exposed to the abiotic solution. The sluggish increase in
anodic current density at the anodic potential range of 0.74–0.58 VSCE could be attributed
to the formation of the ferrous species and rust during the anodic polarization. Epit was
observed at −550 mV, and as the applied potential was increased to more positive values
from Epit, active corrosion was observed.

No previous studies have investigated the influence of nutrients on the IRB biofilm
formation or study the cross-section of the IRB biofilm. Results of this study show that
the accelerated corrosion observed in IRB environments, when cultured under starvation
conditions, requires further investigation.

4. Conclusions

S. putrefaciens was observed to be biofilm forming bacteria. The highest coverage to
EPS material as well as reduced iron/oxyhydroxides were observed in the IRB biofilm
in the presence of yeast extract in the Postgate C medium. The IRB contained a higher
carbohydrate portion in the biofilm than the abiotic corrosion product film.

The build-up of organic material and reduced minerals did not provide any significant
protection to the metal and active corrosion occurred when external potential was applied.
Dissolution of Fe(III) oxyhydroxides occurred in the presence of the IRB which led to a
greater dissolution of Fe2+ ions into the solution than under abiotic conditions. The IRB
were also able to set up anaerobic conditions in solution by the removal of residual O2
present in solution.

Undercutting pitting corrosion morphology was observed in the presence of the IRB
in the nutrient-rich media, and to a greater extent, in nutrient-limited conditions. Deep
pits on carbon steel were observed when IRB were cultured in the inorganic medium.
From the results of this study, it can be concluded that the IRB biofilm does not protect
carbon steel from corrosion and was observed to accelerate abiotic corrosion processes in a
localised manner.
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Abstract: Oxidation resistance of the ferritic Fe-Cr-W-Zr alloy with dispersed Fe2Zr phase were
investigated in stagnant air and in static oxygen-saturated liquid Pb-Bi eutectic separately considering
the service environment in the advanced generation IV nuclear reactors. A duplex structure including
an outer Fe2O3 layer and an inner (Fe,Cr,Zr)2O3 layer is developed after oxidation in air, while a
three-layered structure consisting of outer magnetite layer, inner Fe-Cr spinel layer, and internal
oxidation zone is formed after oxidation in liquid Pb-Bi eutectic. The dispersed Fe2Zr phase shows
delayed oxidation with respect to the α-Fe in air and in liquid Pb-Bi eutectic, which significantly
affects the oxidation behaviors of the alloy. After oxidation in air at 923 K, the incorporated Fe2Zr
phase in the scale would obstruct the diffusion of metal/oxygen across the scale, resulting in the
nonuniform oxidation behavior. After oxidation in static oxygen-saturated liquid Pb-Bi eutectic at
823 K, a reduction in the Fe supply to the magnetite/Fe-Cr spinel interface is present adjacent to the
Fe2Zr phase, which might lead to the creation of cavities in the outer magnetite layer with prolonged
oxidation time.

Keywords: Fe-Cr-W-Zr alloy; Fe2Zr phase; oxidation; air; liquid Pb-Bi eutectic

1. Introduction

Ferritic/martensitic steels with a chromium content of 9~12 wt.% have been considered
as candidate structural materials in future advanced nuclear reactors due to their higher
resistance to irradiation swelling, lower thermal expansion coefficients, and higher thermal
conductivity [1–4]. Ferritic/martensitic steels are usually characterized by the tempered
martensitic structure, consisting of a high density of tangled dislocations within laths and
dispersion of carbides along their boundaries and within their matrix. During the long-term
exposure at temperature above 823 K, reduction in the dislocation density and coarsening
of carbide would lead to the recovery of martensitic structure and a significant reduction
in creep strength [5–7]. Afterwards, dispersed oxide nano-particles with a high number
density are introduced into the ferrite matrix to develop the oxide dispersion strengthened
(ODS) steels [8–10]. These highly stabilized oxide nano-particles are responsible for the
excellent tensile strength and creep properties at 923~1173 K. The ODS steels are produced
by much more complicated and expensive powder-metallurgy techniques.

Moreover, intermetallic precipitates are potentially considered as the strengthening
phase during the design of high-temperature ferritic alloys. K. Yamamoto et al. reported
the Fe-Cr-Nb ferritic heat-resistant alloy strengthened by the Fe2Nb Laves phase, and
found that the presence of Fe2Nb phase could significantly improve the high-temperature
strength [11]. D.G. Morris et al. reported a Fe-Al-Zr ferritic alloy with coherent Fe3Zr
phase, and Fe3Zr phase with excellent stability contributed to the great improvement in
creep strength at 973 K [12,13]. Thermodynamic modeling of Fe-Cr-Zr system through
the Calphad approach found that Fe-Zr Laves phase could form in the ferritic Fe-Cr-Zr
system [14]. Our recent investigation found that dispersed Fe2Zr phase were introduced
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into equiaxed α-Fe matrix in the Fe-9Cr-2W alloy with the Zr content of 7~10 wt.%, and
enhanced creep-rupture properties was achieved up to 973 K in comparison with the
typical 9Cr2WVTa ferritic/martensitic steel [15]. L. Tan et al. found that only a small
amount of radiation-induced precipitates was observed in Fe-9Cr-1W-11Zr alloy after Fe
ion irradiation to ~50 dpa at 673 K, demonstrating promising radiation resistance [16,17]. It
was found that the Fe-Cr-Zr alloy presented better high-temperature creep properties and
superior radiation resistance in comparison with the ferritic/martensitic steel. In addition,
corrosion is a life-limiting property when the alloy is exposed to the service environment.
Liquid metal are the primary coolants for the advanced generation IV nuclear reactors.
For instance, liquid Pb-Bi eutectic are the coolant for the advanced lead fast reactors. The
liquid Pb-Bi eutectic is very corrosive towards the structural material [18–24]. Therefore,
the corrosion properties in contact with liquid Pb-Bi eutectic should be considered. Until
now, the corrosion properties of ferritic alloy with the dispersed intermetallic phase have
not been clearly understood. In this study, the high-temperature oxidation resistance of
Fe-Cr-Zr alloy in air and in static liquid Pb-Bi eutectic were investigated in view of the
service environment in the advanced generation IV nuclear reactors.

2. Materials and Methods

2.1. Materials

A Fe-Cr-Zr alloy with a weight of 10 kg is produced by vacuum induction melting
technique, and the chemical composition is given in Table 1. The ingot is hot forged and
then hot rolled to ~12 mm thick plate. The plate is annealed at 1373 K for 15 min followed
by air cooling.

Table 1. Chemical compositions of Fe-Cr-Zr alloy.

Element C Cr W Zr Fe

wt.% 0.0039 8.96 2.01 9.86 Bal.

2.2. Oxidation Tests in Air and in Liquid Pb-Bi Eutectic

Samples with dimensions of 8 mm × 8 mm × 8 mm are ground with SiC abrasive
papers up to 2000 grit, mechanically polished with 0.5 μm diamond powder, and ultra-
sonically cleaned by ethanol prior to oxidation tests. The oxidation behaviors in air are
evaluated by continuous isothermal oxidation tests, which are conducted at 923 K for
different durations up to 1000 h in a furnace with stagnant air. The weight measurement
for evaluating the oxidation rate is performed by using a Sartorius BP211D electric balance
(Sartorius, Goettingen, Germany) with an accuracy of 0.01 mg.

Furthermore, the oxidation behaviors in liquid metal are evaluated by the isothermal
oxidation tests in oxygen-saturated stagnant liquid Pb-Bi eutectic at 823 K using a self-
developed liquid Pb-Bi eutectic corrosion test apparatus [19,20]. Ar + 5% O2 serves as the
cover gas to ensure the oxygen-saturated condition and avoid excessive oxidation of the
liquid Pb-Bi eutectic. The presence of thin PbO on the liquid metal surface indicated that
liquid Pb-Bi eutectic is oxygen-saturated. The samples are taken out after immersion in the
oxygen-saturated Pb-Bi eutectic for 500 h, 1000 h, and 2000 h, respectively.

2.3. Characterization

The phase structure of the Fe-Cr-Zr alloy is identified using x-ray diffraction (XRD,
Rigaku D/max-2400PC, Rigaku, Tokyo, Japan) with Cu Kα radiation source. Microstructure
of Fe-Cr-Zr alloy is characterized by FEI Inspect F50 scanning electron microscope (SEM)
(FEI company, Oregon, America) and JEOL JEM-2100F transmission electron microscopy
(TEM) (JEOL, Tokyo, Japan).

After oxidation tests in stagnant air and in oxygen-saturated stagnant liquid Pb-Bi
eutectic, phase structure of oxide scale is identified using XRD. The surface and cross-
sectional morphologies of oxide scales are observed by SEM, and chemical compositions
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are analyzed by energy-dispersive X-ray spectrometer (EDS) (Oxford Instruments, Oxford,
UK). The element distribution analysis is conducted by Shimadzu EPMA-1610 electron
probe microanalysis (EPMA) (Shimadzu, Kyoto, Japan). For preparing the cross-sectional
samples after oxidation tests in stagnant air, the sample surface is protected by electroless
Ni plating. The residual Pb-Bi eutectic on the surface of sample is retained after oxidation
tests in oxygen-saturated stagnant liquid Pb-Bi eutectic to protect the oxide scale during
the sample preparation process.

3. Results

3.1. Microstructure of Fe-Cr-Zr Alloy

Figure 1 shows the XRD pattern of Fe-Cr-Zr alloy. The peak of Fe2Zr phase with the
hexagonal polymorphs (C14/C36) could be observed besides the sharp diffraction peaks of
α-Fe. It is confirmed that the microstructure of Fe-Cr-Zr alloy mainly compromises α-Fe
and Fe2Zr phase.

 

Figure 1. XRD patterns of the Fe-Cr-Zr alloy.

As shown in Figure 2a, the SEM image reveals that the micrometer-sized Fe2Zr phases
are nearly uniformly distributed in the α-Fe matrix, and the area fraction of Fe2Zr phases is
~9.5%. EDS point analysis shows that Fe2Zr phases are composed primarily of Fe and Zr,
and low contents of Cr and W are present at the phase (Figure 2b). Figure 2c shows the
bright-field TEM micrograph and corresponding selected area electron diffraction (SAED)
pattern. The TEM micrograph shows the coexistence of light α-Fe and dark Fe2Zr phases,
and the α-Fe and Fe2Zr phases are both in the micrometer-sized range. The SAED pattern
(inset in Figure 2c) of Fe2Zr phases confirms the Laves structure. The high-resolution
electron microscopy (HRTEM) image of α-Fe/Fe2Zr clearly shows that their interface is
incoherent (Figure 2d).

3.2. Oxidation Behavior in Air
3.2.1. Structure and Morphology of Oxide Scale

Figure 3 shows the SEM surface morphologies of Fe-Cr-Zr alloy after oxidation at 923 K
for 10 min, 20 h, 500 h, and 1000 h, respectively. It is found that at the initial oxidation stage
within 10 min, numerous oxide particles are distributed on the metal surface. However, an
uneven oxide surface is formed (Figure 3a and inset), which is indicative of a nonuniform
oxidation process. As the oxidation time is prolonged, the surface flatness of oxide scale is
aggravated (Figure 3b–d). After oxidation of 1000 h, a number of pits could be found on
the surface due to the nonuniform growth of oxide (arrows in Figure 3d and inset). The
structure of oxide scale was identified by XRD after oxidation at 923 K for 1000 h, as shown
in Figure 4. Single (Fe,Cr)2O3 phase is detected in the oxide scale, which indicates that
Cr2O3 could not form in the Fe-Cr-Zr alloy with a Cr content of ~9 wt.%.
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Figure 2. (a,b) SEM/EDS, (c) TEM, and (d) HRTEM image of the Fe-Cr-Zr alloy. (b) EDS point
analysis of Fe2Zr phase. The inset in (c) represents the SAED patterns of Fe2Zr phase.

 

Figure 3. SEM surface morphologies of the Fe-Cr-Zr alloy oxidized in air at 923 K for (a) 10 min,
(b) 20 h, (c) 500 h, and (d) 1000 h.
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Figure 4. XRD patterns of the Fe-Cr-Zr alloy oxidized in air at 923 K for 1000 h.

3.2.2. Cross-Sectional Morphology

Figure 5a shows a backscattered detector (BSE) image of the cross-sectional morpholo-
gies of oxide scale formed on Fe-Cr-Zr alloy after oxidation at 923 K for 10 min. The
matrix/scale interface appears to roughen, and incorporated Fe2Zr phase could be found
at the oxidation front due to their white contrast compared to the oxide scale (black arrows
in Figure 5a). EDS point analysis in the vicinity of the incorporated Fe2Zr phase reveal that
~5.2 at.% of O is detected at the incorporated phase (Figure 5b), and concentrations of Fe, Zr,
and Cr of the incorporated phase are similar to the composition of Fe2Zr phase obtained in
the matrix (Figure 2b). In contrast, a much higher concentration of O (~59.1 at.%) is detected
in the gray scale around the incorporated phase, and the atomic percent is consistent with
the stoichiometric ratio of (Fe,Cr,Zr)2O3 oxide (Figure 5c). Besides, a low concentration of
O (~5.9 at.%) is present in the α-Fe adjacent to the gray scale (Figure 5d). Therefore, the
incorporated Fe2Zr phase in the oxide scale close to the matrix/scale interface exhibits
delayed oxidation.

 

Figure 5. (a) BSE images of cross-sectional morphologies of Fe-Cr-Zr alloy after oxidation in air at
923 K for 10 min. (b–d) EDS spectrums for point 1, point 2, and point 3 marked in (a).

After oxidation for 20 h, the average thickness of the oxide scale is ~10 μm, and the
incorporation of dark phase in the inner part of white scale could be observed by optical
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microscope (OM) (Figure 6a). BSE image shows that Fe2Zr phase are observed in the inner
part of oxide scale and some of the phase in the scale are much smaller than those in the
matrix (arrows in Figure 6b), which might be resulted from the gradual oxidation of Fe2Zr
phase. EDS point analysis at the Fe2Zr phase sites in the scale reveals that the ratio of Fe to
Zr corresponds to about 2 while the measured oxygen concentration is ~33.5 at.% (Figure 6c),
indicating that the Fe2Zr phase are oxidized. By contrast, the oxide scale surrounding the
Fe2Zr phase having an oxygen concentration of 59.3 at.% (Figure 6d), is found to be fully
oxidized into (Fe,Cr,Zr)2O3. Therefore, it is concluded that the incorporated Fe2Zr phase in
the oxide scale exhibit too low oxygen concentration to be fully oxidized.

 

Figure 6. (a) OM and (b) BSE images of polished cross-sectional morphologies of Fe-Cr-Zr alloy after
oxidation in air at 923 K for 20 h. (c,d) EDS spectrums for point 1 and point 2 marked in (b).

OM image of the cross-sectional morphologies of scale after oxidation of 1000 h is
shown in Figure 7a. A roughened surface is observed, which is corresponding to the
uneven oxide surface morphology (Figure 3d). The incorporated dark phases are also
observed in the inner part of the white scale. The BSE image reveals the presence of Fe2Zr
phase in the inner part of oxide scale, and a significant decrease in number density of
incorporated phase is observed from the oxide/matrix interface to the outer surface, as
shown in Figure 7b. The compositional profiles by EDS point analysis show that the oxide
scale has a duplex-layered structure (Figure 7c). The outer layer, with a thickness of ~20 μm,
consists mainly of the 40Fe-60O (at.%), which is in line with the stoichiometry of Fe2O3. The
inner layer, with a thickness of ~25 μm, consists mainly of the 30Fe-6Cr-3Zr-1W-60O (at.%),
which is in line with the stoichiometry of (Fe,Cr,Zr)2O3. Within the inner layer, particles
with higher concentration of Zr (20~26 at.%) and lower concentration of O (10~40 at.%) are
the delayed oxidized Fe2Zr phase. In addition, the concave surface (arrows in Figure 7b) is
in accordance with the pits on the oxide surface morphologies (arrows in Figure 3d). It is
shown that the density of incorporated Fe2Zr phase is higher in the oxide scale beneath the
concave surface than that beneath the convex surface (Figure 7b), which is reminiscent of
the fact that the inhomogeneous cross-sectional morphology is related with the number
density of the Fe2Zr phase.
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Figure 7. (a) OM and (b) BSE images of polished cross-sectional morphologies of Fe-Cr-Zr alloy after
oxidation in air at 923 K for 1000 h. (c) Compositional profiles with the distance across the oxide scale
marked in (b).

3.3. Oxidation Behavior in Stagnant Liquid Pb-Bi Eutectic

Figure 8 shows the BSE cross-sectional image of oxide scale formed on Fe-Cr-Zr alloy
after exposure to oxygen-saturated Pb-Bi eutectic at 823 K for 500 h, 1000 h, and 2000 h,
respectively. As the exposure time increases from 500 h to 2000 h, the thickness of oxide
scale increases from ~10 μm to ~30 μm. The outer layer of the oxide scale seems porous.
In comparison, the inner layer of the oxide scale seems compact, and the incorporation
of Fe2Zr phase in the inner layer is also observed. It could be found that the cavities are
mainly present at the inner/outer layer interface of oxide scale and formed adjacent to
the incorporated Fe2Zr phase (white arrows in Figure 8), which implies cavity nucleation
around the Fe2Zr phase.

EPMA analysis of the oxide scale after exposure to oxygen-saturated Pb-Bi eutectic
at 823 K for 1000 h is shown in Figure 9. In the matrix, the Fe-rich α-Fe and Zr-rich Fe2Zr
phase could be clearly identified. The oxide scale formed on the Fe-Cr-Zr alloy exhibits a
three-layered structure. An enrichment of Fe and O is observed in the outer oxide layer
while Cr and Zr could not be detected in this layer, revealing that the outward diffusion
of Fe from matrix to the external interface. The outer layer composed of the iron oxide
is identified as magnetite (Fe3O4) according to the SEM/EDS [19], XRD [21] and glow
discharge optical emission spectroscopy (GD-OES) [22]. The penetration of Pb/Bi into
the formed magnetite layer could also be observed. In comparison with the outer oxide
layer, the inner oxide layer is a Fe-Cr spinel which is enriched by Cr and depleted in Fe.
An inhomogeneous distribution of O is present in the inner oxide layer, and the region
with higher concentration of O is found exactly to be at the α-Fe site (black arrows in
Figure 9). The lower concentration of O at the Fe2Zr phase site may be resulted from the
delayed oxidation of the phase. The ratio of outer magnetite layer thickness on the inner
Fe-Cr spinel layer thickness is ~1.2, which is in agreement with the oxidation results of
ferritic/martensitic steels in liquid Pb-Bi eutectic [22–24]. An internal oxidation zone (IOZ)
with a significant decreased concentration of O develops between the matrix and inner
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oxide scale, and a relative homogeneous distribution of O exists in the vicinity of the inner
oxide layer/IOZ interface.

 

Figure 8. BSE images of cross-sectional morphologies of Fe-Cr-Zr alloy after exposure to oxygen-
saturated Pb-Bi eutectic at 823 K for (a) 500 h, (b) 1000 h, and (c) 2000 h.

 

Figure 9. EPMA analysis of the cross-sectional area of Fe-Cr-Zr alloy after exposure to oxygen-
saturated Pb-Bi eutectic at 823 K for 1000 h.
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4. Discussion

4.1. Oxidation Behavior of Fe2Zr Phase

The oxidation behaviors of the Fe-Cr-Zr alloy reveal the delayed oxidation of the Fe2Zr
phase with respect to the α-Fe matrix. The incorporated Fe2Zr phase with low oxygen
concentration could be observed in the oxide scale close to the matrix/scale interface
(Figure 5). With increased oxidation time, the incorporated Fe2Zr phase with increased
oxygen concentration in the scale indicates the gradual oxidation of Fe2Zr phase. It is shown
that iron oxide in the form of Fe2O3 is determined by EDS and XRD during oxidation in air
at 923 K, and Zr is reported to be oxidized to ZrO2 [25]. The oxidation reaction of the Fe2Zr
phase could be written as follows:

Fe2Zr (s) + 5/2O2 (g) = Fe2O3 (s) + ZrO2 (s) (1)

It is concluded that the oxygen concentration should be between 60 and 66 at.%
at the fully oxidized Fe2Zr phase site. It is assumed that the lower measured oxygen
concentration at the incorporated Fe2Zr phase site is caused by the partially oxidized Fe2Zr
phase. An approximate fraction of oxidized Fe2Zr phase can be calculated according to the
quantitative EDS results at the incorporated Fe2Zr phase sites considering that the ratio of
Fe to Zr is close to 2 at these sites (Figure 6c). This calculation is made assuming that each
analysis point inside the incorporated Fe2Zr phase consists of oxidized Fe2Zr and metallic
Fe2Zr. According to the hypotheses, compositions of the incorporated Fe2Zr phase can be
calculated by using the following relations:

xFe = 2xoxidized + 2xmetallic (2)

xZr = xoxidized + xmetallic (3)

xO = 5xoxidized (4)

The resolution of Equations (2)–(4) leads to:

xoxidized/(xoxidized + xmetallic) = 0.2(xO/xZr) = 0.4(xO/xFe) (5)

For each analysis point inside the incorporated Fe2Zr phase, the ratio of O to Fe or O to
Zr could be obtained by EDS. As a consequence, the mole fraction of oxidized Fe2Zr at the
incorporated Fe2Zr phase sites can be determined by the Equation (5). For the incorporated
Fe2Zr phase (marked position #1 in Figure 5a) in the oxide scale close to the matrix/scale
interface after oxidation of 10 min, the calculated mole fraction of oxidized Fe2Zr phase is
~4%. For the incorporated Fe2Zr phase (marked position #1 in Figure 6b) in the scale after
oxidation of 2 h, the calculated mole fraction of oxidized Fe2Zr phase reaches ~34.5%.

Based on the oxidation reaction of Fe2Zr (1), standard Gibbs free energy change of the
oxidation of metallic Fe2Zr phase to oxides could be calculated as

ΔG◦ox(Fe2Zr) = −744268 + 175.8T J/mol (6)

where the standard Gibbs free energy changes of the formation of Fe2O3 and ZrO2 are
obtained from the Ellingham/Richardson diagram [26,27] and the standard Gibbs free
energy changes of the Fe2Zr formation from the constituting elements (2Fe + Zr = Fe2Zr)
is given as ΔG◦ = −30400 + 12.7T J/mol [28]. At 923 K, ΔG◦ox(Fe2Zr) = −582004 J/mol,
and the calculated equilibrium oxygen partial pressure value of pO2 is 1.2 × 10−33 atm.
For the alloy matrix with the chemical composition of 86Fe-12Cr-2Zr (at.%), the calculated
equilibrium oxygen partial pressure value of pO2 for the oxidation of Cr solute and Zr
solute is 5.2 × 10−34 atm and 2.6 × 10−51 atm, assuming that Cr and Zr solutes would
oxidize to their respective oxides. The maximum value of pO2 available to a dilute Fe-Cr
alloy could be set by Fe-Fe2O3 equilibrium because a scale forms on the alloy surface.
Accordingly, the maximum value of pO2 available is 1.3 × 10−22 atm at 923 K. It is demon-
strated that oxidation of metallic Fe2Zr phase and alloy matrix at 923 K in stagnant air is
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thermodynamically favorable as evidenced by the initial oxidation behavior (Figure 5). As
the oxidation process continues, the oxide scale formed around the Fe2Zr phase would
prevent the inward diffusion of O into the phase, leading to a lower oxygen partial pressure
value inside the Fe2Zr phase. Once the value of pO2 is lower than 1.2 × 10−33 atm inside
the Fe2Zr phase, there would be delayed oxidation of the Fe2Zr phase with respect to the
alloy matrix (Figure 6).

Oxidation results of Fe-Cr-Zr alloy in air and liquid Pb-Bi eutectic also show that the
presence of incorporated Fe2Zr phase could significantly affect the oxidation behaviors of the
alloy. In order to evaluate the oxidation resistance of the Fe-Cr-Zr alloy, the oxidation behaviors
of Fe-Cr-Zr alloy in air and liquid Pb-Bi eutectic are compared with that of ferritic/martensitic
steels and ODS steels with the similar Cr content of 9~12 wt.% [29–36]. As shown in Figure 10,
the weight gain curves after oxidation at 923 K in air reveal that the weight gain of Fe-Cr-Zr
alloy is significantly greater than that of ferritic/martensitic steels, and the obtained parabolic
rate constant of Fe-Cr-Zr alloy (~3.8 × 10−2 mg2 cm−4 h−1) is much higher than that of
ferritic/martensitic steels (4.4 × 10−3~9.4 × 10−6 mg2 cm−4 h−1) according to the parabolic
kinetic law. However, the thickness of the oxide scale after oxidation in oxygen-saturated
liquid Pb-Bi eutectic at 823 K shows that the growth rate of oxide scale thickness of Fe-Cr-Zr
alloy is similar to that of ferritic/martensitic steels and ODS steels (Figure 11), demonstrating
that the experimental parabolic rate constants of Fe-Cr-Zr alloy, ferritic/martensitic steels
and ODS steels are in the range of 1.9 × 10−7 μm2 h−1 to 4.4 × 10−7 μm2 h−1 according to
the parabolic kinetic law. Therefore, the oxidation mechanism of the Fe-Cr-Zr alloy in air and
liquid Pb-Bi eutectic will be discussed separately.

 

Figure 10. The weight gain curves of Fe-Cr-Zr alloy oxidized in air at 923 K compared with the
ferritic/martensitic steels (Data from [29–33]).

 

Figure 11. Thickness of oxide scale of Fe-Cr-Zr alloy obtained by oxidation in oxygen-saturated
liquid Pb-Bi eutectic at 823 K compared with the ferritic/martensitic steels (Data from [19,34–36]).
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4.2. Oxidation Mechanism in Air

During oxidation in air, oxidation process involves the diffusion of reactants through
the oxide scale (i.e., solute is transported through the matrix to the scale/air interface and
oxygen is transported to the scale/matrix interface). Generally, diffusion of solutes in the
matrix is usually correlated with the bulk diffusion and grain boundary diffusion, and the
grain boundary diffusion rate is widely considered to be much larger than the bulk diffusion
rate [37–39]. For the Fe-Cr-Zr alloy, the presence of incoherent α-Fe/Fe2Zr interface could
also affect the diffusion rate of solutes. Investigations on the interface diffusivities along the
metal/ceramic interface, metal/SiC interface, and metal/SiN interface have revealed that
interfaces were the high-diffusivity paths for metal atoms, which was much faster than the
bulk diffusion [40,41]. Therefore, diffusion along the α-Fe/Fe2Zr interface might promote
the outward diffusion of solutes.

In the early stage of oxidation, Cr is preferentially oxidized to form Cr2O3 due to
its higher affinity to oxygen according to Ellingham/Richardson diagram. However, a
continuous Cr2O3 oxide scale could not be formed due to that the low content of Cr
(~9 wt.%) in the Fe-Cr-Zr alloy. Fe would also diffuse outward to form Fe2O3 oxide, and
thus (Fe,Cr)2O3 oxide scale are generated in the scale. Compositional analysis in the vicinity
of the matrix/scale interface reveals that the incorporated Fe2Zr phase in the oxide scale
exhibits delayed oxidation with respect to the α-Fe (Figure 5a). With increased oxidation
time, Fe/Cr and O continually penetrate through the less compact (Fe,Cr)2O3 scale. The
inadequate supply of Cr in the matrix could not replenish the Cr consumed by the scale
due to the lower concentration of Cr. As a result, Fe2O3 is formed in the outer oxide
layer and (Fe,Cr,Zr)2O3 is present in the inner oxide layer (Figure 7c). The Fe2Zr phases
showing delayed oxidation are incorporated in the scale (Figure 7b), and the presence of
incorporated phase would obstruct the diffusion of solute/oxygen through the scale. It
can be concluded that the oxidation process would be affected by the number density of
the incorporated Fe2Zr phase. A higher density of the incorporated Fe2Zr phase could
effectively retard the outward diffusion of Fe during oxidation process. Thus, a thinner
Fe2O3 layer is formed in the area with higher density of Fe2Zr phase due to the lower
external oxidation rate, which is consistent with the concave surface on the cross-sectional
morphologies (Figure 7b) and pits on the surface morphologies (Figure 3d). The schematic
illustration of oxidation behaviors in air is shown in Figure 12a.

 

Figure 12. The schematic illustration of oxidation mechanism of Fe-Cr-Zr alloy after oxidation (a) in
air and (b) in oxygen-saturated liquid Pb-Bi eutectic.

It is shown that the growth rate of oxide scale in Fe-Cr-Zr alloy after oxidation in air is
mainly controlled by diffusion of solutes/oxygen through the scale, which is similar to that
of ferritic/martensitic steels [29,30]. A large disparity in the oxidation rates between the Fe-
Cr-Zr alloy and ferritic/martensitic steels is correlated with their different microstructural
features. Firstly, the grain size of Fe-Cr-Zr alloy (in the micrometer-sized range) is much
larger than the sub-grain size (in the nanometer-sized range) of ferritic/martensitic steels [7],
and as a consequence, higher diffusivity of Cr from matrix could promote the formation of
continuous Cr-rich (Fe,Cr)2O3 inner oxide layer via short-circuit diffusion of sub-boundary
in ferritic/martensitic steels. Secondly, a higher density of dislocations in the lath martensite
of ferritic/martensitic steels could facilitate the bulk diffusion and then accelerate the
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delivery of solutes into fringes around the grain boundaries, which also promotes the
formation of continuous Cr-rich (Fe,Cr)2O3 inner oxide layer. Finally, α-Fe/Fe2Zr interfaces
serve as the preferential oxidation sites could promote the internal oxidation, and the
incorporated Fe2Zr phase might causes the thermal and growth stress in the oxide scale.

4.3. Oxidation Mechanism in Pb-Bi Eutectic

Oxidation results of Fe-Cr-Zr alloy in oxygen-saturated Pb-Bi eutectic also show that
Fe2Zr phase shows delayed oxidation with respect to α-Fe. It is found that the magnetite/Fe-
Cr spinel interface is the original alloy/Pb-Bi interface according to the spatial position of
Fe2Zr phase in the oxide scale (Figure 8), demonstrating that outward diffusion of Fe until
oxide/liquid Pb-Bi interface to form the outer magnetite layer while the inner Fe-Cr spinel
layer grows at the scale/matrix interface. Unlike the air oxidation in Section 4.2, inward
diffusion of O is not achieved by the diffusion inside the oxide lattice, but the presence of
nano-channels caused by the Pb-Bi penetrations (Figure 9) are considered as a fast diffusion
path for O in the Pb-Bi eutectic [22–24]. The constant ratio (~1.2) of outer magnetite layer
thickness on the inner Fe-Cr spinel layer thickness is observed throughout the oxidation
process (Figure 8), demonstrating that fast O diffusion paths inside nano-channels do not
account for the growth of inner Fe-Cr spinel layer (since it is suggested that the growth
rates of outer magnetite layer and inner Fe-Cr spinel layer are directly correlated). It is
shown that growth rate of the outer magnetite layer is controlled by the outward diffusion
of Fe across the scale by EPMA, and the outward diffusion of Fe would generate vacancies
at the scale/matrix interface. The generated vacancies would be accumulated to form
nano-cavities at the scale/matrix interface, which is verified by the porous morphology at
this interface (Figure 8). The presence of Cr and W with a much slower diffusion rate than
Fe could impede the vacancies annihilation through inhibiting Fe vacancies movement to
the oxide/metal interface [23]. Meanwhile, O transported by diffusion in the nano-channel
could react with the alloy inside the nano-cavities. An equivalent amount of Cr in the
matrix and in the Fe-Cr spinel through EPMA analysis (Figure 9) also revealed that the
diffusion of Cr in both matrix and Fe-Cr spinel is negligible. It could be deduced that
thickness of the newly-formed Fe-Cr spinel is equivalent to the consumed matrix volume,
implying that the growth rate of Fe-Cr spinel is also dependent on the outward diffusion of
Fe across the scale.

The incorporated Fe2Zr phase in the inner Fe-Cr spinel scale would impede the
diffusion of Fe across the Fe-Cr spinel scale. As a result, a reduction in the Fe supply to
the magnetite/Fe-Cr spinel interface is present adjacent to the Fe2Zr phase, and looser
magnetite would be formed around the Fe2Zr phase, resulting in the creation of cavities in
the outer magnetite layer with prolonged oxidation time (arrows in Figure 8). Moreover,
grain dissociation of scale above the nano-cavities is responsible for the nano-channels
formation in the scale according to dissociative/perforative growth theory [22]. The
presence of Fe-Cr spinel/Fe2Zr interface is the preferential sites for grain dissociation,
and would promote the formation of nano-channels at these interfaces. The schematic
illustration of oxidation behaviors in oxygen-saturated Pb-Bi eutectic is shown in Figure 12b.

Unlike the large disparity in the oxidation rates between the Fe-Cr-Zr alloy and other
ferritic/martensitic steels after air oxidation, the growth rate of oxide scale thickness of
Fe-Cr-Zr alloy in oxygen-saturated Pb-Bi eutectic is similar to that of ferritic/martensitic
steels and ODS steels. On the one hand, the growth rates of outer magnetite layer and
inner Fe-Cr spinel layer in oxygen-saturated Pb-Bi eutectic are both related with the Fe
diffusion across the oxide scale, but differences in the microstructural features between
Fe-Cr-Zr alloy, ferritic/martensitic steels and ODS steels have little effect on the out-ward
diffusion behavior of Fe. On the other hand, diffusion of Cr in both matrix and Fe-Cr
spinel is negligible due to the rapid diffusion of O inside the nano-channels, and similar Cr
content of 9~12 wt.% in these materials could lead to the same growth rate of inner Fe-Cr
spinel layer. Finally, the incorporated Fe2Zr phase could affect the compactness of the outer
magnetite layer, but do not significantly affect the growth rate of scale.
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5. Conclusions

A Fe-Cr-Zr alloy with a dispersed Fe2Zr phase in the α-Fe matrix was produced, and
the oxidation behaviors of the Fe-Cr-Zr alloy were investigated in stagnant air and in
oxygen-saturated stagnant liquid Pb-Bi eutectic, respectively.

Delayed oxidation of Fe2Zr phase with respect to the α-Fe matrix is found during
oxidation in air and in liquid Pb-Bi eutectic at 823 K and 923 K based on the experimental
results and the thermodynamic calculations.

After oxidation in air at 923 K, a duplex structure including an outer Fe2O3 layer
and an inner (Fe,Cr,Zr)2O3 layer was developed due to the inadequate supply of Cr. The
incorporated Fe2Zr phase with delayed oxidation in the scale would obstruct the diffusion
of solute/oxygen across the scale, resulting in the nonuniform oxidation behavior. The
greater oxidation rate of Fe-Cr-Zr alloy than that of ferritic/martensitic steels is directly
correlated with their microstructural differences.

After oxidation in oxygen-saturated stagnant liquid Pb-Bi eutectic at 823 K, a three-
layered structure consisting of an outer magnetite layer, inner Fe-Cr spinel layer, and
internal oxidation zone is formed. The incorporated Fe2Zr phase in the inner Fe-Cr spinel
would obstruct the diffusion of Fe across the Fe-Cr spinel, which is a limiting step for
the scale growth. A reduction in the Fe supply to the magnetite/Fe-Cr spinel interface is
present adjacent to the Fe2Zr phase, leading to the creation of cavities in the outer magnetite
layer with prolonged oxidation time. Comparable growth rates of oxide scale thickness
between Fe-Cr-Zr alloy and ferritic/martensitic steels are due to that the differences in the
microstructural features have little effect on the limiting step of scale growth.
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Abstract: The corrosion behavior of L360 pipeline steel coated with or without elemental sulfur
(S8) in CO2–Cl− medium at different pH was studied. An autoclave was used to simulate the
working conditions for forming the corrosion scale, and an electrochemical workstation with a three-
electrode cell was used to analyze the electrochemical characterization of the corrosion scale. A wire
beam electrode was used to determine the potential and current distribution, and scanning electron
microscopy and X-ray diffraction were used to characterize the morphology and composition of
the corrosion scale. The results showed that the deposition of S8 on the surface of the electrodes
caused serious localized corrosion, especially under acidic conditions. The morphology and localized
corrosion intensity index further proved that the deposition of S8 significantly promoted corrosion,
especially pitting corrosion. Finally, a novel corrosion mechanism of L360 pipeline steel coated with
S8 in a CO2-Cl− environment under acidic conditions was proposed, and we then modeled the
theoretical mechanisms that explained the experimental results.

Keywords: L360 pipeline steel; wire beam electrode; electrochemical impedance spectroscopy (EIS);
S8 deposition; localized corrosion

1. Introduction

During the exploitation of oil and gas, some solid particles are deposited on the sur-
faces of pipelines owing to a decrease in the flow rate and pressure [1]. Under deposit
corrosion (UDC) usually occurs and is driven by the differences in the chemistry at the
interface between the sediment, the substrate, and the bulk solution. This can cause catas-
trophic failures, such as a reduction in the equipment’s integrity and pipeline perforation,
because UDC is difficult to detect [2,3].

Meanwhile, more sour oil and gas fields need to be developed to resolve energy
shortages [4]. The dissolution of carbon dioxide produces corrosive carbonic acid, and the
hydrolysis of elemental sulfur causes the solution composition to become complex. Ele-
mental sulfur, a yellow powder of S8, is an inorganic sediment generated by the catalytic
pyrolysis product of ferrous sulfide under a high temperature and high pressure at the
reservoir and deposited due to the reduction in temperature and pressure in the process
of fluid production [5]. Zheng et al. [6] proposed that high pressure and temperature
were conducive to the formation of polysulfides. Therefore, the chemical equilibrium
reaction was changed in a high-temperature and high-pressure environment, and then the
decomposition of polysulfides into elemental sulfur and hydrogen sulfide was promoted.
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In contrast to the general UDC, the corrosion products of sulfur-containing sediments
have semiconductor properties, which can not only promote the formation of the concen-
tration cells but also cause galvanic corrosion with metal substrates [7,8]. Furthermore,
Cl− with electronegativity is present in the pipeline, which easily adsorbs to the positive
metal surface and hinders the formation rate of a passivation film on the surface of the
metal [9]. Electrochemical tests showed that the increase in Cl− concentration in the so-
lution could accelerate the anodic dissolution of the metal and the negative shift of the
cathode potential [10].

Previous studies have revealed that when the temperature is higher than 60 ◦C, sulfur
reacts with water, resulting in serious acidification of the corrosive solution [11]. The ex-
istence of the S8 deposition layer, the distribution of ferrous ions, and the concentration
of Cl− eventually lead to the heterogeneity of the solution [12]. The corrosion of pipeline
steel is a very complex process, which is generally affected by the type of sediment and
the internal solution of the pipeline. The hydrolysis of the S8 deposition layer and the
dissolution of carbon dioxide acidify the solution. The pH distribution in the pipelines is
not uniform, and more H+ is accumulated in the pitting pits. Therefore, the pH distribu-
tion at different depths of the pit is heterogeneous, and the pH of the interface between
the deposits and the substrate is also different from that of the surface of the bare steel.
To maintain electrical neutrality, corrosive Cl− causes the pitting corrosion pits to con-
tinue to be excavated downward, which causes fatal damage to the pipeline steel [13].
To mitigate pipeline failure, it is necessary to understand the corrosion mechanism under
S8 deposition by adopting effective measuring technologies. Zagal et al. [14] suggested
that acid formation caused by sulfur hydrolysis was the main factor controlling corrosion
in the presence of S8. Gong et al. [15] argued that with an increase in immersion time,
the uniform corrosion rate in the absence of S8 increased slightly, whereas the corrosion
rate in the presence of S8 decreased with an increase in immersion time in a supercritical
carbon-dioxide-saturated aqueous environment. Zhang et al. [16] studied the galvanic ef-
fect between the covered electrode and the bare electrode of mixed sediments in formation
water containing CO2 through electrochemical measurements and surface characterization.
Therefore, the presence of S8 has a great influence on the corrosion behavior of oil country
tubular goods (OCTG), and the degree of influence is also different. However, few studies
have focused on the influence of the deposition of S8 on the corrosion behavior of steel at
different pH values.

A wire beam electrode (WBE) provides a new method for monitoring the processes
of localized corrosion and estimating the rate of localized corrosion [17]. A WBE can
connect the cathode and anode corrosion processes and the cathode and anode areas of
the corrosion surface, respectively [18]. Therefore, it can be used to study the anode and
cathode processes of localized corrosion cells [19]. Wu et al. [20] used a WBE to study
the galvanic corrosion of mild steel under calcium carbonate deposition and potential
and galvanic mappings. They found that the polarity of the electrode covered by calcium
carbonate changed over time. Chen et al. [21] used a WBE to track the development process
of SRB, inducing localized corrosion of 907 steel.

In this study, the effect of the different pH values on the localized corrosion of
L360 pipeline steel coated with or without S8 in a 3.5 wt% NaCl solution containing
CO2 was studied by a potentiodynamic polarization curve, EIS measurement, and a WBE.
The surface morphologies of the corrosion samples were observed by scanning electron
microscopy (SEM). After removing the corrosion products, the corrosion morphology of
the steel substrate was observed using an OLYMPUS DSX500 optical digital microscope.
The composition of the corrosion products was analyzed using X-ray diffraction.
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2. Materials and Methods

2.1. Solution

The test solution was 3.5 wt% NaCl (analytical-grade reagent) solution; to avoid
introducing extra chloride ions, deoxidized dilute sulfuric acid and sodium hydroxide
were used to adjust the pH to 3.10, 5.15, and 7.18. The pH meter was PHS-25 (Shanghai
INESA & Scientific Instrument Co., Ltd., Shanghai, China). The solution was deoxygenated
with N2 for 4 h and then pumped in CO2 for 12 h before testing.

2.2. Corrosion Scale Preparation

An autoclave experimental setup (FCZ3-24/320, Dalian Science and Trade Experimen-
tal Equipment Co., Ltd., Dalian, China) was used to prepare the corrosion scale. The CO2
pressure in the autoclave was maintained at 5 MPa. The material was L360 pipeline steel,
and the test sample was machined to the dimensions of 50 mm × 10 mm × 3 mm, with a
chemical composition (wt%) of C 0.16%, Si 0.45%, Mn 1.60%, P 0.025%, S 0.015%, V 0.06%,
Nb 0.05%, Ti 0.04%, and Fe the balance. The samples were sequentially ground with 400,
800, 1200, and 2000 grit SiC papers, rinsed with distilled water, dehydrated in alcohol,
and dried in cool air. The fused sublimation sulfur was coated on the electrode surface,
and its thickness was controlled within 1.0–1.5 mm by 2000# sandpaper grinding (coating
thickness was determined using a vernier caliper) to ensure that there were no cracks in the
sulfur layer and the working area of the electrode was covered by the sulfur layer. The av-
erage deposition mass of the sample was calculated to be 0.9312 g using the subtraction
method.

2.3. Electrode Preparation

The WBE was made of a total of 100 (10 × 10) matrices by epoxy resin array; the
electrode wires were made of L360 pipeline steel wires with a diameter of 1.5 mm, which
were soldered on a copper wire, and each wire’s separation was 0.5 ± 0.05 mm; the
total exposed area was 1.766 cm2. The size of the conventional working electrode was
10 mm × 10 mm × 3 mm, and copper wires were soldered on the working electrodes to
ensure conductivity, leaving an area of 10 mm × 10 mm as the experimental surface,
and the rest of the surfaces were sealed with epoxy resin. All experimental electrodes were
mechanically ground with a series of silicon carbide papers down to 2000# grade, washed
in acetone and ethanol, dried with cold air, and prepared for testing. The fused sublimation
sulfur was coated on the electrode surface to prepare the sulfur-coated electrode. After
solidification, the thickness of the coating was controlled within 1.0–1.5 mm by 2000#

sandpaper grinding (coating thickness was determined using a vernier caliper) to ensure
that there were no cracks in the sulfur layer, and the working area of the electrode was
covered by a sulfur layer. The average coated mass of the sample was calculated to be
0.1050 g using the subtraction method. To better simulate the deposition of S8 on the
pipeline, electrochemical measurements were carried out at the end of 2 h of pre-immersion
under S8 deposition to stabilize the open circuit potential (OCP).

2.4. Electrochemical Measurement

A WBE scanner (CST520, Wuhan Corrtest Instruments Corp. Ltd., Wuhan, China)
was used, and the acquisition time interval for each data point was 3 s. Conventional
electrochemical experiments were carried out using a Parstat 4000+ electrochemical work-
station with a three-electrode cell, a saturated calomel reference electrode (SCE), a platinum
plate larger than the working electrode area as the counter electrode, and L360 steel as
the working electrode. The EIS measurement frequency range spanned from 10 mHz to
100 kHz, the scan rate of the potentiodynamic polarization curve was 0.3 mV/s, and the
potential was between −500 mV(vs. OCP) and +500 mV(vs. OCP). Zview software was
used to simulate the impedance data using an equivalent circuit. All the tests were carried
out at 60 ◦C.
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2.5. Surface Characterization

The autoclave corrosion samples were analyzed by SEM, EDS, and XRD before re-
moving the corrosion products. In the XRD analysis, the 2θ was 20–80◦ and the scanning
rate was 1 ◦/min. The morphology of the corrosion products was observed using SEM
with energy-dispersive spectroscopy (EDS). Using an optical digital microscope (OLYM-
PUS DSX500, Olympus Optical Industry Co., Ltd., Tokyo, Japan) in the bright field, at
200× magnification, to collect samples after removing corrosion products showed the
morphology.

3. Results

3.1. Potentiodynamic Polarization Curves

Figure 1 shows the polarization curves of the bare electrode and S8-coated electrode at
different pH levels. In the pH range of 3.10 to 7.18, the polarization curves of the electrode
in the corrosive solution were similar. It can be observed that the potential moved toward
a more negative direction and the passive range became narrower with the increase in pH,
and the Ecorr decreased from −550 to −611 mV (vs. SCE) owing to the deposition of S8 on
the electrode. As shown in Figure 1a, the anode was actively dissolved. In contrast to the
bare electrode, the Tafel slope (ba) of the electrode coated with S8 was smaller, and the
cathode coated with S8 was greatly affected by diffusion (Figure 1b). The main reason is
that when S8 contacts the metal, the electron transfer between them is more direct and
rapid, and the corrosion rate is higher. Based on the Marcus theory [22], the deposition
of S8 on the surface of steel will lead to the weakening of the metal–metal bonds, thereby
reducing the activation energy barrier for the dissolution of the surface metal atoms.

Figure 1. Potentiodynamic polarization curves with 3.5% NaCl at different pH values: (a) bare steel,
(b) S8-coated steel.

The parameters, such as the self-corrosion potential, corrosion current density, and an-
odic and cathodic Tafel slopes (ba, bc), are listed in Table 1. With an increase in pH, both the
current density and potential decreased, and the current density of the electrode coated
with S8 was significantly higher than that of the bare electrode at the same pH. At pH = 3.10,
the corrosion current density of the S8-coated electrode was twice as high as that of the
bare electrode and reached 14 times at pH = 7.18. The increase in the corrosion current may
be related to the hydrolysis of S8. It was proven that the corrosion potential under acidic
conditions was more positive than that under neutral conditions; because of the decrease
in pH, the acidity of the solution increased, and more electropositive H+ accumulated on
the surface of the metal, resulting in a positive shift of the potential. The Tafel slope shows
that the ba is greater than the bc, and the corrosion process is controlled by the anode.
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Table 1. Parameters calculated by potentiodynamic polarization curve.

Electrode pH Ecorr (mV vs. SCE) Icorr (μA/cm2) ba (mV vs. SCE/dec) bc (mV vs. SCE/dec)

Bare
3.10 −640 316 264 135
5.15 −710 42.0 432 38.1
7.18 −761 34.4 266 67.2

S8-coated
3.10 −550 678 73.7 66.3
5.15 −573 536 218 88.7
7.18 −611 490 133 126

3.2. Electrochemical Impedance Spectroscopy

To further explore the effect of pH on the electrode coated with S8, EIS measure-
ments were systematically performed, and the impedance spectra of the bare electrode
and S8 coated electrode at different pH values are presented in Figure 2. The Nyquist
spectrum has a capacitance semi-circular arc in the high-frequency area, and the arc center
pressure is below the x-axis, which is attributed to the interface charge transfer reaction [23].
As can be seen from Figure 2a,d, there were obvious differences in capacitance diameter
at different pH values, and the radius of the arc increased significantly with the increase
in pH. This shows that a high pH has larger resistance, which slows down the corrosion
process of the electrode surface.

 

Figure 2. Nyquist plots and Bode plots of the bare electrode and S8-coated electrode at different pH
values: (a–c) bare electrode, (d–f) S8-coated electrode.
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From the Bode diagram (Figure 2b,c), the phase angle vs. frequency curves of the bare
electrode conformed to a one-time constant model. For the S8-coated electrode (Figure 2e,f),
there were two arcs on the electrode surface, which were distributed in low-frequency
and high-frequency areas, respectively, and the high frequency was mainly related to the
defects caused by S8 coated on the surface, and the low-frequency region was related to
the electrochemical corrosion process of the electrode.

In order to fit the EIS data, all the data were fitted using the appropriate equivalent
circuit as given in the insert, in which Rs is the solution resistance, Rct is the charge
transfer resistance, Qdl is the double-layer capacitance, n is the dispersion index, and Rf
and Qf represent the resistance and capacitance of the elemental sulfur deposition layer,
respectively [24]. Table 2 lists the fitting results of electrochemical impedance spectroscopy;
the Chi-Squared values were between 10−3 and 10−4, which suggests that the fitting results
are reliable. With the increase in pH, both Rct and Rf showed a rising tendency. The Rct of
the bare electrode far exceeded the sum of Rct and Rf of the S8-coated electrode. Generally,
the Rct of the electrode is inversely proportional to the corrosion rate and can be used to
characterize the corrosion rate [25]. At pH = 3.10, the Rct value of the bare steel electrode
was 16 times higher than that of the S8-coated electrode. Therefore, EIS measurements
further showed that the corrosion of the electrode coated with S8 was more severe under
acidic conditions, and the EIS results were in good agreement with the results of the
polarization curves.

Table 2. EIS data fitted electrochemical parameters.

Electrode pH Rs (Ω·cm2) Qdl (μF·cm−2) n1 Rct (Ω·cm2) Qf(mF·cm−2) n2 Rf (Ω·cm2) Chi-Squared

Bare
3.10 1.50 0.213 0.814 63.9 - - - 2.22 × 10−3

5.15 1.04 0.382 0.776 230 - - - 5.14 × 10−3

7.18 1.70 2.04 0.570 351 - - - 4.17 × 10−3

3.10 1.68 5.65 0.731 4.02 0.490 0.485 21.7 4.85 × 10−4

S8-coated 5.15 1.55 7.81 0.825 8.46 0.174 0.413 37.3 3.08 × 10−3

7.18 1.85 1.17 0.739 25.74 0.058 0.458 49.8 2.08 × 10−3

3.3. Potential and Current Distribution

To further study the localized corrosion behavior under S8 deposition, a WBE was
used to reveal the corrosion difference between the bare steel electrode and the S8-coated
electrode. Tan et al. [26] first adopted the WBE to study localized corrosion and obtained
localized potential and current information. A new parameter, the localized corrosion
intensity index (LCII), is proposed to quantify the degree of localized corrosion using the
following equation:

LCII =
imax

itot
(1)

where imax is the maximum anode current, and itot is the positive galvanic current density
of the WBE. Tan et al. [26] presumed that localized corrosion was not serious when the
LCII index was lower than 0.1.

When sulfuric acid and sodium hydroxide were added to the medium solution as a
simple pH modifier to adjust the pH of the solution, the corrosion mechanism changed
and the corrosion distribution became highly different, as reflected by the color and scale.
For the bare electrode, as shown in Figure 3, all the point current densities were positive,
and the potential distribution was uneven and random. The potential difference was
relatively small, indicating that the localized corrosion tendency of the WBE was relatively
weak. The maximum anodic currents of 0.607, 0.279, and 0.279 A/cm2 were present at the
electrodes (8, 4), (6, 6), and (6, 6), respectively (X-column, Y-row), at pH of 3.10–7.18.
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Figure 3. Potential (E) and galvanic current density (ig) distribution maps of WBE bare electrode at
different pH values ((a,b): pH 3.10), ((c,d): pH 5.15), ((e,f): pH 7.18).

Figure 4 shows the coupling potential and current density distribution maps of the
WBE coated with S8. It was found that with the increase in pH, the anode region gradually
enlarged, and its position changed. The non-uniformity of the potential distribution reflects
the heterogeneity of the corrosion. As shown in Figure 4e, the upper half of the electrode
potential is small. In general, the anode position causes the OCP of the electrode to move
negatively; therefore, the electrode in the upper half region is used as the anode region,
and the corresponding Figure 4f shows a high position current value, which can also be
reflected by the color. The other electrode potentials presented similar results.

In the pH range of 3.10–7.18, Figure 5 shows the calculation results of some key
parameters (itot, imax, LCII, and NA) based on Figure 3, where NA is the number of anodes.
When the pH was adjusted from 3.10 to 7.18, both the itot and imax decreased, all NA values
were 100, and a small LCII value (LCII < 0.1) was obtained, indicating that all bare electrodes
experienced homogeneous corrosion, and localized corrosion did not occur. As shown
in Figure 6c, as the pH increased, the surface of the S8-coated electrode produced new
anode sites, and the NA value increased from 57 to 99; therefore, the anode current density
increased significantly, and imax also increased. This also means that the current distribution
became less concentrated on a small number of anode sites, and then generated more active
corrosion activities, and corrosion on the electrode surface became more homogeneous.
After the pH increased from acidic to neutral, the corrosion pattern changed significantly.
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The distribution of the anode and cathode sites became random, and the LCII value also
decreased rapidly from 0.3061 to 0.0295. Obviously, higher LCII values correspond to
concentrated anode regions and intensive corrosion locations. As shown in Figure 5c,
the LCII (LCII = 0.3061 > 0.1) of the electrode coated with S8 was higher than that of
the bare electrode at pH = 3.10, which indicates that the localized corrosion trend of the
electrode coated with S8 was enhanced. This result agrees with the polarization curves and
EIS results.

An optical picture of the WBE is shown in Figure 7. For the bare electrode (Figure 7a),
the current density in the anode region was extremely small, and the corresponding
electrode was covered with a negligible amount of black corrosion products, causing mild
corrosion. For the S8-coated electrode (Figure 7b), part of the electrode was covered with
black corrosion products, and the other was still bright. S8 accelerated the corrosion of
the electrode, and the electrode suffered from localized corrosion, which agrees with the
calculated results shown in Figures 5 and 7.

 

Figure 4. Potential (E) and galvanic current density (ig) distribution maps of WBE with S8-coating at
different pH values ((a,b): pH 3.10), ((c,d): pH 5.15), ((e,f): pH 7.18).
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Figure 5. Bare electrode statistical and calculated results for (a) the sum of anode current density itot,
(b) the maximum anodic current density imax, (c) the localized corrosion intensity index LCII, and the
number of anodes NA.

 

Figure 6. S8-coated electrode statistical and calculated results for (a) the sum of anode current density
itot, (b) the maximum anodic current density imax, (c) the localized corrosion intensity index LCII,
and the number of anodes NA.
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Figure 7. Optical picture of WBE at pH = 3.10: (a) bare electrode, (b) S8−coated electrode.

3.4. Surface and Component Characterization

The micromorphology of the corrosion products formed on the bare steel and S8-
coated steel at different pH values with an autoclave is shown in Figure 8. The entire
surface was uniformly covered by a thick and dense corrosion scale (Figure 8a–c), and there
was no obvious localized corrosion. The dense corrosion scale provided protection for
the substrate by hindering the corrosive species from penetrating the interface between
the corrosion scale and the steel. The surface of the S8-coated steel was covered with an
incomplete and loose corrosion scale and dispersed solid particles, and some small holes
and recessed areas were observed at pH = 3.10, indicating that the steel suffered from
serious localized corrosion attacks. Therefore, the presence of S8 changed the structure
of the corrosion scale, leading to a reduction in the resistance of corrosion scale to the
corrosive medium. The corrosion of the S8-coated steel was more serious than that of the
bare steel, which was consistent with the results of potential polarization.

 

 

Figure 8. SEM surface morphologies of the samples at different pH values: (a) bare steel, 3.10, (b) bare
steel, 5.15, (c) bare steel, 7.18, (d) S8−coated steel, 3.10, (e) S8−coated steel, 5.15, (f) S8−coated steel,
7.18.

To further evaluate the corrosion difference between the bare electrode and S8-coated
electrode at pH = 3.10, an OLYMPUS DSX500 optical digital microscope was used to
observe and calculate the maximum corrosion depth of the metal substrate after removing
the corrosion scale in the bright field (BF) mode. Representative 3D images are shown
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in Figure 9. To comprehend the severity of the localized corrosion, a pitting factor was
proposed to characterize the severity of pitting corrosion [15]:

PF =
p
d

(2)

where PF is the pitting factor, p is the deepest metal penetration (μm), and d is the average
metal penetration (μm). The PF value was positively correlated with the destructiveness of
pitting, and the pitting corrosion threat was obvious at PF > 5. According to the results
in Table 3, the PF value of the S8-coated electrode was above 5, whereas that of the bare
electrode was at a low level.

   

   

Figure 9. Three-dimensional profilometry measurement of corroded samples after removing corro-
sion products at pH = 3.10 for (a−c) the bare electrode, (d−f) S8−coated electrode.

Table 3. Three−dimensional profilometry measurement depth at pH = 3.10.

Parameter p/μm d/μm PF

Bare electrode 25.84 21.02 1.23
S8-coated electrode 137.18 22.61 6.07

Only a small number of pores and scratches were observed on the bare electrode’s
surface, and the substrate was relatively flat. Many large pores were found on the surface
of the S8 deposition electrode, and the metal substrate was uneven. Therefore, the charac-
teristics of deeper holes and surface roughness indicated that the corrosion of the S8-coated
electrode was more serious, which further confirmed the results mentioned above.

Furthermore, Figure 10 shows the corresponding chemical composition of the corro-
sion scale. The main elements in the deposits were C, O, Fe, and S. Figure 11 illustrates
the XRD spectra of the corrosion products of the S8-coated and bare electrodes at pH 3.10.
The corrosion scale on the bare electrode was composed of FeCO3, which is a typical prod-
uct in CO2 systems. FeCO3 is deposited on the electrode surface when the concentration
of ferrous ions and carbonate ions surpasses the solubility product of FeCO3 at a certain
temperature. The product on the S8-coated electrode was FeS. Therefore, the sediments on
the substrate were mainly ferrous carbonate and ferrous sulfide.
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Figure 10. Elemental analysis (EDS) spectra: (a) bare electrode, (b) S8-coated electrode.

Figure 11. XRD patterns of the bare electrode and S8-coated electrode at pH = 3.10.

4. Corrosion Mechanism

The presence of S8 and CO2 accelerated corrosion by reacting directly with the metal
substrate or forming acid by hydrolysis to further promote corrosion. The corrosion process
under S8 deposition mainly included the hydrolysis of S8, formation of the corrosion
product (ferrous sulfide), and further catalytic corrosion caused by ferrous sulfide in
addition to Cl− [27]. The following equations are proposed to explain the corrosion
formation of steel caused by S8 deposition on the electrode surface.

Cathodic reaction:

2H2CO3(aq) + 2e− → H2(g) + 2HCO3
−(aq) (3)

2HCO3
−(aq) + 2e− → H2(g) + 2CO3

2−(aq) (4)
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2H2O(l) + 2e− → H2(g) + 2OH−(aq) (5)

Sy−1·S2− + 2(x − 1) e− + 2xH+ FeS→ xH2S + Sy−x (6)

H+ + e− → Hads → 1/2H2 (7)

Anodic reaction process:

(x − 1)Fe → (x − 1)Fe2+ + 2(x − 1)e− (8)

(x − 1)Fe2+ + (x − 1)H2S → (x − 1)FeS + 2(x − 1)H+ (9)

Fe2+(aq) + CO3
2− (aq) → FeCO3(s) (10)

Overall corrosion reaction:

S8 + 8H2O → 6H2S + 2H2SO4 (11)

H2S H+ + HS− (12)

HS− H+ + S2− (13)

(x − 1)Fe + Sy−1 · S2− + 2H+ FeS→ (x − 1)FeS + H2S + Sy−x (14)

In the above reaction equations, Fe2+ generated by the substrate entered the solution,
and initially combined with CO3

2− to form FeCO3 or with S2− and SO4
2− to form FeS

and FeSO4. In the CO2-saturated acidic solution, the direct reduction of carbonic acid was
the main cathodic reaction, and other possible cathodic reactions, including H+ reduction,
were ignored. Sy−1·S2−, as a reduced substance under the catalysis of ferrous sulfide,
was considered to be formed by the chemical adsorption of sulfide ions on the surfaces
of S8 particles, and corrosive substances might also involve adsorbed polysulfate ions,
which may be formed by the reaction of S8 with water [14]. It has been reported that
acidification occurs in sulfur-containing aqueous systems, and H2SO2, H2SO3, H2SO4, H2S,
and polysulfides are species for the hydrolysis products of S8.

At the beginning of corrosion, the surface of the metal substrate was covered by S8,
and the corrosion process was a self-catalytic process. The direct contact between the metal
substrate and S8 was a necessary factor for corrosion, which would lead to the corrosion
potential moving in the positive direction, and it was easy to induce pitting corrosion
with defect areas [27]. Then, the Cl− and acid solution contacted the substrate, further
aggravating the corrosion. However, some scholars believe that, in the presence of S8,
the hydrolysis of S8 to generate acid is the main factor controlling corrosion, and sulfide-
catalyzed cathodic sulfur reduction is considered to be the most important step [28].
To better demonstrate the corrosion mechanism of the S8-coated electrode, a pattern was
proposed, as shown in Figure 12.
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Figure 12. Description of corrosion mechanism of L360 pipeline steel under S8 deposition in NaCl solution containing CO2:
(a) S8 non-uniform deposition, (b) under S8 deposition.

The deposition of S8 on the metal surface was non-uniform for the electrode coated
without S8, which directly contacted the NaCl solution containing CO2, mainly resulting
in the anodic dissolution of the metal and the reduction of H2CO3. The typical corrosion
scale of FeCO3 was formed, covering the surface of the metal and preventing Cl− from
contacting the metal substrate, which is consistent with the results of XRD and SEM.
In addition, with an increase in pH, the solubility of CO2 in the solution decreased, and the
stability of the corrosion product FeCO3 was also enhanced. Finally, the corrosion rate
slowed with an increase in pH, as shown in the left half of Figure 12a. S8 reacted with the
metal substrate and formed the corresponding sulfide, such as FeS (Equation (9)). At the
same time, hydrolysis of S8 occurred, and the solution was acidified. With the passage
of time, the hydrolysis of S8 and the dissolution of H2CO3 occurred slowly, and the local
environment between the S8 deposition layer and metal substrate changed, which was
mainly manifested in the excessive pH shifting from neutral to acidic and activated the
dissolution of metal. In addition, the hydrolysis products of S8, H2SO4 and H2S, contacted
the metal and combined with Fe2+ to form FeS and FeSO4, as shown in Figure 11.

Crevice corrosion was also formed due to the non-uniform deposition of S8, and lo-
calized corrosion occurred first at the edge of the deposition of S8. There was a potential
difference between the steel substrate and the corrosion products with electronic conduc-
tivity, such as FeS and FeCO3, and the substrate covered by S8. Therefore, the potential
of the electrode covered by S8 was significantly lower than that of the bare electrode or
corrosion products. The metal under S8 deposition was used as the anode corrosion area,
and the bare electrode or corrosion products were used as the cathodic protection area,
forming a large cathode and a small anode, which caused galvanic corrosion and further
accelerated the corrosion under deposits [29,30], as shown in Figure 12a.

At the same time, the environment under the S8 deposition was different from that of
the surface of the bare electrode, and the corrosion behavior changed. The self-catalytic
cathodic reaction accelerated the corrosion of the substrate during S8 deposition. A self-
catalytic cathodic reaction occurred when the electrode was covered with S8 in an aqueous
solution. Ferrous sulfide is an electronic conductor with structural defects and low hy-
drogen overpotential, so it has a catalytic effect on the cathodic reaction [14], as shown in
Figure 12b.
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In addition, the chloride concentration had a significant influence on the overall corro-
sion rate (Equations (13) and (14)). When the chloride content was high, the concentration
of dissolved Fe2+ ions was much higher than the solubility constant of FeS [28].

Anodic metal dissolution in the presence of Cl−:

Fe + 2Cl− + H2O → [Fe(OH)+ + Cl−] + HCl + 2e− (15)

Cathodic sulfur reduction in the presence of Cl−:

[FeSx+1] + 2e− + 2Na+ + H2O → [FeSx] + (Na+ + SH−) + NaOH (16)

With a decrease in pH, especially at the tips of pits, higher concentrations of H+ (lower
pH) accumulated under S8 deposition due to the hydration of Fe2+, forming an occluded
corrosion chamber, which aggravated pitting corrosion. Cl− with a negative charge in the
solution was adsorbed into the corrosion chamber with a positive charge to maintain the
charge balance, which accelerated the anodic dissolution of the metal and negatively shifted
the cathode potential, further deteriorating the environment under the S8 deposition layer.
Furthermore, pitting began to expand outward, increasing the range of pitting and further
accelerating the corrosion of the L360 pipeline steels.

5. Conclusions

In this work, the effect of S8 deposition on the corrosion behavior of L360 pipeline steel
in CO2−Cl− medium at different pH values at 60 ◦C was studied using electrochemical
measurements and surface analysis.

(1) The corrosion current densities of the electrode coated with S8 were larger, and the
Rct value was 1/27 that of the bare electrode. Pitting corrosion cavities were observed on
the surface of the electrode under S8 deposition in acidic conditions, and the bare electrode
suffered uniform corrosion.

(2) The LCII and morphology further proved that the deposition of S8 enhanced
localized corrosion at pH = 3.10.

(3) The deposition of S8 not only acidized the solution but also increased the difference
in the corrosion environment inside and outside of the S8 deposition layer, resulting in
serious pitting corrosion under S8 deposition.
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Abstract: The aim of the present work was to investigate the effect of anodization on the fatigue
and corrosion-fatigue behavior of the AZ31B magnesium alloy. Samples were anodized in constant
current density mode at 20 mA cm−2 for 5 min at room temperature, in an environmentally friendly
electrolyte consisting of a mixture of sodium hydroxide and sodium silicate. Fatigue tests were
conducted in air and in phosphate buffer solution (PBS) at room temperature in the tension-tension
mode, at a frequency of 5 Hz and stress ratio of 0.1. S-N curves were obtained for polished and
anodized samples. Fracture surface morphology was examined by optical stereo-microscopy and
scanning electron microscopy. Results indicated that the fatigue limit was reduced approximately
60% at 106 cycles for the anodized specimens, either for the fatigue tests conducted in air or PBS
solution. Anodization had a remarkable effect on the fatigue behavior of the AZ31B alloy. The effect
of the corrosive environment, in turn, was not significant.

Keywords: AZ31B magnesium alloy; anodizing treatment; fatigue resistance; corrosion fatigue

1. Introduction

The interest in magnesium alloys for applications demanding high strength-to-weight
ratio is growing rapidly, mainly driven by the inherent low density of these materials.
Additional attributes, such as high damping capacity, good castability, and machinabil-
ity, are also attractive for industrial purposes [1,2]. One further, but no less important,
aspect of magnesium alloys is their well-known low corrosion resistance in aqueous en-
vironments [3]. The naturally formed magnesium hydroxide layer is non-protective in
chloride-containing electrolytes, making the material susceptible to pitting corrosion [4].
Corrosion control is, therefore, a serious concern for magnesium alloys, as its high chemical
reactivity limits a widespread use in several applications [5].

In fact, the low corrosion resistance of magnesium alloys is undesirable for most com-
mercial applications. Nevertheless, it may be advantageous if one considers biodegradable
implant materials. Due to its intrinsic biocompatibility, magnesium can be employed in
temporary implants for fracture fixation [6,7]. Research on magnesium alloys as temporary
orthopedic devices has gained huge interest in the past few years. Recently, Sezer et al. [8]
reviewed the main aspects of biodegradable Mg-based implants. The most important
feature of temporary fixation devices is to withstand the mechanical loads to which the
implant is subject during its use while the fracture heals. In order to meet this goal, the in-
herent high chemical reactivity of magnesium alloys must be controlled to avoid premature
failure of the fixation device [9].

Several methods for improving the corrosion resistance of magnesium have been
reported in the literature, such as alloying and surface treatments. In the case of alloying,
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microstructural control is pursued to promote the formation of precipitates and/or grain
refining, thus improving the corrosion properties of the alloy by reducing the propensity
to the formation of local microgalvanic cells [10]. Surface modification methods for the
corrosion control of magnesium alloys include, but are not limited to, chemical conversion
coatings, ion implantation, microarc oxidation, physical vapor deposition, plasma spraying,
and anodization [11].

Anodization is a traditional way of improving the corrosion resistance of magnesium
alloys. Many studies are devoted to investigating the effect of electrical parameters on the
corrosion protection ability of the anodic film or the electrolyte type and concentration
of chemical species in the formation of a compact and protective anodized layer [12–15].
The most recent trends in this research field are focused on anodizing treatments based on
environmentally friendly electrolytes. Silicate-containing alkaline baths play a prominent
role in this scenario. Salami et al. [16] have shown that dense and uniform anodic films
could be produced on the AZ31B alloy by controlling the concentration of sodium silicate in
the electrolyte, favoring the formation of Mg2SiO4 in the coating layer. Due to its non-toxic
character, silicate-based electrolytes are also envisaged as good options for the surface
treatment of magnesium implants [17].

Fatigue resistance plays a central role in the service life of biomedical alloys. Corro-
sion fatigue is recognized as a serious problem for different metallic biomaterials, being
associated with a great part of the mechanical failures of implantable devices [18]. Ra-
man et al. [19] highlighted the critical aspects of corrosion fatigue of magnesium implants,
emphasizing that it is not frequently addressed in the current literature. Nonetheless,
despite the scarcity of studies in this area, some reports can be found. Liu et al. [20] studied
the corrosion fatigue behavior of a biocompatible Mg-Zn-Y-Nd alloy in simulated body
fluid (SBF). The fatigue resistance decreased in SBF in comparison with the fatigue tests
conducted in air. Another interesting aspect was related to the source of fatigue cracks. In
SBF, multiple cracks were generated, while only one crack source was found in the absence
of the corrosion medium. Gu et al. [21] have also reported a deleterious effect of the
corrosive physiological environment in the fatigue resistance of the AZ91D alloy. Corrosion
pits were associated with the preferential sites for fatigue crack nucleation. Bian et al. [22]
studied the corrosion fatigue of Mg-Ca and Mg-Zn-Ca alloys in SBF. A significant decrease
of the fatigue properties was reported when compared to the tests conducted in air.

In spite of the relevant findings accumulated so far on the corrosion fatigue behavior
of magnesium-based biomaterials, the concomitant effect of the presence of an anodized
layer and a corrosive environment on the fatigue response is not currently found in the
literature. In one hand, anodization can be an interesting method for the corrosion control
of temporary fixation devices, as it allows one to tailor the morphology and composition of
the oxide layer to produce a dense, uniform, and biocompatible anodic film. On the other
hand, the presence of the anodic film may affect the fatigue properties of the anodized
alloy. According to Eifert et al. [23], anodization influences both the crack initiation
and propagation processes during cyclic loading of magnesium alloys. Khan et al. [24]
reported that the fatigue resistance of anodized AM60 alloy (Mg-Zn-Mn) decreased due
to the porous nature of the anodic film. Hence, the morphology of the anodized layer
influences the fatigue behavior of the material. Nemcova et al. [25] reported a reduction
of 56% for the fatigue limit of a microarc oxidized AZ61 alloy in NaCl solution due to
the presence of the oxide layer. Although these reports provide relevant information on
the interplay between anodization and corrosion fatigue of structural magnesium alloys,
similar information is not found if one envisages their application as temporary fixation
devices for biomedical purposes.

In light of this scenario, the present work aims to fill this gap by investigating the
effect of anodization on the corrosion fatigue of the AZ31B alloy in phosphate buffered
solution. Anodization was carried out in an environmentally friendly sodium silicate-
based electrolyte. The fatigue and corrosion fatigue tests were conducted in the tension-
tension mode.
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2. Materials and Methods

2.1. Material and Specimen Preparation

The material was a hot rolled AZ31B magnesium alloy sheet (composition in wt.%
Al 2.54%, Zn 1.08%, Mn 0.38% and Mg balance), supplied by Xi’an Yuechen Metal Products
Co. Ltd. (Xi’an, China). The tensile and fatigue samples were machined by laser-cutting
along the rolling direction following ASTM E8M-16a [26] and ASTM E466-15 [27], respec-
tively. Figure 1 shows the shape and size of the specimens employed for tensile and fatigue
tests. The dog-bone shaped specimens were sequentially ground using waterproof silicon
carbide paper (from #220 to #4000), and polished using diamond paste slurry (diameter
3 μm and 1 μm). Right after, they were cleaned using deionized water and ethanol, being
dried in a warm air stream provided by a conventional heat gun.

Figure 1. Shape and dimensions (in mm) of (a) tensile and (b) fatigue specimens.

For the corrosion test, the AZ31B magnesium alloy was cut using a cut-off saw in a
square section with area of 100 mm2 and thickness of 3.5 mm. The AZ31B alloy pieces
were connected to a copper wire at the rear side using a conductive colloidal silver paste,
being subsequently embedded in epoxy resin. Next, the surfaces were ground using
waterproof silicon carbide paper (from #220 to #2400 grit size), polished using diamond
paste (diameter 1 μm), washed using deionized water, and dried in a warm air stream
provided by a conventional heat gun.

2.2. Anodizing Treatment

Anodization was performed in an aqueous solution consisting of a mixture of 1.0 M
NaOH and 0.5 M Na2SiO3 at a constant current density of 20 mA cm−2 for 5 min at
room temperature. Details about the anodizing experiments can be found in our previous
work [28].

2.3. Coating Morphology and Corrosion Test

The surface and cross-section morphologies of the anodized sample were acquired
using scanning electron microscopy (SEM, JSM-6010LA, JEOL, Tokyo, Japan).

The corrosion behavior was assessed in a phosphate-buffered saline (PBS) solution
consisting of 0.355 g L−1 NaH2PO4·H2O, 8.2 g L−1 NaCl, and 0.105 g L−1 Na2HPO4 (anhy-
drous). The electrolyte was prepared with deionized water (18.2 MΩ cm) and analytical
grade reagents. The measurements were carried out using a potentiostat/galvanostat
(M101, Metrohm Autolab B.V., Utrecht, The Netherlands) in a conventional three-electrode
cell configuration. The test cell consisted of a platinum wire as the counter-electrode,
Ag/AgCl (3 M, KCl) as the reference and the investigated AZ31B alloy as the working
electrode. Firstly, the open potential circuit (OCP) was monitored for 1 h. Next, potentiody-
namic polarization tests were conducted in a potential range from −0.50 vs. OCP to 0 V vs.
Ag/AgCl/(3 M, KCl), at a scanning rate of 1 mV s−1. The experiments were performed at
room temperature and in triplicate.

The porosity of the anodized layer was calculated using an electrochemical relation-
ship based on the assessment of polarization resistance (Rp) values obtained from the
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potentiodynamic curves. This relationship is based on the variation of the corrosion po-
tential (ΔEcorr = Ecorr, substrate − Ecorr, substrate + coating) incited by the presence of
the coating and from individual measurements of the polarization resistance (Rp) of the
polished and anodized AZ31B, according to Equation (1) [28,29].

P =

(
Rp,s

Rp

)
× 10

|ΔEcorr |
ba (1)

where Rp,s indicates the polarization resistance of the polished AZ31B alloy and Rp is
related to the polarization resistance of the anodized AZ31B alloy, ba is the anodic Tafel
slope of the bare material. Rp,s and ba are determined from separate analysis of the
polished substrate.

2.4. Tensile Test

The tensile tests were carried out following the ASTM E8M-16a [26] at a displacement
rate of 12.7 mm/min at room temperature on a universal material testing machine (MTS
Exceed E45, Eden Prairie, MN, USA). Five measurements were taken for the AZ31B alloy
in the polished and anodized conditions.

2.5. Fatigue and Corrosion Fatigue Tests

Axial fatigue tests were conducted using a computer-controlled servo-hydraulic test-
ing machine (MTS Landmark 370, Eden Prairie, MN, USA) with a sinusoidal loading
control. The stress ratio was 0.1 (tension-tension mode) and the test frequency was 5 Hz.
The fatigue test was continued until fracture or until the specimen did not fail up to 106 cy-
cles. The procedure was defined according to ASTM F1801-97 [30], which is specific for
temporary metal-based implants. Thus, the maximum stress at which the sample has not
failed at 106 cycles is defined as a fatigue limit in this work. At every test load condition at
least three specimens were evaluated.

The electrolyte employed in the corrosion fatigue tests was phosphate-buffered saline
(PBS) solution, which contains: 0.355 g L−1 NaH2PO4·H2O, 8.2 g L−1 NaCl, 0.105 g L−1

Na2HPO4 (anhydrous). The solution was prepared with deionized water and analyti-
cal grade reagents. An acrylic chamber was designed and mounted on MTS Landmark
370 servo-hydraulic machine, in order to safeguard the gage length of the specimen was im-
mersed in the PBS during the fatigue test. The electrolyte was subject to room temperature,
open to air, and static during the testing procedure. A new fresh solution was employed
for each test.

2.6. Fracture Surface Analysis

The fatigue fractured specimens were immersed in 10 g L−1 CrO3 for 5 min in order
to remove corrosion products, in agreement to ASTM G1-90 [31]. Next, they were rinsed in
deionized water, and dried in warm air stream provided by a conventional heat gun prior
to fractographic analysis.

The fractured specimen surface was examined using scanning electron microscopy
(SEM, JEOL JSM-6010LA, Tokyo, Japan) and stereomicroscopy (Olympus SZ61, Tokyo, Japan).

3. Results and Discussion

3.1. Anodized Layer Morphology and Corrosion Test

SEM micrographs of the top surface and cross-section of the AZ31B magnesium alloy
in the anodized condition are shown in Figure 2. As seen in Figure 2a, the artificial oxide
layer produced by the anodization treatment covered the whole substrate. Several cracks
and carved regions are unevenly distributed over the surface. The cross section of the
anodized specimen is showed in Figure 2b. The interface anodized layer/substrate displays
an irregular thickness. A roughened interface greatly affects the design of the implantable
devices, once it plays an important role behaving as a stress concentrator [32], thus limiting
the fatigue resistance of the component.
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Figure 2. SEM images of the anodized layer (a) top surface and (b) cross-section.

Potentiodynamic polarization curves of the polished and anodized samples tested
in PBS solution at room temperature are presented in Figure 3. The values of corrosion
potential (Ecorr) and corrosion current densities (jcorr) were determined from the curves
using the Tafel extrapolation method. The results are shown in Table 1. The jcorr values
were significantly affected by the presence of the anodic film. The dissolution rate of the
anodized sample was reduced by one order of magnitude. The anodized layer acted as
a barrier layer against electrolyte penetration. However, as seen in Table 1, the produced
oxide layer presents an inherent porosity, which could be related to the cracks and cavities
observed from the SEM micrographs (Figure 2).

Figure 3. Potentiodynamic polarization curves obtained for the as polished and anodized samples
immersed in PBS solution at room temperature.

Table 1. Electrochemical parameters obtained from the potentiodynamic polarization curves displayed in Figure 2. The last
column indicates the porosity percentage of the anodized sample.

Condition
Ecorr jcorr Rp baAZ31B |bc| P

(V vs. Ag/AgCl/(3 M) KCl) (μA cm−2) (kΩ cm2) (mV dec−1) (mV dec−1) (%)

As polished −1.407 ± 0.004 30.4 ± 8.5 0.71 100 130 -
Anodized −1.470 ± 0.041 2.0 ± 0.7 51.2 - 160 0.84
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In the cathodic branches, the value of the cathodic Tafel slope (bc) was increased after
anodization, as shown in Table 1. According to Rahman et al. [33], this effect could be due
to the formation of Mg(OH)2 inside the pores and cracks of the anodized layer, as shown
in Equations (2) and (3).

2H2O + 2e− → H2 + 2OH− (2)

Mg2+ + 2OH− → Mg(OH)2 (3)

When film breakdown occurs in the anodic part of the polarization curve, the possible
sequence of reactions is depicted in Equations (4) and (5). These processes (anodic and ca-
thodic reactions) are accompanied by the formation of a corrosion product layer, following
the same reaction shown in Equation (3). Furthermore, due to the presence of chloride ions
in the PBS solution, Mg(OH)2 could further react according to Equation (6).

Mg → Mg2+ + 2e− (anodic dissolution) (4)

2H2O + 2e− → H2 + 2OH− (cathodic reaction) (5)

Mg(OH)2 + 2Cl− → MgCl2 + 2OH− (6)

3.2. Tensile Properties

Figure 4 shows the stress–strain curves of the AZ31B magnesium alloy in the as
received and anodized conditions. The average values of yield strength, ultimate strength,
and elongation at break of the alloy in the as received and anodized conditions are displayed
in Table 2. It is clear that the ultimate tensile strength and yield strength decreased after
anodization. According to the literature [34], this effect is due to the presence of pores
and defects in the oxide layer that act as crack nucleation sites, reducing the mechanical
strength of the anodized substrate.

Figure 4. Stress-strain curves in uniaxial tensile tests at room temperature.

Table 2. Stress-strain curves in uniaxial tension tests at room temperature for anodized and as
received specimens.

Specimens
Ultimate Tensile
Strength (MPa)

Yield Strength (MPa) Elongation (%)

As received 223 ± 5 165 ± 5 20 ± 3
Anodized 175 ± 5 120 ± 5 20 ± 3
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3.3. Fatigue and Corrosion Fatigue Behavior
3.3.1. Influence of the Corrosive Environment

Figure 5 presents the S-N curves for the polished AZ31B alloy exposed to the air and
to the PBS solution. Comparatively, a decrease on the maximum applied stress is noticed
when the tests were performed in the PBS solution. Considering 106 cycles to failure,
according to ASTM F1801, the fatigue limit was reduced from 142.5 MPa when the tests
were conducted in the air, to 137.5 MPa when the tests were conducted in PBS. However,
at an intermediate number of cycles to failure, the influence of the testing environment
is even more evident. It can be seen that an applied stress of 140 MPa led to the fatigue
life of approximately 69,000 cycles, while the fatigue life was extended to 106 cycles at a
compatible applied stress when the tests were conducted in the air. These results indicate
that there is an abrupt change in the fatigue life for a relatively low variation of the applied
stress in the corrosion-fatigue condition. A similar trend was observed by Nan et al. during
fatigue tests of the AZ31 alloy [35]. A slight loading variation was sufficient to drastically
reduce the fatigue life of this material. In another work, Nan et al. have also investigated
the influence of the 3.5 wt.% NaCl on the corrosion fatigue behavior of the AZ31 alloy [36].
A remarkable decrease in fatigue resistance was noticed when the tests were performed in
the chloride solution. Authors have pointed out the combination of cyclic stress and pit
growth as responsible for this behavior [37,38].

Figure 5. S-N curves for the polished AZ31B alloy specimens in air and in PBS solution at room temperature.

The S-N curves for the anodized specimens exposed to air and PBS solution are
shown in Figure 6. Corrosion was less detrimental for the surface treated samples than the
polished ones. As displayed in Figure 5, the fatigue life was little affected by the corrosive
environment for stress levels lower than 130 MPa.

In order to give a more quantitative interpretation on the influence of corrosion on
the fatigue resistance of the AZ31B alloy, we employed Equations (7) and (8) to calculate
the reduction rate (RσN) of the maximum fatigue strength at 106 cycles, as proposed by
He et al. [35]. Based on this procedure, fitting equations shown in Table 3 were obtained by
a logarithmic transformation of the experimental data points shown in Figures 4 and 5.
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Figure 6. S-N curves for the anodized AZ31B alloy specimens in air and in PBS solution at room temperature.

y = k + bx (7)

RσN =

(
σair − σPBS

σair

)
× 100 (8)

Table 3. Fitting equations for each experimental condition.

Specimen Conditions and Environment Equations

Polished–air log(σmax) = −7894lnN + 254.61
Polished – PBS solution log(σmax) = −1336lnN + 155.86

Anodized–air log(σmax) = −32,96lnN + 501.26
Anodized–PBS solution log(σmax) = −20,39lnN + 340.47

In Equation (2), y and x are log (σmax) and log N, respectively. The maximum applied
stress is represented by σmax, while N is the number of cycles to failure at a certain stress
level. The parameters k and b are coefficients. In Equation (3), RσN indicates the reduction
rate of the maximum applied stress at specific fatigue cycles in air and in PBS solution. The
maximum applied stress that specimens can resist at specific fatigue cycles are denoted by
σair and σPBS. Table 4 displays the values of these parameters, along with the corresponding
RσN at 106 cycles.

Table 4. Reduction rate of the maximum applied stress for the AZ31B alloy in the polished and
anodized conditions.

Conditions σair (MPa) σPBS (MPa) RσN (%)

Polished 144.6 137.4 5.6
Anodized 45.9 58.8 −28.0

As seen in Table 4, the reduction rate of the polished AZ31B alloy was 5.6% when
immersed in the PBS solution, while the anodized condition, in turn, showed an increment.
Therefore, the effect of the PBS solution was less harmful to the fatigue strength of the an-
odized samples. This behavior is probably associated with the protection ability promoted

122



Metals 2021, 11, 1573

by the anodization treatment. Generally, the main mechanism related to the corrosion
fatigue failure of magnesium and its alloys is pit nucleation and growth [19,32,39]. In this
case, the presence of the oxide layer possibly provided a higher local dissolution resistance
for the AZ31B alloy.

3.3.2. Influence of Anodization

Figures 7 and 8 show the S-N curves for the polished and anodized samples exposed
to air and PBS solution, respectively. As seen in these figures, there was a remarkable
reduction of the fatigue resistance for the anodized specimens compared to the polished
condition regardless of the environment. In both scenarios, the reduction of the fatigue
limit at 106 cycles was approximately 60% for the anodized samples.

Figure 7. S-N curves for the polished and anodized AZ31B alloy specimens in air.

The reduction of the fatigue strength for the anodized specimens was much more
intense at low stress levels, independently of the testing environment. This behavior has
been associated to a significant influence of the crack nucleation than the crack propagation,
which causes the premature failure of the material [40]. In other words, the anodic layer
facilitates fatigue crack nucleation. Khan et al. [41] observed a distinguished effect of
the crack nucleation of anodized magnesium alloy when subjected to fatigue tests. The
authors concluded that the crack nucleation step, which is defined by the material surface
conditions in a crucial manner, exerts more influence than the crack growth and propagation
stages. As the anodized layer greatly affects the surface characteristics, this means that
fatigue failure would easily happen when a certain number of cycles are able to nucleate
the crack. Besides that, other adverse effects concerned with the fatigue behavior of
anodized magnesium alloys have been reported in the current literature. Yerochin et al. [42]
mentioned that the plasma micro-discharges which occur during the oxidation process
led to strain distortions of the metal subsurface layers. Some other works have pointed
out the presence of a microcrack network [39] and disordered porous structure [24,32] of
the coating layer. Furthermore, the compactness and uniformity of the oxide layer, its
adhesion to the substrate, and relevant aspects of roughness on the interface of coating and
the material may also affect the fatigue properties of anodized alloys [43,44].
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The results obtained in the present work highlighted that the presence of the oxide
layer caused a hostile effect to the AZ31B magnesium alloy regardless of the environ-
ment conditions.

Figure 8. S-N curves for the polished and anodized AZ31B alloy specimens in the PBS solution at
room temperature.

3.4. Fractographic Analysis

Optical stereo-micrographs of the fracture surfaces of polished and anodized AZ31B
specimens after fatigue tests in air and PBS solution are shown in Figure 9. The specimens
for optical stereoscopic analysis were chosen based on the number of cycles to failure. The
aim was to identify the microfractographic features in the initial hours of the test, as it
would lead to the most relevant information regarding the nucleation of fatigue cracks.
Hence, specimens that failed in the first hours of test, at different applied stresses but
with similar fatigue lives were chosen in order to investigate the effect of the PBS solution
on the fractographic aspects of the AZ31B alloy. Table 5 displays the applied stress and
corresponding number of cycles to failure of the polished and anodized specimens selected
for fractographic analysis.

Table 5. Specimens chosen for fracture analysis after the corrosion fatigue tests.

Corrosion Fatigue Results
Polished Anodized

Air PBS Solution Air PBS Solution

Applied stress (MPa) 167.5 140 105 92.5
Number of cycles to failure 34,200 54,355 146,754 143,681

The fatigue fracture surface may display distinguishable regions, denoting three
different steps of fatigue failure: (i) crack nucleation; (ii) crack growth and propagation;
(iii) catastrophic failure (final fracture) [45,46]. These regions are indicated in Figure 9 for
the AZ31B specimens in the polished and anodized conditions. Fatigue fracture is often
initiated in the surface or subsurface region [47]. However, identifying the exact point of
crack nucleation is not an easy task [48]. These sites are indicated as A1 and A2 in Figure 9.
Growth region generally expands radially for the surface of the specimen (region B in
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Figure 9). The transition from region B to final fracture (region C) is accompanied by a
change of the fractographic features to a darker, uneven region. Details regarding each one
of these regions were obtained by SEM analysis.

Figure 9. Optical stereo-micrographs of the AZ31B alloy: (a) polished (air; 167.5 MPa); (b) anodized
(air—105 MPa); (c) polished (PBS solution—140 MPa); and (d) anodized (PBS solution—92.5 MPa).
Marks on the micrographs represent the following fracture regions: (A1 and A2) crack initiation;
(B) crack propagation; (C) catastrophic failure.

Figure 10 shows the SEM micrographs corresponding to regions A (Figure 10A),
B (Figure 10B) and C (Figure 10C) of Figure 9a. Green arrows point to possible crack
nucleation sites in Figure 10A, denoted by discontinuities and small particles at the bottom
right of the micrographs. However, the nucleation site was not clearly distinguished.
A different aspect is seen in the crack growth region (Figure 10B). Faceted regions and
shallow dimples are encountered over this region, suggesting an unstable crack growth
mechanism was predominant. Conversely, a typical ductile dimpled fracture surface is
seen in Figure 10C, suggesting that plastic deformation occurred in this region, before final
fracture. Similar features of fractographic aspects of fatigue fracture surfaces of magnesium
alloys were reported by other authors [48–51].

Regions A–C of the fracture surface of the air-tested anodized specimen shown in
Figure 9b were further explored by SEM analysis. The corresponding micrographs are
displayed in Figure 11. The nucleation region (A1 in Figure 9b) is shown in Figure 11A.
Green arrows point to the interface between the anodized layer and the bulk AZ31B alloy,
revealing different roughness at these sites. Moreover, subsurface particles are also ob-
served and may have contributed to crack nucleation, as observed by other authors [24,45].
Yet, a gradual transition in the surface appearance from a smooth to a rough aspect is seen
at the middle of the micrograph, indicating that crack propagation may have started at this
site [52]. In Figure 11B, the crack growth region is further detailed. Its aspect resembles that
shown in Figure 9b for the polished sample tested in air, being characterized by faceted
regions and shallow dimples, typical of unstable crack growth. In the final fracture region
(Figure 11C), the fracture surface is dominated by an intense dimpled structure, indicating
plastic deformation at these sites, as also observed in Figure 10C for the polished sample.

125



Metals 2021, 11, 1573

It is clear, therefore, that anodization did not alter the microfractographic features of the
AZ31B alloy subject to fatigue testing in air.

Figure 10. Fatigue fracture morphologies of the polished specimen tested in air at 167.5 MPa. The micrographs (A–C)
correspond to the three different regions pointed out in Figure 9a.

SEM micrographs of regions A1, B, and C (Figure 9c) for the polished sample tested
in PBS solution are displayed in Figure 12. The most probable crack nucleation sites
(region A1, Figure 9c) are shown in Figure 11A where potential stress risers are pointed
by the green arrows, such as discontinuities in the MgO/Mg(OH)2 layer spontaneously
formed in the electrolyte and subsurface inclusions that may have facilitated fatigue crack
nucleation. The transition between the smooth and rough aspects of the fracture surface is
remarkable, as seen in the left part of the micrograph, in contrast with that of the polished
samples tested in air (Figure 10A). According to the literature [23,53], this suggests a faster
transition from the nucleation step to crack growth. Cracks would appear simultaneously at
different sites, triggered by surface porosity or subsurface cracks. Hence, material plasticity
is reduced, increasing the crack propagation rate, and leading to rough aspect of the fracture
surface. It is likely that the concomitant action of corrosive environment and cyclic loading
is responsible for such an enhanced propagation rate. In spite of the surface cleaning step
before fractographic analysis, some oxide inclusions still remained in the fracture surface,
as indicated by the arrows in Figure 12B,C. The final fracture region (Figure 12C) is similar
to those of the specimens tested in air (Figures 10C and 11C), showing a dimpled structure.
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Figure 11. Fatigue fracture morphologies of the anodized specimen tested in air at 105 MPa. The micrographs (A–C)
correspond to the three different regions pointed out in Figure 9b.

SEM micrographs of the fracture surface of the anodized specimen tested in PBS
solution are shown in Figure 13. In Figure 13A (region A1 in Figure 9d), green arrows
indicate pores, subsurface defects between the substrate and the anodized layer, and
inclusions that may be related to crack nucleation by acting as stress risers during fatigue
loading. In the crack propagation region (Figure 13B), the fracture surface is quite flat
and some micropores are indicated by green arrows. The aspect of the final fracture
region (Figure 13C) is quite different from that of the polished sample fractured in PBS
(Figure 12C). Instead of a dimpled structure, the surface is flat, indicating that plastic
deformation was not as marked as observed for the polished sample. In this respect, it is
evident that the presence of the anodized layer reduced plasticity at the final fracture step.

The main observations with respect to the microfractographic features of the fracture
surfaces for the AZ31B alloy specimens described in Table 5 are synthesized in Table 6,
along with possible causes of the final failure.
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Figure 12. Fatigue fracture morphologies of the polished specimen tested in PBS solution at 140 MPa. The micrographs
(A–C) correspond to the three different regions pointed out in the Figure 9c.

Table 6. Summary of characteristics of the fractured specimens submitted to the corrosion fatigue tests.

Conditions Crack Status Possible Causes Fracture Appearance

Polished—Air
Figure 8

Single crack
nucleation Surface and subsurface discontinuities Brittle with radial pattern

Anodized—Air
Figure 8

Single crack
nucleation Rough or uneven anodized layer Brittle with radial pattern

Polished—PBS solution
Figure 8

Multiple crack
nucleation

Surface and subsurface discontinuities
combined with local corrosion Brittle and hackly types

Anodized—PBS solution
Figure 8

Multiple crack
nucleation Rough or uneven anodized layer Brittle and quasi-cleavage types
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Figure 13. Fatigue fracture morphologies of the anodized specimen tested in the PBS solution at 92.5 MPa at room
temperature. The images (A–C) correspond to the three different regions pointed out in the Figure 9d.

4. Conclusions

Anodization displayed a profound effect on the fatigue strength of the AZ31B alloy.
S-N curves obtained in the tension-tension mode, in air and PBS solution, indicated that the
fatigue limit was reduced by the corrosive electrolyte when the magnesium alloy was tested
in the polished condition. Conversely, it increased for the anodized alloy tested in PBS in
comparison to the tests conducted in air. However, a reduction of approximately 60% of
the fatigue strength was observed for the anodized samples with respect to the polished
ones, either in air or PBS solution. The presence of the anodized layer entails remarkable
surface changes that affect the fatigue behavior of the AZ31 alloy, mostly related to surface
porosity and roughness heterogeneities at the anodized layer/substrate interface. The
fracture surface displayed a more brittle character for the anodized alloy fractured in PBS
solution when compared to air. Oxide particles are likely to act as stress risers, increasing
the crack propagation rate in PBS solution.
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Abstract: Using a period immersion wet/dry cyclic corrosion test, in-situ copper-coated steels
prepared by corroding copper-bearing steels were investigated in this study. The steel with a higher
copper content (>3%) has a higher initial corrosion rate due to its obvious two-phase microstructure.
The corrosion rates of all copper bearing steels tend to be stable after a certain time of corrosion.
A copper-rich layer is formed between the matrix and the rust layer, which is due to the diffusion
of copper from the rust layer to the metal surface. The copper’s stability under this corrosion
condition led to the formation of a thin copper-rich film, which was uncovered after removing
the rust by choosing appropriate descaling reagents. The copper coating was generated from the
matrix itself during the corrosion process at 25 ◦C, which provided a new approach for producing
in-situ composite materials without any bonding defect. It is found that the corrosion rate, corrosion
time, and copper content in steel all affect the formation of copper-rich layer. In addition to the
noble copper surface, the electrochemical corrosion test results show that the corrosion resistance of
copper-coated steel has been significantly improved.

Keywords: copper; steel; coating; descaling; corrosion; composite

1. Introduction

Copper accumulates in steel when steel scrap is reused, because it is difficult to remove
copper in steelmaking processes [1]. Therefore, with the increase in the amount of scrap
steel being used, it is imperative to study the application of copper in copper-bearing
steels. Meanwhile, much research has been done to produce copper cladding on a steel
surface using various methods. Copper, with its unique physical, chemical, mechanical,
and physiological properties, has an important role in the lives of humans, and it also has
an important application in many industrial and technical fields. Copper has been used
both as an intermediate or undercoating, and as a top coat material [2].

Steel/copper clad metals are widely studied because they have applications rang-
ing from functional coatings in the electrical and electronics industries, to adhesion pro-
moting coatings, intermediate coatings for improving brightness and leveling effects in
decorative/corrosion-protective coating systems, and purely decorative uses as a top
coating [3,4]. Electroplating and electroless plating [2,5], cladding [6,7], cold sprayed coat-
ing [8–10], and casting [11] approaches have been widely used to produce copper-clad
steel. Composite materials are more difficult to produce than single materials because
of the diversity of their material properties. According to the characteristics that copper
in copper-bearing steels, such as weathering steels, are easy to segregate on the surface
of steels, accelerated corrosion tests of copper-bearing steels at 25 ◦C (room temperature)
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were carried out in this study in order to make copper-clad steel composites. A nearly
perfect in-situ copper coating was observed after the rusts was removed from the corroded
copper-bearing steels. As one of the basic properties of cladding material, the corrosion
resistance of the copper-coated steels was tested by electrochemical corrosion test.

2. Materials and Methods

2.1. Sample Preparation

In order to eliminate the influence of other alloying elements, ultra-low carbon steel
was used as a raw material in this study. Copper-bearing steels were prepared in a high-
frequency vacuum induction furnace.

Samples with a side length of about 50 mm and a thickness of around 10 mm were
cut from each ingot. The surface of the samples were polished smooth, and multipoint
(≥3) composition tests were carried out by direct reading spectrometer (ARL 3460, Thermo
Fisher, New York, America), and the average value of the test values was taken as the alloy
composition. The chemical compositions (in wt%) of the test samples are listed in Table 1,
where sample No.0 is a raw steel. At present, the high content of copper in commercial
copper steel is about 3%. In this experiment, two samples with higher content of copper
were specially added for comparative study.

Table 1. Chemical composition of test steel (in wt%).

Steel No. C Cu Si Mn P S Fe

0 0.005 0 0.030 0.046 0.010 0.007 Bal
1 0.006 1.900 0.020 0.045 0.010 0.006 Bal
2 0.001 2.380 0.018 0.035 0.010 0.007 Bal
3 0.004 6.800 0.030 0.037 0.008 0.007 Bal
4 0.001 12.640 0.056 0.064 0.009 0.007 Bal

Rectangular specimens with the approximate dimensions of 25 mm × 25 mm × 3 mm
(with a small hole to hang the sample during the corrosion test) were cut from the ingots,
and then mechanically ground using SiC papers in succession up to 800 grit. Afterwards,
they were treated by descaling, cleaning, and rinsing in acetone, and then drying.

2.2. Wet-Dry Cyclic Accelerated Test

Dry-wet cycle accelerated test is a conventional method to test the corrosion resistance
of steels at 25 ◦C [12]. This method is used to test the corrosion resistance of test steels
with different copper content, and to corrode iron on the surfaces of steels to obtain
enriched copper.

Before and after each corrosion test, the specimens were weighed using an analysis
balance with an accuracy of 1 mg. The samples were subjected to a periodic immersion
wet/dry cyclic corrosion test, which was an accelerated corrosion test under an artificially
simulated atmospheric environment. Each cycle of this wet/dry cyclic corrosion test lasted
24 h and included three stages: (1) Put the dried samples one by one on the filter paper in
the high-precision balance, and handle the samples gently to prevent the rust layer from
falling off, (2) immersing the specimens into a 5% sodium chloride solution with a pH
value of 6.5–7.2 (as measured using a digital pH tester) at 25 ◦C for 3 s, and (3) drying the
specimens immediately by hanging them in a test chamber with a constant humidity of
RH60% (±5%) for 24 h. The total corrosion test lasted 288 h. No direct connection between
the different metals occurred during the entire testing process.

2.3. Descaling and Observation

For all the corroded samples, the rust was removed with citric acid (30 g) and sodium
dihydrogen phosphate anhydrous (50 g), which were dissolved in 1 L of deionized wa-
ter [13]. The pH value of the descaling solution was approximately 1.6–1.7, and the
descaling process lasted 24 h at 25 ◦C.
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The samples were mounted with a slope, because pure copper is softer than steel and
is easy to wear off. The microstructures of the mounted samples were observed using an
optical microscope (OM, Axioskop 2 MAT, Carl Zeiss AG, Jena, Germany). A scanning
electron microscope (SEM, JSM-6500, JEOL, Tokyo, Japan) equipped with an energy disper-
sive X-ray spectroscopy (EDS) feature (Quanta FEG250 FEI, Hillsboro, OR, USA) was used
to obtain the elemental distribution at different areas of the coating microstructure. X-ray
diffraction (XRD D/max-2500) was used to determine the surface phase compositions of
the descaled samples. The working voltage is 40 KV, the working current is 40 mA, the
radiation target is CuKa, and the scanning speed is 6◦/min. Scanning ranges from 10◦
to 90◦ (2θ). JCPDS (Joint Committee on Powder Diffraction Standards) cards are used as
reference to identify crystal phases in XRD patterns. The JCPDS card numbers used in this
paper are: Iron 01-089-7194, Copper 01-070-3038, Fe3O4 00-003-0863, Fe2O3 00-004-0755,
and FeOOH 01-081-0463.

2.4. Electrochemical Corrosion Test

The steel samples (with and without Cu coating) were rectangular in shape (10 × 8
× 3 mm3). All samples were suitably embedded in epoxy resin, and the exposed surface
was 0.8 cm2. In this study, polarization curves were measured by Autolab electrochemical
station (ECO CHEMIE BV BST7276). The samples with an electric contact were used
as working electrodes in a standard three-electrode cell, i.e., platinum counter electrode,
silver/silver chloride (Ag/AgCl/sat. KCl) reference electrode, and a working electrode.
The latter was placed in a capillary in such a way that it remained outside the cell at
25 ◦C, while the capillary tip was immersed in the testing solution close to the working
electrode surface.

Before experiment, the working electrode surface was degreased with acetone fol-
lowed by rinsing with deionized water, and a 3.5% sodium chloride solution with pH
value of 6.5–7.0 was used at 25 ◦C. Potentiodynamic polarization were conducted from
a potential of −1.0 V to −0.1 V versus Ag/AgCl with a scan rate of 0.05 V/min after
achieving a stationary value for the open circuit potential (potential variation not higher
than 0.1 mV/s).

3. Results

3.1. Microstructure

Figure 1 shows the optical microstructures of the as-cast Cu-bearing steels. According
to Fe-Cu phase diagram, at room temperature, the solid solubility of copper in iron is
about 0.6%, while that of iron in copper is almost zero. Therefore, the copper-bearing steel
is mainly composed of solid solution ferrite phase and copper-rich phase close to pure
copper. Therefore, the main phases in Figure 1 should be α ferrite and a small amount of
copper-rich phase.

For steels 3 and 4, there are obvious bright particle precipitates distributed along the
grain boundaries and in the grains, and the grains are remarkably refined as a result of
the precipitation of these phases. No bright precipitate can be observed in steels 1 and 2,
which confirm that the bright phase is Cu-rich phase. The EDS analysis of steel 4 shown
in Figure 2 shows that the bright precipitates are copper-rich phases with a small amount
of iron in solid solution. Meanwhile, about 2.8–7.4 mass% of copper is distributed in α

ferrite matrix. According to these results, there should be little of the copper-rich phase
precipitated in steels 1 and 2, which agrees well with the optical observations shown in
Figure 1. All the relatively larger white, gray, and black phases are α ferrite, which are
shown in different colors because of their different crystal orientations.
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Figure 1. Optical micrographs of Cu-bearing steel 1 (a), steel 2 (b), steel 3 (c), and steel 4 (d). The
etchant was 4% nital.

Figure 2. SEM (scanning electron microscope) image and EDS (energy dispersive X-ray spectroscopy) results of steel 4.

136



Metals 2021, 11, 1462

The actual solid solubility of metals may be slightly higher than that shown in the
phase diagram. Therefore, copper beyond the solid solubility content exists as copper
atoms or as near pure copper phase in steel. With an increase of the copper content, the
grain sizes of the steel became fine and uniform, as shown in Figure 1c,d, indicating that
copper precipitated in excess of the solid solubility is more likely to accumulate at grain
boundaries and hinder their migration.

3.2. Corrosion Kinetics

Copper is widely employed as an outdoor building material for fabricating statues,
sculptures, and monuments because of its aesthetic qualities, and good mechanical and
antibacterial properties [14,15]. It is noted for its excellent corrosion resistance. Therefore,
the corrosion behavior of copper-bearing steel is an important performance factor. The
corrosion properties of Cu-bearing steels are shown in Figure 3, where steel 0 is copper
free as a benchmark.

Figure 3. Corrosion behavior (weight gain per unit area in early (I), middle (II), and late (III) corrosion
stage) of Cu-bearing steels.

The entire corrosion process (up to 288 h) for all the test steels can be clearly divided
into three stages, as shown in Figure 3. Each stage shows distinctive slope behavior for all
the samples.

In stage I, both steels 3 and 4 show higher corrosion rates. The corrosion is much
more aggressive as the copper and iron begin the process of galvanic coupling at the
very beginning of the corrosion process. In contrast, steels 0, 1, and 2 all show lower
corrosion rates in stage I, which correspond to no obvious Cu-rich phases in the steels, and
these relatively lower corrosion rates may be attributed to the formation of oxides in the
beginning [16]. Therefore, in the initial stage of corrosion, steels 0, 1, and 2 exhibit surface
corrosion of ferrite samples with relatively low corrosion rate, while steels 3 and 4 exhibit
two-phase galvanic corrosion with relatively high corrosion rate.

The subsequent gain in weight in stage II becomes gradual for steels 0, 1, and 2. The
growth rate of the corrosion rate of steel 0 is much greater than those of steels 1 and 2,
which are even greater than those of steels 3 and 4, as shown in Figure 3. This phenomenon
indicates that the surface corrosion products in the first stage are not dense, and the oxygen
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penetrate through the open holes of the oxide layer to enter the metal matrix from the
surface in stage II, and the matrix is directly corroded rapidly. Therefore, in the corrosion
stages up to about 192 h, although the corrosion mechanism of steel changes when the
copper content of steel reaches or exceeds 6.8%, a certain amount of copper in steel has the
effect of reducing and stabilizing the corrosion rate. This phenomenon should be related to
the corrosion products of copper-bearing steels.

When the corrosion time exceeds 192 h, the corrosion process enters the third stage.
Although the copper-free steel (steel 0) was still corroded at a higher rate, the corrosion
rate of all the experimental steels was reduced compared with that of the second stage.
The decrease of corrosion rate of steel 0 should be related to the increase of thickness of
corrosion products on steel surface. The corrosion rate of copper-bearing steel is obviously
lower than that of the previous stage, especially the steel with higher copper content, which
indicates that a protective layer is formed on the corrosion surface, which is related to
copper in the steel.

3.3. Corrosion Products

It is well known that copper can accumulate at the surface of steel after a certain
period of corrosion for copper-bearing weathering steels. Figure 4 show optical microscope
pictures of the inclined cross section of test steels after an accelerated corrosion test at 25 ◦C
for 288 h.

Figure 4. Optical microscope picture of inclined cross section of steel 1 (a), 2 (b), 3 (c), and 4 (d) after corrosion.
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All samples were heat mounted to keep the rust layer from falling off. There is no
evidence of copper segregation on the surface of steel 1 with less copper content (Figure 4a).
With the increase of copper content in steel, sporadic copper segregation can be observed
in the rust layer on the surface of steel 2 (Figure 4b), and the copper segregated on the
surface of steel 3 begin to connect with each other locally (Figure 4d). The copper layer
between the matrix and rust was obvious as shown in Figure 4d. The similar parts, which
are much brighter in the back-scattered electron image are mainly pure copper of greater
than 95% according to the EDS results. The copper layer is integrated in steel 4. However,
this copper layer is easily ground away because pure copper is much softer than steel. It
can be calculated that the thickness of the copper layer varies from a few microns to a
dozen microns according to the tilt angle of the sample.

The oxides appear in black in Figure 4. These should primarily consist of iron oxide
because copper is more stable than iron. After forming the copper layer between the rust
and the matrix, the oxidation speed greatly slowed down before halting, and then the
copper on the surface would oxidize slowly if the corrosion tests continued.

The bright gray part shown in Figure 4 is the matrix, which is an iron solid solution in
which copper is the main constituent.

3.4. Rust Removal from Corroded Steel

By choosing an appropriate descaling reagent and descaling condition, the rust could
be removed while keeping the copper layers, which could be determined by the naked
eye because of copper’s distinctive color. Macrographs of the test steels before and after
descaling are shown in Figure 5.

Figure 5. Macro-photograph of corrosion samples before (a) and after descaling (b) for steel 0, (c) for
steel 1, (d) for steel 2, (e) for steel 3, and (f) for steel 4.

Before descaling, there is a thick rust layer on the steel surface, and a typical macro-
photograph is shown in Figure 5a. After descaling, the rusts had obviously been removed,
as shown in Figure 5b–f. With the increasing of copper content in steel, the copper on the
steel surface becomes more and more obvious after rust removal. In order to show the
copper layer on the surface of steel 4, the corners of rust removal surface were partially
ground with sandpaper as shown in Figure 5f, which shows that the copper layer on the
steel surface is dense and closely combined with the matrix.
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In order to confirm the presence of a pure metallic Cu coating, the XRD analysis results
for steel 2 at different stages are shown in Figure 6. Before corrosion, the original material
is iron (Figure 6a), where copper should act as solid solution atoms. After corrosion, the
surface of steel 2 is covered with a thick rust layer consisting of Fe2O3, Fe3O4, Fe, and
FeO(OH), which may include α-FeOOH, γ-FeOOH, and amorphous ferric oxyhydroxide
(FeOx(OH)3-2x, x = 0–1) [17,18]. There is little copper or copper oxide present, because these
cannot be detected by XRD, as shown in Figure 6b. After descaling, there is approximately
80% Cu and 20% Fe with a small amount of Fe2O3 left on the surface of steel 2, as shown in
Figure 6c. These results agree well with that shown in Figure 4.

Figure 6. XRD patterns on the surface of steel 2 under different conditions (before corrosion (a), after
corrosion (b), after descaling (c) and after removing Cu coating (d)).

According to XRD results of all the descaled steel samples, the main contents of the
descaled surfaces are pure copper and pure iron, with a small amount of Fe2O3 left. For
steel 2, the copper content in the bulk steel is much smaller than that in steel 4, while the
composition of the surface after descaling is similar. The higher iron content in the XRD
pattern of steel 2 shown in Figure 6c may correspond to a relatively thinner copper coating.

The microstructures of the steel surfaces after descaling were observed using SEM,
as shown in Figure 7. Except for steel 1, almost all other steel surfaces were covered with
more than 95% copper according to EDS results of steels 2, 3, and 4, which is nearly pure
copper, as shown in the XRD results, and the greater amount of iron recognized by the XRD
should come from the matrix, as previously mentioned. However, there were some oxides
left on the descaled surface according to the XRD results shown in Figure 6. Nevertheless,
they were only found in small quantities. The carbon detected by EDS may have come
from the microscope chamber, as did some of the oxygen in the spectra, because the EDS
tends to over-measure the levels of light elements.

It can also be seen that the copper coating is not very dense for steel 2, as shown
in Figure 7b. Thus, further oxidation of the matrix might occur when the corrosion test
continues. For steel 4, the copper coating is denser than that of other steels, as shown in
Figure 7. The “grain boundary” morphology shown in Figure 7d should come from the
copper-rich phase precipitated in the matrix, as shown in Figure 1d. Therefore, the copper
content of the “grain boundary” may be a little higher than that of the “grain”.
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Figure 7. SEM (a) for steel 1, (b) for steel 2, (c) for steel 3, and (d) for steel 4 micrographs on steel surface after descaling.

3.5. Copper Enrichment Mechanisms
3.5.1. Movement of Copper Atoms

It is well known that the oxidation and corrosion rate of copper is relatively low
compared to that of iron. Kondo [19] examined the distribution of copper in the scale
of oxidized steel containing copper. The schematic diagram of corrosion and oxidation
process of copper-bearing steel is shown in Figure 8. In the corrosion process, oxygen and
other atoms tend to combine with iron atoms to form Fe2O3, Fe3O4 and other non-metallic
corrosion products, while the combination of oxygen and copper requires higher energy
and longer time. The combination of oxygen and iron atoms results in the increase of
sample weight [20]. Meanwhile, the volume of the oxide layer expands with the increase
of material weight, which indicates that the distance between the compound molecules in
the oxide layer and the metal atoms in the matrix increases as shown in Figure 8b. As a
result, the binding forces between iron atoms in the oxide molecule and those in the matrix
are weakened, sometimes accompanied by some defects [21]. The appearance of defects is
more conducive to the oxidation and movement of metal atoms.

Because of different bonds, the bonding force between metallic atoms is stronger than
that between metal and oxide. With the formation of oxides on the surface of steel, the
binding force between the copper atoms and the surrounding iron oxide molecules is
weakened, whereas the bonding force between the copper atoms in the oxide layer and
the iron (and/or copper) atoms in the matrix becomes stronger. The metallic atoms would
move closer to each other. In Figure 8b, FexOy is used to represent corrosion products. As
a result, the copper atoms move continuously from the inner oxide layer to the interface
between the oxide and the metal matrix under the action of the resultant force, as shown
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in Figure 8c. After a period of corrosion, the continuous oxidation of iron atoms and
the continuous movement of copper atoms lead to the formation of a certain number of
copper atoms on the steel surface, which is macroscopically shown as a copper rich layer
(Figure 8d).

Figure 8. Schematic diagram of copper enrichment mechanism. (a) Before corrosion, (b) initial stage of corrosion, (c) after a
short period of corrosion, and (d) after a long period of corrosion.

In the oxidation process, the iron atoms in the lattice positions of the matrix crystal
deviate from their original positions because they combine with oxygen to form ferric oxide.
The migration of surrounding iron atoms and the increase of the microcosmic distance due
to the weakening of the bonding force between the metal atoms and non-metal molecules
is favorable for the directional movement of copper atoms. The oxidation of the matrix
surface and diffusion of un-oxidized copper atoms occur at the same time, which form
the quasi-layered microstructures of the matrix, copper enrichment layer, and upper rust
layer after a period. Therefore, it can be deduced that the copper enrichment layer in the
structure originates from the movement of copper atoms in the oxidized surface layer.

When steel is corroded, both iron atoms and solid solution copper atoms in the oxide
layer deviate from their atomic lattice position. Under the experimental conditions, most
copper atoms have time to move towards the matrix and combine to form a copper-rich
phase. From the macroscopic point of view, a layer of “copper coating” has been formed,
and the coating is generated by the matrix itself.

The force between the copper atoms moving from the oxide layer to the interface and
the iron atoms in the matrix is a metal bond. Thus, there is no bonding problem.
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It should be noticed that in the process of corrosion, some defects on the surface of
the substrate, such as vacancies, will affect the concentration of copper, and some copper
atoms will be immersed in the scale.

3.5.2. Influence Factors

The formation of the quasi-layered structure may be affected by the following factors:
the corrosion rate, corrosion time, and copper content in the steel.

The corrosion rate should correspond to the movement speed of the copper atoms in
the oxide layer, although the values of these two are difficult to measure at present. If the
corrosion rate is very high, the copper atoms are not able to move to the interface, because
all the iron atoms around them are quickly oxidized and the copper atoms lose the driving
force. Thus, no copper enrichment layer will be formed. However, if the corrosion rate is
rather low, the moving velocity of the copper atoms toward the metal matrix may also be
very low. In this process, the copper atoms themselves may be oxidized before they form
the copper enrichment layer, and the copper atoms inside the metal matrix have no reason
to move to the surface at 25 ◦C. Thus, no copper enrichment layer will be formed in this
case either.

The effect of the oxidation time is related to the copper content in the steel. As pre-
viously mentioned, the formation of a copper enrichment layer is a process in which
copper atoms in the oxide layer keep moving and accumulate on the surface of the matrix.
Therefore, the continuous copper enrichment layer on the matrix surface can be formed
in a relatively short time if the copper content is high. In contrast, if the copper content is
low, the corrosion time will be longer, and the thickness of the oxide layer will be greater,
allowing sufficient copper atoms to form a continuous layer of copper, which can explain
the early corrosion deceleration stage of steels 3 and 4 in the corrosion weight gain curve
shown in Figure 3.

3.6. Electrochemical Corrosion Test

Figure 9 shows the polarization curves of all test steels (a) and steel 4 (b) before
corrosion, without Cu coating, and after corrosion and descaling, with Cu coating (un-
der the experimental conditions, only steel 4 shows a complete copper coating), in 3.5%
NaCl solution.

Figure 9. Potentiodynamic polarization curves of all test steels (a) and steel No.4 with Cu coating (b) in 3.5% NaCl solution.

The electrochemical parameters Ecorr, Icorr, jcorr, and v were obtained by fitting the
curve are listed in Table 2. With the increase of copper content in steel, Ecorr tends to move
positively, which implies a better corrosion resistance property. At the same time, when
the copper content is high enough, the corrosion current density and corrosion rate of the
experimental steel are reduced, and the passivation interval has been extended, which also
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shows that the corrosion resistance of the steel is improved. Relevant research results also
reported that high-copper-bearing steel has excellent corrosion resistance [22].

Table 2. Electrochemical parameters of test steels.

Steel No.
Corrosion Current

Icorr/A
Corrosion Current

Density jcorr/(A·cm−2)
Corrosion Potential

Ecorr/V
Corrosion Rate

v/(g·m2·h−1)

1 2.13 × 10−4 2.66 × 10−4 −0.83 1.8534
2 3.26 × 10−4 4.08 × 10−4 −0.85 2.8376
3 1.16 × 10−4 1.44 × 10−4 −0.66 1.0056
4 1.67 × 10−4 2.09 × 10−4 −0.70 1.4542

4 with Cu coating 1.90 × 10−5 2.38 × 10−5 −0.53 0.1324

Ecorr of steel 4 with Cu coating is more positive than that of steel 4 without Cu coating.
The OCP of steel 4 with Cu coating shifted significantly to a positive (anodic) direction,
suggesting the formation of an efficient barrier for the aggressive medium [23,24].

The polarization potential of the steel treated by corrosion and descaling shifts posi-
tively and the corrosion current per unit area is reduced by nearly one order of magnitude,
which is similar to the result of polyaniline coating on mild steel [25]. Therefore, the cor-
rosion resistance of Cu-bearing steel can be significantly improved by the copper coating
after corrosion and descaling treatment at 25 ◦C.

4. Conclusions

The corrosion behaviors of copper bearing steels were studied, and the accumulation
of copper on the surface of corroded steels after the removal of rust was observed and
analyzed. The following conclusions can be made:

(1) Steel with a high copper content (>3%) had a high initial corrosion rate due to its
obvious two-phase microstructure. The corrosion rates of all copper bearing steels tended
to be smooth after a certain period of corrosion.

(2) A complete copper coating was obtained on the surfaces of the steels after a
periodic immersion wet/dry cyclic corrosion test. The oxidation of the matrix and the
diffusion of copper atoms at the interface formed a quasi-layered structure consisting of
the matrix, copper coating, and upper rust layer.

(3) The copper coating was generated from the matrix itself during the corrosion
process at 25 ◦C. A lower corrosion rate, longer corrosion time, and higher copper content
were favorable for the formation of a copper enriched layer.

(4) Copper-bearing steel with copper coating shows better corrosion resistance property.
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Abstract: In this paper, electrochemical corrosion tests and full immersion corrosion experiments
were conducted in seawater at room temperature to investigate the electrochemical corrosion behav-
ior and the corrosion mechanism of high-strength EH47. The polarization curve, EIS (electrochemical
impedance spectroscopy), SEM (scanning electron microscope), and EDS analyses were employed to
analyze the results of the electrochemical corrosion process. The electrochemical corrosion experi-
ments showed that the open circuit potential of EH47 decreases and then increases with an increase
in total immersion time, with the minimum value obtained at 28 days. With an increase in immersion
time, the corrosion current density (Icorr) of EH47 steel first decreases and then increases, with the
minimum at about 28 days. This 28-day sample also showed the maximum capacitance arc radius,
the maximum impedance and the minimum corrosion rate. In the seawater immersion test in the
laboratory, the corrosion mechanism of EH47 steel in the initial stage of corrosion is mainly pitting
corrosion, accompanied by a small amount of crevice corrosion with increased corrosion time. The
corrosion products of EH47 steel after immersion in seawater for 30 days are mainly composed of
FeOOH, Fe3O4 and Fe2O3.

Keywords: electrochemical corrosion behavior; corrosion mechanism; the corrosion current density;
Nyquist diagram

1. Introduction

For marine ships, the hull steel must withstand the impact of waves, the action of huge
bending moments formed by surging waves, temperature changes in cold winters and hot
summers, and the corrosion of seawater. Therefore, in addition to sufficient mechanical
properties and good technological properties, hull steel should also have good corrosion
resistance. Corrosion will reduce the strength of the ship structure and shorten the service
life. It will also endanger the safety of navigation and reduce its operational performance.
Therefore, corrosion prevention of the hull structure has always been an important issue in
the design, construction and use of ships [1,2].

In the marine environment, the corrosion of marine equipment and marine engineering
steel is electrochemical corrosion. Electrochemical corrosion refers to the corrosion of metals
in the electrolyte due to the action of microcells on its surface [3,4]. The main reason for
corrosion is the presence of dissolved oxygen. In the marine environment, the surface
of steel and iron will form anode and cathode regions due to inhomogeneity. In the
positive and negative regions, the formation of local batteries will cause a certain degree
of corrosion [5,6]. A series of reports have shown that the surface of carbon steel does not
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form a stable passivating corrosion film, but a porous rust layer, which makes it difficult
to prevent further corrosion under marine conditions [7,8]. The passivation film of low-
alloy steels has low stability and is easily broken and corroded in seawater. Chen et al. [9]
showed that the passivating film could be formed on the surface of carbon steel. When
immersed in 3% NaCl solution or seawater, the weak parts of the passivating film would
crack quickly and induce corrosion. The corrosion of carbon steel and low-alloy steel is
uneven in a seawater environment, and local pits are formed. Furthermore, a relatively
closed microenvironment and occlusive corrosion cell can be formed under the rust layer,
resulting in serious local corrosion. The strength of the occlusive corrosion cell directly
affects the expansion of the pit and the local corrosion resistance of carbon steel and
low-alloy steel. The pH of seawater is about 8.0 to 8.2, and seawater contains a large
amount of chloride ions. With a decrease in Cl− content in the solution, the thickness
of the passivation film decreases and its protection ability increases due to the failure of
the passivation layer on the steel surface at the threshold of Cl− concentration [10,11].
In addition, with an increase in Cl− concentration, a porous and non-protective product
is formed on the steel surface. Zhang studied the corrosion behavior of 304 stainless
steel under different Cl− concentrations and soaking times. The results showed that with
the increase in Cl− concentration, the stability of 304 stainless steel decreases with the
passivation film [12]. The effect of Cl− on the passivation film and pitting corrosion is
particularly serious with long-term use. Yang [13] used the potentiometric polarization
method to measure pitting potential in the corrosion process. The results showed that with
the increase in temperature and Cl− concentration, the size and number of corrosion pits
increase.

Xia studied the erosion and corrosion of hull steel under different flow rates in the
seawater environment of the East China Sea [14]. Jia et al. [15] analyzed the corrosion resis-
tance of F690, F460 and Q235B steel in 3.5% NaCl solution. Melchers [16] proposed various
models to explain the corrosion mechanism. Zayed et al. [17] and Panayotova et al. [18]
investigated the main corrosion mechanisms of ship steels.

Pitting corrosion is a common form of corrosion of carbon steel and low-alloy steel
in the marine environment [19,20]. It is uneven and comprehensive, and so is often called
pitting corrosion, which is different from the typical blunt metal pitting corrosion. Pitting
corrosion forms because of electrochemical inhomogeneity on the steel surface, which
leads to the formation of local corrosion microcells. Typical forms of corrosion of carbon
and low-alloy ship steels in the marine environment include uniform corrosion, pitting
corrosion, oxygen concentration difference corrosion, etc. [21,22].

Electrochemical technologies and hanging plate tests, such as the corrosion poten-
tial measurement, the polarization test, linear polarization technology, electrochemical
impedance spectroscopy, and the simulated block cell test, have been widely used in the
study of the corrosion behavior of ship steels and the development of products [23–26].
The main advantage of the electrochemical test method is that it is fast and can obtain
instantaneous corrosion information, but the main disadvantage is the lack of accuracy. In
contrast to the electrochemical test, the results of the hanging test and field test are accurate,
but the required time is longer and the process is more complicated [27].

In this study, due to the disadvantages of the long test period and significant influence
of environmental factors, the seawater hanging sheet test was carried out in the laboratory,
and the seawater was changed every seven days during the experiment, which overcomes
the shortcoming that the medium changes due to the limitation of the amount of medium
and the corrosion and dissolution of metal as the test progresses. In this paper, the elec-
trochemical corrosion behavior of ship plate steel EH47 was studied by electrochemical
techniques such as corrosion potential measurement, polarization curve and electrochemi-
cal impedance spectroscopy. At the same time, the corrosion mechanism of low-alloy and
high-strength ship plate steel in seawater was investigated by actual seawater hanging
plate test.
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2. Experimental

2.1. Materials

The chemical compositions of the samples were measured by a direct reading spec-
trometer (ARL-3460L, Thermoelectric Corporation of America, Chicago, IL, USA): C: 0.07,
Si: 0.20, Mn: 1.42, Mo: 0.22, Ni: 0.79, Cr: 0.07, Ti: 0.013, Nb: 0.04, V: 0.006, Al: 0.03, P: 0.006,
S: 0.001, Fe balanced.

2.2. Electrochemical Test

In order to ensure the accuracy of the experiments, the electrochemical experiments
were conducted in triplicate, meanwhile, the specimens were 4 × 3 = 12, every set needed
4 specimens, and there were 12 specimens in total.

The experimental samples were polished with W28, W20, W14 and W10 sandpaper,
then polished with a metallographic polishing machine, and finally wiped with ethanol
and acetone cotton balls. After welding the copper wire on the non-working surface,
the non-working surface was sealed with epoxy resin, and a 10 mm × 10 mm electrode
working surface was reserved.

Electrochemical experiments were carried out on a weekly basis after 7, 14, 28 and
49 days of total immersion corrosion in seawater.

All electrochemical tests were performed using a CHI760E electrochemical workstation
produced by Shanghai ChenHua instrument Co., LTD (Shanghai, China). The sample was
used as the working electrode, the saturated calomel electrode (SCE) was used as the
reference electrode, and the platinum wire around the working electrode was used as the
auxiliary electrode.

EIS (electrochemical impedance spectroscopy) measurements were performed at the
open circuit potential. The open circuit potential was monitored for 60 s before electrochem-
ical measurement. The frequency range was 100 kHz to 100 mHz and the voltage amplitude
was 10 mV. Potentiodynamic polarization curves were obtained in the scanning range of
−600 mV to 1400 mV with respect to the Open Circuit Potential (OCP) at a scanning rate of
0.5 mV/s.

The corrosion morphology was detected by scanning electron microscope (SEM,
EV018, Carl Zeiss AG, (Oberkochen, Germany).

X-ray diffraction (XRD X’Pert Powder, Malvern Panalytical, Malvern, UK) was used to
determine the surface phase compositions of the samples. The working voltage was 40 kV,
the working current was 40 mA, the radiation target was Cu Ka, and the scanning speed
was 6/min. The scanning ranged from 10◦ to 90◦ (2θ). The numbers of the JCPDS (Joint
Committee on Powder Diffraction Standards) cards are used in this paper as references
to identify the crystalline phases in the XRD patterns. The JCPDS of Fe3O4 is 98-015-8506,
Fe2O3 is 98-010-890, and FeOOH of JCPDS is 96-100-8763.

2.3. Immersion Test

In order to ensure the accuracy of the experiments, the immersion experiments were
conducted in duplicate, meanwhile, the specimens were 4 × 2 = 8, every set needed 4
specimens, and there were 8 specimens in total.

Considering the short electrochemical experiment period, the total immersion corro-
sion experiment lengthens the experiment period. The immersion test experiments were
carried out in natural seawater for different total immersion times in the laboratory. The
samples were immersed in natural seawater for 20, 40, and 80 days at room temperature.

3. Results

3.1. Energy Spectrum Analysis of Steel

Figure 1 is the surface EDS analysis and optical micrograph of the original EH47. It
can be seen from Figure 1b that the surface of the original steel EH47 is composed of three
main elements: Fe, Mn and C, indicating that Fe, Mn and C are the primary elements. The
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optical micrograph of the original EH47 is presented in Figure 1c. The microstructure is
mainly composed of ferrite and bainite.

Figure 1. (a) The surface of the original steel EH47; (b) surface EDS analysis of EH47 steel; (c) the optical micrograph before
the immersion test of EH47 steel.

3.2. Electrochemical Characteristics of EH47 in Seawater

EH47 samples were immersed in seawater for 0, 14, 28 and 49 days for electrochemical
experiments. The open circuit potential, polarization curve and Nyquist diagram of
electrochemical impedance spectroscopy were measured.

3.2.1. Open Circuit Potential of EH47

The change in open circuit potential can indicate the corrosion state and corrosion
behavior of the material surface [27]. Figure 2 shows the open circuit potential curves of
EH47 steel samples immersed in seawater for different durations (0, 14, 28, and 49 days)
at room temperature. It can be seen from Figure 2 that the corrosion potential changes
significantly after total immersion in seawater for 14 days, and the minimum value is
obtained after 28 days of immersion. The variation in the open circuit potential from
14 days to 28 days is lower than that from 0 days to 14 days, which indicates that the
corrosion rate of EH47 steel is relatively slow with the increase in corrosion time from 14
days to 28 days. With further extension of the corrosion time, the open circuit potential
moves in the positive direction and the corrosion rate decreases gradually.
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Figure 2. Open circuit potential of the EH47 steel sample immersed in seawater for different dura-
tions.

3.2.2. Potentiodynamic Polarization Tests

Figure 3 shows the potentiodynamic polarization curves of the EH47 samples im-
mersed in seawater for different immersion durations (0, 14, 28, and 49 days) at room
temperature. It can be seen from Figure 3 that the cathodic branch at day 0 immersion
indicates the limiting diffusion control characteristics of the reduction reaction of dissolved
oxygen. The diffusion of dissolved oxygen cannot be more effectively inhibited because
there is no rust layer on the surface of the sample under this condition. With the increase
in immersion time, the cathodic branch at day 0 immersion is not significantly different
from 14, 28 and 49 days. The relatively smooth curves indicate that oxygen reduction can
occur but it is not diffusion-controlled. The limit control characteristics of dissolved oxygen
reduction on the surface of the steel with a rust layer have disappeared and changed to the
charge transfer control transformation dominated by the reduction of corrosion products in
the whole process of corrosion. The anode branch has a certain passivation characteristic,
and the passivation range is about 0.6 V (from −0.9 V to −0.2 V). The experimental steel
underwent a cathodic electrode reaction under the limit diffusion control of dissolved
oxygen; meanwhile, the anode electrode reaction underwent electrochemically active disso-
lution under the control of charge transfer (current). After forming a certain corrosion layer
thickness at the early stage of corrosion, the reductive corrosion product γ-FeOOH appears
in the corrosion layer [28]. As the corrosion reaction continues, the reduction reaction
(Fe3+ + e− → Fe2+) of the corrosion layer mainly occurs in the cathode region. With the
continuous reaction, Fe3O4 and β-FeOOH were formed with high stability in the corrosion
layer, which played a certain protective role, resulting in a relatively slow corrosion rate
and a relatively low corrosion current [29].

A comparison of the corrosion current density (Icorr) of samples at different corrosion
durations in seawater, according to the data in Table 1, shows that the maximum value of
Icorr is 1.444 × 10−4 A/cm2 on day 0, because there is no rust layer on the surface of the
day 0 immersion sample, and that the oxygen on the surface of the sample is sufficient, the
anodic dissolved Fe2+ can diffuse rapidly, and the corrosion rate is the fastest [30]. With the
prolongation of immersion time, the Icorr of the EH47 steel sample first decreases and then
increases, and reaches the minimum value of 8.093 × 10−5A/cm2 at day 28 immersion.
Because of the dense and tight corrosion layer formed on the surface of the sample under
this condition, which plays a prominent role in protecting the matrix and hinders the
diffusion of Fe2+ generated by the anodic reaction on the steel surface in seawater, the
corrosion resistance of the sample is relatively good at day 28 immersion. With a further
increase in immersion time, the rust layer formed on the surface of the sample is easily
removed after long-term immersion in seawater, which provides a channel for the diffusion
of iron ions into seawater under the condition of sufficient O2 [31]. Furthermore, the
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corrosion products become loose and porous, and the protective effect of the corrosion
layer on the matrix is weakened, which makes the Icorr of the EH47 steel sample increase
after 49 days of immersion [5,32,33].

Figure 3. Potentiodynamic polarization curves of the EH47 samples immersed in seawater for
different durations.

Table 1. Results of fitting polarization curves of the EH47 sample immersed in seawater for different
corrosion durations.

Corrosion Time (d)
Corrosion Potential,

vs. SCE
Corrosion Current
Density (A/cm2)

Passive Domain, vs.
SCE

0 −0.915 1.444 × 10−4 −0.8~−0.2
14 −0.934 1.107 × 10−4 −0.8~−0.5
28 −0.924 8.093 × 10−5 −0.8~−0.2
49 −0.995 1.030 × 10−4 −0.9~−0.2

3.2.3. EIS Measurements

Electrochemical impedance spectroscopy is an effective method in the field of corrosion
electrochemistry [34]. Figure 4 shows the Nyquist diagrams of EH47 steel corroded in
seawater for different immersion durations (0, 14, 28, and 49 days). It can be seen from
Figure 4 that the obvious capacitive arc is an incomplete semicircle. The radius of the
semicircle arc increases gradually. With the extension of full immersion time, the radius
of the semicircle arc decreases, which may be caused by the thickening of the rust layer
affecting the charging and discharging process. Among them, the arc radius of the day
28 immersion sample is the largest, which indicates that the impedance is the largest, the
corrosion rate is the smallest, and the corrosion resistance is good. The arc radius of the
day 0 immersion sample is the smallest, which indicates that its impedance is the smallest
and the corrosion rate is the largest, which is consistent with the results of the polarization
curve analysis above.
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Figure 4. Nyquist diagrams of the EH47 sample immersed in seawater for different durations.
Z′—real part of electrochemical impedance; Z”—imaginary part of electrochemical impedance.

Figure 5 shows the Bode diagrams of the samples immersed in seawater for different
durations. Figure 5a shows the phase angle versus frequency. It can be seen that the phase
angle of 28 days immersion is close to the maximum value. Figure 5b shows that the
impedance modulus value increases with the decrease in frequency in the frequency range
from 10−1 Hz to 10 Hz, and the maximum impedance is obtained at day 28 of immersion.
Figure 5 further demonstrates that the corrosion resistance of the day 28 immersion sample
is the best.

Figure 5. Bode diagrams of EH47 samples immersed in seawater for different durations. (a) Bode diagram of phase angle
versus frequency. (b) Bode diagram of Z versus frequency.

The equivalent circuit diagram used for fitting the impedance data is shown in Figure 6.
In this circuit, Rs represents the solution resistance, Rct is the charge transfer resistance of
the corroded samples and Rrust is the resistance of the corrosion products on the sample
surface.
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Figure 6. The equivalent circuit used for fitting the impedance data.

CPE (constant phase element) reflects the capacitance behavior, which is a frequency-
dependent capacitance expressed the following equation:

CPE = [Q (Jω)n]−1 (1)

where Q is a frequency independent constant, J is the imaginary unit, ω is the angular
frequency, n is an exponential term. If n = 0, the impedance is ideal resistance, while it is
ideal capacitance if n = 1, and 0 < n < 1 represents the deviation from the ideal capacitance,
which is correlated with the surface roughness and defect [35,36].

The n values corresponding to the four groups of different days of immersion in
this experiment are all greater than 0.6, which indicates that the diffused impedance
characteristics with limited retention layer [26], and the corrosion layer generated on
the sample surface after corrosion reaction has produced a barrier effect on the solution,
meanwhile, the diffusion reaction of ions contained in the solution to the matrix is limited.
Y0 is a parameter with dimensions of Ω−1cm−2·s−n, CPE1 represents the capacitance in
parallel with Rct and CPE2 represents the capacitance in parallel with Rrust. Meanwhile, n1
is the exponential term correlated with Rct, and n2 is the exponential term correlated with
Rrust.

The inhibition efficiencies of the inhibitor from EIS are calculated using the following
equation:

IE% =
Rct − R0

ct
Rct

× 100 (2)

where Rct and R0
ct are the charge transfer resistance in the presence and absence of inhibitor,

respectively.
The data was fitted by Zview (Zview3.1, San Francisco, CA, USA). The fitting results

are listed in Table 2.

Table 2. Fitting parameters of EIS of different EH47 samples.

t(d)
Rs/

(Ω·cm2)
Rct/

(Ω·cm2)

CPE1
n1

Rrust/
(Ω·cm2)

CPE2
n2 IE%

Y0/·Ω−1cm−2·s−n Y0/·Ω−1cm−2·s−n

0 12 12 0.0007 0.98 380 0.0017 0.75 0
14 8 8 0.0029 0.60 1623 0.0020 0.87 50
28 19 171 0.0015 0.75 2458 0.0016 0.93 92
49 23 90 0.0003 0.66 1103 0.0019 0.95 86

3.3. The Corrosion Mechanism of EH47
3.3.1. The Phase Composition of the Corrosion Products for EH47

In order to study the phase composition of the corrosion products of EH47, the X’Pert
Powder X-ray diffractometer was used to analyze the corrosion layer of the experimental
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steel. The X-ray diffraction analysis results of the corrosion products of EH47 after im-
mersion in seawater for 49 days are shown in Figure 7. It can be seen that the corrosion
products formed on the surface of EH47 steel are mainly composed of FeOOH, Fe3O4 and
Fe2O3 phases.

Figure 7. XRD pattern of the corrosion product of EH47 after full immersion in seawater for 49 days.

After the EH47 steel sample is immersed in seawater for 49 days, the corrosion
product layer extends from the outer layer to the inner part, and the content of O element
gradually decreases, while the content of Fe element gradually increases, corresponding
to the results of the previous energy spectrum analysis, which reflects the characteristics
of comprehensive corrosion [37]. In the early stage of corrosion, due to the existence
of inclusions in EH47 steel and the inhomogeneous composition of the sample surface,
numerous microcells will occur on the surface of the sample immersed in seawater. The
equation of this reaction is as follows:

Anodic reaction:
Fe → Fe2+ + 2e− (3)

Cathodic reaction:
O2 + 2H2O + 4e− → 4OH− (4)

Dissolved Fe2+ is deposited on the metal surface and is hydrolyzed and oxidized to
Fe3+ and finally γ-FeOOH is formed. The corrosion reaction is as follows:

Fe2+ + H2O → FeOH+ + H+ (5)

2FeOH+ + O2 + 2e−→ 2γ-FeOOH (6)

With the progress of the reaction, the dissolved iron will continue to be oxidized to the
unstable intermediate after deposition, and the intermediate will be further oxidized after
dehydration to form β-FeOOH. With further corrosion, the corrosion layer will thicken
and the dissolved oxygen will be difficult to diffuse to the surface of the steel substrate. A
part of γ-FeOOH is transformed into α-FeOOH by amorphous iron hydroxide, and parts
of β-FeOOH and γ-FeOOH are reduced to Fe3O4 due to the cathodic reaction.

Cathodic reaction:

6FeOOH + 2e−→ 2Fe3O4 + 2H2O + OH− (7)

Therefore, the corrosion products of EH47 steel after immersion in seawater for 49
days are mainly composed of FeOOH, Fe3O4 and Fe2O3.
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3.3.2. The Microstructure of Corrosion Products of EH47 Formed on the Sample Surface
under Different Full Immersion Corrosion Times

It can be seen that corrosion products formed on the sample surface are light yellow
and loose granular clusters in a network distribution, and a small part of the corrosion
products are aggregated into blocks, while a small part of the dark brown substrate is
exposed after 20 days of immersion in seawater (Figure 8a). The corrosion products on
the surface of the sample become large lumps, and some of the corrosion products fall off,
and the exposed part of the black matrix increases as shown in Figure 8b after 40 days
of immersion. As shown in Figure 8c, the color of corrosion products on the surface of
the sample becomes darker after 60 days of immersion. The newly generated light yellow
corrosion products appear on the original dark yellow corrosion products in irregular
network blocks. The surface of the sample is almost completely covered by the newly
pale yellow corrosion products, with obvious thickness differences between the upper and
lower layers, as shown in Figure 8d, after 80 days of immersion.

Figure 8. The OM microstructure of corrosion products of EH47 formed on the sample surface under different full immersion
corrosion times: (a) 20 days, (b) 40 days, (c) 60 days, and (d) 80 days.

3.3.3. The Mechanism of Immersion Corrosion of EH47

In order to investigate the mechanism of immersion corrosion of EH47, the full
immersion corrosion tests were performed in natural seawater for different total immersion
durations. Furthermore, the rust layer on the surface of the sample for different total
immersion durations was removed and the cross section of the sample matrix after the full
immersion corrosion tests in natural seawater were measured by SEM and EDS to study
the mechanism of immersion corrosion of EH47.
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Figure 9 shows the SEM and EDS diagrams of the sample matrix. In order to investi-
gate the corrosion mechanism, the sample matrix was obtained after the rust layer on the
sample surface for different durations was removed.

Figure 9. SEM and EDS diagram of the sample surface in which the rust layer was removed after different seawater
immersion durations: (a) 20 day (500×); (b) 40 day (500×); (c) 20 days; (d) EDS (20 days); (e) 40 days; (f) EDS (40 days);
(g) 80 days; (h) EDS (80 days).
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Figure 9a,b show low magnification SEM images of the sample matrix. It can be seen
from that the corrosion products on the surface of the substrate after 20 days of immersion
show massive accumulation. Figure 9b shows the rust layer on the surface of the sample
after 40days of immersion. It can be seen from the figure that the corrosion products on
the surface of the matrix are of poor continuity and there are many black cracks and black
holes on the corrosion product film.

Figure 9c,e,g show high magnification SEM images of the sample matrix. Figure 9c
presents that the continuity of the corrosion products is poor, and the black pitting holes in
the corrosion product film indicate that pitting corrosion has occurred. The EDS test results
on the surface of the substrate are shown in Figure 9d. After 20 days of immersion, the
surface of the substrate is mainly Fe, O, C, Mn and Cu, with the highest content being that
of Fe, and a small amount of Cr, Co and Ni are also detected. It can be seen from Figure 9e,
which indicates the corrosion mechanism here is mainly crevice corrosion, that there are
many black cracks on the matrix of corrosion products after 40 days of immersion. Crevice
corrosion is a strong localized corrosion of a metal surface immersed in seawater (or other
corrosive media), often occurring in crevices. The principle of crevice corrosion is similar
to pitting corrosion. The anode is in the crevice, and the cathode is in the large area outside
the crevice, thus forming the corrosion battery. Cl− can be enriched and H+ can be formed
in the crevices, reducing the pH value. The crevice corrosion is mainly due to the existence
of gaps, leading to dielectric inhomogeneity caused by the media. The EDS test results on
the surface of the substrate are shown in Figure 9f. After 40 days of immersion, the surface
of the substrate is mainly Fe, O, C, Mn and Cu, and a small amount of Cr, Co, Ni and Na
can also be detected. Figure 9g shows the SEM of the sample substrate after 80 days of
immersion. It can be seen that the corrosion products on the surface of the matrix are of
poor continuity, where black holes and fine cracks appear in the corrosion products. This
shows that pitting and crevice corrosion occur with the increase in corrosion time. The
EDS test results on the surface of the substrate are shown in Figure 9h. After 80 days of
immersion, Fe, O, C and Mn are the main parts of the surface of the substrate. A small
amount of Cr, Co and Ni are detected because the EDS energy spectrum just hits the matrix,
and is not affected by the corrosion products, and the seawater composition is not detected.

Figure 10 shows the SEM and EDS of the cross section of the sample matrix after
immersion in natural seawater for different total immersion durations, which removed the
rust layer on the surface of the sample. As shown in Figure 10a, a continuous inner rust
layer was formed after 20 days of corrosion. The uniformity of the rust layer is poor, and
some areas show pitting morphology. The EDS test is carried out on the cross section of the
matrix shown in Figure 10b. The test results show that little Cl− is detected in the inner area
of the rust layer, which indicates that the content of Cl− in the rust layer near the substrate
is very low, the rust layer has a protective effect, and the content of Ca2+ is high. Figure 10c
shows the SEM of the cross section of the sample matrix after 40 corrosion days. It can be
seen that the continuous inner rust layer has been formed on the sample surface and the
uniformity of the rust layer is poor. Meanwhile, the flake corrosion products and obvious
pitting pits can be observed in some areas. The EDS test results on the cross section of the
matrix are shown in Figure 10d. The EDS results show that Ca2+ content detected inside
the rust layer is high, which may be caused by the deposition of salt in seawater on the
surface of the corrosion products. The content of Cl− compared with that of 20 corrosion
days is increased. Figure 10e shows that the rust layer on the surface of the sample is still
discontinuous after 80 days of corrosion, and there are obvious cracks separating the rust
layer, which is caused by crevice corrosion. The EDS test results are shown in Figure 10f.
Ca2+ and O2+ are detected in the inner area of rust layer after 80 days of corrosion, and Cl−
is also detected, which is lower than that of 40 days of immersion and higher than that of
20 days of immersion.
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Figure 10. SEM and EDS diagram of a cross-section of sample substrate after different seawater immersion durations:
(a) 20 days, (b) EDS (20 days), (c) 40 days, (d) EDS (40 days), (e) 80 days, (f) EDS (80 days).

SEM and EDS were used to observe and analyze the rust layer on the surface of the
sample after 20 days of total immersion corrosion in seawater. it is found that the corrosion
products are mainly laminated with poor continuity. There are black holes in the corrosion
product film, which indicates that pitting corrosion is the main corrosion mechanism. After
40 full days of immersion, the corrosion products are laminated and reticulated, and there
are still black holes in the corrosion products. The samples show slight cracks, which
indicates that the corrosion mechanism is mainly pitting corrosion, accompanied by a small
amount of crevice corrosion. After 80 days of corrosion, obvious cracks appear on the
surface of the sample, which is the starting point of crevice corrosion. Local corrosion,
such as pitting and crevice corrosion, occurs easily in seawater due to the local failure of
passivation. Through the EDS analysis of the cross section of the matrix, it can be seen
that Ca2+ appears on the surface of the matrix, and the content of Ca2+ is high, which may
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be caused by salt deposition on the surface of the corrosion products in seawater. At the
same time, a very small amount of Cl− appears, indicating that the rust layer still has a
protective effect, preventing Cl− penetration, and the corrosion layer is relatively stable.

4. Conclusions

In this paper, electrochemical corrosion tests and the full immersion corrosion experi-
ments were performed in seawater at room temperature to investigate the electrochemical
corrosion behavior and the corrosion mechanism of high-strength EH47. The main conclu-
sions obtained by the analyses are as follows:

• With an increase in immersion time, the open circuit potential of EH47 decreases and
then increases, with the minimum at 28 days of immersion.

• With an extension in immersion time, the corrosion current density (Icorr) of EH47
steel first decreases and then increases, with the minimum at 28 days of immersion.
Furthermore, the arc radius of the 28 days of immersion sample is the largest, which
indicates that the impedance is the largest, the corrosion rate is the smallest and the
corrosion resistance is good.

• The corrosion products of EH47 steel after immersion in seawater are mainly com-
posed of FeOOH, Fe3O4 and Fe2O3 phases.

• The corrosion mechanism of EH47 steel in the initial stage of corrosion is mainly pitting
corrosion, and furthermore, the corrosion mechanism is mainly pitting corrosion with
a small amount of crevice corrosion with increased corrosion time.
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Abstract: In this work, composite Ni–P-multiwalled carbon nanotube films were produced by elec-
troless deposition. The main goal was to investigate the influence of multiwalled carbon nanotube
loading on the local electrochemical behavior of the composite films, as probed by scanning electro-
chemical microscopy (SECM). The coatings were also characterized with respect to their crystalline
structure, surface, and cross-section morphologies. Adhesion strength was examined by scratch
tests. The global electrochemical behavior was evaluated by potentiodynamic polarization. The local
electrochemical activity was investigated by probing the Fe2+ oxidation in the surface generation/tip
collection mode of the SECM. The results revealed that multiwalled carbon nanotubes increased the
adhesion strength and reduced the electrochemical activity on the surface of the coated samples.

Keywords: Ni–P/MWCNT composite coatings; electroless deposition; corrosion; scanning electro-
chemical microscopy

1. Introduction

Pipeline steels are manufactured from high-strength low-alloy steels (HSLA) to meet
the strict requirements of the oil and gas industry with respect to its increasing demand for
weight reduction and enhanced productivity in the transportation of their products [1,2].
The intrinsically high mechanical strength of HSLA steels accounts for their reliable oper-
ation in oilfield production [3]. Notwithstanding, the harsh environments to which they
are subject pose challenging design issues related to both wear and corrosion control [4,5].
In view of the critical role played by HSLA steels in the safe operation of transmission
pipelines, it is of prime importance to properly manage surface properties and to guarantee
long-term operation without failure [6].

Corrosion is particularly pointed as a major cause of degradation of the load bearing
capacity of HSLA transmission pipelines [7]. Coatings have been traditionally employed
to protect the internal tubing walls from corrosion in the petroleum industry [8,9]. Epoxy-
based organic coatings are often employed with this purpose due to their chemical inertness
and strong adhesion to metallic substrates [10]. It is well-known, though, that these
materials lose their barrier properties with time, allowing electrolyte penetration through
pores and flaws and, ultimately, to adhesion failure [11].

Electroless nickel coatings have emerged as a viable alternative to overcome the
above-mentioned limitations [12]. These coatings are based on conventional binary Ni–
P films and have consolidated engineering applications in the automotive, aerospace,
and food industries [13]. They owe their outstanding performance to a combination of
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strong adhesion in a variety of substrates, shapes and sizes, and high hardness in the
annealed state, due to the precipitation of nickel phosphides promoting good wear and
corrosion resistance [14,15]. In recent decades, further developments in the electroless
deposition of nickel-based coatings have been driven by growing needs for optimized
surface properties of metallic materials to expand their applicability to more aggressive
environments. Ternary, quaternary, and composite coatings have been developed with
this purpose [16–19]. Co-deposition of a variety of inorganic particles has been tested
for the electroless plating of Ni–P composite coating, such as SiO2, SiC, TiO2, ZrO2 and
B4C [20–24].

Carbon nanotubes (CNT) have also been employed to reinforce particles for electro-
less Ni–P coatings. Several authors [25,26] reported that multiwalled carbon nanotubes
(MWCNT) improved the friction and wear properties of conventional electroless Ni–P.
In addition to improved wear behavior, corrosion resistance is often reported as being
favorably affected by incorporating CNT particles into the Ni–P matrix. The intrinsic
chemical inertness and high length-to-diameter ratio of the CNTs would account for the
optimized corrosion protection ability of the Ni–P–CNT coatings [27,28]. The ability of
the CNT particles to block pores and cavities in the coating layer is associated with the
improved barrier properties of the composite coatings [29,30].

In the present work, we expand the current knowledge related to the development of
electroless Ni–P/MWCNT coatings by evaluating the local electrochemical activity using
scanning electrochemical microscopy (SECM). Its use as an analytical tool to investigate
local corrosion processes of a variety of metallic alloys has been reported in the literature.
Both uncoated and coated alloys have been probed [31,32]. SECM can detect the local
electrochemical activity associated with nucleation of pits, dissolution of metallic inclusions,
and defects through coatings [33–35]. In this respect, for the first time we report the
assessment of the local electrochemical activity of Ni–P/MWCNT composite coatings by
SECM. Furthermore, Ni–P/MWCNT on HSLA pipeline steels is innovative. In order to
support discussion on the electrochemical results, film structure and adhesion properties
of the deposited layers were also evaluated.

2. Materials and Methods

2.1. Substrate and Coating Preparation

API 5L X80 pipeline steel (Usiminas, Ipatinga, MG, Brazil) was employed as substrate.
Its chemical composition is shown in Table 1. Specimens were cut from the as-received
plate into rectangular pieces with the final dimensions of 30 mm × 30 mm × 5 mm. Before
deposition, the specimens were ground with silicon carbide waterproof paper up to grit
1200. Next, the surface was cleaned with alcohol, rinsed with deionized water, and dried
with a heat gun.

Table 1. Chemical composition of the API 5L X80 steel plate (wt.%).

C Mn Si P S Nb Al Cr V Fe

0.04 1.75 0.20 0.02 0.002 0.065 0.025 0.11 0.025 Bal.

Electroless deposition was accomplished by preparing a Ni–P plating bath consisting
of nickel sulfate (30 g.L−1), nickel hypophosphite (40 g.L−1), sodium citrate (10 g.L−1),
acetic acid (10 mL.L−1), lactic acid (10 mL.L−1), and sodium hydroxide (40 g.L−1). Sodium
dodecyl sulfate (2 g.L−1) was added to facilitate dispersion of the multiwalled carbon
nanotubes in the bath. The bath was operated at 88 ◦C and was magnetically stirred
during deposition. The pH was 4.5, adjusted with ammonium hydroxide. Multiwalled
carbon nanotubes (MWCNT) were purchased from the Federal University of Minas Gerais
(Brazil). Three different CNT concentrations were added to the plating bath: 0.25 g.L−1,
0.50 g.L−1, and 1.0 g.L−1. These samples are designated as CNT-0.25, CNT-0.50, and
CNT-1.0 throughout the text.
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Before deposition, the specimens were cleaned in an alkaline solution consisting of
10 wt.% NaOH at 50 ◦C and activated in a 50% vol. H2SO4 solution at room temperature.
After washing with deionized water, the specimens were immersed in the plating bath. The
total deposition time was 2 h. After deposition, the specimens were annealed at 400 ◦C for
1 h in a tubular furnace under argon atmosphere, followed by cooling inside the furnace.

2.2. Structural, Morphological and Adhesion Characterization

The crystalline character of the Ni–P/MWCNT composite coatings was assessed by
X-ray diffractometry (Rigaku DMAX-2000) in the θ-2θ configuration, employing Cu-kα
radiation. The 2θ range was from 20◦ to 70◦. The surface morphology and cross-sections of
the different coatings were examined by scanning electron microscopy (SEM) coupled to
an X-ray energy dispersive spectrometer (EDS) to study the elemental composition at the
coating/substrate interface.

The adhesion strength of the Ni–P/MWCNT layers was evaluated through scratch
tests by means of a Ducom T101 apparatus equipped with a Rockwell C-type diamond tip.
The normal load was continuously increased from 1 N to 38 N at a rate of 2 N.min−1, a
scratch velocity of 0.5 mm.s−1, and a total scratch length of 10 mm. Confocal laser scanning
microscopy (Olympus, LEXT OLS4100) was employed to evaluate the penetration depth
of the indenter and topographic features at the interface between the unscratched and
scratched regions.

2.3. Global and Local Electrochemical Tests

Conventional electrochemical tests were carried out using an Autolab M101 poten-
tiostat/galvanostat. A classical three-electrode cell set up was employed with a platinum
wire as the auxiliary electrode, Ag/AgCl as the reference, and the coated API 5L X80
specimens as the working electrodes. The tests were performed in 3.5 wt.% NaCl solution
at room temperature. Initially, the open circuit potential was monitored for 1 h. Right
after, electrochemical impedance spectroscopy measurements were made at the OCP in the
frequency range from 100 kHz to 10 mHz. The amplitude of the perturbation signal was
±10 mV and the acquisition rate was 10 points per decade. Next, the samples were subject
to potentiodymamic polarization by sweeping the potential between −300 mV versus the
OCP up to +1, 0 VAg/AgCl at 1 mV.s−1.

SECM current maps were acquired using a commercial Sensolytics system, oper-
ating in the substrate generation-tip collection mode (SG-TC). In this operation mode,
electroactive species generated on the corroding surfaces are reduced or oxidized at the
tip, providing the values of the current related to electrochemically active sites on the
material [36,37]. The SG-TC operation mode was reported in the investigation of localized
corrosion sites on the stainless steel [33,38], whereby the selective monitoring of reacting
species provided from the specific reactions required the operation of the corroding system
without the need to insert a redox mediator to reach electrochemical responses. In this
present work, the SG-TC operation mode was used to investigate the electrochemical
activity of the studied material associated with the localized production of Fe2+ ions above
the surfaces. Thus, Fe2+ ions produced from the corrosion of the material is sensed in an
oxidation reaction at the Pt tip, according to Equation (1).

SECM current maps were acquired using a commercial Sensolytics system, operating
in the substrate generation-tip collection mode (SG-TC). The reaction shown in Equation
(1), which is typical of ferrous alloys corrosion in aqueous media [33,37], was probed by
biasing the tip at +600 VAg/AgCl.

Fe2+ ↔ Fe3+ + e (1)

A glass-insulated 10 μm diameter Pt microelectrode was used as the tip, Ag/AgCl
as the reference electrode, and a Pt wire as the auxiliary electrode. The specimens were
mounted horizontally facing upwards. The tip was at a height of 30 μm above the substrate
surface. The potentials were controlled with a bipotentiostat coupled to the SECM system.
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The specimens were at the open circuit potential. The measurements were carried out in a
0.1 M NaCl solution at room temperature. The electrolyte was less concentrated than that
used for the global electrochemical tests, as the results obtained in 3.5 wt.% NaCl did not
allow to distinguish the local electrochemical response of each sample by SECM due to
excessively high current densities measured throughout the probed area.

3. Results

3.1. X-ray Diffraction

XRD patterns of the Ni–P and Ni–P/MWCNT composite coatings are shown in Figure 1.

θ

∗
♦

♦

∗

Figure 1. XRD patterns of the Ni–P and Ni–P/MWCNT coatings.

The presence of Ni3P crystallites is clearly observed in the pattern of the conventional
Ni–P film. These species are typical of electroless nickel coatings and are formed during
annealing [39,40]. Strong reflections of the Ni (100) and (200) crystalline planes are also
observed. The crystalline character of the composite coatings was affected by the carbon
nanotubes. The strong Ni (200) reflection of the conventional Ni–P coating was markedly
decreased for the Ni–P–CNT coatings, whereas the Ni (100) became the preferential orienta-
tion. Furthermore, the CNT-1.0 presented a steep reduction in the intensity of its diffraction
peaks, indicating that the coating became less crystalline when CNT concentration was
increased. This effect was observed by other authors [41], being attributed to a distortion
of the crystalline nickel matrix by the incorporation of CNT particles.

3.2. SURFACE and Cross-Section Morphology

The morphology of the conventional Ni–P and Ni–P/MWCNT composite coatings was
examined by scanning electron microscopy (SEM). Figure 2 shows the SEM micrographs
(secondary electrons mode) of the top surfaces.

The binary Ni–P film displays a typical nodular morphology (Figure 2A). The nodular
structure is associated with nucleation and growth of the deposit during electroless plating.
A high nucleation rate is reported to enhance the number of nodules during deposition [42].
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By adding the CNT filler into the plating, the nodules size became finer. The nodular
morphology is less clearly perceived for CNT-0.25 (Figure 2B) due to their small size;
this effect is enhanced for the coatings obtained in the baths with higher CNT loadings
(Figure 2C,D). In this respect, the CNT particles tend to increase the nucleation rate during
electroless deposition, as previously observed by Xu et al. [39]. As a consequence, the
coating surface assumes a more compact character which, in turn, can affect the corrosion
resistance in a positive way.

Figure 2. SEM micrographs of the top surfaces of the nickel-based coatings: (A) Ni–P; (B) CNT-0.25; (C) CNT-0.5; (D) CNT-1.0.

Coating thickness was examined by SEM/EDS analyses of the cross-sections. Figure 3
shows the results obtained for the CNT-0.25 film. The results for the other samples are very
similar (not shown) and are provided as supplementary files.

The interface between film and substrate can be clearly distinguished by examining
Figure 3B (Ni mapping), Figure 3C (P mapping), and Figure 3D (Fe mapping). Coating
thickness was approximately 4.5 μm. The coating follows a continuous interface with
the substrate with no signs of broken-off sites, suggesting it is well-adhered. Similar
features were observed for the other Ni–P/MWCNT films (Supplementary Materials—
Figure S1). Electroless nickel coatings are reported to present good adhesion to metallic
substrates [40]. The results obtained in the present work point towards this direction.
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Additional characterization of the adhesion properties of the composite coatings was
undertaken by scratch tests. The results are shown in Section 3.3.

Figure 3. EDS mapping of the cross-sections for CNT-0.25: (A) SEM micrograph; (B) Ni; (C) P; (D) Fe.

3.3. Scratch Tests

Adhesion is a must-attend feature of protective coatings. In spite of its relevance,
adhesion properties of Ni–P/MWCNT composite coatings are not commonly reported in
the literature. The results obtained by scratch tests of the Ni–P and Ni–P/MWCNT coatings
are shown in Figure 4. The CLSM 3D views of the scratched regions are shown as well as
the transverse profiles along the lines marked in the 3D micrographs. The width (average
of ten measurements over the scratch length) and maximum depth of the scratched regions
were determined from these lines. The results are shown in Table 2. By evaluating the
transverse profiles, it is evident that MWCNT loading greatly affected the scratched region.
Both the width and the depth were reduced as the MWCNT loading in the plating bath
increased. The shallowest scratch was measured for the CNT-1.0 sample which was also
the narrowest one. The conventional Ni–P film, in turn, presented the deepest and widest
scratch. This result points to the strong hardening effect of MWCNT addition into the Ni–P
matrix, confirming the results obtained by other authors [43].
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Figure 4. 3D views of the scratched region and the corresponding transverse profile along the lines marked in the
micrographs: (a) Ni–P; (b) CNT-0.25; (c) CNT-0.5; (d) CNT-1.0.
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Table 2. Scratch dimensions of the Ni–P and Ni–P/MWCNT coatings.

Sample Width (μm) Maximum Depth (μm)

Ni–P 538 ± 35 101

CB-0.25 442 ± 27 47

CB-0.50 252 ± 24 37

CB-1.0 188 ± 3 32

The critical role played by MWCNTs in the adhesion strength of the Ni–P layer to the
pipeline steel substrate is also perceived from the 3D views presented in Figure 4. The
conventional binary Ni–P coating was delaminated over the scratch length, as can be seen
from the relatively wide dark region in the vicinity of the scratched area in Figure 4a. In
spite of the reduction in both the scratch width and depth with respect to the Ni–P film,
the CNT-0.25 film also presented a relatively wide dark region along the scratch, indicating
that coating delamination (Figure 4b) had occurred in a similar way of that observed for the
conventional unfilled Ni–P matrix. As the MWCNT loading increased, though, different
features could be perceived along the scratch line. As seen in Figure 4c, the delaminated
area was greatly reduced for the CNT-0.50 sample in comparison with the CNT-0.25 and
Ni–P. Such a trend was also observed for the CNT-1.0 sample (Figure 4d). For this condition,
the spalling area in the surroundings of the scratch scar is confined within a narrower
region. Spalling avoidance is associated with a better mechanical load accommodation
during scratch tests of nickel-based coatings [44]. In this respect, our results point that
the CNT particles had a beneficial effect on the adhesion properties of the Ni–P/MWCNT
composite coatings.

3.4. Global Electrochemical Tests

EIS results are represented as Nyquist plots, as shown in Figure 5. All samples are
characterized by capacitive loops in the medium to low frequencies, whose diameter de-
pends on the MWCNT loading in the coating. As pointed out in the literature, the corrosion
resistance is associated with the diameter of the Nyquist plots, since it is associated with
the polarization resistance of the electrode [45,46]. The uncoated substrate presented very
low impedance values when compared to the coated samples. As a consequence, its
Nyquist plot is only seen when the impedance scales are expanded, as shown in the inset of
Figure 5. The impedance values were greatly enhanced for the coated samples, indicating
its beneficial effect on the corrosion resistance of the steel substrate.

The Nyquist plot of the Ni–P exhibits a bigger diameter when compared to the
uncoated sample, revealing the increased corrosion resistance imparted by the electrolessly
deposited film. A progressive increase in the diameter of the Nyquist plot is observed
by incorporating MWCTs into the Ni–P. The CNT-1.0 is the most corrosion-resistant, as
suggested by its large capacitive loop.

The corrosion resistance of the Ni–P and Ni–P/MWCNT coated samples was further
evaluated by potentiodynamic polarization tests after 1 h of immersion in 3.5 wt.% NaCl
solution at room temperature. The results are shown in Figure 6. The uncoated API 5L
X80 steel substrate was also tested for comparison purposes. The corrosion potential (Ecorr)
and corrosion current densities (icorr) were determined from these curves by means of the
Tafel extrapolation method. The results are displayed in Table 3, along with the protection
efficiency (P%) of the different coatings, as calculated from Equation (2).

P% =

(
1 − i∗corr

i0corr

)
× 100 (2)

where i∗corr and i0corr are the corrosion current densities of the coated and uncoated sub-
strate, respectively.

170



Metals 2021, 11, 982

 

Figure 5. Nyquist plots of the Ni–P and Ni–P/MWCNT coatings after 1 h of immersion in 3.5 wt.%
NaCl solution at room temperature.

Figure 6. Potentiodynamic polarization curves of the Ni–P and Ni–P/MWCNT coatings after 1 h of
immersion in 3.5 wt.% NaCl solution at room temperature.

Table 3. Corrosion parameters of the uncoated substrate, Ni–P and Ni–P/MWCNT coatings.

Coating Ecorr (mVAg/AgCl) icorr (μA.cm−2) p(%)

Uncoated −778 20.3 —-
Ni–P −540 4.17 79.5

CNT-0.25 −394 3.28 83.8
CNT-0.5 −388 2.38 88.3
CNT-1.0 −413 2.01 90.1
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The corrosion potential (Ecorr) of the conventional Ni–P coating was shifted to the
nobler direction with respect to the uncoated substrate. This trend was also observed
for the composite Ni–P/MWCNT films. Notwithstanding, there is no clear tendency of
increasing Ecorr with the MWCNT loading. The electrochemical stability of the electrode
surface is associated with Ecorr, which increases as this parameter is shifted towards more
anodic values [47]. The intrinsic low reactivity of carbon nanotubes [48] is likely to be
responsible for the nobler Ecorr values, compared with the uncoated substrate and the
conventional Ni–P film.

All coatings markedly decreased the corrosion current density of the API 5L X80 steel
substrate. The reduced icorr scaled with the carbon nanotube was loaded in the plating bath.
The protection efficiency of each coating is also presented in Table 3, showing the higher
protectivity of the CNT-1.0 condition. Moreover, the anodic currents are lower for the
composite Ni–P/MWCNT films when compared to the conventional Ni–P layer. It is also
noteworthy that the polarization curves of the composite films presented a well-defined
passive region that is not seen for the uncoated substrate or the Ni–P film. Both the intrinsic
chemical inertia of carbon nanotubes and the possibility of blocking small pores in the Ni–P
matrix were reported as the main causes of the increased corrosion resistance of electroless
Ni–P–CNT composite coatings [49].

3.5. Scanning Electrochemical Microscopy (SECM)

SECM 2D maps of the uncoated API5LX80 steel, Ni–P, and composite Ni–P/MWCNT
coatings are shown in Figure 7. The maps were recorded in 0.1 M NaCl at room temperature.
The tip was biased at +600 mVAg/AgCl to sense the formation of Fe2+ ions generated at the
sample surface. The sample was unbiased.

During the corrosion process of this type of material, the oxidation of Fe2+ to Fe3+

occurs in the anodic sites, in which the Fe2+ ions are originated from the material dissolution.
Thus, Fe2+ ions produced from the corrosion process are available on the surface. Thereby,
when the Pt tip (polarized at +600 mVAg/AgCl) passes over the anodic sites, Fe2+ ions
are oxidized to Fe3+, according to Equation (1). Hence, since Fe2+ production is a primary
feature of the anodic regions on the surface, the SECM maps shown in Figure 6 display
the electrochemical activity of the studied surfaces related to possible active domains of
Fe2+ ions. Higher oxidation current values indicate greater electrochemical activity of
the surface.

The SECM maps show current spikes where the electrochemical activity is higher at
the probed surface. The uncoated substrate presented the highest currents over the whole
area, indicating that the electrochemical activity is more intense when compared to the
coated material. There is no preferential site for current spikes, suggesting that corrosion
does not occur by a localized attack, which is in agreement with the potentiodynamic
polarization curve shown in Figure 6 for the bare substrate.

The currents were significantly reduced for the Ni–P film, indicating the protective
character of the electrolessly deposited layer, leading to a decrease in the electrochemical
activity probed by the tip near the sample surface. The cathodic values of the measured
currents confirm the low activity for Fe2+ oxidation.

Izquierdo et al. [50] reported that the cathodic currents can be due to the fact that once
the concentration of Fe2+ ions is low at the metallic surface, these species are likely to be
easily oxidized to Fe3+ before diffusing to the bulk electrolyte. The cathodic current would
then be probed at regions where Fe3+ ions are formed according to reaction (1). The presence
of such regions would indicate that the film, although presenting low electrochemical
activity, is prone to corrosion at its defective sites. It is possible to see in the SECM map
shown in Figure 7B that the current values vary throughout the surface, suggesting that it
is not homogeneous with respect to the sites where Fe2+ oxidation occurs.
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Figure 7. SECM 2D maps obtained with the tip biased at +600 mVAg/AgCl and the sample at the open circuit potential:
(A) uncoated substrate; (B) Ni–P layer; (C) CNT-0.25; (D) CNT-0.50; (E) CNT-1.0. Electrolyte: 0.1 M NaCl solution at
room temperature.
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The probed anodic currents are low on the surface of the CNT-0.25 sample (Figure 7C)
when compared to the uncoated substrate, revealing the beneficial effect of carbon nan-
otubes in reducing the electrochemical activity of the metallic substrate. The current values
are homogeneous over the probed area. The CNT-0.50 film, in turn, presented several
current fluctuations on the SECM map and values that are slightly cathodic (Figure 7D).
These low cathodic currents are likely due to the absence of the electroactive probed species
(Fe2+ ions), indicating the lower activity of the CNT-0.50 film when compared with the
CNT-0.25 film. This result agrees well with the global electrochemical behavior described
in the previous section.

The currents are predominantly anodic over the surface of the CNT-1.0 sample, as
shown in Figure 7E. The maximum currents are low over most part of the probed area, as
indicated by the blue color scale at the right part of the SECM map. Hence, the increment of
CNT loading in the coating layer has led to a decrease in the electrochemical activity. This is
unequivocally perceived by comparing CNT-1.0 and CNT-0.25 samples. Notwithstanding,
the difference is not so obvious when CNT-1.0 and CNT-0.50 samples are compared,
since their SECM maps indicate low electrochemical activity in both cases. This result
is also in agreement with the evaluation of the global electrochemical behavior the by
potentiodynamic polarization curves (Figure 6 and Table 3). SECM proved to be sensitive
to the electrochemical activity of the composite Ni–P–CNT films. Our results suggest that
CNT-0.50 would give a suitable performance with respect to the adhesion and corrosion
properties of the composite films. CNT-1.0 gave the best overall performance.

4. Discussion

From the previous sections it was possible to observe that MWCNT incorporation
decreased the anodic dissolution rate of the Ni–P layer, leading to a significant reduction
in the electrochemical activity, as shown in the SECM maps displayed in Figure 7. As
mentioned in Section 3.4, literature reports ascribe the beneficial effect of carbon nanotubes
on reducing the corrosion rate of Ni–P-coated substrates to its blocking effect with respect
to intrinsic coating defects [47]. Alishahi et al. [28] reported a reduction of approximately
55% in the corrosion current density of a Ni–P/MWCNT composite film, with respect to a
conventional Ni–P layer in 3.5 wt.% NaCl solution. Our results point to an even higher
protection efficiency of the Ni–P/MWCNT layer. Based on these results, the proposed
corrosion mechanism of the Ni–P/MWCNT coated samples is schematically illustrated in
Figure 8.

Figure 8A shows the corrosion mechanism of the conventional Ni–P binary coating
where anodic dissolution of the steel substrate occurs through intrinsic coating defects such
as pores as cracks, releasing Fe2+ ions to the electrolyte. In fact, the high electrochemical
activity of this sample was observed in the SECM map displayed in Figure 7B, supporting
the occurrence of this mechanism. A different scenario was established after MWCNT
incorporation in the Ni–P matrix. The electrochemical activity was gradually reduced, as
described in Section 3.5, slowing down the anodic dissolution rate of the steel substrate.
As a consequence of the blocking effect of the MWCNT particles, the release of Fe2+ ions
was gradually reduced. This situation is illustrated in Figure 8B for the CNT-0.25 sample.
As the MWCNT loading in the composite film increased, the amount of Fe2+ ions released
to the solution was further reduced. The progressively lower electrochemical activity of
the CNT-0.50 (Figure 7D) and CNT-1.0 (Figure 7E) films would be a consequence of this
effect, as illustrated in Figure 8C,D, respectively.
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Figure 8. Schematic illustration of the corrosion mechanism of the Ni–P and Ni–P/MWCNT coatings: (A) Ni–P layer;
(B) CNT-0.25; (C) CNT-0.50; (D) CNT-1.0.

5. Conclusions

Composite Ni–P/MWCNT films were successfully obtained by electroless deposition
on the API 5L X80 substrate. MWCNT loading in the plating bath did not affect the thick-
ness of the deposited layer, but reduced the size of the nodules on the coating, compared
to the conventional binary Ni–P film. Adhesion strength was improved by adding the
CNTs. The corrosion resistance of the composite films was increased due to the intrinsic
low reactivity of the carbon nanotubes. This aspect was also evidenced by SECM analysis
in the surface generation/tip collection mode (SG/TC). The SECM maps of the composite
films with higher MWCNT loadings revealed low electrochemical activity for the Fe2+

oxidation reaction.
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micrograph; (B) Ni; (C) P; (D) Fe.; Figure S2: EDS mapping of the cross-section for the CNT-1.0 film:
(A) SEM micrograph; (B) Ni; (C) P; (D) Fe.
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Abstract: The 2XXX Al alloys are characterized by their superior mechanical properties resulting
from alloying elements and precipitation hardening treatments. The AA2524-T3 alloy was developed
to replace the AA2024-T3 alloy in the aerospace industry. However, both alloys present many
intermetallic particles (IMCs) in their microstructure, and this is the main reason for their high
susceptibility to localized corrosion (such as pitting and stress corrosion cracking). Despite the
similarities between these alloys (e.g., chemical composition and type of intermetallics) the literature
comparing their properties is scarce and focuses mainly on their mechanical properties, not their
corrosion resistances. In this investigation, the corrosion resistance of the AA2524-T3 alloy was
compared to the AA2024-T3 alloy. The microstructure of both alloys was analyzed by Scanning
Electron Microscopy before and after immersion in the test electrolyte, and the number and area
fraction of intermetallics of each alloy was determined. The corrosion resistance of both alloys was
monitored as a function of exposure time by electrochemical impedance spectroscopy and the results
were fitted using electrical equivalent circuits. The AA2524-T3 alloy presented not only higher
impedance values but also less corroded areas than the AA2024-T3 alloy.

Keywords: 2XXX aluminium alloys; intermetallics; aircraft industry; corrosion

1. Introduction

The 2XXX Al alloys are largely used in the aircraft industry due to their superior
mechanical properties resulting from alloying elements addition, mainly Cu and Mg, and
precipitation hardening treatments. The AA2524-T3 alloy is a relatively new alloy (formerly
known as C188-T3) developed by ALCOA to replace the AA2024-T3 alloy in fuselage skins.
It is currently used in the Boeing 777 aircraft [1,2]. It presents high damage-tolerance
and excellent fatigue properties [1]. However, both the AA2024-T3 and AA2524-T3 alloys
possess a large amount of intermetallic particles (IMCs) in their microstructure, and this
is the main reason for their high susceptibility to localized corrosion such as pitting and
stress corrosion cracking [3–8]. Localized corrosion in aluminium alloys uses to be caused
by microgalvanic effects between IMCs and the matrix [7–10]. This generally results in
pitting corrosion, which is considered to be one of the main microstructure dependent
damage mechanisms of high strength aluminium alloys [7]. Particles constituted by the
alloying elements present different electrochemical activity from the matrix and, therefore,
represent preferential sites for pitting nucleation. In potential-controlled conditions, pitting
is characterized by two types of events, metastable and stable, which occur before and after
the pitting potential, respectively [11].
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According to Birbilis and Buchheit [12], three main types of IMCs particles can be
found in high strength Al alloys: precipitates, dispersoids, and constituent particles. The
first ones are formed by nucleation and growth from a supersaturated solution and their
diameters are around few tenths to hundreds of nanometers. They contribute to an increase
in the mechanical resistance of the alloy when they are coherent and homogeneously
dispersed in the matrix [13]. It is reported that they can initiate intergranular corrosion and
stress corrosion cracking when clustered near grain boundaries [12,14,15]. While disper-
soids are typically bigger than the precipitates, they are still within the submicrometric
to micrometric range. Their main role is to control recrystallisation and grain size [12,13].
Since they are mostly passive in environments where Al alloys are usually used and are uni-
formly distributed, they rarely increase corrosion susceptibility [12]. Finally, the constituent
particles, in the present work denominated intermetallics (IMCs), are the largest ones. Its
size range is from a few tenths of a micrometer to up to 10–20 micrometers. They tend to
break down during mechanical treatments [12] and are frequently noticed in clusters [16].
They are enriched in different alloying elements and there is a universal agreement that
pitting corrosion of high strength Al alloys is associated with these particles, mainly in
chloride containing media.

In 2XXX series aluminium alloys, θ’ (Al2Cu) and S (Al2CuMg) are two of the most
important types of coarse IMCs particles. The S phase is associated with pitting nucle-
ation [17] and some mechanisms have been proposed in the literature [18]. According
to Moreto, et al. [19] the AA2524-T3 aluminium alloy presents two types of coarse inter-
metallics particles (Al-Cu-Fe-Mn) and incoherent S (Al2CuMg) precipitates, which are also
found in AA2024-T3 alloys [9,20]. The corrosion behaviour of these intermetallic particles
has been largely investigated in the literature [17,21–27]. The effect of coarse Al-Cu-Mg
IMCs on the localized corrosion behaviour of the AA2024-T3 alloy has been investigated
by Buchheit, et al. [17] and Zhu, et al. [28]. Both authors [17,28] have noticed that this
phase is an anodic site, favouring pitting nucleation. According to the literature [17,24],
at an initial stage, anodic dissolution occurs on S phase particles. During this period,
the Mg is preferentially oxidized, resulting in Cu-rich remnants. This leads to potential
change into the nobler direction, promoting anodic dissolution of the alloy matrix at its
neighbouring boundary. Zhu, et al. [28] proposed a “cathodic corrosion” mechanism to
explain the localized corrosion in 2XXX alloys, which was in disagreement with Buchheit’s
proposal [17]. According to Zhu, et al. [28], during the anodic reaction of S phase particles,
cathodic reactions of water and/or oxygen reduction occur at the neighbouring sites of
the matrix, generating hydroxyl ions (OH−) [28]. Accordingly, local alkalization occurs
around the S phase remnant and, once the local pH exceeds 9, chemical dissolution of the
surrounding aluminium oxide layer takes place. Subsequently, the bare aluminium matrix
would be oxidized to form a new oxide layer. On the other hand, the Al-Cu-Fe-Mn IMCs
are usually cathodic sites, which are more stable and have less effect on the AA2024-T3
alloy’s corrosion resistance than the Al-Cu-Mg ones [25,29–32].

Very few studies can be found concerning AA2524 [4,33–37], and only a few studies
compare this alloy to the AA2024, focusing on its mechanical properties [2,38]. Although
it is generally accepted that the localized corrosion caused by the IMCs is the nucleation
site for other types of corrosion in high strength Al alloys [23,24], the role of the IMCs on
these alloys’ corrosion initiation has not been well established yet. This is mainly due to
their small size, their chemical and microstructural complexity, and the dependence of
reactivity to the environment [24]. This paper aims to evaluate the corrosion resistances
of both AA2024 and AA2524, to compare the results, and to correlate them with their
microstructure.

2. Materials and Methods

The materials studied in this work were the AA2524-T3 and the AA2024-T3 alloys
produced by ALCOA, both provided as 1.6 mm sheets. Their chemical compositions are
shown in Table 1 and their main mechanical and corrosion properties are shown in Table 2.
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The AA2524-T3 alloy has lower amounts of Fe and Si, which are considered as deleterious
to the corrosion resistance, and a narrower range for the main alloying elements Cu
and Mg [32].

Table 1. Analyzed and nominal chemical composition (wt %) of the AA2024-T3 and AA2524-T3
alloys [39].

Elements AA2024-T3 AA2524-T3

Cu 4.06 (3.8–4.9) 3.84 (4.0–4.5)

Mg 1.77 (1.2–1.8) 1.31 (1.2–1.6)

Mn 0.63 (0.3–0.9) 0.56 (0.45–0.7)

Si 0.11 (0.5 max) 0.04 (0.06 max)

Fe 0.14 (0.5 max) 0.06 (0.12 max)

Ti −(0.15 max) 0.029 (0.10 max)

Zn 0.02 (0.25 max) 0.01 (0.15 máx)

Al Balance Balance

Table 2. Mechanical and corrosion properties of the AA2024-T3 and AA2524-T3 alloys.

Tensile
Strength

(MPa)

Yield
Strength

(MPa)

Elongation
(%)

Electrical
Conductivity %

IACS

Open Circuit
Potential

(VSCE)

AA2024 [40] 435 290 10–15 30 −0.722 [41]

AA2524 [42] 445.4 340.3 19 34 −0.590 [43]

Samples of 400 mm2 were cut from the sheets. Their surfaces were prepared by
grinding them with silicon carbide paper up to # 4000, followed by polishing with a
diamond paste (up to 0.25 μm) to a mirror surface, degreasing in ethyl alcohol, washing
with deionized water, and drying under a hot air stream. The corrosion resistance of both
aluminium alloys was monitored in 0.01 mol L−1 NaCl as a function of exposure time by
immersion tests and electrochemical impedance spectroscopy (EIS).

Experiments were performed using a Solartron 1287 electrochemical interface coupled
to a Solartron 1260 frequency response analyser (FRA), which was used to obtain the elec-
trochemical impedance spectroscopy (EIS) diagrams. The perturbation range was 20 mV
(rms). The acquisition rate was 10 points per decade in a frequency range from 10 mHz to
100 kHz for all samples. The electrochemical tests were performed using a three-electrode
setup configuration with the aluminium alloys as working electrodes and an exposed
area of 1.0 cm2 (Figure 1). The reference electrode used was an Ag/AgCl, 3 mol L−1 KCl,
and a platinum wire was employed as an auxiliary electrode. The electrochemical experi-
ments were carried out in naturally aerated solution at room temperature. Each test was
performed six times to ensure their reproducibility.

The microstructures of the aluminium alloys were analyzed by a Field Emission
Gun Scanning Electron Microscope FEI Quanta 650 (FEG–SEM) prior and after different
exposure periods to the test electrolyte.
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(a) (b) 

Figure 1. (a) Specimen of AA2524 in as-received condition and (b) three-electrode setup configuration cell. The reference
electrode (RE) was an Ag/AgCl, 3 mol L−1 KCl, and a platinum wire was employed as an auxiliary electrode (EC). The
sample was the working electrode (WE).

3. Results and Discussion

The surface of both the AA2024-T3 and AA2524-T3 alloys were observed by SEM after
2 h exposure to the 0.01 mol.L−1 NaCl solution. A general view of the microstructures
of the AA2024-T3 and AA2524-T3 alloys are shown in Figure 2a,b, respectively (both
in an as-received condition). The two main types of coarse IMCs particles (Al-Cu-Mg
(Figure 2c,d) and Al-Cu-Mn-Fe-(Si) (Figure 2e,f)) were identified by EDX, and they are in
agreement with the literature [9,10,19]. However, in the AA2524-T3 alloy, the Al-Cu-Mn-Fe-
(Si) particles were present in a lower amount and with different morphologies from those
found in the AA2024-T3 alloy, whereas the Al-Cu-Mg are more numerous, smaller, and
more uniformly distributed. The AA2024-T3 alloy is characterized by a smaller number
of IMCs, which, however, are generally larger than those found in the AA2024-T3 alloy
(Figure 3). Consequently, the area fraction of the AA2024-T3 IMC’s is higher than the
AA2524-T3 (Table 3).

Table 3. Comparison of IMCs area fraction of AA2024 and AA2524 alloys.

Material IMCs Area Fraction (%)

AA2024-T3 2.52 ± 0.42

AA2524-T3 1.64 ± 0.14

The general analysis of the micrographs (Figure 4) show that the corrosive attack is
more evenly distributed on the AA2524-T3 alloy (Figure 4b), whereas for the AA2024-T3
alloy (Figure 4a) it is mainly concentrated around larger IMCs, including the dark areas
around the bigger Al-Cu-Mg precipitates (indicated by arrows). On both alloys, the Al-
Cu-Mn-Fe precipitates showed a rather random behaviour with some of them remaining
intact after 2 h of immersion, likely due to a protective oxide film that hinder the cathodic
reaction, as suggested by Birbilis, et al. [12] (Figure 4a,b).

After 7 h of testing of the AA2024-T3 alloy, the corrosive attack was mainly concen-
trated at the interface between the matrix and the larger intermetallic particles. No localized
corrosion at the grain boundaries was detected. (Figure 4c). Figure 4d shows that most of
the smaller precipitates had been removed from the surface of the AA2524-T3 sample by
the corrosive attack, resulting in a “cleaner” surface in comparison with 2 h of test, even
though some local activity remained around large IMCs. On the other hand, the corrosive
attack of the AA2024-T3 continued to be mainly concentrated at the interface between
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the matrix and the larger intermetallic particles (Figure 4c), which, as previously showed,
were more numerous in this material. For longer immersion times the “cleaning” effect on
the AA2524-T3 surface is even more pronounced than that of the AA2024-T3 (Figure 4f,e,
respectively).

AA2024-T3 AA2524-T3 

  

  

  

(a) (b) 

(c) (d) 

(e) (f) 

Figure 2. Microstructures of AA2024-T3: (a) general view; (c) Al-Cu-Mg; and (e) Al-Cu-Mn-Fe-(Si) particles. Microstructures
of AA2524-T3: (b) general view; (d) Al-Cu-Mg; and (f) Al-Cu-Mn-Fe-(Si) particles. As-received condition. SEM–BSE.

After 11 h of exposure to the test electrolyte, most of the small precipitates were
removed from the surface of both alloys (Figure 4e,f). Additionally, Figure 4g,h show the
selective attack near the IMCs for longer exposure periods.

The results showed that IMCs’ area fraction of the AA2524-T3 is lower in comparison
with the AA2024-T3. More than 94% of these IMCs of the first alloy are smaller than 10 μm,
and only 82% of the latter, confirming the theory that the corrosion attack on the AA2524-T3
alloy surface was faster due to its larger number of small particles.
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Figure 3. Frequency (%) and size distribution (μm2) of IMCs for as-received samples. More than 94% of the AA2524-T3
alloy and 82% of the AA2024-T3 alloy IMCs are smaller than 10 μm2.

The corrosion resistance of both alloys was also evaluated by EIS with immersion
time and the results are shown in Figures 5 and 6. It is clearly seen that the impedance
modulus associated with the AA2524-T3 alloy was higher than that of the AA2024-T3
during the whole test period. Independently of the alloy brand, EIS diagrams are charac-
terized by a broad high frequency depressed capacitive loop followed by a low frequency
capacitive loop that evolves to a diffusion-controlled process after 11 h of exposure to the
test electrolyte.

The EIS results for both alloys were fitted with the two/three-time constants equiv-
alent electric circuits (EEC) shown in Figure 7. These ECC have been established in the
literature on aluminium alloys EIS fittings and were also tested in previous works from
our research group [9,44–46]. Table 4 presents the parameters obtained from the equivalent
electrical circuit fitted to the AA2024-T3 and AA2524-T3 EIS data. The EEC of Figure 7a
was used to fit the data acquired from the first hour until 9 h of immersion, whereas the
diagrams obtained from 11 h until the end of the test were fitted with the EEC of Figure 7b.
In this latter case, the low frequency R//CPE element was substituted for a single CPE,
meant to simulate a diffusion-controlled process. According to Campestrini, et al. [47],
when the resistance associated with the diffusion becomes very large the R//CPE element
may be replaced by a simple CPE element with the exponent “α” value of 0.5, which, in
an ideal situation, is represented by a Warburg element. In the proposed circuits the pair
Rox//CPEox stands for the capacitance of the oxide film in parallel with conductive path-
ways associated with defective sites created by the IMCs, which leads to the unprotected
metal surface. Rct//CPEdl refers to the charge transfer resistance coupled to the charging
of the double layer, whereas CPEcor//Rcor is ascribed to the low frequency corrosion
processes that kinetically control the alloys’ deterioration, which gradually evolves to a
diffusion-controlled process and is likely associated with the oxygen reduction reaction
taking place in nobler IMCs.
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Figure 4. Microstructures of AA2024-T3 after (a) 2 h, (c) 7 h, (e) 11 h, and (g) 20 h. AA2524-T3 after (b) 2 h, (d) 7 h, (f) 11 h,
and (h) 20 h of exposure to the 0.01 mol.L−1 NaCl solution. SEM–BSE. The micrographs show the evolution of the localized
corrosion at the interface IMC/matrix (indicated by arrows).
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Bode Phase Angle Nyquist 

 

B
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Figure 5. Evolution of EIS results for the AA2024-T3 as a function time of exposure to 0.01 mol L−1 NaCl electrolyte.
(A) Bode phase angle and (B) Nyquist diagram. Measurements were taken after 2, 5, 7 and 9 h of the experiment. (C) Bode
phase angle and (D) Nyquist diagram. Measurements were taken after 11, 20, 48 and 72 h of the experiment.

Table 4 shows the evolution of the Rox//CPEox values. For both alloys, CPEox increased
with exposure time. SEM analysis has shown that as the corrosive attack proceeded,
holes were formed in the samples surface as a result of the dissolution/detachment of the
IMCs particles increasing the effective area exposed to the electrolyte [10]. If pits did not
progress in these regions, a fresh oxide layer was formed. However, it should be more
defective. Both facts contribute to capacitance increase. In addition, from the beginning
of the exposure period, and during the whole test, CPEox was smaller for AA2524-T3,
indicating the presence of a thicker oxide layer in this alloy, in agreement with the results
from previous studies in the literature [46,48].
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Figure 6. Evolution of EIS results for the AA2524-T3 as a function time of exposure to 0.01 mol L−1 NaCl electrolyte.
(A) Bode phase angle and (B) Nyquist diagram. Measurements taken after 2, 5, 7, and 9 h of the experiment. (C) Bode phase
angle and (D) Nyquist diagram. Measurements taken after 11, 20, 48, and 72 h of the experiment.

Concerning Rox, Table 4, it also increased with immersion time, indicating that electro-
chemically active sites on both alloys’ surfaces become less numerous and/or were less
easily reachable. As already demonstrated in the SEM analysis (Figure 4), the selective
attack near the IMCs results in surface “cleaning”, leading to a lower number of active
sites. In addition, deposition of corrosion products was frequently found above large IMCs.
These features would hinder the access of aggressive species to the matrix surface and can
contribute to the Rox increase. Accordingly, as the surface of AA2524-T3 progressively be-
came “cleaner” than AA2024-T3, the rate of the Rox increase was much faster for the former
alloy. Therefore, it is proposed that the attack of the small particles and their removal from
surface are the main reasons for the Rox increase, as this reduces the number of defective
sites where electrochemical reactions could take place. However, blocking of active site by
aluminium hydroxide precipitation may also have contributed to the Rox increase.
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(a) 

(b) 

Figure 7. Equivalent electrical circuits (EEC) proposed to fit the data of the AA2024-T3 and AA2524-
T3 (a) until 9 h and (b) from 11 h of immersion in a 0.01 mol L−1 NaCl solution.

As mentioned earlier, the Rct//CPEdl pair is associated with the charge transfer reac-
tions (Rct) occurring at the interface of the matrix at the defective sites of the oxide (near
active IMCs). The evolution for the components Rct and CPEdl with exposure time to
the 0.01 mol L−1 NaCl electrolyte is shown in Table 4. For AA2524-T3, Rct behaviour
was significantly oscillating during the whole immersion period, which must has been a
consequence of the detachment and outbreak of new IMCs as corrosion proceeded. For
this sample, CPEdl remained almost constant during the first 15 h, indicating that the
electrochemically active surface area remained almost unchanged. However, from this
period onwards the decrease in CPEdl might be attributed to the formation of corrosion
products on some active areas, clearly indicated on the AA2524-T3 surface, that partially
blocked these sites.

Conversely, for AA2024-T3, after up to 40 h of testing, Rct decreased continuously.
This tendency may be explained by the enrichment in the more noble components of the
remaining active IMCs. Therefore, even though in smaller number, due to detachment,
enhanced galvanic activity would be expected between the matrix and the Cu-enriched
IMCs. For longer immersion periods, an increase of Rct was observed. This can be
ascribed to the precipitation of corrosion products above the IMCs and their vicinity,
which provided a barrier between the electrolyte and the metallic surface. Accordingly,
CPEdl initially increased, indicating that the electrochemically active surface augmented.
However, for longer exposure times, it started to decrease due to active surface area
reduction as corrosion products precipitated.

Finally, the low frequency time constant, corresponding to the rate-controlling step
of the corrosion process, was mainly represented by CPEcor and its “αcor”, and Rcor were
important only up to nine hours of exposure. During the initial immersion period, αcor
values ranged between 0.69 and 0.83, suggesting a mixed controlled process for both
alloys, corresponding to the period where the EIS diagrams were fitted with the EEC of
Figure 6. For longer immersion times, “αcor” varied between 0.4 and 0.6, showing the main
contribution of diffusive processes likely through the precipitated corrosion products.

Higher capacitance values were associated with the AA2024-T3 alloy comparatively
to the AA2524-T3 (Table 4) after the first hour of immersion, although there was much
larger variation in the CPEcor values for this latter alloy, likely due to the stronger con-
tribution of partially soluble corrosion products on active sites at its surface which were
periodically removed.

The electrochemical results demonstrated that the corrosion resistance of the AA2524-
T3 was higher than the AA2024-T3.
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4. Conclusions

In this study, the corrosion resistances of the AA2024-T3 and the AA2524-T3 alloys
were compared. The differences between these alloys are the number and the precipitates’
area fraction. The AA2024-T3 alloy has a smaller number of IMCs, which, however, are
larger than those found in the AA2524-T3 alloy. Therefore, the IMCs area fraction of the
former is higher than the latter. The SEM results suggest that the rapid removal of active
sites from the AA2524-T3 surface (smaller IMCs) promotes a cleaner surface.

The hypothesis that defective areas prone to electrochemical reactions were removed
from AA2524-T3 was confirmed by the EEC fitting to EIS results, as AA2524 Rox increases
and CPEox decreases with immersion time. Additionally, the corrosion process of AA2524,
represented by CPEcor, “αcor” and Rcor, are significant only up to nine hours of exposure
and confirm the higher contribution of active sites of the surface, caused by partially soluble
corrosion products.

The electrochemical tests also showed that the localized corrosion resistance of the
AA2524-T3 was higher than the AA2024-T3 during the whole test period. This was
indicated by the higher impedance values associated with the first alloy and confirmed by
surface observation after various immersion periods in the tested electrolyte. On the other
hand, SEM analysis showed that the corrosion attack on the AA2524-T3 alloy surface was
faster due to its larger number of small particles.
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Abstract: Molybdenum (Mo) is an important alloying element in maraging steels. In this study, we
altered the Mo concentration during the production of four cobalt-free maraging steels using an
electroslag refining process. The microstructure of the four forged maraging steels was evaluated
to examine phase contents by optical microscopy, scanning electron microscopy (SEM), and X-ray
diffraction (XRD) analysis. Additionally, we assessed the corrosion resistance of the newly developed
alloys in 3.5% NaCl solution and 1 M H2SO4 solution through potentiodynamic polarization and
electrochemical impedance spectroscopy (EIS) techniques. Furthermore, we performed SEM and
energy-dispersive spectroscopy (EDS) analysis after corrosion to assess changes in microstructure and
Raman spectroscopy to identify the presence of phases on the electrode surface. The microstructural
analysis shows that the formation of retained austenite increases with increasing Mo concentrations.
It is found from corrosion study that increasing Mo concentration up to 4.6% increased the corrosion
resistance of the steel. However, further increase in Mo concentration reduces the corrosion resistance.

Keywords: molybdenum; ESR; potentiodynamic polarization; EIS; Raman spectroscopy

1. Introduction

Maraging steels are developed to combine superior high strength (yield strength
commercially ranging from 1030 to 3450 MPa) and fracture toughness [1]. The small
amount of carbon makes maraging steels different from regular steels; that is, they are
reinforced by intermetallic compounds derived from supersaturated martensite during the
age hardening of the malleable low-carbon iron (Fe)–nickel (Ni) lath martensitic matrix [2].

Recently, super-high-strength maraging steels have been broadly utilized in appli-
cations including the manufacture of airplanes, missiles, rocket motor cases, and gas
turbines [3–6]. Maraging steels are normally low-carbon, Fe–Ni-based alloys with sub-
stantial amounts of cobalt (Co) and molybdenum (Mo) along with a small percentage of
titanium (Ti) and aluminum (Al). However, the material can be altered by changing its
composition according to the application [7,8]. Due to the low carbon content, maraging
steels mostly exhibit a high degree of machinability [9]. Manufacture of such steels has
been performed by adding or completely removing certain alloying elements to create
maraging steel with good mechanical and corrosion-resistance properties.

Previous studies report that the durability of Fe–18% Ni matrix alloyed by Ti signifi-
cantly decreases at higher strength levels due to the formation of low-temperature, Ti-rich,
metastable NiTi (B2) or Ni3Ti during the aging process [10–12]. Similarly, higher Ti levels
can decrease durability via grain-boundary precipitation of the TiC or TiCN, except in
cases where the carbon content is kept low and thermomechanical processing is profoundly
controlled. Therefore, this suggests that recently created maraging steels likely have low Ti
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content. Mo is another alloying component that is valuable for both strength and durability.
Previous studies showed that Mo-rich zones precipitate during the aging of maraging steel
and play an exceptionally critical role in maintaining the strength of steel [13–16]. The role
of Mo in these processes has been evaluated in ranges of 3–5% based on its inhibition of
embrittlement due to intergranular isolation of contaminants in grain boundaries and as a
potential precipitation hardener [17].

The corrosion and corrosion resistance of maraging steels in sulfuric acid solution have
been examined previously [18–21], revealing their elevated corrosion resistance in acidic
solution relative to tempered martensite alloy steels. In the present study, we incorporated
varied contents of Mo into four maraging steels using an electroslag refining (ESR) process
in order to evaluate its effect on the corrosion-resistance and microstructure properties of
the resulting steels. These four new low-Ni, Co-free maraging steels containing 0, 2.9, 4.6,
and 9.8 wt% Mo were investigated to determine their corrosion behavior in 1 M H2SO4 and
3.5% NaCl solution using potentiodynamic polarization and electrochemical impedance
spectroscopy (EIS) techniques.

2. Materials and Methods

2.1. Materials

In this approach, investigated steel specimens were prepared through open-air melting
followed by remelting in electroslag furnace. The consumable electrodes for ESR were
made in a 20 kg air induction furnace with estimated amounts of scrap and ferroalloys.
The pouring temperature was about 1600 ◦C, and the metal was cast into 40 mm diameter
and 600 mm high vertical chill molds. These were remelted through ESR process with
and without inoculation of 0.05–0.07% Ti. The process was carried out in a water-cooled
steel mold of 80 mm diameter connected to the negative end of a DC power source. The
applied current and voltage were about 730 A and 25 ± 2 V, respectively, with mold water
flow rate of 30 L/min and base-plate water flow of 20 L/min. After ESR, cooled ingots
were taken out from the mold and homogenized in a muffle furnace at 975 ◦C for 8–9 h.
To eliminate the probability of the presence of any cavities or pipes or any other internal
defects, about 20 mm and 10 mm lengths were cut from the bottom and top of the ingots,
respectively. Each ESR ingot was 20 kg in weight. The ESR ingots underwent forging.
The chemical compositions of the four produced steels are given in Table 1. The chemical
compositions are similar except for Mo content, which was changed from 0 to 10%. The
steels are identified as M0, M2.9, M4.6, and M9.8 with 0.0, 2.9%, 4.6%, and 9.8% Mo,
respectively (Table 1).

Table 1. Chemical composition (wt%) of produced steels.

Composition (%)
C Mn Si S P Ni Cr Mo Ti Al Fe

Sample

M0 0.026 0.10 0.082 0.009 0.012 10.9 4.6 0.0 1.19 0.082 Bal.

M2.9 0.029 0.09 0.08 0.011 0.014 11.05 4.8 2.9 1.22 0.078 Bal.

M4.6 0.027 0.11 0.078 0.012 0.011 11.1 4.7 4.6 1.21 0.085 Bal.

M9.8 0.025 0.12 0.084 0.015 0.009 10.8 4.75 9.8 1.24 0.081 Bal.

2.2. Optical Microscopic Observation

Initially, specimens were cut into pieces (1 × 1 × 0.5 cm3) from the sheets, and two
samples of each grade were used for the tests. The specimens were properly polished
with different grades of emery paper (120, 180, 500, and 1000) and cloth polishers. After
mechanical polishing, the samples were etched in 10% ammonium persulfate and 10% nital
solutions. Microstructural analysis was then performed using a Leica optical microscope
(Leica, Wetzlar, Germany).
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2.3. X-ray Diffraction (XRD)

The crystalline structure and phases of the forged steels were characterized by XRD
using a Rigaku Ultima III X-ray Diffractometer (Rigaku, Tokyo, Japan) to record diffraction
traces from monochromatic Cu Kα radiation applied at room temperature and at a scan
rate of 2◦/min. The crystallographic planes of X-ray diffraction were obtained from the
inbuilt software of the X-ray machine.

2.4. Potentiodynamic Polarization

Potentiodynamic polarization was performed at a scan rate of 1 mV/s using a po-
tentiostat (PC/750; Gamry Instruments, Warminster, PA, USA). Samples were degreased
with acetone and ethanol solution after polishing, and a standard three-electrode system
was used to measure the icorr and Ecorr of the samples. The reference electrode was a
saturated calomel electrode, with graphite used as the counter electrode (the sample was
used as the working electrode). NaCl solution (3.5 wt%) and 1 M H2SO4 solution were
used as the electrolytes at room temperature. The corrosive mediums of 3.5% NaCl and
1.0 M sulfuric acid solution were prepared from analytical-reagent-grade sodium chloride,
sulfuric acid, and double-distilled water. Both the NaCl solution and H2SO4 solution were
kept in open-air condition. All the experiments were carried out at room temperature in the
open atmosphere, under unstirred conditions. The surface area of samples exposed to the
solution differed from sample to sample; however, during plotting, this was standardized
according to the same sample area. Tables 2 and 3 present the icorr and Ecorr values obtained
by the Tafel extrapolation.

Table 2. Ecorr and icorr values of maraging steel in 3.5% NaCl solution.

Sample icorr (A/cm2) Ecorr (VSCE)

M0 60 −0.553

M2.9 4 −0.356

M4.6 2 −0.400

M9.8 202 −0.329

Table 3. Ecorr and icorr values of maraging steel in 1 M H2SO4 solution.

Sample icorr (A/cm2) Ecorr (VSCE)

M0 100 −0.615

M2.9 200 −0.518

M4.6 51 −0.318

M9.8 602 −0.416

2.5. Electrochemical Impedance Spectroscopy (EIS)

EIS was performed using the potentiostat (Gamry Instruments) in a three-electrode
system and at an amplitude range of 10 mV rms and a frequency interval of 0.1–30 kHz.
These experiments were also done in the same solutions, i.e., 3.5% NaCl solution and 1.0 M
H2SO4 solution. Here also all experiments were done at room temperature where solutions
were kept in open air and unstirred condition. At each frequency, the absolute impedance
and a Nyquist plot were obtained. The obtained impedance data were fit to an appropriate
equivalent electrical circuit, with the fitting performed using a simplex fit mode and using
both the real and imaginary components of the data. The impedance data were interpreted
based on an equivalent electric circuit, and Nyquist plots were obtained at the open-circuit
potential for all samples at different solutions.
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2.6. Raman Spectroscopy

Raman estimations were performed using a RAMAN HR800 confocal micro-Raman
spectrometer (Horiba Scientific, North Edison, NJ, USA) with backscattered calculation
through a 10× (NA = 0.25) magnifying lens objective. An argon laser transmitting at a
frequency of 514.5 nm was used as the excitation source, and the quantity of grating in
the Raman spectrometer was 1800 grooves/mm. The Raman band of a silicon wafer at
520 cm−1 was utilized to align the spectrometer. Raman spectra were recorded in the broad
range of 200–2000 cm−1. Corrosion products formed on the specimens were characterized
with the help of Raman spectrometer using an excitation laser of 514.5 nm wavelength
coupled with an Olympus optical microscope.

2.7. Scanning Electron Microscopy (SEM) and Energy-Dispersive Spectroscopy (EDS)

In this present work, scanning electron microscopy (SEM) was used to study the
surface morphology of the maraging steel with different wt% of Mo, and EDS was used to
determine the composition of the corrosion products on the surface of maraging steel. All
the studies were carried out with Model JEOL JSM-6360. In this present study, 200× mag-
nification was used. All the SEM images before and after corrosion are presented in
results section.

3. Results and Discussion

3.1. Optical Microscopic Observation

Figure 1 shows the optical micrographs of the maraging steel produced by ESR and
with different Mo contents. The microstructure displayed a lamellar morphology with
packets of martensite within prior austenite grains. As the Mo concentration increased, the
martensite packets became visible both due to the special etching along their boundaries
and the martensite packets inside an austenite grain that failed to extend beyond the
austenite grain boundary. The microstructure of M9.8 differed from the other samples
according to the existence of interlath austenite, which was not fully resolved. However,
we speculated that this interlath structure affected the corrosion-resistance properties.

These findings suggested that increasing the concentration of the alloying element (Mo)
resulted in an increased tendency to form retained austenite. Compared with conventional
casting methods, ESR enables lower local solidification time, allowing the formation of
a very fine and well-distributed microstructure not present in other production methods
used to produce maraging steel.

  

Figure 1. Cont.
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Figure 1. Microstructure analyses of (a) M0, (b) M2.9, (c) M4.6, and (d) M9.8.

3.2. XRD Analysis

Figure 2 shows the XRD patterns for the as-received and differently heat-treated
maraging-steel samples produced using ESR. The diffraction peaks α(110), α(200), and
α(211) of the martensitic phase corresponded to diffraction angles of 44.5◦, 65◦, and 82.2◦,
respectively. Additionally, there was a weak diffraction peak ( (111)) for the austenite
phase at a diffraction angle of 43.5◦. The samples mainly comprised a martensitic phase and
a small amount of retained austenite phase, which arose from the microsegregation of solute
elements (particularly Ni) at cellular boundaries during solidification. The enrichment of
Ni stabilized the retained austenite, thereby allowing the detection of the austenite phase.
Moreover, the diffraction peak intensity for the austenite phase in the sample became
higher as Mo concentration increased. In the M9.8 sample, we observed reversion of the
martensitic phase into the austenite phase. The austenite in maraging steel comprises
retained austenite, and the reverted austenite forms mostly during the aging process by a
diffusion-controlled reaction for overaging conditions.

 
Figure 2. XRD analysis of maraging steel with different molybdenum concentrations.

It is clear from Figure 2 that the amount of retained austenite in ESR remelted steels
depends mainly on the chemical composition of investigated steels. An increase in the
amount of alloying element, i.e., Mo, is accompanied by an increase in the tendency to
form retained austenite.
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3.3. Potentiodynamic Polarization Analysis

We then assessed the effect of Mo on the corrosion-resistance properties of the devel-
oped steel. We found that this component improved the passive behavior of the protective
films. Previous studies report that Mo improves chromium enrichment in the film with-
out being incorporated [22,23]. Additionally, studies suggest that Mo in the compound
breaks down into Mo particles, speeding the repassivation rate (anodic inhibitor) [24–26].
Furthermore, Mo expands the stability of the inner layers of oxide film [26] and dimin-
ishes the unfavorable action of sulfides on pitting resistance [27]. Figure 3 shows the
potentiodynamic polarization curve of maraging steel in 3.5% NaCl solution.

 
Figure 3. Potentiodynamic polarization curve of maraging steel in 3.5% NaCl solution.

In 3.5% NaCl solution, as seen in Table 2, the icorr value of the maraging steel gradually
increased along with increases in the Mo content in the alloy, with similar results observed
in 1 M H2SO4 solution. In both cases, with 9.8% Mo content, the M9.8 sample showed
an increase in the icorr value. By studying the X-ray patterns, it can be seen that retained
austenite of experiment steels increases with the increase in Mo content. On the other hand,
the microstructure in Figure 1 shows that even at high magnification, retained austenite is
not recognized in the studied steels except in specimen M9.8. In samples with lower Mo
contents, austenite presents as lath austenite; on the other hand, the specimen containing
9.8 wt% Mo retained austenite aggregate in separate grains. So, the high corrosion of
sample M9.8 may be attributed to the large amount of retained austenite and its morphology.
Previous studies reported that Mo alone does not directly affect corrosion resistance but
rather indirectly influence this property [28–32].

Figure 4 and Table 3 present the results of the potentiodynamic polarization study of
maraging steel in 1 M H2SO4 solution. Interestingly, the rate of corrosion for M9.8 was
worse in 1 M H2SO4 solution as compared with 3.5% NaCl solution, possibly due to the
NaCl solution allowing Mo to produce a more protective layer.
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Figure 4. Potentiodynamic polarization curve of maraging steel in 1 M H2SO4 solution.

3.4. EIS Analysis

We then used EIS to examine the corrosion resistance of the ESR steel samples in
1 M H2SO4 solution to determine their mechanistic and kinetic parameters and compare
them with the results of potentiodynamic polarization. The Nyquist plots (Figures 5 and 6)
were examined by fitting the trial results to an equivalent circuit model (Figure 7). The
circuit comprises a parallel combination of a consistent phase element (CPE, Q), the charge
transfer resistance (Rct) relating to the corrosion response at the metal/electrolyte interface,
and the solution resistance (Rs) between the working and reference electrode [33,34]. To
diminish the effects of surface anomalies in the metal, CPE (Q) was brought into the circuit
instead of a pure double-layer capacitance (Cdl), allowing a more precise fit [35,36]. Among
these parameters, Rct is the factor that determines the corrosion resistance of composites.
Because Rct is conversely relative to icorr, a higher Rct value correlates to a lower icorr value.
The impedance of CPE can be presented as follows:

ZCPE = 1/Y0(jω)n, (1)

where Y0 is the CPE constant, n is the exponent (phase shift), ω is the angular frequency,
and j is the imaginary unit. CPE can represent resistance, capacitance, and inductance
according to the estimations of n [37]. In all analyses, the estimated n ranged from 0.8 to
1.0, suggesting a capacitive response of CPE. From this circuit, we determined Rs, Rct, and
Cdl (Tables 4 and 5).

The Nyquist plots indicated that the impedance response of the samples gradually
increased along with increases in Mo concentration. However, the smallest capacitive
loop in a high-frequency region was observed in the M9.8 sample in both 3.5% NaCl
and 1 M H2SO4 solutions, indicating that this sample showed the highest corrosion rate.
Tables 4 and 5 present all EIS parameters for all of the maraging steels. We found that the
Rct value decreased gradually for samples up to M4.6, with the highest value observed for
M9.8, confirming the lowest corrosion-resistance property in M9.8 sample as Rct is inversely
proportional to the icorr value as mentioned earlier. Furthermore, this was supported by the
potentiodynamic polarization results for M9.8. Comparing the diameters of the Nyquist
plots, the curves in 3.5% NaCl solution showed increased diameters relative to those in
1 M H2SO4 solution, verifying the potentiodynamic results.
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Figure 5. Nyquist plot curves of maraging steel with different molybdenum (Mo) concentrations in
3.5% NaCl solution.

Figure 6. Nyquist plot curves of maraging steel with different Mo concentrations in 1 M H2SO4

solution.

Figure 7. Equivalent circuit diagram.
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Table 4. Electrochemical impedance parameters of maraging-steel samples in 3.5% NaCl solution.

Sample Rct (ohm-cm2) n Rs (ohm-cm2) Cdl (mMho)

M0 12.8 0.85 1.3 3

M2.9 9.2 0.86 1.7 6

M4.6 4.5 0.84 1.5 29

M9.8 30 0.85 1.2 2

Table 5. Electrochemical impedance parameters of maraging-steel samples in 1 M H2SO4 solution.

Sample Rct (ohm-cm2) n Rs (ohm-cm2) Cdl (mMho)

M0 14.6 0.77 1.4 3

M2.9 8.7 0.86 1.2 3

M4.6 5.4 0.83 1.45 5

M9.8 32.2 0.76 1 1

3.5. Scanning Electron Microscopy (SEM) Analysis

Figures 8 and 9 show SEM images of the samples after corrosion in 3.5% NaCl solution
and 1 M H2SO4 solution, respectively. It is well known that Mo affects the pitting resistance
of the maraging steel by reducing pitting on the sample surface. Chloride is primarily
responsible for surface pitting on materials. However, in the present study, the presence
of more salt resulted in decreased corrosion resistance in NaCl solution relative to H2SO4
solution. Moreover, Mo increased the stability of the inner layers of the oxide film, resulting
in minimal effect on the Ecorr value in both solutions. Furthermore, the surface of the M9.8
sample showed significant effects from both solutions relative to the other samples as a
result of the decreased corrosion resistance associated with Mo.

  

  

Figure 8. Scanning electron microscope (SEM) micrographs of maraging-steel samples: (a) M0,
(b) M2.9, (c) M4.6, and (d) M9.8 in 3.5% NaCl solution.

201



Metals 2021, 11, 852

 
Figure 9. SEM micrographs of maraging-steel samples: (a) M0, (b) M2.9, (c) M4.6, and (d) M9.8 in
1 M H2SO4 solution.

3.6. Energy-Dispersive X-ray Spectroscopy (EDS) Analysis

Figure 10 shows the results of EDS analysis of the as-received and heat-treated
maraging-steel samples in 3.5% NaCl solution. The EDS was completed on the yellow
boxed portion as given in the SEM images in Figure 8. The EDS analysis data are given in
Table 6 in wt%. The results showed that the Mo peak increased from samples M0 to M9.8,
with peaks for Ti, C, Ni, and Fe also observed. The chloride peak was higher in the M9.8
sample relative to others, which is likely related to its decreased corrosion resistance and
the associated increased number of chloride ions on the M9.8 surface.

 

Figure 10. EDS spectra of the maraging steel after immersion in 3.5% NaCl solution.
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Table 6. EDS analysis data in 3.5% NaCl solution.

Sample Fe Mo Cl Ni Ti C Total

M0 55.8 0 10.9 15.3 8.8 9.2 100

M2.9 40.7 3.1 18.5 17.7 9.7 10.3 100

M4.6 38.9 4.8 25.3 13.8 10.8 6.4 100

M9.8 35.6 9.9 32.6 11.8 5.3 4.8 100

Figure 11 shows the results of EDS analysis of the as-received and heat-treated
maraging-steel samples in 1 M H2SO4 solution. The EDS was completed on the yel-
low boxed portion as given in the SEM images in Figure 10. The EDS analysis data are
given in Table 7 in wt%. Similarly, peaks for Ti, C, Fe, and Ni were observed following
their precipitation as carbides. Additionally, we observed an increase in the intensity of the
Mo peak from samples M0–M9.8, with peaks for sulfur and oxygen ions also observed as
the surface reacted with the SO4 ions present in the solution. Given the unfavorability of
sulfur ions on pitting resistance, we found greater corrosive effects on the surface of the
maraging-steel sample in H2SO4 solution.

 

Figure 11. EDS spectra of the maraging steel after immersion in 1.0 M H2SO4 solution.

Table 7. EDS analysis data in H2SO4 solution.

Sample Fe Mo S Ni Ti C Total

M0 57.5 0 20.2 10.3 5.8 6.2 100

M2.9 42.3 2.8 25.5 11.8 9.4 8.2 100

M4.6 36.9 4.5 30.9 12.6 7.2 7.9 100

M9.8 35.2 9.8 35.6 9.4 4.2 5.8 100

3.7. Raman Spectroscopy Analysis

Raman spectroscopy analyses of the corroded surfaces of the samples following
potentiodynamic polarization are shown in Figures 12 and 13, for both solutions. Standard
normal variate (SNV) model is an effective procedure to make the output data more
comparable. In this method, the spectrum mean subtraction and standard spectrum
deviation procedure is used. As long as the original scale of the spectra is not interesting,
this is an efficient way of removing constant baseline effects and scaling differences from
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spectra. Previous studies reported that increases in the proportion of α-FeOOH and
gamma * (total mass of γ-FeOOH, β-FeOOH, and magnetite) in the corrosion products
suggest a decline in the corrosion rate [38,39]. In the present study, we identified α-FeOOH
(280 cm−1) as a significant phase of the corrosion product present on a superficial level,
and it was more prominent in the M9.8 sample relative to the others. This suggested that a
higher level of α-FeOOH in the M9.8 sample promoted an increase in the corrosion rate.
Additionally, higher amounts of α-FeOOH and gamma * (Figure 13) were observed in 1 M
H2SO4 solution, indicating that the maraging steel showed a higher degree of corrosion in
the presence of H2SO4 solution as compared to the NaCl solution. In the case of sulfate
solution, a phase shift occurs at 310 cm−1 and a new peak is seen at 1000 cm−1. More
γ-FeOOH occurs in sulfate solution at 80, 1320, and 1410 cm−1. For the same composition,
only one peak at 1380 cm−1 occurs for the sample in chloride solution. The β-FeOOH
phase occurs at 480 cm−1 only in the case of sulfate solution. No phase shift occurs for the
δ-FeOOH phase, and it shows a peak at 400 cm−1. Only an extra peak at 610 cm−1 occurs
in sulfate solution for δ- FeOOH.

 
Figure 12. Raman spectra of maraging steel with different Mo concentrations in 3.5% NaCl solution.

 

Figure 13. Raman spectra of maraging steel with different Mo concentrations in 1 M H2SO4 solution.

4. Conclusions

Mo plays an important role as an alloying element by increasing the strength and
toughness of maraging steel. Moreover, the tendency to form retained austenite increases
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along with increasing Mo concentrations. In the present study, we found that in both
3.5% NaCl solution and 1 M H2SO4 solution, the generated maraging steel exhibited
improvements in corrosion resistance according to increasing Mo content up to 4.6%.
However, corrosion resistance decreased at 9.8% Mo due to increased embrittlement in
the alloy. These results were confirmed by the Nyquist plots, showing the same trends in
corrosion behavior. Furthermore, Raman spectroscopy verified decreases in the corrosion
rate due to the presence of higher fractions of corrosion products (α-FeOOH) in the M9.8
(9.8% Mo) sample.
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