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Abstract: This work shows the performance of cathodic protection systems formed by an API

(American Petroleum Institute) X52 steel exposed to seawater and coupled with galvanic anodes

of Mg, Mg-1Cr, and Mg-1Nb fabricate by sintering technique at a temperature of 500 ◦C. Potential

monitoring indicates that X52 steel of the three systems remained in the protection zone. Mg-Nb/X52

system showed the more stable potentials since the first day; the recorded values remained between

−1.0 and −1.1 V vs. SCE (saturated calomel electrode) during the seven days of exposure time.

Current density records show that Mg/X52 system had the most stable values, while the other two

systems (Mg-Cr/X52 Mg-Nb/X52,) had current fluctuations. The Mg-X52 system recorded the most

negative potential values, which can be attributed to a greater magnitude and a better distribution of

the cathodic protection current. However, the Mg-Nb/X52 system had a better result because the

current drained by the system was constant throughout the experiment.

Keywords: cathodic protection; galvanic anodes; Mg-alloys; X52 steel

1. Introduction

Magnesium and its alloys are used in different applications, taking advantage of
its reactivity and current drainage capacity in an aqueous medium. A recent use is in
an activated seawater battery, where it is mainly employed for undersea devices such
as lifebuoys, sonobuoys, torpedoes, life raft, detection devices, and also as an important
power source in recent years [1–4]. Application as a seawater-activated battery involves
taking advantage of the dissolution capacity of an active metal anode and the reduction of
cathode materials to generate current [5–8]. Magnesium’s properties as a negative electrode
potential of −2.37 V vs. SHE (a standard hydrogen electrode) and a Faradic capacity of
2.2 (A-h/g) give it advantages as an anodic material in diverse applications [9,10].

From the cathodic protection systems, the use of sacrificial anodes has the advantage
of not requiring an auxiliary power supply; wherein galvanic anodes supply the polarizing
current. Zakowski [11] demonstrated the possibility of modernizing an anodic protection
system on the legs of offshore platforms with galvanic anodes. The materials used as anodes
are diverse; however, zinc, magnesium, and aluminum, as well as their respective alloys
are the most common. Mg alloy anodes have the advantage that their standard electrode
potential is −2.37 V (vs SHE), being more negative than aluminum (−1.71 V vs. SHE) and
zinc (−0.76 V vs. SHE). Therefore, magnesium anodes could theoretically exhibit high
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discharge activity and have a strong ability to deliver electrons for power generation [12].
Wang et al. [13] added lithium to increase the discharge capacity of a magnesium-aluminum
alloy, highlighting the formation of the different phases dispersed in performance as an
anode. Wang et al. [14] tested the incorporation of mercury to improve discharge properties
as an anode for batteries that use seawater, finding an optimal range for their performance.

Esmaily et al. [15] present a comprehensive review of case studies of corrosion of
magnesium and its alloys, with the potential to be used as galvanic anodes. They observed
many surface characteristics of the galvanic coupling of magnesium to steel on the corrosion
rate, surface morphology, and surface film formation. They also discussed the discrepancies
between model predictions and experimental results that were likely due to significant
self-corrosion. The conclusion was that, on average, this was one-third of total corrosion.
They also observed that the corrosion of Mg anodes varied with time and cathode size, and
film formation on surface anode inhibited the corrosion rates.

Banjade [16] presents the self-corrosion of magnesium anodes, as well as its effect on
efficiency and performance. However, it is uncommon to use magnesium sacrificial anodes
to protect marine buildings. The main reason for this is a risk of excessive polarization
that would cause the decomposition of water with the generation of hydrogen, causing the
shedding of the protected structure [17]. For this reason, the use of new magnesium-based
alloys that could be used as anodic material is still being studied.

Both chromium and niobium do not form intermetallic phases that prevent the forma-
tion of galvanic microcells that would promote the self-corrosion of magnesium [18]. How-
ever, the electrochemical properties of Mg-Nb and Mg-Cr alloys are still to be explored, and
for this reason, in this work, through electrochemical techniques, the performance of Mg,
Mg-Cr, and Mg-Nb alloys as sacrificial anodes in the cathodic protection of API X52 steel,
was evaluated and analyzed.

Meanwhile, Mg-Nb composites have attracted considerable attention for their use
in the production of hydrogen storage devices [19–21]. It has been shown that niobium
facilitates the kinetics of the release of absorbed hydrogen from the magnesium matrix.
The conventional formation of Mg-Nb alloys is complicated because the melting point of
niobium exceeds by far the boiling point of magnesium. Mg-Nb systems could be produced
from a gas phase by evaporation of metals from different crucibles or co-sputtering different
targets, e.g., by radio frequency magnetron sputtering [22]. The technique of sputtering
offers an opportunity to supersaturate a single phase with a metal of limited solubility.
Other techniques of Mg-Nb alloy formation included pulsed laser deposition [19], disinte-
grated melt deposition [19,22], and mechanical alloying by ball milling [20,23]. Niobium
has a body-centered cubic structure in the Mg–Nb alloy which enhances grain refinement,
with acceptable electrochemical passivity and shows potential for applications in galvanic
anodes for corrosion protection.

In this work Mg, Mg-Cr, and Mg-Nb anodes from powder metallurgy using the sinter-
ing technique were fabricated. Using this technique, it is feasible to obtain a homogeneous
alloy at a low melting temperature. We evaluated the performance of Mg, Mg-1Cr, and
Mg-1Nb anodes in the cathodic protection systems formed by an API X52 steel exposed to
seawater and coupled with galvanic anodes.

2. Materials and Methods

2.1. Steel Used

X52 steel in the cathodic protection system was used. The chemical composition of
this steel is shown in Table 1.

Table 1. Chemical composition of the X52 steel (wt. %).

C Mn Si P S Cu Cr Ni Nb V Ti Al Fe

0.08 1.05 0.26 0.019 0.003 0.019 0.02 0.02 0.041 0.054 0.002 0.038 Bal.
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Figure 1 shows a typical microstructure of the X52 steel used in this study. Low
carbon steels generally have a ferrite-perlite structure containing little dark areas of pearlite
(P) in the grain boundaries mainly, which is formed by layers of ferrite and cementite.
Furthermore, most of the structure consists of light areas of ferrite (F) with grain size
between 10–20 µm.
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Figure 1. Typical microstructure of X52 steel obtained by optical microscopy.

The sample of API X52 steel was used as received to report the case of bare steel
without surface preparation. It was used to study the polarizing capacity of magnesium
anodes in conditions of the presence of corrosion products on the surface of the steel.

2.2. Fabrication of Anodes

Mg, Mg-Cr, and Mg-Nb anodes were obtained from a compacting and sintering
process. Fine metal powders of magnesium (max. particle size 250 microns), chromium
(max. particle size 45 microns), and niobium (max. particle size 74 microns) were used. All
the reactants used were analytical grade (Sigma Aldrich) with a purity of 99.8%. Although
it is known that magnesium powder reacts strongly when it is exposed to air, the particle
size used allowed us to handle it without any risk. The same reactant has been used in other
studies [24]. However, to minimize any interaction with air, the reactants were handled
in a glove box vacuumed down to 20 mbar. For the fabrication of the anodes, 3 different
compositions were used: Mg-1wt%Cr (Mg-1Cr), Mg-1 wt. % Nb (Mg-1Nb), and pure Mg.
Every composition was homogenized in an agate mortar and single-pressed into cylindrical
pellets of five cm in diameter and 10 cm in height. Pellets were generated with a pressure
of 6.5 tons/cm2 (637 MPa) using a hydraulic press. Subsequently, to ensure good adhesion
of the particles, the pellets were sintered at 500 ◦C for two hours in a 20-mbar vacuum. No
green or sintered density was determined. Figure 2 shows the process followed to fabricate
the anodes.

Before performing the electrochemical tests, the magnesium anodes were microstruc-
turally characterized through metallographic analysis.

2.3. Electrochemical Tests

The electrochemical tests were carried out employing a three conventional cell, using
the anodes-like working electrodes. As a counter electrode, a bar of graphite was used. As
a reference electrode, a saturated calomel electrode was employed. Natural seawater with
pH 8.1, 57 mS/cm conductivity, 7.93 mg/L dissolved oxygen, and temperature of 25 ◦C
was used as an electrolyte. The electrochemical tests carried out were:

(a) Corrosion potential (Ecorr). Registered at the beginning of the immersion of the
electrodes and subsequently every day.

(b) Electrochemical impedance spectroscopy (EIS). Measurements were made at the
beginning and 1, 3, 5, and 7 days. A frequency range from 100,000 to 0.01 Hz, with
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an amplitude of 10 mV was used. These low-field techniques were selected to avoid
polarization of the interfaces since it is reported that polarization curves can be inaccurate
in measuring the corrosion rate of magnesium and its alloys [25–27].
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Figure 2. Anode manufacturing process, (a) powder compaction, (b) green anodes obtained,

(c) sintering of anodes at 500 ◦C, (d) sintered anode, (e) anode encapsulation.

2.4. Cathodic Protection System

For the preparation of the test specimens, the steel plate and the anodes were drilled
in the upper edge, in which a metal wire was placed, allowing the establishment of the
electrical connection between the X52 steel plate and the anode. Previously, the anodes
were mounted on epoxy resin leaving an exposure area of 6.15 cm2. The X52 steel plate
was electrically coupled to the anodes, placing a precision resistance of 1 Ω between anode
and cathode.

To perform the tests of the cathodic protection, electrochemical cells were designed with
the following elements: API X52 steel plates (cathode) with dimensions of 15 × 15 × 0.95 cm3;
Mg, Mg-1Nb, and Mg-1Cr anodes with a diameter of 2.8 cm (6.15 cm2 of area) and 13 cm of
high (consumable anodes) were used. Figure 3 shows the experimental setup arrangement
for the cathodic protection system. Seawater as an electrolyte was taken near the naval base
of the Secretariat of the Navy near the capital of the state of Campeche with coordinates of
latitude 19◦47′42′′ N and longitude 90◦37′3′′ W.
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Figure 3. Experimental setup for the tests of cathodic protection.
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Measurement of voltage drop at both sides of resistance allowed us to calculate the
electrical current flow at the circuit applying Ohm’s Law. Seawater was kept in static
conditions and was not renewed throughout the experiment.

Once the cell was assembled, the polarized potentials of the cathode, with respect to
the saturated calomel electrode (SCE), located at a 1 cm approach to the steel sheet surface,
in the function of the exposure time, were monitored. The cathode current density was also
monitored with respect to time, calculated from the voltage drop across the resistance and
the exposed area of the cathode.

3. Results and Discussion

3.1. Microstructure of Mg Anodes

Figure 4 shows a characteristic powder diffraction pattern of pure Mg, as well as the
sintered Mg-1Cr sample. The objective of the sintering was only to densify and no reaction
was intended. As can be seen in Figure 4a (bottom), after the sintering, no secondary
phases were detected. Besides, the amount of Cr or Nb used makes it difficult to detect, at
least by X-ray diffraction, if a tiny fraction reacted. Nevertheless, if we consider the phase
diagrams of Mg-Cr and Mg-Nb [28,29] no secondary phase was expected.
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Figure 4. (a). Le Bail fits of the diffractogram of pure magnesium after thermal treatment. (b). Le Bail fits of the diffractogram

of Mg-1Cr after thermal treatment.

3.2. Electrochemical Tests

3.2.1. Corrosion Potential (Ecorr)

Figure 5 shows the Ecorr of the X52 steel and the magnesium alloys. For the X52 steel,
the Ecorr oscillates between −0.426 (at the beginning) to −0.637 V vs. SCE (after 7 days),
which are values close to those reported in similar studies [30]. It is important to say that
the plates used were covered with oxides because they remained in prolonged storage.
The oxides reported for steels exposed to the weather, by Raman spectroscopy and XRD,
were goethite (α-FeOOH), lepidocrocite (γ-FeOOH), and iron oxide (Fe2O3) [31]. When
submerging the steel samples in seawater, it is appreciated that they stabilize in a closed
range of potential, which indicates that in the interface that forms with the electrolyte, there
is no change of composition in the surface oxides.

In the case of pure magnesium, it can be seen that the Ecorr is between −1.150 and
−1.0 V. For the Mg-1Cr alloy, the Ecorr starts close to −1.0 V, decreasing to −1.29 V on
the third day, and subsequently reaching values of −0.52 V after 7 days. The Mg-1Nb
alloy had the most negative values ranging from −1.15 V to −1.40 V on the third day,
reaching −0.980 V on the seventh day. The values were close to those obtained in similar
studies [32,33].
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Figure 5. Corrosion potential (Ecorr) for X52 steel, pure-Mg, Mg-1Cr, and Mg-1Nb.

During the tests, the three anodes (Mg, Mg-1Cr, and Mg-1Nb) showed the evolution of
hydrogen, forming bubbles on the surface as shown in Figure 6. Such hydrogen evolution
was observed since the beginning of the X52 steel connection to the anodes. Some re-
searchers have been reported this behavior for magnesium and its alloys [34–37]. Reactions
with an intermediate Mg1+ and hydrogen reduction are proposed [38,39] according to the
following reaction:

Mg + 2H2O = Mg(OH)2 + H2 (1)
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Figure 6. Hydrogen evolution at anodes electrically connected to X52 steel in seawater.

3.2.2. Evaluation of X52 Steel and Mg-Anodes by Electrochemical Impedance
Spectroscopy (EIS)

The electrochemical impedance method allows analyzing the behavior of the metal-
solution interface, offering a complete overview of the corrosion mechanisms that take
place. The analysis of impedance spectra allows simulation of the electrochemical behavior
of the system to an equivalent electrical circuit [40].

Figure 7 shows the Nyquist diagrams obtained for the Mg, Mg-Cr, and Mg-Nb anodes
immediately after being introduced into natural seawater (Day 0). In this graph, the Y-axis
represents the imaginary component of the impedance Z´´ (capacitive behavior), and the
X-axis represents the real component Z´ (resistive behavior). The diagrams show two
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semicircles, one in the region of high frequencies (HF), and another semicircle is defined in
the region of low frequencies (LF).

In the literature on the corrosion behavior of magnesium alloys in aqueous solutions,
the semicircle in the LF region has always been attributed to the charge transfer reaction of
the corrosion process [41] and the diameter (Rct) has been inversely related to the corrosion
rate using the Stern-Geary equation [42]. In addition, it was observed that the Nyquist
spectra of the three Mg-alloys were similar except in diameter, showing that the corrosion
mechanism was the same, but the corrosion rate was different [43].

Since the corrosion rate is inversely related to Rct, the higher the Rct value, the lower
the corrosion rate, reflecting unwanted behavior for a sacrificial anode. Therefore, the
lower Rct values shown by the Mg-1Nb alloy indicated that corrosion resistance was the
lowest, which is favorable for materials being used as an anodic material.

Figure 8 shows the Bode diagrams for the pure-Mg and Mg-1Cr and Mg-1Nb alloys.
Figure 8a shows the module (Z) vs. log frequency. Meanwhile, Figure 8b shows the
phase angle (θ) vs. log frequency), corresponding to the anode-electrolyte systems studied.
The phase angle in the Bode diagrams are indicators of the number of processes that
influence the systems studied. Figure 8b shows the presence of two well-defined time
constants (formation of two maximums, indicated by an arrow), which could be attributed
to the presence of two stages in the corrosion process, which in Nyquist diagrams, means
the presence of a capacitive loop at high frequencies (HF) and an inductive loop at low
frequencies (LF).

From the Nyquist diagrams of Figures 9–11, a great activity is observed at the begin-
ning (day 0), since it is possible to observe low impedance values at this time. However, it
was interesting that the semicircle increasesd its diameter as a function of time, contrary
to that desired in a sacrificial anode. This behavior may be due to the formation of a film
of stable corrosion products of Mg(OH)2 on the anode surface that provides a decrease
in its activity. The result at the beginning of the test was similar to that obtained by Feliu
et al. [44] with Mg alloys, only that in its diagrams, we saw a tendency to decrease the
dimensions of the semicircles over time and establish the same conditions after 4 days.
Similarly, changes in EIS values were observed with the composition of the alloys [45].
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Figure 7. Nyquist diagrams of the anode-electrolyte systems immediately after being introduced

into seawater.



Metals 2021, 11, 406 8 of 15

                   
 

 

                ‐     ‐     ‐    
                             
  θ               ‐        
                             

                    ‐      
                           

                           
                              ‐
   

 
          ‐              

 

                          ‐
    ‐                              

                        ‐
   

                            ‐
                               

                             
                                   
                             
                                   
                                  ‐

                            ‐
                           

Figure 8. Bode diagrams of anode-electrolyte systems immediately after being introduced

into seawater.
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Figure 9. Nyquist diagrams for pure-Mg anode for 0, 1, 3, 5, and 7 days of immersion in seawater.

Figures 9–11 show the Nyquist diagrams for monitoring of the anodes of Mg, Mg-1Cr,
and Mg-1Nb, respectively, for immersion times of 0, 1, 3, 5, and 7 days. The three anodes
studied had similar behavior only differentiated by the magnitude of the impedance values.
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          ‐                            Figure 10. Nyquist diagrams for Mg-1Cr anode for 0, 1, 3, 5, and 7 days of immersion in seawater.
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Figure 11. Nyquist diagrams for Mg-1Nb anode for 0, 1, 3, 5, and 7 days of immersion in seawater.

The choice of an electrical circuit will depend on the electrochemical characteristics
of the material/electrolyte interface. When capacitances are affected by imperfections on
the metal surface, (i.e., when they do not exhibit ideal behavior), they are replaced by a
constant phase element (CPE).

The equivalent circuit model of the impedance diagram is provided in Figure 12,
where Rs represents the resistance of the solution, R1 represents the resistance to load
transfer, CPE1 is the capacitance of the electrolyte/metal interface, which is in series with
L1 and CPE2, representing the process of hydrogen formation [46]. The constant phase
element has been used in the equivalent circuit instead of the pure capacitor to be able to
consider the heterogeneities of the surface and obtain a more precise fitting.
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Figure 12. Equivalent electric circuit used to fit the EIS spectra of the Mg-anodes immersed

in seawater.

Table 2 shows the parameter values that represent the best fit for the experimental
data obtained with the equivalent circuit in Figure 12. We observed that Rct tends to
increase with immersion time. These variations are related to the increase in the thickness
of corrosion products formed on the surface.

Table 2. Electrochemical parameters obtained from EIS tests.

Anode Immersion Time (Days)
Rs

(Ohms.cm2)
R1

(Ohms.cm2)
CPE (Farads)

Mg 0 6.45 13.24 0.000793
Mg-Cr 0 5.22 11.15 0.000031
Mg-Nb 0 6.45 13.24 0.001155

Mg 1 11.11 7.97 0.000204
Mg-Cr 1 16.38 39.96 0.000124
Mg-Nb 1 5.23 16.01 0.000256

Mg 3 7.38 43.87 0.000814
Mg-Cr 3 48.84 105.5 0.001627
Mg-Nb 3 32.47 47.19 0.005315

Mg 5 20.21 233.8 0.000586
Mg-Cr 5 126.31 790 0.005412
Mg-Nb 5 13.45 331.4 0.013894

Mg 7 32.93 220.5 0.013752
Mg-Cr 7 125 858.4 0.005583
Mg-Nb 7 17.93 920 0.019321

Capacitance values (CPE) were in the order of 10−4 F, a value considered as an
indicator of a charge transfer process or corrosion process. According to Diaz et al. [47], EIS
spectra show a characteristic semicircle of a capacitive process related to the electrochemical
double-layer capacitance (Cdl), with values in the order of microfarad attributed to a charge
transfer process.

3.2.3. Analysis of the Cathodic Protection System

Figure 13 shows the cathodic polarization potentials (Ec) of X52 steel as a function of
immersion time in natural seawater. The Ec of the three systems (Mg/X52, Mg-Cr/X52,
and Mg-Nb/X-52) was shifted to cathodic protection values (Ec < −770 mV SCE) and
continued decreasing until reaching values between −1.0 and −1.2 V vs. SCE. The Mg/X52
system recorded more negative potential values (<−1.2 V vs. SCE) after 4 days, and the
Ec remained very stable after 7 days of exposure time. On the contrary, the less negative
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values were registered for the Mg-Cr/X52 system (<−1.3 V SCE) on the first day. However,
this system was very unstable, and after the first day, the potentials achieved more positive
values, reaching values around −0.9 V vs. SCE after 7 days. The Mg-Nb/X52 system
showed more stable potentials since the first day, where the recorded values remained
between −1.0 and −1.1 V vs. SCE during the seven days of exposure time.
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Figure 13. Cathodic polarization potential for the X52 steel in the function of immersion time in seawater for the

three anodes.

In the three systems in Figure 13, it was observed that the three sacrificial anodes achieve
protection of the steel immersed in seawater. However, the case of the Mg/X52 system, with
the most negative potential value, may not be adequate as there is a risk of overprotection of
steel and hydrogen embrittlement. In the Mg-Cr/X52 systems, under the same conditions,
the registered potentials were initially in an overprotection zone and subsequently, the
potential was shifted towards more positive values (−1.1 V vs. SCE), which could be
attributed to a sample fragmentation and interruption of electron flow and current. In
the case of the Mg-Nb/X52 system, the potentials had a more stable behavior and did
not exhibit large changes in potential values, attributed to the stability that Nb gives to
the alloy.

Figure 14 shows the cathodic current density (i) as a function of the immersion time
for the Mg, Mg-1Cr, and Mg-1Nb alloys coupled as the anode to API X52 steel. The
graph shows an initial decay of i during the first 24 h of exposure. However, after this
period, the trends shown by the three systems were very different from each other. The
Mg/X52 system gets stable values of current density after 120 h, reaching stable values
around 480 mA/m2. For the Mg-Cr/X52 system, current fluctuations occurred after three
days of exposure time, reaching values close to zero after 7 days of exposure, which
could be due to the loss of material during the test producing changes in current. This
could be attributed to the fact that the anode system fragments and the flow of electrons
are limited because the system is unable to provide the necessary protection current
density. In the curve of the Mg-Nb/X52 system, the current density showed a relatively
abrupt initial decrease, and subsequently, a slower decay until reaching a more stable
value. However, the current density continued decreasing after 5 days until reaching
values around 150 mA/m2. This behavior is attributed to properties that Nb provides in
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the Mg-alloy, which makes a more compact anode that limits the loss of material and
maintains the constant flow of electrons. The Mg-Nb alloy shows better characteristics as a
galvanic anode because the potential maintains between −850 mV and −100 mV, as well
as an electric current density higher than 110 mA/m2 for initial polarization (brown line)
and 75 mA/m2 (grey line) for final polarization as established by the Mexican standard for
cathodic protection criteria design [48].
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Figure 14. Current density (i) in the function of the immersion time in seawater for X52 steel cathodically polarized for the

three anodes.

4. Conclusions

Galvanic anodes of Mg, Mg-1Cr, and Mg-1Nb were fabricated by mixing and sintering
powders at a temperature of 500 ◦C. Performance on the cathodic protection of X52 steel
using these anodes exposed to seawater was carried out. During the tests, the three anodes
(Mg, Mg-1Cr, and Mg-1Nb) show the evolution of hydrogen, forming bubbles on the
surface. Results of EIS give lower Rct values for the Mg-1Nb anode, indicating lower
corrosion resistance, which is favorable for materials being used as an anodic material. It is
observed that Rct tends to increase with immersion time. These variations are related to
the increase in the thickness of corrosion products formed on the surface. Measurements
of cathodic potential (Ec) and current density (i) in the function of time were performed.
The results of potential indicated that the X52 steel of the three systems remained in the
protection zone. The Mg/X52 system reaches stable values of potential and current density
after 120 h, reaching stable values around −1.2 V (SCE) and 480 mA/m2, respectively.
For the Mg-1Cr/X52 system, current fluctuations occurred after three days of exposure
time, reaching values close to zero after 7 days of exposure, which could be due to the
loss of connection, producing errors in the measurement of current discharges. For the
Mg-1Nb/X52 system, the current density showed a relatively abrupt initial decrease and
subsequently a slower decay. However, the current density continues decreasing after
7 days until it reaches values around 150 mA/m2. This behavior is attributed to properties
that Nb provides in the Mg-alloy, which makes a more compact anode that in turn limits
the loss of material and maintains the constant flow of electrons. The Mg/X52 system
recorded the most negative potential values, which can be attributed to a greater magnitude
of drained current density and a better distribution of the cathodic protection current but
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remains in the overprotection zone. However, the Mg-1Nb/X52 systems could have a
better result because the potential obtained by this system was constant throughout the
7 days.
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