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In this study, the eﬀect of the addition of Nd3+ ions as a corrosion inhibitor of the API X70 steel in a medium rich in chlorides was
evaluated. The performance of the Nd3+ ions was evaluated by means of electrochemical techniques such as potentiodynamic
polarization curves, open circuit potential measurements, linear polarization resistance, and electrochemical impedance spectroscopy, as well as by means of scanning electron microscopy and EDS measurements. The results showed that Nd3+ ions reduce
the corrosion rate of steel at concentrations as low as 0.001 M Nd3+. At higher concentrations, the inhibition eﬃciency was only
slightly aﬀected although the concentration of chloride ions was increased by the addition of the inhibitor. The adsorption of the
Nd3+ ions promotes the formation of a protective layer of oxides/hydroxides on the metal surface, thereby reducing the exchange
rate of electrons. Nd3+ ions act as a mixed inhibitor with a strong predominant cathodic eﬀect.

1. Introduction
In the last decades, there has been a great interest in the use
of rare earth metals for the synthesis of compounds with
inhibitory capacity of the corrosion of metals and alloys (Al,
Fe, Mg, and Zn mainly) in aggressive environments. These
compounds have been used as soluble elements in the
electrolyte or as an additive of organic coatings. It has been
recognized that rare earth salts are low-toxicity compounds
whose average lethal dose (LD50) is similar to that of sodium
chloride (NaCl) [1–3]; therefore, the interest in the use of
rare earths has emerged as an alternative to replace those
toxic and highly carcinogenic corrosion inhibitors that aﬀect
both people and the environment, and many of these
dangerous inhibitors are based on chromates (CrO2−4),
mercurate, nitrite, and alkynol [4]. Most of the studies have
been reported based on the use of both Ce and La salts as

corrosion inhibitors, in the form of either chlorides, nitrates,
or other salts [2, 4–9]. Many of these studies have been
carried out in chloride-rich solutions, and the excellent
corrosion inhibiting capacity of rare earth salts has been
attributed to the high reactivity of rare earths.
It is known that, in an electrochemical corrosion
process, the cathodic reaction activates the O2 reduction
reaction causing an increase of the pH in the cathodic sites
of the metallic surface [4]. It has been observed that this
local increase in pH enhances the precipitation of rare
earth ions, and this promotes the formation of a protective
ﬁlm of complex hydrated oxides on the cathode sites of the
metal surface. The formed protective ﬁlm reduces the rate
of oxygen reduction and increases the cathodic polarization rate, thus causing a reduction in the corrosion
potential as well as in the corrosion current density
[2–4, 6, 7, 10].
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In the literature, several studies can be found which
indicate that various lanthanide base compounds possess
excellent properties as corrosion inhibitors. In particular, the
best anticorrosive properties have been detected mainly on
light alloys, such as alloys based on aluminum, magnesium,
and zinc [7–17]. However, some studies on iron-base alloys
have also shown that rare earths and their compounds are
capable of inhibiting the iron corrosion [4, 18–20]. Since
iron is the main element of many structural alloys with
applications in aqueous media rich in chlorides, then the
constant search for alternatives to counteract the adverse
eﬀects of the corrosive environment is of interest.
Although the main technological applications of rare
earths have been focused in the ﬁeld of high technology
electronics, from the point of view of their abundance, La,
Ce, Pr, and Nd emerge as the main candidates to be used as
corrosion inhibitors. In particular, the availability of Nd for
the synthesis of corrosion inhibitors can be attractive if the
new technologies for the recycling of rare earths are considered [21–24]. Therefore, in this study, the corrosion inhibitory capacity of neodymium chloride on API X70 steel in
a 3.5% NaCl solution at room temperature is evaluated.
However, because the neodymium chloride molecule is
formed by one Nd atom, three Cl atoms, and six water
molecules, in this study the inhibitory capacity is evaluated
as a function of the amount of Nd3+ ions added instead
of considering the entire molecule. The performance of the
Nd3+ ions as a corrosion inhibitor is evaluated by means of
electrochemical techniques such as potentiodynamic polarization curves, open circuit potential measurements,
linear polarization resistance, and electrochemical impedance spectroscopy, and corroded specimens were analyzed
by scanning electron microscopy and EDS measurements.

2. Experimental Procedure
2.1. Corrosion Inhibitor. The source of Nd3+ ions used in this
study was neodymium chloride. This salt was obtained by
dissolving neodymium oxide in a dilute solution of HCl until
a clear solution was obtained. Subsequently, the solution was
subjected to dryness at 60°C, and the resulting salt used in
that condition was used for the corrosion tests.
Δ
2NdCl3 · 6H2 O
Nd2 O3 + 6HCl ⟶ 2NdCl3 + 3H2 O ⟶

(1)
Because the neodymium chloride molecule is formed by
approximately 40% of the Nd3+ cation, 30% of the Cl− anion,
and 30% of water (at.%), in this study and in order to avoid
ambiguities, it was decided to evaluate the eﬀect of the
concentration of the rare earth cation as a corrosion inhibitor rather than the salt as a whole.
2.2. Electrochemical Evaluation. As a study material, an API
X70 steel was used, from which specimens with dimensions
10∗10∗ 5 mm were obtained. A copper wire was welded by
the spot-welding technique on one of the faces of the
specimens, and in this condition, they were encapsulated in
epoxy resin. The encapsulated specimens were roughened

with abrasive paper from grade 120 to grade 1200 and
subsequently polished with 0.5-micron diamond paste using
ethanol as a lubricant. Subsequently, they were washed with
distilled water and ethanol, dried, and used immediately in
the corrosion tests.
As a corrosive medium, distilled water with 3.5% by
weight of NaCl was used at room temperature under
nonaerated conditions. The performance as a corrosion
inhibitor of the neodymium chloride was determined,
considering the concentration of Nd3+ ions added to the
corrosive medium. In this sense, the concentrations of Nd3+
ions evaluated were 0.0001 M, 0.0005 M, 0.001 M, 0.005 M,
and 0.01 M.
The electrochemical evaluation was performed in
a three-electrode electrochemical cell using the encapsulated
specimens as working electrodes, a saturated calomel electrode as the reference electrode, and a graphite bar with an
area greater than that of the working electrode as a counter
electrode. The electrochemical techniques used were
potentiodynamic polarization curves (anodic and cathodic),
open circuit potential measurements, linear polarization
resistance measurements, and electrochemical impedance
spectroscopy.
The anodic and cathodic branches of the polarization
curves were obtained independently using a new working
electrode in each case. The cathodic polarization curve was
obtained by scanning cathodically the working electrode
from +10 mV to −300 mV, and the anodic curves were
obtained in a similar way but from −10 mV to 500 mV, in
both cases with respect to its open circuit potential. In both
cases, before starting the test, the electrochemical cell was
allowed to stabilize for 24 hours before starting the scan at
a speed of 0.1667 mV·s−1. The open circuit potential (OCP)
measurements were carried out by recording the potential of
the working electrode with respect to the reference electrode
at intervals of one hour. For linear polarization resistance
(RPL) measurements, the working electrode was polarized at
±10 mV with respect to its open circuit potential, the value of
the polarization resistance was determined from the slope of
the obtained E-I ratio, and measurements were made at onehour intervals. The electrochemical impedance spectra (EIS)
were obtained by applying an amplitude perturbation of
10 mV with respect to the open circuit potential of the
working electrode in a frequency range from 100 kHz to
0.01 Hz. OCP, LPR, and EIS measurements were performed
for 100 hours.

3. Results and Discussion
3.1. Potentiodynamic Polarization Curves. Figures 1 and 2
show the anodic and cathodic branches, respectively, of API
X70 steel in 3.5% NaCl solution with the addition of Nd3+
ions at diﬀerent concentrations. From both ﬁgures can be
observed a cathodic direction shift of the corrosion potential,
with respect to the blank, at concentrations greater than
0.0001 M Nd3+, and this behavior is indicative of the existence of a cathodic inhibition process. In a similar way,
a displacement is observed, with respect to the blank, of both
anodic and cathodic branches towards lower current
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Figure 1: Anodic polarization curves for API X70 steel in 3.5% NaCl solution at diﬀerent concentrations of Nd3+ ions (0.1667 mV·s−1).
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Figure 2: Cathodic polarization curves for API X70 steel in 3.5% NaCl solution at diﬀerent concentrations of Nd3+ ions (0.1667 mV·s−1).

densities. From the anodic branches, it is possible to observe
a change in its slope to potentials slightly above the corrosion
potential; this suggests that the presence of Nd3+ ions also
aﬀects the anodic reaction of the electrochemical corrosion
process of the API X70 steel.
From the cathodic branch, it is possible to observe that
the addition of Nd3+ ions caused a decrease in the cathodic

current regardless of the concentration of added inhibitor.
The greatest reduction in the cathodic current is observed at
the concentration of 0.001 M Nd3+. It has been suggested that
the reduction observed in the cathodic current is due to the
high concentration of OH− ions in the cathode sites and to
the high reactivity of the lanthanide ions, which by reacting
form an insoluble oxide/hydroxide layer on the cathodic
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Table 1: Electrochemical parameters of the polarization curves in the presence of Nd3+ ions.

(Nd3+) M Cathodic Ecorr (mV) Anodic Ecorr (mV) Ba (mV/Dec) Bc (mV/Dec) Anodic Icorr (mA/cm2) Cathodic Icorr (mA/cm2)
0
−696
−703
72
517
0.0466173
0.047242
0.01
−713
−720
53
308
0.0107901
0.011432
0.005
−704
−716
56
380
0.0095416
0.0129336
0.001
−707
−714
57
346
0.0124705
0.0083153
0.0005
−713
−720
56
371
0.0120315
0.0126311
0.0001
−638
−642
92
645
0.0056876
0.0251889
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Figure 3: Variation in OCP values for API X70 steel in 3.5% NaCl solution at diﬀerent concentrations of Nd3+ ions.

sites, reducing the cathodic reaction rate and the localized
corrosion processes [2–4, 6, 7, 10].
Table 1 shows the electrochemical parameters extracted
from the anodic and cathodic polarization curves. In general,
it can be seen that there is a reduction in both anodic and
cathodic slopes. This is due to the displacement towards
lower current densities of both branches (ΔE/ΔI). The
greatest reduction is observed in the cathodic slopes, which
suggests a modiﬁcation in the oxygen reduction reaction [7].
Only at the lowest concentration of Nd3+, an increase in the
cathodic slope was observed. On the other hand, although
there was an increase in the Cl− ion concentration due to the
addition of the inhibitor, the anodic current density showed
a decrease close to an order of magnitude. However, in the
case of cathodic current density, the greatest decrease occurred at concentrations up to 0.001 M Nd3+. Notwithstanding the beneﬁcial eﬀect of the rare earth chlorides on
the corrosion inhibition process, their addition in high
concentrations will cause a decrease in their inhibitory
capacity due to the inherent increase of the chloride ions in
the electrolyte [6].
It is known that the addition of an inhibitor can aﬀect the
overall corrosion process by aﬀecting the anodic dissolution,

the oxygen reduction, or both. In all three cases, a decrease in
the corrosion current density is observed; however, a displacement of the corrosion potential towards more active
potentials characterizes a cathodic inhibitor and in the
opposite case to an anodic type. When an inhibitor aﬀects
both processes (corrosion current density and corrosion
potential), it is considered as a mixed inhibitor, and its net
eﬀect in the polarization curves will be determined by the
inhibition magnitude of the anodic and cathodic reactions
[6]. The previous analysis shows that the addition of Nd3+
ions changed the corrosion process of the API X70 steel,
aﬀecting both the anodic and cathodic branches (diﬀerent
current densities); this suggests that both the local anodic
dissolution and the cathodic reduction of oxygen are aﬀected
simultaneously [2, 4]. However, based on the negative
displacement of the corrosion potential and the decrease of
the cathodic current, it can be said that the Nd3+ ions act as
mixed inhibitors with a predominant cathodic eﬀect.
3.2. Open Circuit Potential Measurements. Figure 3 shows
the variation in OCP values of API X70 steel in 3.5% NaCl
solution as a function of time at diﬀerent concentrations of
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Figure 4: Variation in polarization resistance values for API X70 steel in 3.5% NaCl solution at diﬀerent concentrations of Nd3+ ions.

Nd3+ ions. It is observed that, in the absence of Nd3+ ions,
the steel showed an abrupt drop in its OCP values from
approximately −600 mV to around −705 mV in the ﬁrst 6
hours of immersion; afterwards, it showed a slight increase
until 50 hours of immersion followed by a slight decrease in
the rest of the test. It has been suggested that abrupt variations in OCP values at the beginning of the test may be
a consequence of a reorganization of the surface layers due to
the acceleration of the anodic process or a decrease in the
activity of the cathodic process [4]. In the absence of Nd3+
ions, the most active OCP values were obtained. On the
other hand, in the presence of Nd3+ ions, it is also possible to
observe an abrupt drop in the OCP values at the beginning of
the test, and subsequently after 50 hours of immersion, it is
possible to observe a quasistationary state. It is known that
the displacement of the OCP values to more active values
besides being associated with an increase in the anodic
reaction rate (metallic solution) can also correspond to the
presence of an inhibition process of the cathodic reaction
[2]. In the case of rare earth-based corrosion inhibitors in
chloride-rich solutions, this displacement has been associated with the formation of a layer of rare earth products onto
cathodic sites of the metal surface, blocking the reduction of
dissolved oxygen [2, 23]. It is possible to observe that, regardless of the concentration of Nd3+ ions, the OCP values
are within a band of 25 mV.
It has been suggested that a displacement in the OCP
values greater than ±85 mV, with respect to the blank, is
typical of anodic or cathodic inhibitors depending on the
direction of displacement; otherwise, they are mixed inhibitors [24–26]. However, the results of this study show
a variation in the OCP values lower than 85 mV; this

reaﬃrms that the Nd3+ ions act as a mixed inhibitor with
a strong predominant cathodic eﬀect as previously
established.
3.3. Linear Polarization Resistance Measurements. Figure 4
shows the variation in the polarization resistance values of
API X70 steel as a function of time at diﬀerent concentrations of Nd3+ ions. In the absence of inhibitor, oscillations
in the polarization resistance values are observed in the ﬁrst
10 hours of immersion, and a quasistationary state is subsequently observed. These variations are consistent with the
observations established in the OCP measurements; that is,
the initial behavior corresponds to a reorganization of the
surface layer due to the acceleration of the anodic dissolution
process [2, 4]. In the presence of Nd3+ ions in all cases,
a signiﬁcant increase in the polarization resistance values
was observed in the ﬁrst 10 hours of immersion and, subsequently, a less pronounced ascendant trend was observed
with slight oscillations. These trends demonstrate the corrosion inhibitory capacity of Nd3+ ion. According to the
graph at concentrations higher than 0.0005 M Nd3+, similar
polarization resistance values are observed.
Figure 5 shows the inhibition eﬃciency as a function of the
concentration of Nd3+ ions. The calculation of the inhibition
eﬃciency was according to the following expression:
E(%) � 

Rpi − Rpb
 ∗ 100,
Rpi

(2)

where Rpi corresponds to the polarization resistance in the
presence of inhibitor and Rpb corresponds to the polarization resistance in the absence of inhibitor. In each case, the
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Figure 5: Eﬀect of the concentration of Nd3+ ions on the corrosion inhibition eﬃciency of API X70 steel in 3.5% NaCl solution.

polarization resistance values used correspond to the average
of the last 50 hours of the values reported in the previous
ﬁgure. According to the graph, it is observed that the inhibition eﬃciency is close to 90% at concentrations higher
than 0.0005 M Nd3+. The highest inhibition eﬃciency was
obtained with 0.001 M Nd3+; at higher concentrations, the
inhibition eﬃciency tends to decrease slightly, possibly due
to the increase in the concentration of chloride ions.
3.4. Electrochemical Impedance Spectroscopy Measurements.
Figure 6 shows the Nyquist and Bode diagrams for API X70
steel in 3.5% NaCl solution at diﬀerent concentrations of
Nd3+ ions after 100 hours of immersion. According to the
Nyquist diagram, in the absence of inhibitor, the steel shows
the presence of a depressed capacitive semicircle with a diameter less than 1000 Ω-cm2. This is conﬁrmed from the
Bode diagram which shows the presence of a single time
constant at frequencies around 10 Hz with a maximum
phase angle close to 54°. From the evolution of the impedance module, |Z|, it is possible to deﬁne the highfrequency plateau (≥1000 Hz) which indicates the absence
of some layer of corrosion products on its surface with
viscous characteristics that aﬀect the diﬀusion of species;
however, the low-frequency plateau is not fully deﬁned
(≤1 Hz). On the other hand, in the presence of inhibitor,
regardless of its concentration from the Nyquist diagram,
the apparent presence of a single capacitive semicircle is also
visible; however, the analysis of the Bode diagrams reveals
the existence of three time constants. The fact that these are
not visible in the Nyquist diagram is due to that the ﬁrst two
time constants emerge from the high-frequency region to
the intermediate-frequency region, and the experimental
points mostly visible correspond to the low-frequency region. According to the Bode diagram in its impedance
module format, the ﬁrst time constant is located in the high-

frequency region around 10,000 Hz, the second time constant in the intermediate-frequency region from 10 to
200 Hz, and the third time constant at a frequency less than
1 Hz. Correspondingly, the three time constants are associated with a change in slope of the relation log f versus log |Z| at
the indicated frequencies. The maximum values of impedance
modulus are in agreement with the results of polarization
resistance and inhibition eﬃciency that indicate that, with the
addition of 0.001 M Nd3+, the greater inhibition of the corrosion process is obtained.
Figure 7 shows the evolution of the impedance spectra as
a function of time for API X70 steel with the addition of
0.001 M Nd3+. Similar characteristics were observed at other
concentrations. In general, from the Nyquist diagrams, the
apparent presence of a single capacitive semicircle whose
diameter increases as a function of time is observed.
However, again from the Bode diagram in its phase angle
format, the presence of three time constants is observed. It
has been suggested that this is because in passive systems, the
corrosion process is controlled by the reactions occurring at
the interface with the electrolyte, and these are detected in
the low-frequency region; therefore, the predominant signal
in the Nyquist diagrams corresponds to response of these
processes [4].
In the high-frequency region, the evolution (around
10,000 Hz) of the ﬁrst time constant with a maximum phase
angle of 28° is observed. In the intermediate-frequency region, the presence of the second time constant is observed
around 5 Hz with a maximum phase angle of 60°, and in the
low-frequency region (1 ≤ Hz), the third time constant is
located with a maximum phase angle around 50°. In the
impedance module format, |Z|, a slope change of the relation
log f versus log |Z| associated with the presence of the three
time constants is observed. It is also evident that the absence
of the plateaus of both high- and low-frequency regions is
due to the presence of a time constant in those regions. It is
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Figure 6: Nyquist and Bode diagrams for API X70 steel with and without the addition of Nd3+ ions after 100 hours of immersion in 3.5%
NaCl solution.

possible that the absence of the high-frequency plateau is
due to the presence of a surface layer on the working
electrode, and the absence of the low-frequency plateau
indicates that the maximum impedance module is greater
than the last registered value, as well as the existence of
a process of diﬀusion-adsorption of species on the surface of
the working electrode.
It is evident that, in the presence of Nd3+ ions, there was
a change in the mechanism of the corrosion process, and this
can be attributed to the formation or deposition of an Nd
oxide ﬁlm on the metal surface. In general, the precipitation
of the oxide layer is due to hydrolysis reactions of the metal
cations with the OH− ions produced at the cathodic sites.
The increase in pH of the cathodic sites causes the precipitation of compounds of the type Me(OH)3, which
subsequently are transformed to more stable metal oxides
(Me2O3). The mechanism of precipitation of both rare earth
oxides and hydroxides has been cited in the literature
previously [7, 27–30]. In general, the hydrolysis reaction of
lanthanide cations (Ln) can occur according to the following
reactions:
O2 + 2H2 O + 4e− ⟶ 4OH−
Ln3+ + OH− ⟶ Ln(OH)2+
Ln3+ + 2OH− ⟶ Ln(OH)+

(3)

Ln3+ + 3OH− ⟶ Ln(OH)3 ↓
The hydrolysis reaction of the rare earth cations can be
associated with the presence and evolution of the time

constant observed in the high-frequency region. Because the
rare earth hydroxides are only stable in alkaline environments, their stability will depend on the continuous production of OH− ions, and this will allow their lateral growth by
forming a three-dimensional ﬁlm that inhibits the corrosion
process. Because a decrease in pH will cause its dissolution,
then its transformation to oxide can occur almost simultaneously with the formation of complex hydroxides.
2Ln(OH)3 ⟶ Ln2 O3 + 3H2 O

(4)

This reaction can be associated with the presence and
evolution of the second time constant due to the formation
of a protective ﬁlm with hydrophobic characteristics. The
hydrophobic nature of rare earth oxides has been associated
with its unique electronic conﬁguration characterized by the
presence of nonaccessible metallic orbitals that reduce its
aﬃnity for water, and only the oxygen atoms attached directly to the rare earth are able to form hydrogen bonds with
water molecules [31, 32]. Similar observations have been
reported, indicating that, by increasing the atomic number
of the lanthanides, their reactivity decreases due to the fact
that the external electrons have more nuclear attraction [4].
The presence of the third time constant observed in the
low-frequency region (the only visible capacitive semicircle
in the Nyquist diagram) represents the capacitive response
of the electrochemical double layer and the charge transfer
resistance, and its evolution is due to the presence of the ﬁrst
two time constants.
Figure 8 shows the equivalent circuits used to ﬁt the
impedance spectra. To model the behavior of API X70 steel
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Figure 7: Evolution of the Nyquist and Bode diagrams for API X70 steel in 3.5% NaCl solution with the addition of 0.001 M Nd3+.
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Figure 8: Proposed equivalent circuits for modeling the impedance spectra: (a) without the addition of Nd3+ ions and (b) with the addition
of Nd3+ ions.

without the addition of Nd3+ ions, the equivalent circuit of
Figure 8(a) was used; in this case, Rs is the electrolyte resistance, Rct the charge transfer resistance, and ZCPEdl the
impedance of the double-layer capacitance. The constant
phase element (CPE) was used in order to compensate the
inhomogeneity due to the irregularities of the surface. The
impedance of the CPE is deﬁned as
1
ZCPE � (iω)−n ,
(5)
Y0
where Y0 is a proportional factor, i is the imaginary number,
ω is the angular frequency (ω � 2πf ), f is the frequency, and n
has the meaning of a phase shift.

On the other hand, with the addition of Nd3+ ions, the
impedance spectra were modeled with the equivalent circuit
of Figure 8(b). In this case, R1 represents the resistance of the
Nd(OH)3 ﬁlm adsorbed on the metal surface, R2 represents
the resistance of the Nd2O3 ﬁlm precipitated on the metal
surface, and ZCPE1 and ZCPE2 are the impedances of the
constant phase elements of the Nd(OH)3 ﬁlm and of the
Nd2O3 ﬁlm, respectively.
The evolution of the ﬁtting parameters of the impedance
spectra after 100 hours of immersion (Figure 6) according
the equivalent circuits of Figure 8 is shown in Table 2. From
the Rct data, the same tendency obtained in the other
electrochemical measurements carried out can be observed;
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Table 2: Evolution of electrochemical parameters of the EIS spectra after 100 hours of immersion in 3.5% NaCl solution.
Nd3+ ion concentration
0.0 M
0.0001 M
0.0005 M
0.001 M
0.005 M
0.01 M

R1 (Ω-cm2)

Y01 (μF·cm−2)

n1

R2 (Ω-cm2)

Y02 (μF·cm−2)

n2

Rct (Ω-cm2)

Y0dl (μF·cm−2)

nct

—
15.92
16.66
22.85
19.87
22.24

—
1.09E − 3
1.49E − 3
3.98E − 5
4.80E − 5
2.03E − 3

—
0.30
0.59
0.69
0.69
0.60

—
100.8
141.0
161.4
41.0
7.9

—
1.31E − 4
1.81E − 4
1.82E − 4
5.03E − 5
1.59E − 4

—
0.87
0.78
0.74
0.90
0.81

848
4677
4971
5950
5886
5770

1.63E − 3
1.06E − 3
4.14E − 4
2.02E − 4
2.94E − 4
1.71E − 4

0.65
0.63
0.69
0.76
0.66
0.42
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Figure 9: Morphological aspect of API X70 steel after 100 hours of immersion in 3.5% NaCl solution.

that is, increasing the concentration of Nd3+ ions increases
the corrosion resistance of the API X70 steel. The maximum
charge transfer resistance is observed at a concentration of
0.001 M Nd3+, and at higher concentrations, it decreases
slightly. In addition, it can also be observed that, at this
concentration, the resistance values of R1 and R2 are the
highest, which also contribute to increase the corrosion
resistance of the steel. This contribution can be observed by
the values of nct, where the maximum value is also observed
for the concentration of 0.001 M Nd3+, which indicates
a more capacitive surface.

Fe2+ + 2OH− ←→ Fe(OH)2 + H2 O
4Fe(OH)2 + O2 + 2H2 O ←→ 4Fe(OH)3
4Fe(OH)2 + O2 ←→ 2Fe2 O3 + 4H2 O
Fe(OH)3 + O2 ←→ FeOOH + H2 O
4Fe(OH)2 + O2 ←→ 4FeOOH + 2H2 O
2FeOOH + H2 O ←→ Fe2 O3 + H2 O
Additionally, the presence of chloride ions promotes the
formation of highly soluble iron chlorides and oxychlorides:
Fe2+ + 2Cl− ←→ FeCl2

3.5. Morphological Analysis of Corroded Surfaces.
Figure 9 shows morphological aspects of the surface of the
API X70 steel corroded for 100 hours in 3.5% NaCl solution
in the absence of Nd3+ ions. The micrographs clearly show
that the steel underwent a nonuniform corrosion process
where pitting attack is evident. The absence of corrosion
products indicates that the steel was not able to form a layer
of protective corrosion products, suggesting the formation
of soluble corrosion products.
The degradation of the steel occurred according to the
basic reactions of iron oxidation and water reduction:
Fe ←→ Fe2+ + 2e−
O2 + 2H2 O + 4e− ←→ 4OH−

(6)

In addition to the possible formation of nonprotective
iron compounds such as hydroxides or oxyhydroxides, in
addition to iron oxides,

(7)

Fe2+ + Cl− + H2 O ←→ FeOCl + H2 ↑

(8)

The attack experienced by the API X70 steel is correlated
with the microstructure of the steel. It is known that
depending on the manufacturing conditions and thermal
treatments to which an X70 steel is subjected, its microstructure can be formed by the presence of diﬀerent phases,
the main being the polygonal ferrite, quasipolygonal ferrite,
Widmanstätten ferrite, acicular ferrite, bainitic granular
ferrite, bainite ferrite, martensite in addition to the presence
of precipitates (Nb(CN), Fe3C, MnS, and SiO2) [33–35]. This
combination of phases can favor a galvanic eﬀect between
them, causing the corrosion of the electrochemically less
stable phase, generally the ferrite [36], in addition to
a nonuniform distribution of the local anodic/cathodic ratio
that favors localized corrosion [37]. The microstructure of
the API X70 steel (Figure 10) was revealed by attacking the
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Figure 10: Microstructure of the API X70 steel as received at diﬀerent magniﬁcations.
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Figure 11: Surface appearance of the API X70 steel after 100 hours of immersion in 3.5% NaCl solution with the addition of 0.001 M Nd3+.

steel with a 2% Nital solution (2 ml HNO3 and 98 ml ethanol). According to the micrographs, it can be observed that
the microstructure is composed of quasipolygonal ferrite
grains, acicular ferrite, granular bainite, and perlite. Comparing the microstructure of the steel with the morphology
of its surface after the corrosion process, it is possible to
observe a great similarity between them. This similarity is in
agreement with that mentioned above; the presence of
multiple phases favors the appearance of galvanic pairs that
reduce the resistance to corrosion of steel.

Figure 11 shows the morphological aspects of the surface
of the API X70 steel corroded for 100 hours in 3.5% NaCl
solution in the presence of 0.001 M Nd3+. It is clearly observed that the surface appearance is completely diﬀerent
from that observed in the absence of inhibitor (Figure 9). The
surface appearance shows the presence of a surface layer
with protuberances, both morphologies possibly composed
of Nd compounds.
A view at higher magniﬁcation (Figure 12) allows to
deﬁne a thin layer adhered to the metal surface as well as

Advances in Materials Science and Engineering

13

(a)

(b)

(c)

(d)

Figure 12: View to higher magniﬁcation to the corrosion product layer developed on the steel surface and mapping of elements.
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Figure 13: Elemental EDS analysis to the diﬀerent morphologies observed on the API X70 steel surface.
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the presence of multiple crystals in apparent cathodic sites
on the surface of the steel. The mapping of elements shows
the presence of Nd over the all surface, and its greater
presence is detected in the crystals that protrude from
the surface (Figure 12). A point analysis of the main
morphologies identiﬁed (Figure 13) showed that the layer
adhered to the surface (point 1) had an elemental composition of Fe � 92%, Nd � 3%, and O � 5% (% by weight),
the crystals that protrude from the surface (point 2) had an
elemental composition of Fe � 7%, Nd � 60%, and O � 33%,
and the morphologies with the appearance of stacked
layers (point 3) have an elemental composition of
Fe � 54%, Nd � 7%, and O � 39%. According to the morphology of point 3, it is possible to deduce that the layer
adhered to the metal surface had a thickness between
approximately 200 and 400 nm.
It has been indicated that although the formation of
a protective layer limits the exchange of electrons with the
oxidizing species, the anodic and cathodic reactions are carried
out through microdefects in the protective ﬁlm [7]. Based on
the observed evidence, it is possible to suggest that the Nd3+
ions protect the steel due to its adsorption on the metal surface
forming a thin layer of oxyhydroxides. However, possibly the
presence of imperfections causes the cracking and detachment
of the protective layer forming the morphologies of stacked
layers observed. In the case of small imperfections such as
pores (cathode sites), the Nd3+ ions are able to precipitate and
seal them, causing the formation of the small crystals identiﬁed
as protuberances.

4. Conclusions
Measurements by means of diﬀerent electrochemical techniques showed that Nd3+ ions are able to reduce the corrosion rate of API X70 steel in chloride-rich environments.
Maximum protection is achieved in concentrations as low as
0.001 M Nd3+. Regardless of the fact that, at higher concentrations, the concentration of Cl− ions is increased and
the protection eﬃciency is only slightly aﬀected. Polarization
curves and OCP measurements suggest that Nd3+ ions act as
a mixed inhibitor with a strong predominant cathodic eﬀect.
According to the EIS measurements and morphological
analysis, the presence of a protective layer composed of Nd
oxides/hydroxides was observed. Although the thickness of
the protective layer was 200–400 nm, its presence was able to
reduce the exchange of electrons with the oxidizing species.
However, the presence of microdefects on its surface caused
the formation of morphologies such as stacked layers and
protuberances due to the formation of active sites.
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