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The corrosion behavior of permanent magnets with different chemical composition was evaluated. Permanent magnets were tested
in 3.5% NaCl solution at room temperature using electrochemical technics such as polarization curves, open-circuit potential,
linear polarization resistance, and electrochemical impedance spectroscopy measurements. Results have shown that corrosion rate
is affected by Nd, Pr, and Co content. Analysis by scanning electron microscopy has shown that pitting attack is the main mode of
degradation of the magnets, while Co addition reduces it and Pr addition increases it.

1. Introduction
Rare earth elements are increasingly playing significant role
in development of new functional materials. For example,
Nd is key element for making important types of permanent
magnets. These permanent magnets are necessary components in a lot of the electric, electronic, and electromechanical
devices used in today’s technology. The purpose of these
materials is to provide large magnetic fields without the
expenditure of electrical power or the generation of heat.
Based on type of the materials used for manufacturing
the permanent magnets, they can be classified as alnico,
ferrite, rare earth-cobalt, and rare earth-iron. NdFeB magnets
have the highest energy product (BH)max of all permanent
magnet material ever developed, but they are sensitive to the
temperature and corrosiveness of the working environment
[1]. NdFeB permanent magnets can be manufactured by
powder metallurgical processing or by bonding magnetic
particles in a polymer matrix [2].
NdFeB sintered magnets have been widely applied in
various industries because of their remarkable magnetic
properties [2]. However, these types of magnets could not be
used for some commercial applications due to their very low

resistance against corrosion in various ambient environments
[3–5]. This very low resistance against corrosion of NdFeB
sintered magnets may be attributed to the existence of
complex multiple phases in their microstructure. The most
important ferromagnetic phase present in NdFeB sintered
magnets is the compound Nd2 Fe14 B (matrix phase, 𝜙-phase).
The ferromagnetic phase (tetragonal compound Nd2 Fe14 B) is
surrounded by low corrosion resistant intergranular regions
containing Nd4 Fe (neodymium-rich phase, n-phase) and
Nd(1+𝜀) Fe4 B4 (boron-rich phase, 𝜂-phase) [6]. Fidler [7]
indicated that it is possible for a single magnet to have
different types of the Nd-rich phase, where the main Fe : Nd
stoichiometric ratios may be 1 : 1.2–1.4, 1 : 2.0–2.3, 1 : 3.5–4.4,
and >1 : 7. The Nd-rich and B-rich phases are located in the
intergranular regions surrounding the matrix grains, and
their volume fractions are around 10% and 7%, respectively.
However, the Nd-rich phase has a poor corrosion resistance; its electrochemical activity is highest. The anodic
dissolution of the Nd-rich phase occurs at more active
potentials than the corrosion potential of the NdFeB magnet
[8]. The dissolution of the Nd-rich phase can provoke the
disintegration of the magnet [9]. Corrosion performance of
permanent magnets is carried out by immersion in a neutral
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salt solution or a neutral salt spray test. It has been shown
that, in a neutral NaCl solution, the corrosion rates of the
uncoupled single phases are different, for the reason that
the Nd-rich phase has the lowest corrosion resistance and
the matrix phase the highest one [5]. The electrochemical
potentials of the present phases lead to galvanic corrosion,
resulting in preferential corrosion by grain boundary. This is
because the area fraction of the anode (Nd-rich phase and
B-rich phase) is much smaller than that of the matrix phase
(cathode), thereby accelerating corrosion of the anode [10, 11].
It is said that Nd can absorb H2 evolved by the corrosion
process, and this can lead to an expansion of the Nd-rich
phase causing the embrittlement of the permanent magnet
and finally its pulverization [9, 12, 13]. Extensive research has
been carried out to improve the performance of the permanent magnets, for example, increasing the Curie temperature
by modification of the chemical composition (substituting Fe
by other elements) and increasing the corrosion resistance
by either applying protective coatings or adding alloying
elements to the substrate [14]. However, this is always accompanied by a sacrifice of the magnetic properties, and the
protective coatings are not perfect barriers. For this reason
the NdFeB magnets have a poor corrosion resistance in moist
environments. In general, the Nd-rich phase catalyzes the
formation of H2 from H2 O and then H2 forms a hydride with
the Nd-rich phase causing its disintegration. Therefore, if an
uncoated NdFeB magnet is used, it will be corroded within
weeks. This is the reason why the magnets are coated with Ni
or Ni-Cu-Ni layer [15].
The aim of the present work is intended to study the
corrosion resistance of commercial permanent magnets with
different chemical composition in 3.5% NaCl solution at
room temperature by applying electrochemical techniques.

2. Experimental Procedure
50 NdFeB magnets obtained from computer hard disks of
various brands were analyzed and then classified according to
elemental chemical composition. The compositions selected
for testing are shown in Table 1. In general the chemical
composition of NdFeB magnets varies depending on its
final application. For example, permanent magnets for high
temperature environments contain Dy or Ho, or Pr can
partially replace Nd. Because Nd and Pr differ by only one
atomic number, during the extraction process Nd and Pr are
not separated completely [15].
For simplicity hereinafter, the first group of magnets
(35Nd, 40Nd, and 40Nd3Co) will be defined as Nd magnets
and the second one (30Nd6Pr, 30Nd8Pr, and 30Nd10Pr) as
NdPr magnets.
In order to demagnetize the magnets, they were thermally
treated at 200∘ C for 2 hours in a muffle furnace and then
the specimens were welded to a copper wire as an electrical
contact using the spot-welding technique to one of their
surfaces. The magnets were then cold mounted in epoxy
resin. Wet grinding technique was employed to grind the
samples with 120-grit to 600-grit SiC paper. All the samples
before exposure to the test corrosion were degreased with
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Table 1: Chemical compositions of the magnets tested in 3.5% NaCl
solution at 25∘ C.
Magnet

Nd

35Nd
40Nd
40Nd3Co
30Nd6Pr
30Nd8Pr
30Nd10Pr

Chemical composition (wt.%)
Pr
Co
(Fe + B)

34.76
39.79
39.41
30.46
29.70
29.96

—
—
—
5.95
8.15
9.96

—
—
3.18
—
—
—

Balance
Balance
Balance
Balance
Balance
Balance

ethanol in an ultrasonic bath, dried in air, and stored prior
to testing.
Electrochemical measurements were carried out in a
Gamry Interface 1000 Potentiostat controlled by a personal
computer. All the experiments were performed in a standard
three-electrode cell arrangement with the magnets as working electrode, together with a saturated calomel electrode
(SCE) as the reference electrode and a high-purity graphite
rod as the auxiliary electrode. Electrochemical measurements
were made using at least 100 mL of electrolyte in accordance
with ASTM G31-90. Corrosion performance was determined
in 3.5 wt.% NaCl aqueous solution at 25∘ C for 24 hours.
Open-circuit potential (𝐸corr ), current density (𝐼corr ), and
Tafel slopes (𝑏𝑎 , 𝑏𝑐 ) were determined by means of potentiodynamic polarization curves. The potential scanning range was
from −400 mV to 400 mV from the 𝐸corr value in accordance
with ASTM G5-04 and ASTM G-3-04. A sweep rate of 1 mV/s
was used for all the tests to obtain steady-state currentpotential curves [16]. Before starting the test the system was
kept stabilizing for a period of 0.5 hours.
The linear polarization resistance (LPR) measurements
were carried out by polarizing the working electrode from
−20 mV to 20 mV from the 𝐸corr value with a sweep rate of
60 mV/min and the intensity Δ𝐼 was registered in accordance
with ASTM G59-97 standard recommended practice. The
measurements were recorded every one hour for 24 hours.
The value of the polarization resistance (𝑅𝑝 ) was deduced
from the equation 𝑅𝑝 = Δ𝐸/Δ𝐼, where Δ𝐸 is the step of
the potential applied at the corrosion potential and Δ𝐼 is
the resulting current. After determining the polarization
resistance, the corrosion current densities (𝐼corr ) can be calculated by applying the Stern-Geary equation (𝐼corr = 𝐵/𝑅𝑝 ),
where the values of 𝑏𝑎 and 𝑏𝑐 were previously obtained (see (1)
and (2)):
[

𝑏𝑎 𝑏𝑐
𝑑 (Δ𝐸)
= 𝑅𝑝 =
,
]
𝑑𝑖
2.303 (𝑏𝑎 + 𝑏𝑐 ) 𝐼corr
Δ𝐸=0
𝐼corr =

𝑏𝑎 𝑏𝑐
.
2.303𝑅𝑝 (𝑏𝑎 + 𝑏𝑐 )

(1)
(2)

Electrochemical impedance spectroscopy (EIS) measurements were made at frequencies from 0.01 Hz to 100,000 Hz
with a small amplitude sinusoidal potential perturbation
signal of ±10 mV. After the corrosion tests, the surface

Journal of Spectroscopy

3

Potential (mV versus SCE)

−400
−500

Table 2: Electrochemical parameters of the Nd magnets tested in
3.5% NaCl solution at 25∘ C for 24 hours.

−600

Magnet

−700

35Nd
40Nd
40Nd3Co

−800
−900

𝐸corr
(mV)
−858
−929
−820

𝑏𝑎
(mV/Dec)
72
246
62

𝑏𝑐
(mV/Dec)
227
164
194

𝐼corr
(mA/cm2 )
0.0058
0.0083
0.0033

−1000

Table 3: Electrochemical parameters of the NdPr magnets tested in
3.5% NaCl solution at 25∘ C for 24 hours.

−1100
−1200
−1300
0.00001 0.0001

Magnet
0.001

0.01

0.1

1

10

100

Current density (mA/cm2 )

30Nd-6Pr
30Nd-8Pr
30Nd-10Pr

(35Nd)
(40Nd)
(40Nd-3Co)

Figure 1: Potentiodynamic polarization curves of the Nd magnets
tested in 3.5% NaCl solution at 25∘ C.

morphology of the corroded sintered magnets was analyzed
with a Hitachi SU1510 scanning electron microscopy (SEM).

3. Results and Discussion
3.1. Potentiodynamic Polarization Curves. Figure 1 shows
characteristic potentiodynamic current density-potential
curves (polarization curves) of the Nd magnets when
immersed in 3.5 wt.% NaCl solutions at 25∘ C for 24 hours.
In the anodic region, the 35Nd magnet shows an active
dissolution process in the entire potential range. It is observed
that increasing the Nd content (40Nd magnet) displaced the
polarization curve to more active potential with an increase
in 𝐼corr value and favoring the apparent formation of a passive
zone. Furthermore, the addition of Co (40Nd3Co magnet)
causes a shift of the polarization curve to nobler potentials,
with a decrease in 𝐼corr value and the apparent disappearance
of passive region.
The different phases present in the permanent magnets
are Nd-rich phase (grain boundary), Nd1+𝜀 Fe4 B4 (B-rich
phase), and Nd2 Fe14 B (matrix phase). Because the electrical
potential of the Nd-rich phase is much more negative than
that of the other phases, the Nd-rich phase oxidizes to
Nd3+ . Nd3+ can be combined with OH− or with water to
form an insoluble precipitate of Nd(OH)3 . At the same
time, H+ produced by H2 O dissociation is reduced onto
both the B-rich phase and the matrix phase. Part of the
hydrogen ions is evolved as H2 , causing the breaking of the
corrosion products layer. On the other hand, the atomic
hydrogen can be absorbed by the matrix phase, resulting in
the lattice expansion and therefore decreasing its magnetic
properties [17, 18]. It is known that, in aqueous NaCl solution,
the dissolution reaction of the Nd-rich phase takes place
according to the following anodic reaction [19, 20]:
Nd → Nd3+ + 3𝑒−
Nd

3+

−

+ 3OH → Nd (OH)3

(3)
(4)

𝐸corr
(mV)
−877
−902
−955

𝑏𝑎
(mV/Dec)
187
253
315

𝑏𝑐
(mV/Dec)
152
160
131

𝐼corr
(mA/cm2 )
0.0039
0.0044
0.0054

Nd(OH)3 formation will decrease the corrosion rate, but
Cl− ions will break the passivation film, accelerating the
dissolution process. On the other hand, the cathodic reaction
includes two processes, the H2 -evolution reaction and the
O2 -consuming reaction. Where the H2 -evolution reaction
occurs first, the H+ concentration decreases, and at the same
time the O2 concentration increases until the initiation of the
O2 -consuming reaction:
2H+ + 2𝑒− → H2 ↑
O2 + 2H2 O + 4𝑒− → 4OH−

(5)
(6)

OH− ions will react with Nd3+ ions and probably Fe ions
causing the deposition of an insoluble corrosion product,
mainly Nd(OH)3 [18]. The decomposition of the neodymium
hydroxide can occur in two stages as follows [19]:
Nd (OH)3 → NdO (OH) + H2 O
2NdO (OH) → Nd2 O3 + H2 O

(7)
(8)

Figure 2 shows the polarization curves for the NdPr magnets
measured in 3.5 wt.% NaCl solution at 25∘ C for 24 hours.
The magnets tested in this case have the same Nd content
but differ in Pr content. In this case, a behavior very similar
in the three curves is observed; however it can be observed
that increasing Pr content shifted the curves to more active
region, along with increased 𝐼corr values. By comparing the
behavior of the 35Nd magnet (Figure 1) with that shown by
the 30Nd6Pr magnet, it is observed that the 30Nd6Pr magnet
shows a smaller increase in the current density by increasing
the applied potential (above 𝐸corr value). This behavior is
more pronounced with increasing the Pr content, and an
apparent passivation area can be observed.
Tables 2 and 3 show electrochemical parameters obtained
from the potentiodynamic polarization curves of Nd magnets
and NdPr magnets exposed to 3.5 wt.% NaCl solutions at 25∘ C
for 24 hours, respectively. A shift of the entire polarization
curve towards the region of low current density together
with highest potential indicates better corrosion behavior of
magnets.
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Figure 2: Potentiodynamic polarization curves for NdPr magnets
exposed to 3.5% NaCl solutions at 25∘ C for 24 hours.

According to Faraday’s law, the relationship between the
corrosion rate and the corrosion current density is
𝜐=

𝑀𝐼corr
,
𝑛𝐹

(9)

where 𝜐 is the corrosion rate, 𝑀 is the atomic weight of
corroding metal, 𝑛 is the chemical valence state, and 𝐹 is the
Faraday constant. Equation (9) indicates that the corrosion
rate is directly proportional to the corrosion current density.
Therefore, using the results of potentiodynamic polarization
curves, it is possible to consider the following: (i) increasing
the Nd content decreases the corrosion resistance of the
magnets; (ii) for the same Nd content, the addition of Co
improves the corrosion resistance of the magnet; (iii) for the
same content of Nd, the addition of Pr improves the corrosion
resistance of the magnet; (iv) for the same content of Nd,
however, increasing the Pr content increases the corrosion
rate of the magnet.
The low corrosion resistance of the magnets can be
attributed to the high content of neodymium and to their
complex multiphase microstructure. The microstructure
comprises ferromagnetic phase matrix (Nd2 Fe14 B) and the
most corrosion sensitive Nd- and B-rich phases in the
grain boundary region as explained before. Generally, the
corrosion performance observed in the polarization curves
is only valid by the beginning of the corrosion process; the
observed trend may vary in long time immersion tests [21–
23].
3.2. Open-Circuit Potential Measurements. The knowledge of
the chemical stability between a metallic material and the
electrolyte is essential, and this can be done by monitoring
the open-circuit electrode potential (𝐸corr ) as a function of
time.

Figure 3: Variation of 𝐸corr for Nd magnets tested in 3.5% NaCl
solution at 25∘ C for 24 hours.

An increase in 𝐸corr values indicates the formation of a
passive film and, otherwise, indicates its breakdown or dissolution, and 𝐸corr steady indicates that the film is protective
[21–25].
The open-circuit potential (𝐸corr ) as a function of time for
the Nd magnets tested in 3.5% NaCl solution at 25∘ C for 24
hours is shown in Figure 3. The 35Nd magnet showed a steady
increase in its 𝐸corr values without reaching stabilization
throughout the test period; this indicates a constant attempt
of forming a passive layer onto the surface of the magnet.
Any increase in the content of Nd (40Nd magnet) changes
the behavior of the magnet to more active potential with a
slight tendency to decrease its 𝐸corr values over the entire
test period. However, for the same content of Nd and with
the addition of Co (40Nd3Co magnet) a shift to a nobler
potential is observed, and after 8 hours of immersion a stable
performance is obtained. These trends are consistent with the
observations noted in potentiodynamic polarization curves.
Figure 4 shows the effect of Pr content in NdPr magnets on
𝐸corr , when tested in 3.5% NaCl solution at 25∘ C for 24 hours.
Trends of 𝐸corr values are similar for the three magnets tested,
showing a steady decline until 16 hours and then a slight
increase. With a higher content of Pr, 𝐸corr values are shifted
to more active values. Besides, the variation in 𝐸corr values is
also lower by increasing the content of Pr. These trends are
coherent with the potentiodynamic polarization results.
3.3. Linear Polarization Resistance Measurements. Figure 5
shows the variation of the corrosion current density (𝐼corr )
for the Nd magnets tested in 3.5% NaCl solution at 25∘ C
for 24 hours. 𝐼corr values were obtained from the SternGeary equation (see (1)) using Tafel slopes and 𝑅𝑝 data
(Tables 2 and 3). Variation in 𝐼corr values indicates that
increasing the content of Nd increases its corrosion rate
and the fluctuations in 𝐼corr values may be associated with
pitting. Furthermore, Co addition significantly increases the
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Figure 4: Variation of 𝐸corr for NdPr magnets tested in 3.5% NaCl
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Figure 6: Variation of 𝐼corr values for NdPr magnets tested in 3.5%
NaCl solution at 25∘ C for 24 hours.

the corrosion rate. This behavior is consistent with the trends
observed in 𝐸corr values and polarization curves.
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Figure 5: Variation of 𝐼corr values for Nd magnets tested in 3.5%
NaCl solution at 25∘ C for 24 hours.

corrosion resistance of the magnets, and variations in 𝐼corr
values are insignificant, possibly indicating a decrease in the
pitting attack. These observations are consistent with the
results of potentiodynamic polarization curves and opencircuit potential measurements. Figure 6 shows the variation
in corrosion current density (𝐼corr ) values for NdPr magnets
evaluated in 3.5% NaCl solution at 25∘ C for 24 hours. By
comparing the behavior of the 35Nd magnet (Figure 5) with
that shown by the 30Nd6Pr magnet, it is observed that both
magnets show similar corrosion rates; that is, the Pr addition
increased the corrosion rate of the magnets. This behavior is
evident noting that for a fixed Nd content the variation in
𝐼corr values indicates that increasing the Pr content increases

3.4. Electrochemical Impedance Spectroscopy Measurements.
Electrochemical impedance spectroscopy (EIS) is a very
interesting tool because of its advantages: (1) the studying
system experiences only a minor disturbance from equilibrium and (2) the evolution and interpretation of the
impedance spectra can provide access to the phenomena
occurring onto the metallic surface. After converting the
data into the frequency domain, it is possible to adapt to an
equivalent circuit where the components represent specific
parts of the studied system. This technique is sufficient for
understanding material behavior since it allows studying
both the current and the transfer impedance. Therefore,
the impedance measurements technique is one of the more
useful methods in order to study the corrosion processes
[26, 27]. The specimen response to a small amplitude signal
depends on the signal frequency. The variation of impedance
modulus and phase angle at each frequency is recorded and
the corrosion response of the specimen is expressed as a combination of resistive, capacitive, and inductive components.
In general, Bode plots can be interpreted according to the
three regions referred to as regions of high, intermediate,
and low frequency [28]. (1) High frequency region (1,000–
100,000 Hz): in this region, the Bode plot exhibits a constant
high frequency plateau (horizontal line) of the |𝑍| values at
𝑓 > 104 Hz, with the phase angle approaching 0∘ . This is the
characteristic response of the resistive region, which includes
the electrolyte resistance, 𝑅𝑠 , cell geometry, impedance of the
conductors, and the reference electrode. (2) Intermediate frequency region (1,000–10 Hz): in the intermediate frequency
region, the spectra display a linear slope about −1 in log |𝑍|
as log(𝑓) decreases, while the maximum phase angle values
approach −90∘ . This is the characteristic impedance response
of the capacitive behavior (Cp) of a compact passive oxide and
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Figure 7: Bode plots for 35Nd magnet tested in 3.5% NaCl solution at 25∘ C for 24 hours.
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Figure 8: Bode plots for 40Nd magnet tested in 3.5% NaCl solution at 25∘ C for 24 hours.

describes its dielectric properties. (3) Low frequency region
(𝑓 < 10 Hz): in this region processes are detected such
as charge transfer, mass transfer (diffusion or migration),
or relaxation taking place at the film-electrolyte interface or
within the pores of the surface film.
Results in Bode format of EIS tests, for the Nd magnets in
3.5% NaCl solution at 25∘ C for 24 h, are presented in Figures
7–10. For 35Nd magnet (Figure 7), in the high frequency
region (𝑓 ≥ 1000 Hz) the log |𝑍| values tend to a constant and
the phase angle decreases to zero. The constant value (plateau

region) corresponds to the solution resistance (𝑅𝑠 ). In the
intermediate frequency (around 100 Hz) a new time constant
is formed as time evolved. This may be due to the reaction
products which accumulate onto the surface of the magnet,
according to reactions (3) and (4) previously described [18,
19]. However, this hydroxides’ layer did not form a passive
film capable of reducing the corrosion rate. Possibly due to
that, the aggressive Cl− ions were absorbed and migrated
toward the interface and therefore destroyed the passive
film, increasing the dissolution of the magnet. On the other
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Figure 9: Bode plots for 40Nd3Co magnet tested in 3.5% NaCl solution at 25∘ C for 24 hours.
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Figure 10: Bode plots for 30Nd6Pr magnet tested in 3.5% NaCl solution at 25∘ C for 24 hours.

hand, between the intermediate and lower frequency region,
a linear relationship between log |𝑍| and log 𝑓 is observed.
The slope value of this linear relationship is lower than −1
and the phase angle value less than 90∘ , indicating that the
protective layer formed has no capacitive nature and that the
corrosion process can be under mixed control (diffusion and
charge transfer). The maximum phase angle value is shifting
toward lower frequencies, and its value also decreases as time
passes. These changes can be associated with a detachment,
or thinning of the protective films [29, 30], and agree with

that described above, because the chloride ions increase the
dissolution of the magnet. In the low frequency region, a
plateau zone is formed and as time elapses, the log |𝑍| values
show a tendency to decrease. This indicates the nonprotective
nature of the protective layers formed onto magnet surface.
Some authors suggest that the increase in the corrosion rate
is due to an active dissolution process as a result of the
adsorption of the chloride ions which promote the pitting
attack until the magnet is completely corroded [19, 31, 32].
EIS response of 40Nd magnet plot (Figure 8) was similar
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Figure 11: Bode plots for 30Nd8Pr magnet tested in 3.5% NaCl solution at 25∘ C for 24 hours.

to the 35Nd; however the main differences were as follows:
the time constant observed in the intermediate frequency
region (around 100 Hz) has a higher phase angle value and
the second one observed in lower frequency has a more
stable behavior; that is, only slight variations in the phase
angle value and position were observed; however the phase
angle value was minor (40–45∘ ). The behavior observed in
the low frequency region was similar; that is, impedance
module decreases as time elapses. Again, this indicates the
nonprotective nature of the protective layers formed onto
magnet surface. This behavior is due to the higher content of
Nd which increased the corrosion rate of the magnet through
reactions (3) and (4). The amount of hydroxides formed
onto surface was higher (time constant around 100 Hz) but
was not able to form a stable passive film because chloride
ions migrated to the interface and increased the dissolution
of the magnet (low value of the second time constant and
lower impedance modulus values). Co addition to the 40Nd
magnet (Figure 9) showed a better performance. Apparently
at time 0 hours only one time constant is observed around
20 Hz; however, as time passes, the shape of the phase angle
spectrum is not according to a Gaussian distribution. The
width of the spectrum is located from the high frequency
region to the low frequency region. This suggests the presence
of two time constants, where one of them (a slimy film) is in
contact with the electrolyte and the other one (oxide film) is
in contact with the magnet. Furthermore, phase angle values
decrease from 68∘ to 56∘ , and this is associated with a decrease
in the slope of the relationship log 𝑓 − |𝑍|. Notwithstanding
this, the values are higher than those observed without the
Co addition. This emphasizes the fact that the presence of
cobalt improved the performance of the magnet favoring the
formation of a more stable protective film which limited the
diffusion of chloride ions into the interface.

Results in Bode format of EIS tests, for the NdPr magnets
in 3.5% NaCl solution at 25∘ C for 24 h, are presented in
Figures 10–12. The evolutions of the spectra are similar to
those observed in the case of Nd magnets. In the case
of 30Nd6Pr magnet (Figure 10), at the beginning of the
corrosion process, the presence of a time constant between
both high and intermediate frequency region is observed.
But, as time elapses, the evolution of a second time constant
is observed at frequencies below 1 Hz. This behavior may be
because the presence of Pr increased the corrosion process
and the rapid formation of a film of hydroxides on the surface
of the magnet; however chloride ions were adsorbed and
diminished the protective ability of the passive film, as can
be seen from the evolution of the maximum phase angle
value which tends to decrease as time passes [19, 31, 32].
It is observed that by increasing the Pr content (Figures
11 and 12) the maximum value of the phase angle shifts
toward lower frequencies and its value slightly decreases as
time passes. The shape of the phase angle spectrum is not
according to a Gaussian distribution, and the width of the
spectrum is located from the intermediate frequency region
to the low frequency region. This suggests the presence of two
time constants, as it has been explained above. The shift of
the phase angle spectrum toward lower frequencies can be
associated with a detachment, or thinning of the protective
films [29, 30]. Hence, the protective layers formed onto
magnet surface are nonprotective and favor the absorption
of the chloride ions.
The superficial aspects of the Nd magnets tested in 3.5%
NaCl solution at 25∘ C for 24 hours are shown in Figure 13.
From the micrographs it can be seen that the surface attack
was higher at increased Nd content (35 to 40Nd) since it
is possible to observe the presence of areas with big pits.
However, for the same Nd content but with the addition of
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Figure 12: Bode plots for 30Nd10Pr magnet tested in 3.5% NaCl solution at 25∘ C for 24 hours.

(a)
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(c)

Figure 13: Superficial aspects of Nd magnets after corrosion tests for 24 hours in 3.5% NaCl solution at 25∘ C: (a) 35Nd, (b) 40Nd, and (c)
40Nd3Co.

Co, the surface appearance is completely different; in this
case the presence of big pits was not observed, and instead
the presence of small pits along what appears to be the
grain boundaries was observed. Observations indicate that
increasing the Nd content increases the corrosion rate and

the adding of Co enhances the corrosion resistance. It is said
that Co is added to replace iron and in order to increase
the Curie temperature and the corrosion resistance of the
magnets, and the corrosion resistance is due to the presence
of the Nd3 Co phase which occurs at both grain boundaries
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(a)

(b)
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Figure 14: Superficial aspects of NdPr magnets after corrosion tests for 24 hours in 3.5% NaCl solution at 25∘ C: (a) 30Nd6Pr, (b) 30Nd8Pr,
and (c) 30Nd10Pr.

and triple junctions [33]. The superficial aspects of NdPr
magnets tested in 3.5% NaCl solution at 25∘ C for 24 hours
are shown in Figure 14. According to the micrographs, the
magnets showed pitting attack and increasing the Pr content
increased the pit depth, although the affected area was more
localized. Again, these results indicate that the Pr addition
increases the corrosion rate of Nd magnets and apparently
enhances the pitting attack.
Figures 15 and 16 show the optical micrographs of the
Nd magnets and NdPr magnets. The micrographs show the
presence of the main phases, namely, Nd2 Fe14 B main phase
and Nd-rich grain boundary phase, as well as small amount
of intergranular B-rich phase in all the samples, and almost all
the grains are squares with facetted surfaces. From Figure 15,
it is observed that an increase in the Nd concentration
caused a decrease in grain size of the Nd2 Fe14 B phase and
consequently increased the grain boundaries and the grain
junctions where the Nd-rich phase is located. It is known
that the Nd-rich phase enhances densification during the
sintering process and decreases the number of nucleation
sites, but it is preferentially attacked [34, 35]. Moreover, with
the Co addition, a grain coarsening effect of the Nd2 Fe14 B
phase is observed, which may contribute to increasing the
corrosion resistance. Warren et al. found that the Co addition

resulted in the formation of little or no Nd-rich phase, being
replaced with Nd-Co precipitates [36].
On the other hand, from Figure 16 it can be observed
that the Pr addition increased the grain boundaries (Nd-rich
phase) and the amount of intergranular phases. Similar observations were obtained by Pandian et al., when they evaluated
the effect of Nb addition on the microstructural features
magnets [37]. Therefore, the corrosion resistance of the NdPr
magnets decreased. This is consistent with studies about the
effect of doping elements on the magnetic properties and
microstructural features of magnets; it was found that the
dopant element concentration is much higher in the Nd-rich
phase. Moreover, the complexity of the intergranular region
increases with additive elements, and at least one additional
phase is clearly identified [37–39]. Therefore, in order to
increase the corrosion resistance of the magnets, the Nd-rich
phase should be as low as possible.
From the above results, it is possible to define the
appropriate equivalent circuits (EC) in order to analyze the
impedance spectra. The equivalent circuits, fitted to the
impedance data, calculate the electrochemical parameters of
interest, such as electrolyte resistance (𝑅𝑠 ), charge transfer
resistance (𝑅ct ), and double layer capacitance (𝐶dl ). From
the spectra data, if a nonideal frequency response is clear,
it is common to employ distributed circuit elements as the
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Figure 15: Optical micrographs of Nd magnets: (a) 35Nd, (b) 40Nd, and (c) 40Nd3Co.

constant phase element (CPE). CPE is used to compensate
the inhomogeneity in the system, and it is an element whose
impedance value is defined as
𝑍CPE =

1
(𝑖𝜔)−𝑛 .
𝑌0

(10)

𝑌0 is a proportional factor; 𝑖 is an imaginary number (√−1);
𝜔 is defined as the angular frequency (𝜔 = 2𝜋𝑓), 𝑓 being the
frequency; and 𝑛 is related to the slope of the log |𝑍| versus
log 𝑓 plots, and its value varies between 0.5 and 1. If 𝑛 = 1,
the CPE describes an ideal capacitor with 𝑌0 being equal to
the capacitance (𝐶); if 0.5 < 𝑛 < 1 describes a distribution
of dielectric relaxation times in frequency space and if 𝑛 =
0.5 the CPE represents a Warburg impedance with diffusional
character.
As discussed previously, from 3 to 24 hours the
impedance spectra indicate the presence of two time constants; therefore the impedance plots can be analyzed according to the CE shown in Figure 17. The first time constant represents a surface layer (reaction products which
accumulate onto the surface of the magnets, according to
reactions (3) and (4)), where 𝑅𝑓 is the resistance of the film,
and the second time constant represents the charge transfer

process of the metal dissolution or the oxide dissolution,
where 𝑅ct describes the charge transfer resistance and CPEdl
the constant phase element relating to the double layer
capacitance. For the impedance spectra corresponding to 0
hours, the same model was used, but excluding the first time
constant.
Figure 18 shows the variation of 𝐼corr values versus time
for the magnets evaluated. The calculation of 𝐼corr was
realized using Stern-Geary expression (see (2)), with 𝑅ct
values obtained modeling the impedance spectra and 𝑏𝑎 and
𝑏𝑐 values reported in Tables 1 and 2. Comparing Figure 18 with
Figures 5 and 6, the similitude between 𝐼corr values calculated
from the EIS measurements and those calculated from LPR
measurements is observed. This suggests that the equivalent
circuits proposed are suitable to simulate the impedance
spectra and are consistent with the effect of the chemical
composition of the magnets, previously discussed.
Other parameters of interest determined from modeling
of EC are shown in Figures 19–21. Figure 19 shows the
variation of 𝑅𝑓 for each simulated condition. 𝑅𝑓 values
represent the resistance of electrochemical species transporting to and from the magnet surface and electrolyte,
and Rf values are proportional to the thickness of the path
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Figure 16: Optical micrographs of NdPr magnets: (a) 30Nd6Pr, (b) 30Nd8Pr, and (c) 30Nd10Pr.
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Surface
layer

Surface
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Figure 17: Equivalent circuit for permanent magnets corroded in 3.5% NaCl solution at 25∘ C from 3 to 24 hours.

in which electrochemical species diffuse. That is, the 𝑅𝑓
values can be associated with the thickness of the layer of
corrosion products formed. The trend of 𝑅𝑓 values shows
that increasing the concentration of Nd and Pr the slope of
the curves increases, and therefore the amount of corrosion

products formed. Moreover, the magnet with Co shows
a stable trend which can indicate a lower corrosion rate.
Figure 20 shows 𝑛ct and 𝑛𝑓 variation against time for each
simulated condition. From 𝑛ct values, it is observed that the
corrosion process is controlled by charge transfer (𝑛ct > 0.8).
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Figure 19: 𝑅𝑓 variation against time for the tested magnets.

However, 35Nd, 40Nd, and 30Nd-10Pr magnets showed 𝑛𝑓
values tending to 0.5 (𝑛ct → 0.5); no diffusion processes were
observed possibly because the corrosion products are easily
dissolved into the bulk solution.
Figure 21 shows plots of the capacitance versus time for
each simulated condition. Capacitance values were obtained
from 𝑌0 values (see (10)) according to the following equation
[40]:
(1−𝑛𝑖 ) 1/𝑛𝑖

𝐶𝑖 = (𝑌0𝑖 𝑅𝑖

)

.

(11)

From Figure 21 it is observed that the capacitance (𝐶dl ) values
are increasing with Nd and Pr content of the magnets; on the
other hand, the capacitance (𝐶dl ) values with low content of
Nd and Co are lower. Same behavior is observed from the

figure of capacitance film. However, 𝐶𝑓 values are similar
(same magnitude order) to those of 𝐶dl . This indicates that the
layer of corrosion products is not protective. It has been said
that a decrease in the capacitance occurs if a surface layer (low
dielectric constant) replaces the adsorbed water molecules
(high dielectric constant) onto the metallic surface [41].

4. Conclusions
A study on the effect of the content of Nd, Pr, and Co in
the corrosion behavior of permanent magnets in 3.5% NaCl
solution has been carried out using electrochemical measurements. Results obtained from potentiodynamic polarization
curves, open-circuit potential, linear polarization resistance,
and electrochemical impedance spectroscopy measurements
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Figure 21: 𝐶dl and 𝐶𝑓 variation against time for the tested magnets.

were consistent. All the electrochemical corrosion indicated
that the magnets showed an active corrosion process. Corrosion rate is increased by increasing the Nd content, but the Co
addition enhances the corrosion resistance. For the same Nd
content the Pr addition improves the corrosion resistance, but
increasing the Pr content increases the corrosion rate. Results
were consistent with the observations carried out by scanning
electron microscopy, showing that the main mode of attack
of the magnets is pitting, where the addition of Co reduces it,
while the presence of Pr increases it.
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