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Abstract

This paper investigates the corrosion behavior of a NdFeB magnet with cerium-based conversion coatings obtained under different deposition
conditions, on phosphated or non-phosphated magnet. The best performance was obtained with a cerium conversion coating, obtained in a two-
step process, here named Ce; coating. In the first step the magnets were submitted to a phosphating treatment by immersing in a 10 g L™
NaH,PO, solution, acidified with H;PO, to pH 3.8. After phosphating, the specimens were immersed in a 3 g L' Ce(NO)3; 0.3 g L™ ! H,0,;
0.02 g L' H3BO; at pH 4.0 and 25-30 °C during 120 min, rinsed thoroughly with deionized water and dried. After conversion coating, the
magnets were tested for corrosion. The corrosion tests were carried out in aerated sulphate solution, using electrochemical impedance
spectroscopy (EIS), cyclic voltammetry and surface analysis methods (SEM and EDS). It was demonstrated that the corrosion resistance was

strongly dependent on the previous treatment and the conversion coating conditions.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

NdFeB magnets are widely used as components in many
electric and electronic devices because of their outstanding
magnetic properties [1]. Despite of their excellent magnetic
properties, NdFeB magnets are highly susceptible to corrosion
in various environments [1—-8]. Research has been carried out to
improve their corrosion resistance, either by the addition of
alloying elements [2—5], by protective coatings [6,9—12]. More
recently, works have been performed on phosphating of NdFeB
magnets and its effect on their corrosion resistance [13—16].
Chromating of this type of magnet has also been used for
corrosion protection [17] but this treatment generates toxic and
carcinogenic products and the other types of environmentally
friendly conversion coating layers have been studied in order to
replace the chromate coatings due to the toxicity of Cr° [17].
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Lanthanides ions, as Ce"*, Y3, La™3, Pr™3, Nd"?, forming
insoluble hydroxides, have low toxicity and their ingestion and
inhalation is not harmful to health [18]. In addition, lanthanides
are economically competitive products, bearing in mind that
some of them, in particular cerium, are relatively abundant in
nature. A significant amount of work has investigated the use of
cerium-based inhibitors in conversion coatings and primers.
These studies revealed that corrosion protection can be attributed
to the formation of a hydrate rare earth oxide film on the metallic
surface. In the early studies the conversion coatings were
obtained by prolonged immersion in hot aqueous solutions of
rare earth ions [19-21]. Recently, a conversion coating process
based on the use of Ce"* and hydrogen peroxide containing
aqueous solutions was developed to produce passivating films in
a much shorter time [22,23]. These cerium coatings have been
used as corrosion protection for aluminum and its alloys [24].

This paper investigates the corrosion behavior of a NdFeB
magnet coated with cerium-based conversion coatings obtained
under different deposition conditions, on phosphated or non-
phosphated magnet. After conversion coating, the magnets were
tested for corrosion. The corrosion tests were carried out in
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Table 1
Chemical composition of commercial Nd—Fe—B magnets

Element  Fe Nd B Dy Al Co Si Cu Nb

wt.% 609  28.6 1.0 21 38 1.3 1.4 0.2 0.7
at.% 67.9 12.3 5.8 0.8 8.1 14 31 0.2 0.4

acrated sulphate solution, using electrochemical impedance
spectroscopy (EIS), cyclic voltammetry, scanning electron
microscopy (SEM) and energy dispersive spectroscopy (EDS).

2. Experimental procedure
2.1. Material

The material used in this study was a NdFeB commercial
magnet produced by a powder metallurgical route and supplied
by CRUCIBLE Co. (known as Crumax). The chemical
composition of the magnet is given in Table 1.

The hydrostatic density of the NdFeB magnets used in
this study is 7.58 g cm ™ * whereas their theoretical density is
7.60 g cm 3.

2.2. Specimen preparation and experimental set-up

Disc working electrodes with an area of approximately
1.3 cm? were prepared from the NdFeB magnet by cold resin
(epoxy) embedding. The surface was prepared by grinding with
silicon carbide paper up to grade #2000, followed by degreasing
with alcohol, using an ultrasonic bath, and drying under a hot air
stream.

A saturated calomel electrode (SCE) was used as reference
electrode and all potentials are referred to it. The auxiliary
electrode was a Pt gauze. The experiments were carried out
under naturally aerated conditions at 25 °C. The electrochemical
measurements were performed using a potentiostat (AUTOLAB
PGSTAT 30) coupled to a frequency response analyser (FRA 2).

All measurements were performed in potentiostatic mode at
the open circuit potential, OCP. The OCP after potential
stabilization is referred in this work as the corrosion potential,
E.or. The amplitude of the EIS perturbation signal was 10 mV
and the frequency range studied was from 10° to 10”? Hz.

2.3. Conversion coating treatments

Various conversion coatings were investigated in this study.
The first type was obtained in a two-step process. In the first step
the magnets were submitted to a phosphating treatment carried
out by immersion in a solution made of 10 g L' NaH,PO,,
acidified with H;PO,4 to pH 3.8, for up to 24 h, rinsed thoroughly
with deionized water and dried [15]. After phosphating, the
specimens were immersed in a 3 g L' Ce(NO)3; 0.3 g L'
H,0,;0.02 g L~ ! H;BO; at pH 4.0 and 25-30 °C during 120
minutes, rinsed thoroughly with deionized water and dried [25].
This coating will hereafter be designated as Ce;. Another type of
cerium coating was prepared by immersion of phosphated
magnet samples, as above, and after immersed in a solution

containing 5 gL~ ' Ce(NO)3; 0.4 gL~ ' H,0,;0,02g L™ ' H3BO;
at pH 5.0 during 100 min at 25-30 °C under stirring [25].
Subsequently, the specimens were rinsed with deionized water
and dried. These conversion layer is named here as Ce,. To
evaluate the effect of the phosphating treatment some of the
magnets were prepared by chemical cerium deposition directly
on the magnets. The substrates were degreased, rinsed and
immersed in a cerium containing solution. For these samples, the
cerium containing solution used had the same composition as
described in the Ce, treatment and this will be identified in this
study as Ceq. The corrosion resistance of the only phosphated
magnets, as above, was also evaluated.

The corrosion resistance of all surface treated magnets was
evaluated in 0.1 mol L™ ! Na,SO,4 and 0.01 mol L™ 'Na,SO,
solutions.

3. Results and discussion
3.1. Electrochemical methods

Cyclic voltammograms were obtained to evaluate the effect
of the conversion coatings on the magnet corrosion resistance in
aerated 0.10 mol L™ ' Na,SOy, solution and these are shown in
Fig. 1.

As it can be seen all curves show a histeresis characteristic of
pitting corrosion. However, a drastic dissolution was detected
for the bare magnet and the magnet submitted to the Ce, treat-
ment, curves (A) and (B), respectively. The phosphated magnet
and the Ceq and Ce, treatments show similar £ vs i profiles,
presenting the Ce, coating the lowest current density (curve E).

The EIS spectra for the untreated (bare) magnet, the
phosphated and the Ce; treated magnet corresponding to 1 h
immersion in 0.10 mol L™ ! Na,SO, solution are shown in Fig. 2.
The corrosion potential (E,,;) of the bare magnet is —0.75 Vand
those of the phosphated and of the Ce; treated magnet are around
—0.70 Vand —0.58 V, respectively. The increase in E,,,, can be
ascribed to the decreasing proportion of the uncovered areas on
the electrode surface, which are actives sites of anodic
dissolution. The Nyquist plots for the untreated and surface
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Fig. 1. Cyclic voltammograms of NdFeB magnet after various surface treat-
ments: bare alloy (a), Ce; (b), Ceq (c), phosphating (d) and Ce, (e), after 1 h of
immersion in 0.1 mol L™ ' Na,SO, solution. Scan rate: 20 mV s ', E.=—1.0 V,
E=12V.
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Fig. 2. Nyquist diagrams for (O) bare magnet, (A) phosphated magnet and (@)
Ce; conversion coating. Experimental data obtained in 0.1 mol L' Na,SO,
solution at OCP.

treated magnets demonstrate the poor corrosion resistance of this
substrate, which is improved either by phosphating [12—16] or
by the Ce, treatment.

Fig. 3 compares the EIS plots of the various cerium-based
conversion coatings, Ceqg, Ce; and Ce, treatments, for 1 h of
immersion in 0.10 mol L™ ! Na,SO, solution. The diagrams
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Fig. 3. Bode diagrams for NdFeB magnet after different surface treatments. ([J)
Ceq, (A) Ce, and (@) Ce,. Experimental data obtained in 0.1 mol L™ ! Na,S0, at
OCP.

Fig. 4. Equivalent electric circuits proposed to simulate the experimental data of
(a) bare, phosphated, Ce, and Ceg, treated magnets, and (b) Ce, treated magnet.

demonstrate an increased resistance for the Ce; treatment, a
strong diffusional behavior for the Ce, layer and a lower
resistance associated to the Ceq coating. The decrease in
corrosion resistance observed for the magnet with the Ce, layer
can be attributed to the formation of a more porous coating due to
the experimental conditions used, such as solution composition
and pH [26]. The Ceq process produces a non-adherent coating
leading uncovered active sites on the magnet surface, with high
dissolution rates.

The experimental data presented in Figs. 2 and 3 were fitted
by using two proposed equivalent circuits (EC) shown in
Fig. 4(a) and (b). The fitting quality was judged based on the
error percentage associated to each component showing errors
smaller than 5%. For the bare, phosphated, and Ce, treated
magnets, the EC proposed is R(CPE[RpW]) as illustrated in Fig.
4(a) and the simulated data obtained from the fittings are given in
Table 2. In this EC, R represents the ohmic resistance between
the reference and the working electrode, estimated at the high
frequency limit, Rp is the polarization resistance, Q is the
impedance related to a constant phase element (CPE) and W is
the diffusional Warburg impedance, referred to mass transport
processes [27]. The CPE impedance takes into account the
phenomena due to the surface roughness and porosity. The CPE
impedance is given by [27]:

Zepe = [C(jo)"]™

The CPE represents a capacitor for n=1, a resistor for n=0
and a diffusional process for n=0.5.

The results indicate that the Ce, layer directly formed on the
magnet favor its dissolution leading to a lower R, value
comparative to the bare metal. The Ce, process produces a more
porous coating, with increased R, value, as already mentioned
above. The accumulation of electrolyte inside the pores of the
Ce, coating might be responsible for the increase in R,,. For the
magnet after Ce; treatment, the EC used to describe the
experimental results is given in Fig. 4b, presenting two time
constants: R;CPE; related to the inner conversion layer, and

Table 2
Fitting parameters used to simulate the EIS plots for the bare, phosphated, Ce,
and Ceq, treated magnets

Magnet Ry (Q ecm?) CPE (uF cm®) n Ry (Q cm?) W (Q 'em ?)
Bare 17.7 5.1 0.59 890 0.31-10°"
Phosphated 25.8 29 0.66 1076 0.39-10 2
Ceq treated 10.9 10 027 885 22-10°2

Ce, treated 64.4 11 0.51 2748 4.1-1072
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Table 3
Fitting parameters used to simulate the EIS plots for the Ce; treated magnets
Magnet Ry CPE, R, n CPE, n R,

(Q em?®) (uF em?) (kQ em?) (uF cm?) kQ cm?)
Ce treated 15.1 29 2.49 0.37 202 0.64 1.24
Table 4

R1o mn, and E., values for phosphated and for Ce, treated magnets

Solution Immersion  Surface treatment

?;r;(ieifr?)tlon time (h) Phosphating Ce, treatment
Ecorr RIO mHz (k‘Q Econ' Rl() mHz (kQ
V) cm’) V) cm’)

0.1 1 -0.71 1.72 -0.74 25

0.1 25 -0.73 1.4l -0.70 2.1

0.01 96 -0.69 1.98 -0.68 32

Results are obtained in Na,SO, solution.

R,CPE,, to the outer porous layer [28,29]. For layers, the
capacitance was replaced by a CPE, due to the coating
characteristics. In this case, the overall impedance is given by
the sum of the two layers corresponding impedance values, and

it is characterized by a parallel combination of the capacitance
and resistance of each layer, as proposed in the literature [29].
The simulated results (Table 3) reveal that the Ce; treatment
produces a more protective coating.

These features corroborate the beneficial effect of a phos-
phate layer on the adhesion of cerium coatings to the NdFeB
magnets. It is well known that phosphating promotes adhesion
between the substrate and various organic and inorganic
coatings [12—16]. Concerning the results obtained with the
Ce, coating, the poor corrosion resistance was attributed to the
cerium deposition process employed.

The results showed that the Ce, treatment produced the best
corrosion resistance performance among the tested ones.

In order to compare the corrosion resistance of the two
treatments associated with the best results, phosphating and
Ce; treatment, EIS tests were performed for longer immersion
periods in Na,SO, solutions of two concentrations, 0.1 and
0.01 mol L™' (Table 4). The corrosion resistance was
evaluated by the value of the real component of the
impedance measured at 10 mHz (R;o mp,). The impedance
measured at a sufficiently low fixed frequency has been used
to obtain comparative information of the material resistance
[16]. Considering that in the present work the lowest

Fig. 5. Micrographs by scanning electron microscopy (SEM) of NdFeB magnet. (a) Bare, (b) phosphated, (c) Ce; treated and (d) Ce, treated.
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frequency used was 10 mHz, the real component of
impedance at this frequency was used to evaluate qualitatively
the corrosion behavior.

As it can be seen in Table 4 the Ry i, value decreases for
both treatments with immersion time in 0.1 mol L™} Na,SO,
solution, but this decrease is more pronounced for the phos-
phated magnet, likely due to metal dissolution on the uncovered
areas of the magnet. On the other hand, for the Ce, treatment,
that consists of phosphating followed by cerium conversion
coating, the proportion of covered areas is greater than for the
only phosphated magnet. Corrosion products were observed for
longer immersion periods in 0.1 mol L™ Na,SO, solution on
all samples at the end of the corrosion tests. Besides, the test
solution became yellowish due to metal dissolution. On the
other hand, the beneficial effect of the Ce; coating was
confirmed by the test in the 0.01 mol L~ Na,SO, solution.
Thus, in the middle aggressive media the increased Ri¢ mp,
obtained after a longer exposure pointed out that the corrosive
attack on the electrode surface was greatly reduced in this
solution, as compared with the previous results obtained in the
literature [16].

3.2. SEM analysis

SEM micrographs of bare, phosphated, and Ce; and Ce,
treated magnets, are shown in Fig. 5. The phosphated alloy
(Fig. 5b) shows a very rough surface with two well defined
regions irregularly distributed on the alloy surface, one of them

(a)
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Fig. 6. EDS on phosphated NdFeB magnet: a) White regions on Fig. 5 (b) and b)
more uniform areas on Fig. 5 (b).
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Fig. 7. EDS on Ce, treated NdFeB magnet as shown on Fig. 5(c).

white and the other dark. Fig. 6a and b shows, respectively, the
EDS spectra performed on the white and dark points of the
phosphated alloy. As it can be seen, a higher content of deposited
phosphorous is detected at the white points (Fig. 6a). Con-
versely, Fig. 6b shows that the uncovered (dark) regions present
a higher iron concentration. These data clearly evidence that
phosphorous deposition takes place in preferential regions of the
alloy surface a feature that can be associated with the enhanced
corrosion susceptibility of the various intermetallic particles
present in this alloy [Hu].

Therefore, as a consequence of the phosphating pre-
treatment, the cerium deposition is not homogeneous, occurring
on specific sites. Concerning the Ce; coating, SEM micrographs
(Fig. 5¢) and EDS analysis (Fig. 7) revealed that its cerium
content is higher than the one at the Ce, coating (Fig. 8). As a
rule, cerium presents an affinity for oxygen [11] then, when the
oxygen reduction reaction occurs at activated cathodic sites
producing OH ™ groups, the pH increases in the vicinity of these
sites giving rise to the precipitation of Ce(OH);. According to
the EDS spectra of the phosphated alloy showed in Fig. 6a, the
intensity of the oxygen peak is higher than the one in Fig. 6b,
revealing a different tendency of cerium deposition on specific
sites. Concerning the presence of Al, it can be observed that after
the Ce, coating the corresponding peak is detected in the EDS
spectra (Fig. 8) while it is absent after the Ce; treatment (see
Fig. 7).

Based upon these results, the cerium conversion layer
deposited on the phosphated magnet (Ce;) seems to be an
environmentally benign alternative to increase the corrosion
resistance of this material. Studies concerning the fundamen-
tal aspects of the deposition process, as pH, cerium
concentration, deposition time and pre-treatment of the alloy
are in the course of our laboratory in order to improve the
coating performance.
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Fig. 8. EDS on Ce, treated NdFeB magnet as shown on Fig. 5(d).
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4. Conclusions

The corrosion behavior of various cerium conversion coat-
ings obtained under different deposition conditions on untreated
or phosphated NdFeB magnets was evaluated. It was demon-
strated that the corrosion resistance was strongly dependent on
the previous treatment and the conversion coating conditions.
The best performance was obtained with a phosphated magnet to
which a cerium conversion coating was applied, here named Ce;
coating. The Ce, coating produced by a two-step cerium deposi-
tion process produced a more porous and irregular coating, with
a decreased corrosion resistance. The cerium coating directly
deposited on the magnet, here called Ceg coating, showed no
adherence to the substrate and increased its anodic dissolution.
For longer immersion periods, the Ce; coating caused a
significant increase in the corrosion resistance of the magnet,
comparative to that obtained by the only phosphating process.
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