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Abstract

In this investigation the effect of surface treatments on the corrosion resistance of a commercial NdFeB sintered magnet has been investigated.
A solution of 10 g L™ ' NaH,PO,, acidified to pH 3.8 has been used for phosphating this magnet. The corrosion resistance of the phosphated
magnet was investigated in a 0.10 mol L™ ' Na,SO4 solution by electrochemical impedance spectroscopy and cyclic voltammetry with rotating
disc electrode. The obtained results reveal that the resistance decreases with exposure time due to the development of pores and/or defects in the
conversion coating exposing the substrate to corrosive attack. The effect of tungstate incorporation into the phosphate conversion coating resulting
from a phosphating treatment prior to immersion in the tungstate solution was evaluated. The proposed treatment consists of re-immersing the
phosphated samples in a 0.1 mol L™ ' Na,WOy, solution during 72 h at the open circuit potential (OCP). Under these conditions, the corrosion
resistance of the magnet was improved and this was attributed to the formation of a protective layer due to the adsorption of tungstate anions at the

metallic substrate exposed in the coating, decreasing metal dissolution.

© 2005 Published by Elsevier B.V.
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1. Introduction

NdFeB magnets are technologically important materials for
efficient use of electrical energy. Unfortunately, sintered
NdFeB magnets are highly susceptible to corrosion in various
environments [1-8] and need corrosion protection.

Research has been carried out to improve their corrosion
resistance, either by adding alloying elements [2—5], or by
applying protective coatings [6,9—12]. Much has been pub-
lished on the role of organic and metallic coatings on the
corrosion protection of sintered NdFeB magnets [9—12]. How-
ever, the literature on the effect of conversion coatings on the
corrosion resistance of these types of magnets is scarce. Only
recently, phosphating of NdFeB magnets and its effect on their
corrosion resistance has been studied [13—16]. The phosphate
layer could also have a beneficial effect on adhesion of organic
coatings to NdFeB magnets. In addition, phosphating has no
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significant effect on magnetic properties, or dimension of mag-
nets, as very thin layers, below 1 pm, are formed.

Phosphating is an environmentally friendly surface treat-
ment, often used as pretreatment prior to coatings application.
Besides, the conversion coating resulting from phosphating can
be improved by the incorporation of other protective species
into the coating. It is well known that chromatizing is the most
effective conversion coating treatment, however, its use has
been drastically reduced in recent years due to its toxicity.

Recent works have reported the use of anodic inhibitors,
among them tungstate and molybdate anions, which improve
the film resistance and hinder the pit propagation process in
iron and steel [17—-19]. Moreover, investigations have shown
increased coating performance of molybdate conversion layers
on aluminium alloys [20,21]. Concerning the NdFeB magnets
there is no data in the literature about conversion layers pro-
duced by using these anodic inhibitors.

The purpose of this work is to study the effect of various
surface treatments consisted of phosphating and phosphating
with tungstate incorporation on the corrosion resistance of
sintered NdFeB magnets. Some of the magnets surface were
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phosphated in a solution made of 10 g L™ ' NaH,PO,, acidified
to pH 3.8, and others were phosphated in the same solution, and
then immersed in a 0.1 mol L™ ' Na,WOy, solution during 72
h at open circuit potentials (OCP), before being tested for
corrosion resistance. The corrosion resistance of the coated
NdFeB magnets by was evaluated in aerated 0.10 mol L'
Na,SO, solution, using electrochemical impedance spectrosco-
py (EIS) and cyclic voltammetry.

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 com-
position of the magnet is given in Table 1.

The hydrostatic density of the NdFeB magnets used in this
stud}; is 7.58 g cm™ ® whereas their theoretical density is 7.60 g
cm

2.2. Specimen preparation and experimental set-up

Disc working electrodes with 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 electrochem-
ical measurements were performed using a potentiostat
(AUTOLAB PGSTAT 30) coupled to a frequency response
analyses (FRA 2) system and an analytical rotator PAR 616.

The EIS measurements were performed in potentiostatic
mode at the open circuit potential, OCP. The OCP after poten-
tial stabilization is referred in this work as the corrosion poten-
tial, E.o. The amplitude of the EIS perturbation signal was 10
mV, and the frequency range studied was from 10° to 10 2 Hz.

2.3. Conversion coating treatment

Phosphate conversion coating treatment was carried out by
immersion of the magnets in a solution made of 10 g L™'
NaH,PO,, acidified with H3PO4 to pH 3.8, for up to 24 h.

Experiments were performed to investigate the effect of the
incorporation of tungstate into the phosphate layer, by immer-
sion of the phosphated magnets in Na, WO, solutions. Initially,

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 3.8 1.3 14 02 07
At% 67.9 12.3 58 0.8 8.1 14 31 02 04

the effect of tungstate as a corrosion inhibitor for the
phosphated magnet was investigated by adding x mol L™’
(0<x<0.1) of Na,WO, to the corrosion test solution (0.1
mol L™ ' Na,SO,). Subsequently, the effect of tungstate incor-
poration into the phosphate layer on the magnet’s corrosion
resistance was also studied. For this purpose, some of the
phosphated specimens were re-immersed in a 0.1 mol L'
Na,WO, solution for 72 h at OCP under naturally aerated
conditions at 25 °C. After this period, the surfaces of the
magnets were rinsed, dried and finally corrosion tested in a
0.1 mol L™ ' Na,SOy, solution.

3. Results and discussion
3.1. Effect of phosphating

Table 2 shows a comparison between the results obtained for
the untreated and the phosphated alloy after 1 h immersion in
0.1 mol L™ ' Na,SO, solution at the open circuit potential, at
static and dynamic conditions. The OCP for both electrodes
remains in the active region, independently on the mass trans-
port regimen. Due to the difficulty in determining the polarisa-
tion resistance, the resistive component of the impedance
measured at a sufficiently low fixed frequency has been
employed to evaluate the corrosion resistance of the magnet
[22]. In the present work the lowest frequency used was 10
mHz, and the resistance at this frequency (R;¢ mp,) Was used to
qualitatively indicate the magnet’s corrosion resistance.

The phosphated magnet exhibited the highest resistance at
10 mHz (Ry9 mn,) for static but not for dynamic conditions.
This feature can be ascribed to loss of adherence of the
phosphated layer under dynamic conditions, exposing the
bare surface to the electrolyte The Nyquist plots of the
phosphated magnet in 0.1 mol L™ ' Na,SO, solution at w=0
and w=1000 rpm are shown in Fig. 1. The results reveal that
under rotation, the capacitive semicircle decreases significantly,
and this was probably due to increase in the corroding area. The
depressed capacitive loops are related to frequency dispersion
due to defects in the phosphated layer and/or heterogeneities on
the surface of sintered magnet [23].

3.2. Effect of tungstate addition in the electrolyte (test) solution

A previous set of experiments was carried out to evaluate the
corrosion inhibiting effect of sodium tungstate addition to 0.1
mol L™ ! Na,SO, electrolyte.

Cyclic voltammograms were obtained with the untreated
NdFeB electrode in 0.10 mol L™ ' Na,SO, solution containing
x mol L™ " of tungstate (0<x<0.1) at 0.020 V s ' and =0
(Fig. 2). Passivity breakdown took place in tungstate containing
electrolytes at tungstate concentrations lower than 0.075 mol
L ', regardless the electrode rotation (data not shown). Once
the film had broken down and pitting corrosion started, drastic
dissolution of the alloy occurred (curves a and b).

Similar voltammograms were obtained with the phosphated
alloy and these are shown in Fig. 3. As can be seen in this last
Figure, the addition of 0.03 mol L~ ! Na,WO, to the sulphate
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Table 2

Corrosion potential (E.,;) and resistance (Ryp mp,) of the untreated and
phosphated NdFeB at static (w=0 rpm) and dynamic (w=1000 rpm)
conditions after 1 h of immersion in 0.1 mol L™ ' Na,SO, solution

Ecorr (V) RIO (Q cmZ)
Static conditions
Untreated magnet —-0.76 890
Phosphated magnet -0.71 1760
Dynamic conditions
Untreated magnet -0.74 88
Phosphated magnet —0.66 835

solution leads to passivation of the phosphated alloy. This
behaviour evidences that the phosphating treatment produces
a surface with a reduced number of active dissolution sites,
which can be repaired in the presence of tungstate anions. No
significant changes were detected for the cyclic voltammo-
grams performed under electrode rotation in tungstate contain-
ing solutions.

Electrochemical impedance measurements carried out at the
corrosion potential for the phosphated magnet after 1 h of
immersion in sulphate solution containing x mol L'
Na,WO, (x=0.01; 0.03; 0.05), are shown in Fig. 4. On increas-
ing tungstate concentration, it was observed that the two ca-
pacitive loops are overlapped (Ryp mp, increases), being
ascribed to the tungstate adsorption on the electrode surface
[24].

In order to evaluate the effect of electrode rotation in the
presence of tungstate ions on the magnet’s electrochemical
behaviour, tests were also performed at 1000 rpm for the
phosphated alloy in 0.1 mol L™ ' Na,SO, solution with 0.05
mol L™ ! Na,WO, (data not shown). At static conditions, Ec,,
reaches a stable potential of —0.33 V whereas under electrode
rotation (1000 rpm), E.,,, stabilized at —0.38 V. Under elec-
trode rotation, R ;o nn, and the phase angle increases, and this is
probably due to the enhanced flux of dissolved oxygen to the
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Fig. 1. Nyquist plots of phosphated magnet at OCP after 1 h immersion in 0.1
mol L™ Na,SOy4 at =0 (M) and ©=1000 rpm (O).
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Fig. 2. Cyclic voltammograms for untreated NdFeB electrode in 0.10 mol L™ !
Na,SO, and x mol L™ ' Na,WOy, solution from — 1.0 to +1.2 Vat v=0.020 Vs~
at w=0: (a) x=0.0; (b) x=0.01; (c) x=0.03; (d) x=0.05; () x=0.075 and (f)
x=0.10.

electrode surface, favoring film repair in the presence of tung-
state anions [18,19]. The effect of rotation on corrosion inhibi-
tion may be related to one or more of the following influences
resulting from increased mass transport: (i) easier adsorption of
the inhibiting species owing to their higher concentration at the
surface; (ii) higher oxygen concentration at the magnet surface;
(iii) decreased local acidification due to consumption of the H"
ions produced in the hydrolysis of metallic cations by tungstate
anions.

The effect of immersion time of the phosphated magnet in
tungstate containing solution (0.10 mol L™ ' Na,SO,4 with 0.10
mol L™ ' Na,WO,) was also evaluated and the EIS spectra at
various immersion times in this last solution are shown in Fig.
5. The diagrams show two time constants, corresponding to
both capacitive and diffusional processes. E,, remained stable
at approximately —0.32 V up to 222 h corresponding to the
active to passive transition region. On the other hand, the
corrosion resistance is enhanced by the action of tungstate
anion, due to its adsorption on the exposed magnet surface at
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Fig. 3. Cyclic voltammograms for phosphated NdFeB electrode in 0.10 mol L™
Na,SO, and x mol L™ Na,WO, solution, from — 1.0 to +1.2 Vat v=0.020 Vs~
at =0. (a) x=0.0; (b) x=0.01; (c) x=0.03; (d) x=0.05; (¢) x=0.075 and (f)
x=0.10.
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Fig. 4. Nyquist plots for phosphated NdFeB electrodes at OCP after 1 h of
immersion in 0.10 mol L™ ! Na,SO, and x mol L™ ! Na,WO, solution, at » =0.
(A) x=0.01; (O) x=0.03; (H) x=0.05.

uncovered areas, repairing the defects in the coating and con-
sequently, leading to a more protective layer.

3.3. The effect of tungstate incorporation into phosphate
conversion layer

Based on the results presented in the previous section, tests
were also performed by immersion of the phosphated magnet in
tungstate containing solution to evaluate the incorporation of
these anions into the conversion coating. Two sodium tungstate
(Na,WO,) concentrations were tested, 0.05 mol L !and 0.1
mol L™ '. No beneficial effects were detected by the treatment
in the 0.05 mol L™ ' Na,WO, solution (data not shown). Thus,
the 0.1 mol L™ ' Na,WO, solution was used for incorporation
of tungstate. For this purpose, two surface treatments were
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Fig. 5. Nyquist plots for phosphated NdFeB electrode at OCP in 0.10 mol L™
Na,SO, solution containing 0.10 mol L ! Na,WO,, at =0 after 48 (%), 164
(M) and 212 (O) h of immersion.
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Fig. 6. Nyquist plots for NdFeB magnet at OCP after 1 h immersion in 0.10
mol L' Na,SO, Magnet (A) untreated, (M) phosphated, (O) phosphated-+
treatment 1, (@) phosphated+treatment 2.

performed, either by immersing the phosphated magnets in
the tungstate solution under anodic polarization at 0.20 V for
1 h (treatment 1) or by immersion in the tungstate solution at
open circuit conditions during 72 h (treatment 2). Fig. 6 shows
the Nyquist plots for untreated and phosphated magnets after
treatments 1 and 2, obtained after 1 h of immersion in 0.10 mol
L~ ! Na,SO, solution. As it can be seen, the resistance of the
magnet after treatment 1 remains unaltered and its E.oy i
approximately —0.65 V. On the other hand, the magnet after
treatment 2, presented E.,, values around —0.10 V,
corresponding to its passive region. A comparison of Rig m,
values for the phosphated magnet (Table 2) and for the
phosphated magnet after treatment 2 shows that this last treat-
ment increases Rjg mpy, by approximately seven times, from
1.76 to 12.4 kQ cm?’. This result can be attributed to the
incorporation of tungstate in the defects of the phosphate
layer, enhancing magnet’s corrosion resistance, even at pro-
longed immersion times (up to 4 days). The Ry mpu, values
were stable (approximately 11.5 kQ cm?) during this period
(data not shown here).

The EIS plots show two a depressed a capacitive loop at
high frequencies and a diffusional processes at low frequency
region. The maximum phase angle of all diagrams (Bode plots),
near —45°, can be ascribed to a Warburg impedance (data not
given here).

The equivalent circuit (EC) proposed for fitting the EIS
diagrams shown in Fig. 6 is R(Q[RpW]). In the proposed EC
(Fig. 7) R, represents the ohmic resistance between reference

Rs

W—

CPE

Re W

Fig. 7. Equivalent circuit proposed for fitting the EIS diagrams shown in Fig. 7.
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Table 3

S.M. Tamborim Takeuchi et al. / Surface & Coatings Technology 200 (2006) 6826—6831

Equivalent circuit elements obtained from fitting experimental data to the equivalent circuit proposed to simulate untreated and phosphated magnet surfaces and

shown in Fig. 6

Treatment Ecorr (mV) Rs (Q cm?) O (uF cm ™ ?) n Rp (Q cm?) w@Q " em?)
(1) Mechanical grinding with SiC paper to #1200 -0.76 17.7 5.1 0.59 890 031x107"
(2) As (1)+phosphating -0.71 25.8 29 0.66 1076 0.39x102
(3) As (1)+phosphating+treatment 1 —0.65 18.8 4.8 0.71 1551 0.14x10"!
(4) As 1+phosphating+treatment 2 -0.10 17.4 2.1 0.77 9570 0.11x1072

and working electrodes, Rp represents the polarization resis-
tance, Q is the impedance related to a constant phase element
(CPE) and W is the diffusional Warburg impedance. The ca-
pacitance was replaced by a CPE impedance, which takes into.
account the phenomena related to surface roughness and inho-
mogeneous. The CPE impedance is given by [26]:

Zeps = [O(j)"] !

where CPE represents an ideal capacitor for n=1, a resistor for
n=0 and diffusional processes if n=0.5. The Warburg imped-
ance was introduced due to mass transport processes [25]
within the pores and defects of the coating. The fitting quality
was judged based on the error percentage associated to each
component. The fitted data in Table 3 show errors smaller than
5%.

The deviation from the ideal behaviour of a capacitor (n
values lower than 1 were obtained) is associated to surface
defects. The magnet used in this study was produced by powder
metallurgy and, consequently, presents an inhomogeneous sur-
face with porosities and a combination of different phases [13].

The results show evidence that immersion of phosphated
magnets in tungstate solution (treatment 2) improves their
corrosion resistance. The lowest CPE value and the n exponent
close to 0.77, as well the Warburg impedance decrease obtained
with these electrodes, indicate that the incorporation of tung-
state in the phosphate layer produces a more protective film.

The lower Ry mu, values obtained with treatment 1 (under
anodic polarization at 0.2 V), can be explained as follows.
Despite the decrease in coating porosity (n=0.71) after treat-
ment in tungstate containing solution, a number of active sites
remain on the surface. Hence, under anodic polarization, com-
petitive processes take place on the electrode surface, being the
dissolution rate at the uncovered areas higher than that of the
tungstate charge transfer reaction [27].

The higher corrosion resistance obtained for phosphated
magnets immersed in the 0.1 mol L™ ' tungstate solution during
72 h at OCP (treatment 2) can be related to three premises.
First, tungstate anions show buffering properties [28] consum-
ing the H" ions produced in the hydrolysis of metallic cations,
and suppressing the local acidification according to the follow-
ing reactions:

WO; +H"~HWO, (1)
HWO, + H" + 2H,0~W(OH); (2)

Second, several tungstate polymeric species, such as:
W100%, HoW1,05, HoW,04 [28-30] are formed with
metallic cations which can be adsorbed on the metal surface

and on the coating, repairing defects and producing a more
protective film. Third, the adsorption of tungstate anions on
iron and steel electrodes follows a slow kinetic rate, as previ-
ously reported [18]. Consequently, long exposure times (72 h)
lead to increasing blockage of the metallic substrate exposed at
defects in the coating. Another point that must be considered
concerns the phosphate solution, which acts by promoting sur-
face passivation and also its repassivation in sites where film
breakdown takes place [16]. Hence, it can be postulated that a
synergistic effect was obtained by treatment 2, considerably
improving the corrosion resistance of the magnet, if compared
to the results obtained with the phospating treatment. It was
demonstrated that the magnet submitted to treatment 2 have
shown a higher protective character even in the aggressive
media used is this study (0.1 mol L™ ' Na,SO,).

4. Conclusions

The results obtained revealed that the corrosion resistance of
sintered NdFeB magnet is greatly improved by the tungstate
incorporation into the phosphate conversion coating resulting
from a phosphating treatment prior to immersion in the tung-
state solution. The proposed treatment consists of phosphating
of NdFeB by immersion in a solution of 10 g L~ ! NaH,PO,,
acidified to pH 3.8, followed by re-immersion of the
phosphated magnet in a 0.1 mol L™ ! Na,WO, solution for 72
h at OCP conditions. Corrosion tests carried out in 0.1 mol L™
Na,SO, solution indicated that the increased protective nature
of the surface layer after immersion in tungstate solution is due
to the adsorption of tungstate at the metallic substrate exposed
under defects/pores in the coating, impeding metal dissolution
in the pores/defects and preventing localized corrosion
propagation.
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