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Abstract

This study reports the results of work carried out to improve the corrosion resistance of NdFeB magnets by a direct phosphate treatment of
the NdFeB magnet surface. The growth of a phosphate film on a NdFeB based magnet in a solution of 0.15M NaH,PO, acidified to pH 3.8,
was followed by electrochemical impedance spectroscopy (EIS) and open circuit potential variation as a function of time. After removal from
the phosphating solution, the magnet surface was analysed by Auger electron spectroscopy (AES) and energy dispersive X-ray analysis
(EDX). Phosphate formation on the surface was confirmed and a significant variation in the Fe/Nd ratio in the phosphate between the Fe and
Nd rich phases of the magnet was found. The corrosion resistance of the phosphated magnets was evaluated in a normal enclosed
atmospheric environment and in Na,SO, solution and synthetic saliva by EIS measurements. The corrosion resistance was found to be

substantially improved by the presence of a phosphate layer.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

NdFeB based magnets were developed in the beginning
of the 1980s. They have a maximum energy product
between 36 MGOe and 50 MGOe, and are progressively
replacing Sm—Co magnets (maximum energy product 33
MGOe). Despite their excellent magnetic properties, NdFeB
magnets are unstable at moderate to high temperatures and
are highly susceptible to corrosion in environments of high
humidity. The literature has associated the low corrosion
resistance of these magnets to their complex microstructure
[1-9]. The main phases of NdFeB magnets are the magnetic
phase (¢), that is Fe rich, and a Nd rich phase. The different
electrochemical potentials arising from a multiphase com-
position leads to galvanic corrosion in the presence of an
electrolyte [6,9—12].

* Corresponding author. Tel.: +55-11-3816 9356; fax: +55-11-
38169370.
E-mail address: icosta@ipen.br (I. Costa).

0257-8972/$ - see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.surfcoat.2003.12.015

NdFeB magnets are usually produced by powder metal-
lurgy (P/M). The Nd rich phase is one of the most active
phases present in the P/M NdFeB magnets. Preferential
attack of this phase gives rise to intergranular corrosion
[9], leading to detachment of ¢ grains, and eventually
disintegration of the material [8,9]. This causes deterioration
of the magnetic properties and can affect the performance of
other components in the neighborhood, due to loose corro-
sion products on the surface [10—12].

Much of the effort to improve the corrosion resistance of
NdFeB magnets has concentrated on the use of coatings to
protect the magnet [5,12—14]. Attempts have also been
made to increase the corrosion resistance of NdFeB based
magnets by the addition of alloying elements [2,3,6,8,15].
However, alloying often deteriorates the magnetic properties
and despite the improvements made by the addition of
alloying elements, protective coatings are still needed for
practical applications. In addition to corrosion protection,
coatings on NdFeB magnets bind magnetic particles which
otherwise would be loose. This is particularly important in
applications such as computer components, where the
surface must be clean and free of such debris [12].
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Table 1

Chemical composition of NdFeB magnets (at.%)

Fe Nd B Dy Al Co Si Cu Nb
67.9 12.3 5.8 0.8 8.1 1.4 3.1 0.2 0.4

One method of corrosion protection overlooked in the
literature is the use of conversion coatings. These are often
used as pretreatments before coating application, increas-
ing the corrosion resistance in defective regions of the
coating. One of the most effective conversion coating
processes is chromatizing, but the toxicity of this process
has led to concerns and curbs on its use. Phosphating on
the other hand, is an environment friendly surface treat-
ment. The corrosion behavior of phosphate coated NdFeB
magnets has recently been investigated and promising
results have been obtained [16—19]. Furthermore, it is
well known that phosphating also promotes adhesion of
the substrate material if further protective layers are to be
applied.

The object of this work is to study the formation of
phosphate coatings on sintered NdFeB magnets and to
evaluate the corrosion resistance of phosphated NdFeB
magnets in mildly corrosive environments. The growth of
the surface layer on a commercial NdFeB obtained by
immersion in a solution of NaH,PO, was investigated as
a function of time by means of electrochemical imped-
ance spectroscopy (EIS) and open circuit potential (OCP)
measurements. Auger electron spectroscopy (AES) and
energy dispersive X-ray analysis (EDX) have been
employed to study the chemical composition of the phos-
phate on the Fe rich and Nd rich phases of the magnet
after treatment.

2. Experimental procedure

2.1. Material

The material used for phosphating was a NdFeB
commercial magnet produced by a powder metallurgical
route and supplied by CRUCIBLE Co. (known as Cru-
max). 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 the theoretical density
of NdFeB is 7.600 g cm .

2.2. Specimen preparation

The NdFeB specimens were cold resin mounted after an
electrical contact (with copper wire) was made to one of
their surfaces. A surface area of 1.25 cm? was exposed to
the phosphating solution and subsequently used for corro-
sion testing. The surface of the electrode was prepared by

sequential grinding with silicon carbide paper from grit
#120 to #2000, followed by rinsing with deionized water
and drying under a hot air stream.

2.3. Electrochemical tests

Polished NdFeB samples were immersed in a naturally
aerated 0.15 M NaH,PO, solution with the pH adjusted to
3.8, at (22+1)°C. A three electrode cell arrangement was
used for the electrochemical measurements, with a graphite
rod and a saturated calomel electrode (SCE) as counter and
reference electrodes, respectively. EIS measurements were
performed with a 1255 Solartron frequency response ana-
lyzer coupled to an EG&G 273 A Potentiostat running in the
potentiostatic mode at the open circuit potential, E,,. The
amplitude of the perturbation signal was 10 mV, and the
frequency range studied from 10° to 10~ Hz with 7 points
per decade.

2.4. Corrosion tests

Magnets were immersed in the pH adjusted 0.15 M
NaH,PO, solution (as described above) for periods of 4
and 18 h. After phosphating the samples were dried and re-
immersed in 0.01 mol 1! Na,SO, and synthetic saliva
solution to evaluate their corrosion resistance to mildly
aggressive media. Specimens of phosphated and unphosph-
ated magnets were also stored in the laboratory to assess
their corrosion performance in a normal enclosed atmo-
spheric environment.

2.5. Auger and EDX analysis

Chemical characterization by AES and EDX of phos-
phate films formed by immersion of NdFeB magnet in 0.15
M NaH,PO, solution for 24 h was carried out using a VG
Microlab mk II onto which an EDX detector had been
mounted. AES point spectra were acquired using an
electron beam operating at 15 keV and specimen current
of 10—15 nA. The spectra were acquired at a constant
retard ratio (CRR) of 4, step of 1 eV, for general wide
scans and CRR 10, step 0.3 eV, for the phosphorous KLL
region analysis.

3. Results and discussion

Fig. 1 shows an SEM image of an untreated NdFeB
magnet.

The white regions correspond to the Nd rich phases, the
grain size is <5 um, and the gray surface is the main
magnetic phase (¢ phase). The darker areas are cavities,
mainly caused by removal of particles during mechanical
polishing, but also pores resulting from the fabrication
process (powder metallurgy).
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Fig. 1. SEM image of untreated NdFeB magnet.

Fig. 2 shows a typical E,, variation with time curve for
the NdFeB magnet in the pH modified 0.15 M NaH,PO,4
solution.

The initial open circuit potential (E,c,) of the NdFeB
magnet is approximately —490 mV (SCE) and a steady state
is obtained from the initial minutes of immersion until
approxmiately 1 h. From 1.5-20 h, a steady logarithmic
increase of the potential is seen. This period corresponds to
growth of the more protective passive film. After 20 h, a
plateau develops at a potential of approxmiately —270 mV
(SCE). A similar E,, against time curve was also found for
pure aluminum in 0.5 N Na,SO, solution for times above
200 min and ascribed to the growth of passive oxide film
[20]. The potential increases until the passive film reaches
its protective capacity resulting in stabilization of corrosion
potential [21]. According to the literature, the film formed
on Fe alloys in phosphate solution is believed to consist of
iron phosphate (FePO4.2H,O) and iron oxide/hydroxide
(Fe304-y Fe,O3 and y FeOOH) [22]. For the NdFeB
magnets used, however, as the Nd rich phase is the most
active phase, it is likely that NdPO4 or a mixed Nd/Fe
phosphate is also formed. The £, variation with time curve
observed here, therefore is typical of passive metals in
acrated solution and shows that the phosphating solution
has an anodic passivating effect on the magnet for immer-
sion times of approximately 1 day.

The porosity and inhomogeneities in the magnet can
result in regions where the film does not fully cover the
substrate. Hence, the potential measured may be a mixed
potential having an intermediate value between the potential
of passive areas and some slightly active anodic areas on the
magnet. The phosphate solution has a dual role, to passivate
the surface against corrosive attack and to repassivate
regions where oxide film breakdown occurs. In general,
localized attack occurs at defective areas in the surface
oxide [23—-25]. In the magnets used, pores may be prefer-
ential sites of attack; in particular where conditions give rise
to crevice corrosion.

The results of electrochemical impedance spectroscopy
(EIS) measurements at increasing times of immersion in
0.15 M NaH,PO, acidified to pH 3.8 are shown in Fig. 3.
The impedance significantly increases with time indicating
that longer immersion times have a beneficial effect on the
protective properties of the surface layer. Two time con-
stants are observed for all immersion times, although for
shorter times (2 h) the first constant at low frequencies is
not so readily apparent. This suggests that as the time
increases the two processes become increasingly separated
due to an increasing difference in their kinetics. The
constant at high frequencies is probably related to the
porous nature of the magnet and that at low frequencies
associated with faradaic processes. The phase angle at low
frequencies increases with time, so this last process
becomes more capacitive, i.e. there is increasing hinderance
of the faradaic reactions.

The literature [26—28] reports that for porous electrodes,
the EIS response at high frequencies depends on the a.c.
signal penetrability in the pores. According to Song et al.
[26], when the a.c. signal penetrates deeper than the pore’s
length, the electrode acts as a flat electrode. However, when
the signal penetration is low, the response is only due to the
pores and phase angles between 45 and 90° are obtained,
depending on the length of the pore.

Fig. 4 shows a logarithmic increase of |Z|o mpu, (mod-
ulus of impedance at 10 mHz), with time. The low
frequency response, associated with faradaic processes here,
suggests that as the phosphating time increases, the kinetics
of the faradaic reactions slow down. This result supports the
Eq, behavior with time, which we ascribe to growth of a
passive oxide film. It is to be expected that passive film
growth would increasingly block transport of species into
pores in the magnet and consequently inhibit the faradaic
processes.

Initial AES/EDX work has been performed to examine
the composition of the phosphate film formed on different
phases on the NdFeB magnet.
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Fig. 2. Open circuit potential variation with time of NdFeB magnet in
naturally aerated 0.15 M NaH,PO, solution with the pH adjusted to 3.8.
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Fig. 3. Nyquist and Bode plots for NdFeB magnet at increasing times of immersion in 0.15 M NaH,PO, solution with the pH adjusted to 3.8.

Fig. 5a,b present AES and EDX spectra from the
phosphated magnet taken by rastering the electron beam
over the Fe rich matrix phase of the alloy. The phos-
phate formed after a 24 h exposure to NaH,PO, is
sufficiently thick to show a strong P peak in the EDX
spectrum. Fe, Nd, P and O are present in the AES
spectrum in addition to C from overlayer hydrocarbon
contamination. The presence of the strong Fe L;MM
triplet between 570 and 700 eV and weak Nd NsMy5Mys
and NysMysNg; peaks at 733 eV and 840 eV, respec-
tively, (see insert in Fig. 5b), indicate the phosphate to
have a high Fe/Nd ratio. Auger and EDX point spectra
acquired from the Nd rich phase are shown in Fig. 6a,b.
In the EDX spectrum (Fig. 6b), a strong P peak is
evident, showing that a phosphate coating has also
formed on the Nd rich phase. In the AES spectrum,
Fe, Nd, P, O, are again present but the Nd peaks are
substantially stronger than those observed on the Fe rich
phase. From the Auger spectra the Nd/Fe cationic ratio
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Fig. 4. Variation of of |Z| ¢ mu, with phosphating time in 0.15 M NaH,PO,
solution (pH 3.8).

on the Nd rich phase is estimated to be approximately 4
times greater than on the Fe rich phase. The position of
the P KL,3L,3 peak in spectra taken from the Fe rich
phase was 1851 eV, typical of a phosphate and in good
agreement with that obtained for iron phosphate at
1850.5 eV [29].

3.1. Corrosion test of phosphated magnets

Magnets phosphated for 4 h and 18 h were electrochem-
ically tested in 0.01 mol 17! Na,SO, solution and their
corresponding EIS spectra are shown in Fig. 7.

The Nyquist diagrams of the phosphated magnets in
0.01 mol 1™' Na,SO,4 solution (Fig. 7) show flattened
and incomplete capacitive arcs from high to medium
frequencies, associated with the magnets phosphated for
4 h or 18 h, as indicated in the insert of this Figure.
This arc is probably caused by charge transfer processes,
which are affected by the presence of the phosphate
layer. The increased impedances of the magnet phosph-
ated for 18 h compared to that for 4 h show the
beneficial effect of increasing phosphating time. At
medium frequencies (100 Hz to 1 Hz) another flattened
and incomplete arc is seen in the Nyquist diagrams
associated with another time constant (also indicated by
the peak in the Bode diagrams at this frequency range).
This is followed at low frequencies by typical diffusion
behavior (Warburg) possibly resulting from a gradual
blockage of porosities in the magnet and the phosphate
layer interfering with faradaic processes as the layer
grows. The |Z]1g mm, values for the phosphated (12 000
Q cm?) and unphosphated magnets (550 Q cm?) show
an increase of nearly 22 times in the low frequency
impedance due to phosphating.
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Fig. 5. (a) AES and (b) EDX spectra from the Fe rich (¢ phase) for the phosphated magnet. Phosphating time: 24 h.

One of the applications of this kind of magnets is in
dentistry such as retentive devices for overdentures and
dental implants. A previous study showed localized corro-
sion associated with the magnet used in this investigation
when immersed in a cell culture medium although its
corrosion products presented no toxicity [30]. In Fig. 8,
the EIS results of phosphated magnets in synthetic saliva
are presented.

The Nyquist diagram for the unphosphated magnet
shows a flattened and incomplete arc suggesting only one
time constant whereas the corresponding Bode diagram

indicates a large peak in the frequency range from 10° Hz
to 1 Hz, suggesting the interaction of two distinct processes.
The Bode diagrams corresponding to phosphated magnets
on the other hand, indicate two well separated distinct
time constants. Increasing the phosphating time from 4 h
to 18 h resulted in a large increase in the magnet impedance.
The behavior at low frequencies was more capacitive and
the corresponding peak shifted into lower frequencies as the
phosphating time increased. This indicates slowing down
of the faradaic reaction kinetics for longer phosphating
times. The |Z|1o mpu, values for unphosphated and 4h and
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Fig. 6. (a) Auger and (b) EDX point spectra from the Nd rich phase for phosphated magnet. Phosphating time: 24 h.

18 h phosphated magnets were 6000  cm? 18 000 Ohm
cm?, 70 000  cm? respectively.

The phosphate layer formed by immersion of the mag-
nets in the 0.15 M NaH,PO, solution acidified to pH 3.8
exhibited a bluish color. This film provided corrosion
protection to the magnet during storage in enclosed sites
such as the laboratory atmosphere. No visible signs of
corrosion were seen on the surface after long periods of
exposure (months) in the laboratory atmosphere whereas
untreated specimens showed corrosion products on their

surfaces after only a few days of exposure in the same
atmosphere.

4. Conclusions

Immersion of sintered NdFeB magnets in 0.15 M
NaH,PO, solution acidified to pH 3.8 resulted in the depo-
sition of a phosphate layer. Increasing the phosphating time
from 4 h to 18 h had a beneficial effect on the character-
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Fig. 8. Nyquist and Bode plots for magnets phosphated during 4 h and 18 h and then exposed in naturally aerated syntethic saliva solution.

istics of the phosphate film. AES/EDX results indicated
phosphate formation on both Fe and Nd rich phases. The
phosphate film caused a significant increase in the corrosion
resistance of the magnet in mildly corrosive environments.
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