Rare Met.
DOI 10.1007/s12598-015-0533-2

RARE METALS

www.editorialmanager.com/rmet

@ CrossMark

Corrosion prevention of sintered Nd—Fe-B magnet by
a phosphate chemical conversion treatment

Xia Ding, Xiu-Chun Wang, Kai-Hong Ding,
Sheng-Li Cui, Yong-Cong Sun, Mu-Sen Li*

Received: 9 May 2014/Revised: 18 June 2014/ Accepted: 5 June 2015

© The Nonferrous Metals Society of China and Springer-Verlag Berlin Heidelberg 2015

Abstract The corrosion-resistant coating formed on the
surface of sintered Nd-Fe-B magnet by a phosphate
chemical conversion (PCC) treatment was studied. The
morphology, phase composition and thickness of the
coating were investigated by field emission scanning
electron microscopy (FE-SEM), energy-dispersive spec-
trometer (EDS), Fourier transform infrared (FTIR) spec-
trometer and coating thickness gauge. The corrosion
behaviour of the phosphated magnet was evaluated by
copper sulphate spot test, neutral salt spray test and elec-
trochemical potentiodynamic polarization experiment. The
magnetic properties of the phosphated magnet were also
tested. The experimental results show that the phosphate
coating has such characteristics as dense granular growth,
uniform distribution and thickness range of 10-18 pm. The
corrosion resistance of the magnet is significantly
improved by phosphate coating without losing magnetic
properties. Therefore, this highly efficient PCC was a good
way for increasing the corrosion resistance of the sintered
Nd-Fe-B magnets.
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1 Introduction

Since invented in the 1980s, sintered Nd-Fe-B magnet
has been widely used in many kinds of permanent magnet
motors, due to their excellent magnetic properties such as
high remanence, coercivity and maximum energy product
[1-4]. However, the sintered Nd—Fe-B magnet is fragile
to corrosion under various environments, which causes
surface degradation and pulverization of these materials
and greatly limits its application [5]. Over the past few
decades, extensive efforts have been carried out on the
corrosion prevention of the Nd-Fe-B magnet. The sin-
tered Nd-Fe-B magnet is composed of matrix-phase
Nd,Fe 4B, precipitated Nd-rich phase and B-rich phase
along grain boundary [6, 7]. The different potentials of the
each phase will inevitably lead to electrochemical reaction
in the humid environment. With the grain boundary pha-
ses as the anode and the matrix phase as the cathode,
small size of the grain boundary phase under the effect of
anode current will accelerate corrosion, causing inter-
granular corrosion [8].

There are mainly two methods to improve the corrosion
resistance of the sintered Nd—Fe—B magnet so far. One is
adding alloying elements such as Co, Dy and Ni to alter the
intrinsic anti-corrosion property of the magnet [9—12]; the
other is applying protective coatings on the surface of the
magnet [13-16]. The limited improvement in corrosion
resistance through the former method was found, accom-
panied with a sacrifice of magnetic properties and an
increase in the cost [17]. In contrast, the surface protection
technology is simple and can significantly improve the
corrosion resistance. It becomes the main method of sur-
face-corrosion-resistant treatment on the sintered Nd—Fe-B
magnet.
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In terms of chemical conversion coating for this kind of
magnet, chromating is used for anti-corrosion and has good
effect. But this treatment generated toxic and carcinogenic
products. Therefore, the other types of environmentally
friendly conversion coatings were studied in order to
replace chromate coatings due to the toxicity of Cr®". The
phosphate chemical conversion (PCC) is a process to form
phosphate coating on metal surface through chemical and
electrochemical reactions [18]. It is an economic, simple
and environmentally friendly surface treatment technology
which can improve the corrosion resistance of the materi-
als. The application of phosphate anti-corrosion technology
on steel material is already mature [19, 20], while few were
adopted for the sintered Nd—-Fe—B magnet.

In this study, a homogeneous phosphate coating was
prepared on the surface of the sintered Nd—Fe—B magnet by
PCC method. The morphology, phase composition and
thickness of the top coatings on the surface of the magnet
were investigated by field emission scanning electron
microscopy (FE-SEM), energy-dispersive spectrometer
(EDS), Fourier transform infrared spectrometer (FTIR) and
coating thickness gauge. The corrosion behaviour of the
magnet was evaluated by copper drip method, neutral salt
spray method and electrochemical potentiodynamic polar-
ization experiment. The magnetic properties of the phos-
phated magnet were also tested. This research provides an
important phosphate treatment technique to increase the
corrosion resistance of the Nd—Fe—-B magnet.

2 Experimental
2.1 Materials and chemical conversion process

Commercially N45M-sintered Nd—-Fe—B magnet was used
with the size of @10 mm x 8 mm. Figure 1 shows the
phosphate process. The specimens were abraded with
emery paper and polished, followed by a degreasing pro-
cedure in an alkaline solution at 60 °C for 15 min. Then,
they were rinsed ultrasonically in acetone and ethanol,
respectively. Pickling was performed on the specimens at
room temperature for 2 min. After ultrasonic cleaning with
deionized water several times, the samples were immersed
in the PCC bath at 90 °C for 20 min. After the PCC
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Fig. 1 Schematic diagram for technological process of chemical
conversion method
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treatments, the coupons were washed with deionized water
and dried in warm air stream.

2.2 Measurement and characterization

2.2.1 Surface morphology and composition of phosphate
coatings

The macro-morphology of the PCC coatings on the sin-
tered Nd—Fe—B magnet was observed in natural light, and
the microstructure and composition were examined using
FE-SEM (SU-70 model made in Japan) equipped with
EDS. Furthermore, a BRUKER TENSOR 37 model of
FTIR spectrometer was utilized to characterize functional
groups of the coatings within the spectra range of
4000-400 cm™'. The specimens for FTIR analysis were
prepared with a powder mixture of PCC coatings scraped
off Nd-Fe—-B magnet and KBr.

2.2.2 Thickness measurement of phosphate coatings

In order to determine the scope of the coating thickness
distribution, mini-test coating thickness gauge (600B FN2
model) was employed to test multipoint thickness of the
PCC coatings. The thickness measurement was conducted
on three phosphated specimens numbered by Samples 1, 2
and 3 in the same batch. Five testing points were picked
near the centre of each specimen.

2.2.3 Corrosion resistance test of phosphate coatings

The corrosion resistance of the PCC coatings were inves-
tigated by copper drip method (GB/T 6807-2001), neutral
salt spray test (GB/T 10125-1997) and electrochemical
potentiodynamic polarization experiments.

1 L copper sulphate drip solution was prepared by
41.0 g CuSO45H,O, 350g NaCl and 13. O ml
hydrochloric acid solution (0. 10 m01~L71). At room tem-
perature, a drop of the copper sulphate solution was added
on the dried surface of the phosphate specimens, the time
required for the solution turned earthy red was observed,
and the average value of three samples was taken.

The salt spray test machine (YWX/Q-150 model) was
utilized for the neutral salt spray test. The testing temper-
ature was 35 °C, and testing solution was 5 wt% sodium
chloride solution with pH = 7, intake pressure of 0.3 MPa,
spray pressure of 1.0 MPa and spray flow rate of 1 ml-h™"'.
The phosphated and no phosphated specimens were used
for the salt spray test simultaneously, and the corrosion
time was recorded. A group specimen in interval of 1 min
was taken to obtain the exact duration of different samples
in the neutral salt fog corrosion.
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The corrosion characteristic curves of the phosphate
coatings were measured through a Parstat 2273 model of
potentiodynamic polarization station with a three-electrode
set-up in 3.5 wt% NaCl aqueous solution at a scan rate of
10 mV-s~!. The saturated calomel electrode (SCE), plat-
inum and the sample coupon with 0.785 cm? exposed area
were used as reference, counter and working electrodes in
the three-electrode cell, respectively.

2.3 Magnetic test of phosphate coatings

To study the effect of the PCC coating on the magnetic
properties of the Nd-Fe—B magnet, the remanence (B,),
coercive force (H.j) and square degree (H/H.) of the
phosphated and no phosphated specimens were tested by a
NIM-2000 model of magnetic characteristic detector.

3 Results and discussion

3.1 Surface morphology and structure of phosphate
coatings

As shown in Fig. 2a, a layer of dense grey coatings can be
observed on the surface of Nd-Fe—-B magnets with naked

5 mm

eye under the natural light after PCC treatment. Figure 2b,
¢ shows FE-SEM images of phosphate coatings. It can be
seen that the coatings are granular with a grain size of
3-10 um. The PCC coatings are uniform and dense on the
surface of the sintered Nd-Fe-B magnet, and there are no
bare substrates. Figure 2d shows the EDS result of Point A
in Fig. 2c. As a comparison, the EDS result of the Nd—Fe-B
substrate is shown in Fig. 2e. It reveals that the PCC coat-
ings contain such elements as Zn, Mn, P, O and other metal
and nonmetallic ones.

Figure 3 shows FTIR spectra of the phosphate coatings and
Nd-Fe-B substrates. The FTIR spectra present the typical
absorption peaks of the PO, group around 1056 cm™' corre-
sponding to the P=O stretching vibration mode. This indi-
cates the coatings with phosphate structurally. Furthermore,
the peaks are attributed to O—H bending (1522 and 1645 cm ™)
and O-H stretching (3737 and 3858 cm_l), respectively,
implying the existence of some crystal water.

3.2 Thickness of phosphate coatings

Table 1 and Fig. 4 show the thickness distribution of
phosphate coatings. It can be seen that the thickness range
of the coatings on the surface of sintered Nd—Fe—B magnet
is between 10 and 18 pum. This is a suitable thickness for
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Fig. 2 Morphologies and compositions of PCC coatings on surface of sintered Nd—Fe-B magnet: a macroscopic morphology; b, ¢ FE-SEM
images with different magnifications; d EDS result of PCC coatings and e EDS result of Nd-Fe-B substrate
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Fig. 3 FTIR spectra of Nd-Fe-B substrate and PCC coatings on
surface of magnet

Table 1 Thickness of PCC coatings on surface of sintered Nd-Fe—-B
magnet with five testing points (Lm)

Samples Point 1 Point 2 Point 3 Point 4 Point 5
12 14 12 13 14
10 13 11 16 13

3 17 14 18 16 15

the anti-corrosion of Nd-Fe-B magnet. If the PCC coating
is too thin, it cannot supply a good protection for the
substrate because of the porous structure of the magnet. In
contrast, if the PCC coating is too thick, it will affect the
magnetic properties of the magnet.

3.3 Corrosion resistance of phosphate coatings

The copper drip test indicates that the discoloured time of
the testing solution on the phosphated specimens is 24 s,
but only 1-2 s on the no phosphated specimens. It can be
seen that the corrosion resistance of the Nd—Fe—B magnet
is improved significantly after PCC treatment.

The corrosion resistances of the phosphated and no phos-
phated specimens under the same condition of the neutral salt
spray were tested by the salt spray test chamber. As shown in
Fig. 5, the significant corrosion colour appears on the surface
of the no phosphated specimens after only 2 min, while there
is no change for the phosphated specimens. The corrosion
colour on the phosphated specimens appears after 12 min.
The phosphated and no phosphated specimens were treated
by immersion oil method, respectively. Then, the salt spray
testing results show that the corrosion colour appears on the
no phosphated specimens only after 30 min, but on the
phosphated specimens after 3 h. The phosphate coating on the
sintered Nd-Fe-B magnet can supply an effective protection
in neutral salt spray conditions.

Figure 6 is the potentiodynamic polarization curves
in 3.5 wt% NaCl solution of phosphated and no phos-
phated sintered Nd-Fe-B magnets. The corresponding
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Fig. 4 Average thickness and deviation of phosphate coatings
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Fig. 5 Macro-photographs of phosphated and no phosphated samples
at 2 min in salt spray test

electrochemical parameter fitting results are shown in
Table 2. As seen from Fig. 6 and Table 2, compared with
those of the Nd-Fe—B substrate, the corrosion potential
(Ecorr) Of the phosphate specimens increases, but the cor-
rosion current (I, decreases greatly. Thus, the Nd-Fe—B
magnet is prone not to raise corrosion, but to noticeably
slow the velocity in the event of corrosion after preparation
of phosphate coatings on its surface.

3.4 Magnetic properties before and after phosphate
treatment

In order to know the effect of the phosphate coatings on the
magnetic properties of the Nd—Fe-B magnets, the rema-
nence (B,), coercive force (H) and the square degree
(Hi/H.;) of phosphated and no phosphated specimens were
tested by the magnetic characteristic detector. The testing
results are shown in Table 3. It can be seen that the
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Fig. 6 Potentiodynamic polarization curves of phosphated and no
phosphated Nd—Fe-B magnets

Table 2 Self-corrosion potentials and corrosion currents of phos-
phated and no phosphated Nd—Fe-B magnets

Samples E.or/mV (vs. SCE) Loon/( pA-cm’z)
No phosphated —1192 30.58
Phosphated —1007 1.70

Table 3 Magnetic properties of phosphated and no phosphated Nd—
Fe-B magnets

Samples H/(kA-m™") BJ/T Hi/H,;
No phosphated 1334.92 1.33 0.98
Phosphated 1323.79 1.33 0.97

magnetic properties of the two kinds of the specimens are
similar. This suggests that PCC treatment has few effects
on the magnetic properties of sintered Nd—Fe—B magnet.

4 Conclusion

The uniform phosphate coatings with a thickness range of
10-18 pm were prepared on the sintered Nd—Fe—B magnets.
The coatings are composed of Fe, Mn, and Zn phosphates
with a crystal size of 3-10 um. The Nd—Fe—B substrates are
fully covered with the phosphate coatings after the chemical
conversion treatment at 90 °C for 20 min. Compared with
the no phosphated Nd-Fe—B magnets, the phosphated ones
show a better corrosion resistance and unchanged magnetic
properties. Therefore, the PCC treatment can be used as an
effective and simple way to improve the corrosion resistance
of the sintered Nd—Fe—B magnets.
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