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Improvement of protective coating on Nd–Fe–B magnet by pulse
nickel plating

C. W. Cheng and F. T. Chenga)

Department of Applied Physics, The Hong Kong Polytechnic University, Hung Hom, Hong Kong

H. C. Man
Department of Manufacturing Engineering, The Hong Kong Polytechnic University, Hung Hom,
Hong Kong

Sintered Nd–Fe–B magnets were coated by pulse nickel plating at different plating conditions.
Optimal pulse plating condition was established~average current density51 A/dm2, peak current
density56 A/dm2 with Ton:Toff51:2!. In order to make a comparison, magnets with similar nickel
coating thickness plated by dc were also prepared. The corrosion resistance of the coated magnets
was evaluated by~i! Normal Salt Spray Test~5% NaCl, 35 °C! and~ii ! potentiodynamic polarization
measurement~3.5% NaCl solution!. It was found that the corrosion resistance of the pulse nickel
plated magnet was significantly improved as compared with that of the conventional dc plated ones,
with negligible deterioration in magnetism. The microstructure of the coating was examined by
optical microscopy and scanning electron microscopy. It was found that the porosity was much
lower, and the grains much finer in the pulse-plated layer as compared with the dc plated ones.
© 1998 American Institute of Physics.@S0021-8979~98!15411-7#
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I. INTRODUCTION

The neodymium–iron–boron~Nd–Fe–B! permanent
magnet, being one of the most popular magnets nowad
derives its attractiveness and popularity from its well kno
excellent magnetic properties, including high remanen
high coercivity, and large energy product.1 However, the ap-
plications of the Nd–Fe–B magnets are greatly hindered
their poor corrosion resistance in humid environments, es
cially when the magnets are of the sintered type.2 The cor-
rosion attack arises from the preferential oxidation of
Nd-rich phase in the grain boundary region.3 Such an inter-
granular mode of corrosion results in irreversible loss in fl
and coercivity,4 contamination, and even total disintegratio
The employment of coatings on the Nd–Fe–B magnets
been proven to be one feasible way to enhance the corro
resistance without leading to significant deterioration of
magnetic properties. Among the various types of coati
applied to the Nd–Fe–B magnets, metallic coatings of
Ni/Cr, Al, Zn, Cu, etc., have achieved different degrees
corrosion protection.5–9 Such metallic coatings were applie
to Nd–Fe–B by dc electroplating, electroless plating, or i
mersion coating. On the other hand pulse plating, a techn
which is well known for producing coatings which are mo
uniform, less porous, more wear-resistant and m
corrosion-resistant~although with higher equipment cos
about twice that of the dc ones!, has not been used on th
Nd–Fe–B magnets. Thus it is the purpose of the pres
study to investigate the possibility of pulse plating the N
Fe–B magnets with Ni, to establish the optimal plating co
ditions, and to assess the coating properties.

II. EXPERIMENTAL PROCEDURE

Commercial Nd–Fe–B magnets composed of 15% N
77% Fe, and 8% B were used in the present study. T

a!Electronic mail: apaftche@polyu.edu.hk
6410021-8979/98/83(11)/6417/3/$15.00
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were in disk form with diameter and thickness of 15.7 a
2.2 mm, respectively. The samples were fabricated by c
ventional sintering and supplied by a local manufacturer. T
magnetic properties were given asBr511.4 kG, Hci

512.4 kOe, and (BH)max534 MGOe.
The samples were cleaned by electrodegreasing in

alkaline solution, and then immersed in 10% hydrochlo
acid at room temperature for 30 s for activation. The samp
were pretreated with Ni striking at a current density
2 A/dm2 for 1 min, followed by dc plating of semi-bright N
at 50 °C for 5 min using 1 A/dm2. The samples were subse
quently pulse plated with Ni using unipolar pulse in a ba
having the composition and conditions listed in Table I. Fo
selected combinations of on and off times (Ton:Toff

51:1,1:2,1:4,1:10) were prepared. The mean thickness
the Ni coating film was in the range of 12–15mm. For com-
parison, dc plated Ni coatings of similar thickness were a
prepared using similar current densities.

The corrosion resistance of Ni coatings was investiga
by ~i! normal salt spray~NSS! test and~ii ! electrochemical
measurement. The NSS test~35 °C, 5% NaCl! was per-
formed for 136 h using a standard chamber in accorda
with ASTM G85 practice.

TABLE I. Composition and conditions for pulse nickel plating.

Nickel sulphate (NiSO4.6H2O) 300 g/l
Nickel chloride (NiCl2.6H2O) 60 g/l
Boric acid (H3BO3) 40 g/l
Wetting agent 0.5 ml/l
Brightener 3 ml/l
Anode Nickel
Average current density 1 A/dm2

Peak current density 6 A/dm2

Temperature 50 °C
Agitation Moderate to vigorous
7 © 1998 American Institute of Physics
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The time of initial formation of brown rust on th
samples was recorded. Samples were removed at regula
tervals from the chamber, carefully cleaned with de-ioniz
water, and dried thoroughly with warm air and weighed. T
mass gain per unit surface area exposed due to the form
of corrosion product was also recorded and plotted aga
the exposure time.

In the electrochemical measurement of the samples
EG&G PARC 273 potentiostat was used to obtain the pot
tiodynamic polarization scans. Two parallel graphite ro
were used as the counter electrode and the saturated ca
electrode~SCE! was used as the reference electrode. Po
tiodynamic polarization scans were carried out according
ASTM G5 practice, using deaerated 3.5% NaCl solution
the electrolyte at a scan rate of 0.6 V/h, scanning from21 to
11.2 V. The corrosion potentialEcorr and the corrosion cur
rent density i corr were determined from the polarizatio
curves using Tafel extrapolation.

Magnetic measurements were performed after 136 h
exposure in the salt spray test. The samples were pulse m
netized in a field of 35 kOe and demagnetized in a vibrat
sample magnetometer~VSM! to obtain the demagnetizatio
curves. The remanenceBr and the coercivityHci , were de-
termined.

FIG. 1. Cross section of pulse Ni-plated samples~a! with pretreatment,~b!
without pretreatment.

FIG. 2. Surfaces of samples before and after 16 h of exposure in salt s
test: dc-plated~a!~c!; pulse-plated~b!~d!. ~3.5X!.
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III. RESULTS AND DISCUSSION

Pulse Ni coating having a thickness of 12–15mm was
obtained and the cross section is shown in Fig. 1~a!. The
coating was smooth and good adhesion was observed
tween the substrate and the coating. Pretreatment usin
plated semi-bright Ni was found to have greatly improv
the adhesion of the coating to the substrate. The pretreatm
prevented direct attack of the acidic bath on the magnet
face and hence prevented disintegration of the grains at
interlayer. Figure 1~b! revealed voids and pores appeari
between the substrate and the coating without pretreatm
To achieve a high quality coating at a reasonable deposi
rate, proper selection of current density is of primary imp
tance. In the present study the optimal average current d
sity was 1 A/dm2 at 50 °C, with a peak current density o
6 A/dm2. An on time of 200ms was employed since it is th
most common selection for ferrous material with a reas
able deposition rate.

The corrosion resistance of four different pulse-plated
coatings, together with dc-plated Ni coating and the b
sample was assessed in the salt spray environment. The
faces of dc-plated and pulse-plated samples before and
16 h of salt spray test are shown in Fig. 2. It could be se
that the dc coating was seriously damaged@Fig. 2~c!# while
for the pulse coating, the corrosion product just began
form @Fig. 2~d!#. The time of initial formation of brown rust
was recorded and listed in Table II. It was found that t
initial time for rust formation in pulse-plated samples w
retarded by a factor of 2 as compared with that for the

ayFIG. 3. Mass gain per unit sample area exposed at different exposure t
in NSS test.

TABLE II. Time of initial formation of brown rust in NSS test for differen
settings.

Plating
technique

Ton

~ms!
Toff

~ms!
Time of initial formation

of brown rust~h!

Pulse-plated 200 200 15
200 400 16
200 800 8
200 2000 10

dc-plated ••• ••• 8
cense or copyright; see http://jap.aip.org/about/rights_and_permissions
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plated samples, extending up to 16 h for coatings with
on-off time ratio of 1:2. For bare samples, corrosion produ
were visible after 2 h of exposure.

The mass gain due to the formation of rust at differe
times of exposure is shown in Fig. 3. It was found that
mass increased at a faster rate after initial formation of r
indicating breakdown of coating and exposure of the s
strate to the salt mist environment.

Potentiodynamic polarization test of the pulse Ni-plate
dc Ni-plated and the bare samples in 3.5% NaCl deaer
solution at room temperature was performed and the co
sponding corrosion potentialEcorr and the corrosion curren
density i corr were listed in Table III. Thei corr of the bare
Nd–Fe–B was much greater than those of the coated one
fact greater by a few orders of magnitude. Thei corr of the
pulse-plated samples was lower than that of the dc-pla
samples by about an order of magnitude. The reduction
corrosion rate is probably due to the removal of discontin
ties and pores which are usually present in dc plating. T
more noble value ofEcorr for pulse Ni coating indicated tha
the coating was more stable as compared with that of
conventional dc plating. Thus both the salt spray test
electrochemical test showed that the pulse-plated sam
were more corrosion resistant than the dc plated ones.
improvement in corrosion resistance may be attributed to
structure of the coating in pulse plating, which is charact
ized by finer grains and lower porosity, as shown in Fig. 4~a!

TABLE III. Ecorr and i corr from potentiodynamic polarization measureme
of different plated samples.

Samples
Ecorr

~mV!
i corr

(mA/cm2)

Pulse-plated Ni~Ton :Toff51:2! 2440 0.12
dc plated Ni 2530 0.98
Uncoated Nd–Fe–B 2940.7 115.7

FIG. 4. Scanning electron microscope~SEM! micrographs of surfaces o
pulse-plated~a! and dc-plated~b! samples.
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versus the case of dc plating, Fig. 4~b!.10

After 136 h of exposure in the salt spray test, the ma
netic properties of the coated samples remained almost
changed, whereas those of the bare samples decrease
about 6.5%~Table IV!.

IV. CONCLUSIONS

Ni coating of thickness 12–15mm has been successfull
applied to the magnets by pulse plating. The set of conditi
used was: average current density51 A/dm2, peak value
56 A/dm2, temperature550°C, on-off times5200 ms:400
ms. The coating obtained was fine-grained and low in por
ity, and adhered well to the substrate. Corrosion data fr
both the salt spray test and electrochemical test indicated
for similar coating thickness, the corrosion resistance of
pulse Ni-plated samples was at least doubled as comp
with the dc-plated ones. Magnetic measurements reve
that the remanence and the coercivity of the magnets w
unaffected by the Ni coating.
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TABLE IV. Magnetic properties before and after salt spray test.

Before NSS test After NSS test

Loss inBr

~%!
Br

~kG!
Hcl

~kOe!
Br

~kG!
Hcl

~kOe!

Pulse-plated Ni 11.3 12.4 11.2 12.3 0.88%
dc-plated Ni 11.3 12.3 11.1 12.3 1.77%
Uncoated 11.6 12.3 10.9 12.2 6.51%
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