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

C. W. Cheng and F. T. Cheng?®
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 establish@serage current densiyl A/dn?, peak current
density=6 A/dn? with T,:Tor=1:2). 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 bgi) Normal Salt Spray Te$6% NacCl, 35 °Q and(ii) potentiodynamic polarization
measurement3.5% NaCl solutioh 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 PhysidsS0021-89708)15411-7

I. INTRODUCTION were in disk form with diameter and thickness of 15.7 and
The neodymium—iron—boron(Nd—Fe—B permanent 2.2 mm, respectively. The samples were fabricated by con-
magnet, being one of the most popular magnets n()\,\,adayg,entional sintering and supplied by a local manufacturer. The
derives its attractiveness and popularity from its well knownMagnetic properties were given aB,=11.4kG, H
excellent magnetic properties, including high remanence=12.4 kOe, and§H)m,,=34 MGOe.
high coercivity, and large energy prodddtowever, the ap- The samples were cleaned by electrodegreasing in an
plications of the Nd—Fe—B magnets are greatly hindered b@lkaline solution, and then immersed in 10% hydrochloric
their poor corrosion resistance in humid environments, espeacid at room temperature for 30 s for activation. The samples
cially when the magnets are of the sintered t§he cor- Were pretreated with Ni striking at a current density of
rosion attack arises from the preferential oxidation of the2 A/dn? for 1 min, followed by dc plating of semi-bright Ni
Nd-rich phase in the grain boundary regfbsuch an inter- at 50 °C for 5 min using 1 A/dfa The samples were subse-
granular mode of corrosion results in irreversible loss in fluxduently pulse plated with Ni using unipolar pulse in a bath
and coercivity? contamination, and even total disintegration. having the composition and conditions listed in Table I. Four
The employment of coatings on the Nd—Fe—B magnets hagelected combinations of on and off timeso(: T
been proven to be one feasible way to enhance the corrosioni:1,1:2,1:4,1:10) were prepared. The mean thickness of
resistance without leading to significant deterioration of thethe Ni coating film was in the range of 12—14n. For com-
magnetic properties. Among the various types of coating§ari30”: dc plated Ni coatings of similar thickness were also
applied to the Nd—Fe—B magnets, metallic coatings of NiPrepared using similar current densities.
Ni/Cr, Al, Zn, Cu, etc., have achieved different degrees of The corrosion resistance of Ni coatings was investigated
corrosion protectiofi-® Such metallic coatings were applied by (i) normal salt sprayNSS test and(ii) electrochemical
to Nd—Fe—B by dc electroplating, electroless plating, or im-measurement. The NSS te5 °C, 5% NaCl was per-
mersion coating. On the other hand pulse plating, a techniqurmed for 136 h using a standard chamber in accordance
which is well known for producing coatings which are more With ASTM G85 practice.
uniform, less porous, more wear-resistant and more
corrosion-resistanfalthough with higher equipment cost,
about twice that of the dc Onbshas not been used on the TABLE |. Composition and conditions for pulse nickel plating.
Nd—Fe—B magnets. Thus it is the purpose of the present

study to investigate the possibility of pulse plating the Nd— Nickel sulphate (NiSQ6H,0) 300 g¥
Fe—B magnets with Ni, to establish the optimal plating con- g'c'_‘e' C'_‘(;O(rfbgg\‘)'clzﬁ'*zo) 28 9/5
. . . oric acl 3 012
ditions, and to assess the coating properties. Wetting agent 0.5 mif
Il. EXPERIMENTAL PROCEDURE Brightener 3 mi’
) Anode Nickel
Commercial Nd—Fe—B magnets composed of 15% Nd, Average current density 1 A/dm
77% Fe, and 8% B were used in the present study. They Peak current density 6 A/din
Temperature 50°C
Agitation Moderate to vigorous
dElectronic mail: apaftche@polyu.edu.hk
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TABLE Il. Time of initial formation of brown rust in NSS test for different

settings.

Plating Ton Toff Time of initial formation
technique (us) (us) of brown rust(h)
Pulse-plated 200 200 15

200 400 16

200 800 8

200 2000 10
dc-plated 8

IIl. RESULTS AND DISCUSSION
FIG. 1. Cross section of pulse Ni-plated sampl@swith pretreatment(b)

without pretreatment. Pulse Ni coating having a thickness of 12—AB was
obtained and the cross section is shown in Fi@).1The
) o ) coating was smooth and good adhesion was observed be-
The time of initial formation of brown rust on the tyeen the substrate and the coating. Pretreatment using dc
samples was recorded. Samples were removed at regular igrated semi-bright Ni was found to have greatly improved
tervals from the chamber, carefully cleaned with de-ionizedne adhesion of the coating to the substrate. The pretreatment
water, and dried thoroughly with warm air and weighed. Theprevented direct attack of the acidic bath on the magnet sur-
mass gain per unit surface area exposed due to the formatiggce and hence prevented disintegration of the grains at the
of corrosion pr_oduct was also recorded and plotted agai”ﬁhterlayer. Figure (b) revealed voids and pores appearing
the exposure time. between the substrate and the coating without pretreatment.
In the electrochemical measurement of the samples, afg achieve a high quality coating at a reasonable deposition
EG&G PARC 273 potentiostat was used to obtain the potenrate proper selection of current density is of primary impor-
tiodynamic polarization scans. Two parallel graphite rodsance. In the present study the optimal average current den-
were used as the counter electrode and the saturated canrryftg, was 1 A/dmf at 50 °C, with a peak current density of
electrode(SCE was used as the reference electrode. Poteng a/gm?. An on time of 200us was employed since it is the

tiodynamic polarization scans were carried out according tqnost common selection for ferrous material with a reason-
ASTM G5 practice, using deaerated 3.5% NaCl solution agpje deposition rate.

the electrolyte at a scan rate of 0.6 V/h, scanning frefto

> ) _ The corrosion resistance of four different pulse-plated Ni
+1.2 V. The corrosion potenti& .., and the corrosion cur-

ne ' 1 LU= coatings, together with dc-plated Ni coating and the bare
rent densityic,, were determined from the polarization sgmple was assessed in the salt spray environment. The sur-

curves using Tafel extrapolation. faces of dc-plated and pulse-plated samples before and after
Magnetic measurements were performed after 136 h 0fg 1 of salt spray test are shown in Fig. 2. It could be seen

exposure in the salt spray test. The samples were pulse Magrat the dc coating was seriously damagEd. 2(c)] while

netized in a field of 35 kOe and der_’nagnetized ina \_/ibr_atingcor the pulse coating, the corrosion product just began to
sample magnetomet€¥SM) to obtain the demagnetization form [Fig. 2(d)]. The time of initial formation of brown rust

curves. The remanend® and the coercivityH;, were de-  \yas recorded and listed in Table II. It was found that the

termined. initial time for rust formation in pulse-plated samples was
retarded by a factor of 2 as compared with that for the dc

(a)
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FIG. 2. Surfaces of samples before and after 16 h of exposure in salt spraylG. 3. Mass gain per unit sample area exposed at different exposure times
test: dc-plateda)(c); pulse-platedb)(d). (3.5X). in NSS test.
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TABLE lll. Eq, andi,, from potentiodynamic polarization measurement TABLE IV. Magnetic properties before and after salt spray test.
of different plated samples.

Before NSS test After NSS test

ECOTI’ iCDI'f .
Samples (mv) (,U.A/sz) Br Hcl Br Hcl Loss in Br
kG) (kOe) kG)  (kOg (%)
Pulse-plated N{Ty,:Tor=1:2) —440 0.12 -
dc plated Ni ~530 0.98 Pulse-plated Ni 11.3 12.4 11.2 12.3 0.88%
Uncoated 11.6 12.3 10.9 12.2 6.51%

plated samples, extending up to 16 h for coatings with an,

on-off t_|rr_1e ratio of 1:2. For bare samples, corrosion products After 136 h of exposure in the salt spray test, the mag-
were visible afte 2 h of exposure.

. . . netic properties of the coated samples remained almost un-
The mass gain due to the formation of rust at different prop P

. . A changed, whereas those of the bare samples decreased by
times of exposure is shown in Fig. 3. It was found that the bout 6.5%Table V)

ersus the case of dc plating, Figb%'°

) _— . al
mass increased at a faster rate after initial formation of rust,

indicating breakdoyvn of _coating and exposure of the suby,, CONCLUSIONS
strate to the salt mist environment.

Potentiodynamic polarization test of the pulse Ni-plated, ~ Ni coating of thickness 12—1pm has been successfully
dc Ni-plated and the bare samples in 3.5% NaCl deaeratedPplied to the magnets by pulse plating. The set of conditions
solution at room temperature was performed and the corredsed was: average current densifyA/dn?, peak value
sponding corrosion potentid,,, and the corrosion current =6 A/dn¥, temperature:50°C, on-off times=200 us:400
density i .o, were listed in Table Ill. The ., of the bare uS. The coating obtained was fine-grained and low in poros-
Nd—Fe—B was much greater than those of the coated ones, ify, and adhered well to the substrate. Corrosion data from
fact greater by a few orders of magnitude_ 'ﬁ|a&r of the both the salt spray test and electrochemical test indicated that
pulse-plated samples was lower than that of the dc-platefPr similar coating thickness, the corrosion resistance of the
samples by about an order of magnitude. The reduction iRulse Ni-plated samples was at least doubled as compared
corrosion rate is probably due to the removal of discontinui-With the dc-plated ones. Magnetic measurements revealed
ties and pores which are usually present in dc plating. Théhat the remanence and the coercivity of the magnets were
more noble value oE,, for pulse Ni coating indicated that unaffected by the Ni coating.
the coating was more stable as compared with that of the
conventional dc plating. Thus both the salt spray test andfCKNOWLEDGMENTS
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were more corrosion resistant than the dc plated ones. Theommittee of The Hong Kong Polytechnic University for
improvement in corrosion resistance may be attributed to théne provision of a research grafio. 350/631. Thanks are
structure of the coating in pulse plating, which is charactera|so due to F. Lau, Manager of the Industrial Centre, HKPU,
ized by finer grains and lower porosity, as shown in Fi@ 4  for providing pulse plating equipment.

IM. Sagawa, S. Fujimura, N. Togawa, H. Yamamoto, and Y. Matsuura, J.
Appl. Phys.55, 2083(1984).

2J. Jacobson and A. S. Kim, J. Appl. Phgd, 3763(1987).

SA. S. Kim and F. E. Camp, J. Mater. EntB, 175(1992).

4C. J. Willman and KSVL Narasimhan, J. Appl. Phgd, 3766(1987.

5H. H. Man, H. C. Man, and L. K. Leung, J. Magn. Magn. Mat&52, 40
(1996.

6C. W. Cheng, H. C. Man, and F. T. Cheng, IEEE Trans. M&$1.3910
(1999).

"P. Mitchell, IEEE Trans. Magr26, 1933(1990.

8T. Minowa, M. Yoshihawa, and M. Honshima, IEEE Trans. Magh,
3776(1989.

°C. D. Qin, A. S. Li, and D. H. L. Ng, J. Appl. Phyg9, 4854(1998.

FIG. 4. Scanning electron microscof®EM) micrographs of surfaces of 1°J. C. Puippe, American Electroplaters & Surface Finishers Society 3rd Int.

pulse-plateda) and dc-platedb) samples. Pulse Plating Symposium, Orlando, Fl, 1986, Paper A.

Downloaded 07 Nov 2011 to 158.132.161.9. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



