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Corrosion protection of Nd—Fe—B magnets by bismaleimide coating
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Samples of Nd—Fe—B were coated with bismaleim(i@#l), a resin which is well known for its
desirable barrier, mechanical, and thermal properties but has not been used as a coating material.
The performance of BMI-coated sampl@verage coating thicknessl5 um) was compared with
commercial epoxy-coated sampl@wverage coating thickness20 um) in a series of tests. In the
copper-accelerated acetic acid—salt spray test, the epoxy-coated samples failéddradlyed area

>50%) within 20 h while the BMI-coated samples showed no sign of failure up to 200 h. Using the
cross-cut tape test for adhesion strengt8TM D 3359, the commercial epoxy coatings suffered

25% area detachment while for the BMI coatings, no detachment was observed. The scratch
resistance of the BMI coatings, measured in terms of scratch depth in the pin scratch test, was about
1.5 that of the commercial epoxy coatings, and the Vickers hardness was higher by a factor of about
2.5. When magnetized under the same magnetizing field, there was no significant difference in the
magnetization obtained among bare, epoxy-coated, and BMI-coated samples. These results suggest
that BMI coatings are excellent for protection of the Nd—Fe—B magnets against corrosion and
function better than the commonly used epoxy resin. 189 American Institute of Physics.
[S0021-89709)45108-4

I. INTRODUCTION group that is attached to two maleimide groups. Compared

with epoxy resin, BMI resin has greater thermal stability and

The development of permanent magnet materials hag | " Lo o sensitivity, but is britle and difficult to
seen three milestones in the present century, namely, the ap-

pearance of the alnico systef9305, the fertes(19403, 1o~ 116 btteness of B fesit may oo educedt 2.
and the rare earth magnéf9603. Neodymium—iron—boron b y may y

) while the desirable properties are retained. The BMI resin
(Nd—Fe-B, a rare earth magnet developed in the early o ;o present study was modified using’-@jallyl

. . . . U
1980s, is especially important for two reasons. In the flrStbisphenoI A(DBA). Modified BMI-resin is widely used in

place, Nd-Fe—B possesses excellent magnetic properti?% . . 7 .
0 . . 2 iber/matrix composites for aerospace applications, but its
which include high remanence, high coercivity, and large

. o employment as a coating material for corrosion protection
maximum energy productand second, it is free of cobalt : .
and hence cheaper. However, the replacement of Co by H1eas not been reported in the literature.
greatly reduces the corrosion resistance of Nd—Fe—B mag-
nets, in fact to a level comparable to low alloy steel in salt
spray environmentsThus it is common to apply a coating ||. EXPERIMENTAL PROCEDURE
on Nd—Fe—B magnets for corrosion protection. ProtectiveA S | i
metallic coatings employing Ni, Cr, Ni/Cr, Al, Zn, etc. on "~ ample preparation
Nd—Fe—B magnets have been reported in the literdttre. Bare and epoxy-coated samples of sintered Nd—Fe—B
On the other hand, among the different types of polymemagnet in the present study were supplied by a local manu-
coatings, only epoxy resin has been attempted on Nd—Fe—facturer, the magnetic properties claimed by the supplier be-
magnets. The time to failure of various epoxy-coated Nd-ing B,=11.4kG, H;=12.4kQ, and BH) =34 MGQ..
Fe—B magnets in the ASTM normal salt sprdySS test The samples were in disk form with a diameter of 15.7 mm
(35°C, 5% NaCl, pH 6.5-7)2in different studies ranged and thickness of 2.7 mm, and the epoxy coating had a thick-
between 100 and 200 %, which was comparable to a ness of~20 um. Before the application of BMI coating, the
semibright Ni coating of 3Qum (Ref. 3 and might thus be bare samples were ground with 220 grit SiC paper, cleaned
regarded as moderately corrosion resistant. As a further stdyy alkaline solution followed by alcohol and distilled water,
in the development of polymer coating for Nd—Fe—B, theand then dried. To enhance adhesion, a thin layer of primer
present study aims at investigating the feasibility of employ-of ~2 um was coated on the cleaned samples using a spinner
ing a relatively new resin, bismaleimidBMI), as a coating and allowed to air dry for at least 5 h. A BMI coating was
material on Nd—Fe—-B for corrosion protection. BMI resin then applied on the primer in a similar manner and the over-
has the generic chemical structure of an aromatic chemicalll coating thickness was 15 um. The coating was dried at

0021-8979/99/85(8)/5690/3/$15.00 5690 © 1999 American Institute of Physics
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60 °C for 2 h and then subjected to a sequence of heat treatABLE |. Comparison between BMI and epoxy coatings.
ment for crosslinking: 80 °C for 1 h, 120°C for 1 h, 150°C

° ° Commercial
for 2 h, 180°C for 2 h, and 200°C for 4 h. Bare Nd—-Fe—-B epoxy-coated BMI-coated
samples samples samples
B. Copper-accelerated acetic acid—salt spray  (CASS) Cont Y s
test (ASTM B 368-85) T pm pm
ickness
The corrosion resistance of BMI-coated and epoxy- CASS <lh <20h >200 h
coated samples was assessed by the CASS test in accordam?alIueret)o
with AS'_FM B 368-857 The salt solution con§|sted of5 Wt% Adhesion 25% 0%
NaCl, with 0.25 g CuGl-2H,0 added per liter of solution  strength
and with the pH adjusted to 3.1-3.3 by using glacial acetic (fractional
acid. The temperature of the fog chamber was kept at 49 detachment
+1°C Scratch 13.5um 9.3um
- ' Resistance
(scribe width
C. Cross-cut test for adhesion strength (ASTM D Vickers 11 28
3359-93) hardness
. Hv (0.029
In the cross-cut test for adhesion strength, the coatedgyx density 1.68 kG 1.66 kG 1.67 kG

surface was scribed with a sharp tool steel cutter to produce(at surface
two orthogonal sets of parallel scribed lines that penetrated centey
the coating to expose the substrét@he grid size generated
by these sets of scribed lines was 2 mghmm. An adhesive
tape was pressed tightly on the scribed surface and then re-

moved. The number of grids detached was recorded and thﬁel' RESULTS AND DISCUSSIONS

adhesive strength of the coating was rated by the percentage The results of the experiments to compare the corrosion

of area peeled off in the test. resistance and other properties of BMI coatings with those of
commercial epoxy coatings are summarized in Table I.
D. Electrochemical impedance spectroscopy (EIS) In the present study the corrosion resistance of coated

d—Fe—B samples was assessed by the CASS test. It is
EIS measurements of epoxy-coated and BMI—coated\I . . .
samples were performed in 3.5% NaCl solutions at a pH ofluoted in BS 1224 that a test duration of 16 h in the CASS

6.5 and 20°C using an impedance analy®&&G Model test is equivalent to 96 h in the acetic acid—salt sgrE§S)

6310. A pair of graphite rods was used as the counter eIecEeSt’ and presumably to more than 96 h in the normal salt

trode, a saturated calomel electro@®CBE was used as the spray (NSS test. The commercial epoxy-coated samples

reference electrode, and the sample under test was the wori?'led badly(damaged arez50% within 20 h in the CASS

ing electrode. Impedance measurements were mac@40 test [Fig. _1(a)]. Thus the NSS equivalent duration of the
mV (the open-circuit potential of bare Nd—Fe)-om 100 commercial epoxy-coated samples was comparable to the re-

KHz to 10 mHz with an amplitude of 20 mV. sults of other studies. On the other hand, there was no sign of
corrosion for the BMI-coated samples in a test period of

more than 200 h in the CASS td$tig. 1(b)]. The excellent

corrosion resistance of the BMI coating may be partly attrib-

A tool steel pin with a 100° pointed end and under auted to its well-known resistance to hot/wet environments
constant load of 38.5 gf was moved over the coated surface
at a speed-20 mm/min. The load used was chosen so as not
to cut through the coating. The width of the scrifwhich
was simply 2.38 times the depttvas measured under a mi-
croscope. This width was used as an inverse measure of the
scratch resistance of the coating.

The hardness Hv of the coatings was measured by the
Vickers diamond microhardness tester using a load of 25 gf
and with a loading time of 15 s. The load used was chosen so
that the depth of the indentation was less than one third of
the coating thickness.

E. Pin scratch test and hardness test

F. Magnetic measurements

Bare, epoxy-coated and BMI-coated samples were mag-
netized under the same magnetizing field using a capacitor () (b)
discharge magnetizer. The flux density at the center of the

surface of the magnetized samples was measured by @G 1. surfaces after exposure in CASS (@sepoxy-coated sample, 20 h;
Gaussmeter. (b) BMI coated sample, 200 h.
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nets possess other advantages such as easy processing. The

10° 5 e, ——BMLOh - simple magnetic measurement on bare, BMI-coated and

1o°1'“ ‘ :]::g)l(’y‘,‘f):i 1 e_poxy—coated_ sampleg revealed that bpth types of coatings
~ 10 a,, epoxy, 48 i _d|d not result in reduction of the magnetic performance. Thl§
NE : ] is not unexpected as polymer materials are nonmagnetic in
; b nature and the coatings used in the present study were very
Nt 10’1W ] thin.

- g, IV. CONCLUSIONS

10° wﬁ”‘ . : : :

BMI was used as a coating material for the first time and
‘°’m,, JY T P P PR PR PR was successfully coated on sintered Nd—Fe—B magnet

samples for corrosion protection. A thin primer was used as
the undercoat to enhance the adhesive strength to the sub-
FIG. 2. Bode plots (log| vs logf) of epoxy-coated and BMI-coated strate. The BMI-coated samplésoating thickness-15 um)
samples in 3.5% NaCl solution. could withstand more than 200 h in the copper-accelerated
acetic acid—salt spray test, which was equivalent to more
than 1200 h in the normal salt spray test, and was about an
compared with epoxy resii?. Crosslinking in a thermoset- order higher t_han in the_ case of epoxy coating. The _excellent
ting resin enhances the barrier property of the resin while ag0rrosion resistance might be attributed to the barrier prop-
the same time weakens its adhesion to a metal sub&trage. €y of BMI and the adhesive strength of the primer/BMI
the barrier property of a polymer coating and its adhesiorsyStém to the substrate. The BMI coatings were also more
strength to a metal substrate both contribute to the corrosiofcratch resistant than the commercial epoxy coatings. Thus
protection of a metal by a polymer coatit,highly BMI coatings may be regarded as an alternatl\{e Fo, if not a
crosslinked BMI coatings might not offer optimal protection. 'éPlacement of, the commonly used epoxy resin in the cor-
To overcome the problem of adhesion, a primer was used 49Si0n protection of sintered Nd—Fe-B magnets.
the undercoat, and strong adhes_ion was achi_eved as indicatﬁ%KNOWLEDGMENTS
by the absence of peeled cells in the adhesion test. )

As a supplement to the CASS test for overall corrosion  1he authors would like to acknowledge the Research
resistance, EIS measurements were also performed. The Efgmmittee of the Hong Kong Polytechnic University for the
data in 3.5% NaCl solution for both BMI-coated and epoxy-Provision of a research graf@rant No. A-PA 10. Thanks
coated samples at the beginning and after 48 h of immersiofi'® aso due to the Beijin Aeronautics Technology Institute
are given in the Bode format (164 vs logf) in Fig. 2,  for supplying the modified BMI resin.
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