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Abstract

The Al thin film of about 1qum was coated on the surface of the sinteregiNdy, sFe;9 sC0,Bs magnetic alloy, hereinafter described as the
Nd—Fe—B specimen, and the effect of the Al thin film coating on the corrosion resistance of Nd—Fe—B permanent magnets has been investigate
through the electrochemical measurements and XPS analysis. The glass peening on the Al thin film was also carried out, and its effect o
the corrosion resistance was studied. Both of the Al-coated and Al-coated + glass-peened specimens showed the natural electrode potenti
of —1.00 and—0.97 V which were slightly lower thar-0.94V of the Nd—Fe—-B specimen. Comparing the natural electrode potentials of
these three specimens, that of pure Al was remarkably low@1fL3 V. It was therefore considered that the corrosion solution penetrated
to the surface of the Nd—Fe—B specimen through the Al-coated film formed on it. The XPS analysis showed that Si existed on the surface
of the Al-coated + glass-peened specimen, which indicated that the glass peening treatment deteriorated the Al-coated film for the corrosio
resistance.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Therefore, under electrochemical conditions, the Nd-rich
phase located around the Mk 4B phase becomes anodic

Permanent magnets based on intermetallic compoundsagainstthe NgFe; 4B phase. This occurs due to the formation
composed of rare earth elements and transition metals showof a galvanic couple between the Nek 4B phase and the Nd-
exceptionally excellent magnetic properties. Therefore, they rich phase. The reason for forming galvanic couple between
have been in practical use for numerous applications such aghese phases is ascribed to the fact that Nd is extremely active
the devices in consumer electronics, computer peripherals,element against matrix phase of N 4B. In addition, there
acoustics, magnetic resonance, biomedical and automationis a great difference in volume between the,Rej 4B phase
Among these magnets, particularly Nd—Fe—B magnets on theand the Nd-rich phase. This means a small amount of anode
basis of NdFe 4B [1] has been investigated extensively due metal composed mainly of Nd connects to a large amount
to its outstanding magnetic properties; for example, a com- of cathodic matrix of NdFe;4B; as a result, the corrosion
mercially available magnet exhibits a maximum energy prod- rate of the Nd-rich phase is extremely accelerated. In order
uct, (BH)maxof higher than 350 kJ/fand hence, it occupies  to improve the corrosion resistance, the effect of small addi-
a leading position today. However, it is at the same time no- tions of alloying elements on the corrosion behavior has been
torious for its poor corrosion resistance. According to Sug- studied from the view point that the alloying elements should
imoto et al.[2], the corrosion rates of these phases increasenot only improve the corrosion resistance but also should not
as follows: Na@Fe4B phase <Nd1Fe;B4phase < Nd-rich deteriorate the magnetic propert[85. Ohashi et al. reported

phase. that Co is one of the most promising elements to improve
the corrosion resistandd]. However, it was reported that
* Corresponding author. Co decreases the coercive force though it increases the Curie
E-mail address: majima@eng.toyama-u.ac.jp (K. Majima). temperatur¢s—7]. It was also reported that this unfavourable
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influence of Co on the coercive force is effectively eliminated ] - _
by the addition of Dy, Th, et¢8—10]. Besides the method of

the addition of metal elements in order to improve the cor-
rosion resistance of Nd—Fe—B magnets, the coating method

with metals has been investigated. Among the metals, Al is HC :
reported to be one of promising metals. In this experiment, N; gas N, gas 7
three specimens: the Nd-Fe—-B, the Al-coated Nd—-Fe—B, the v H v Al
Al-coated + glass-peened Nd—Fe—B and pure Al specimens ‘ | 17
were prepared, and their corrosion behavior was investigated ‘ | H i ?
by the potentiodynamic polarization and exposure methods. D G
F
2. Experimental A : Counter electrode(Pt) B :Specimen  C: Bridge
D : Intermediate beaker(Na,SO, solution) E : Salt bridge
. . . o F: Water bath G : Saturated potassium chloride solution
In this study, using neodymium metal (99.5% of pu- H : Electrochemical cell(Na,SO, solution) I : Reference
rity), dysprosium metal (99.5% of purity), electrolytic iron electrode I : Potentiostat K : Potentiodynamic meter

(99.9% of purity), cobalt (99.9% of purity) and boron
(99_9% of purity), the magnetic aIons corresponding to Fig. 1. Schematic diagram of apparatus for impedance measurement.
Nd11.0Dy2.5F€795C01Bg (Nd—Fe—B specimen) were pre-

pared by sintering process. Al coating was conducted by gpecimen presented the typical hydrogen evolution type po-
vacuum evaporation method, and the thickness of the Al- |ayization curve in the cathodic region lower than the natural
coated film formed on the specimen was aboui The  gjectrode potential 0f-0.94V. The anodic current density
glass peening was also carried out on some of the Al-coated,, 55 retarded between0.90 and to—0.60V, while above
specimens in order to make the Al film denser. Electro- _q g0V it increased abruptly. The diffusion-controlled an-
chemical methods were conducted as follows. The specimenggic current density behavior was observed in the higher po-
with the dimension of 50 mm in length, 15mm inwidth and  tentia| region than-0.50 V. Both of the Al-coated and the Al-
2mm in thickness was polished with No. 2000 grit water- ¢oated + glass-peened specimens show the natural electrode
proofed abrasive paper followed by washing in alcohol and potentials of—1.00 indicated by dotted line an€0.97 V in-
subsequent ultrasonic rinsing in acetone. The specimen elecyjcated by broken line which are 0.06V and 0.03V lower
trode was coated with silicon rubber leaving uncoated area of 50 0. 94 Vv of the Ne—_Fe—B specimen. This result means
15mmx 5 mm. Testing solution should be prepared consid- {h4 the latter has a slightly poorer corrosion resistance than
ering that the specimen described above has poor corrosionne former in spite of glass peening treatment. Though there
resistance. In this experiment, therefore, 2.5%3@ aque- gyists the natural electrode potential differences among these
ous solution of pH 6.4 was used, in which the solution was nree specimens, these differences are very small. Compar-
adjusted by deionized water whose specific electrical conduc-ing the natural electrode potentials of these three specimens,
tivity was less than 2.6 10-°Sm. The schematic diagram  hat of pure Al was remarkably low 6f0.13 V. Itis therefore

of apparatus for the measurement of the potentiodynamic s,pposed that the corrosion solution penetrates to the surface

polarization curve is shown ifig. 1 It consists of athermo-  tihe Nd—Fe—B specimen through the Al-coated film formed
static bath, H-type electrolytic cell with anodic and cathodic g, jt.

chambers of % 1074m=3 in volume, an intermediate cell
of Ag—AgCl (3.33 kmol/n? KCI) as a reference electrode, a

potentiostat, and a personal computer for the measurement g 0.0 :

control. All of the potential values were shown based on the o 02r 1

Ag—AgCl reference electrode. The exposure test was con- g 04 !

ducted under the condition of 383)K70%g for 80 h, and 3 06r D T AT
the natural electrode potential was measured every 8 h. The ;i: -08 B £ - Al coated
corrosion product formed on the specimen surface was ana- a 1‘2’ T glass peened

lyzed by XPS.

A -.-Pure Al
14 -

1.6l Sl
18k

3. Results and discussion

Potential , E/ V vs. Ag/AgCl

: i .
Fig. 2shows potentiodynamic polarization curves of four Current Density, I/ A*m

different specimens, I'e‘_ (1) the Nd—Fe-B specimen, (2) Fig. 2. Potentiodynamic polarization curves of the Nd—Fe—B specimen, Al-
Al-coated Nd—Ee—B specimen, (3) AI-cpated +glass-peenedcoated Nd—Fe—B specimen, Al-coated + glass-peened Nd—Fe—B specimen
Nd-Fe-B specimen, (4) pure Al specimen. The Nd—Fe—B and pure Al in 0.176 kmol/fNa;SO, at 298 K.
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= 01 T - posed that the glass in the film causes cracking and makes it
- § 00F |—Nd-Fe-B - Al coated ' easy for the corrosion solution to enter into the film and reach
%E | Alcqated == Pure Al 1 the surface of the Nd—Fe—B specimen. Consequently itis con-
o zi glass "ee"fd_ _____________________ cluded that the glass peening treatment did the Al-coated film
<E :0'4 i IR i more harm than good for the corrosion resistance. Therefore,
e = sk e ] the other method to make the Al-coated film smoother and
i N e ] denser should be investigated in the future, e.g. the method
XEY] e ] using ice or dry ice ball instead of glass ball.
z 08 ]
g -0of -
2 L0 " ' 4. Conclusion
s 0 1 2 3

Time, T/ x 10°s _ _
In this study, four specimens: the Nd—Fe-B, the Al-coated
Fig. 3. The time dependence of the natural electrode potential during expo- Nd—Fe—B, the Al-coated + glass-peened Nd—Fe-B and pure

sure test. Al specimens, were prepared, and their corrosion behavior
R were investigated by the electrochemical method. Both of the
100l N2 Oumger | Al-coated specimen and the Al-coated + glass-peened speci-

men showed the much more similar potentiodynamic polar-

s ization curves to that of the Nd—Fe-B than that of the pure
> Al specimen. This means that both of the Al coating and the
% Al coating + glass peening treatment were not effective to im-
E s Crs e F prove the corrosion resistance of the Nd—Fe—B specimen. The
2 Ndgy XPS analysis indicated that Si existed on the surface of the Al-
= Size[Sizpn coated + glass-peened Nd-Fe—B specimen, which suggested
= Al that glass peening treatment deteriorated the Al-coated film.
¢Nd?
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Fig. 3shows the time dependence of the natural electrode
potential during exposure test. The natural electrode potentialgoferences
was measured every 8 h. If the surface of the Nd—Fe—B spec-
imen is perfectly covered with aluminum by Al-coating, the  [1] M. Sagawa, S. Fujimura, N. Togawa, H. Yamamoto, Y. Matsura, J.
Al-coated Nd—Fe—B specimen should show the similar nat- Appl. Phys. 55 (1984) 2083.
ural electrode potential change against time to that of pure [2] 'gbfugimotO. T. Sohma, T. Minowa, Jpn. Met. Soc. Fall Meet. (1987)
Al speumen.. T.he AI_Coa.ted Nd—Fe-8B spemmen. howevgr [3] M. Shimotomi, Y. Fukuda, A. Fujita, Y. Ozaki, IEEE Trans. Magn.
showed the similar behavior to the Nd—Fe—B specimen. It is Magn. 26 (1990) 1939.
therefore considered that Al-coating does not form the film [4] k. Ohashi, Y. Tawara, T. Yokoyama, N. Kobayashi, Proceedings of
with enough protection. In addition, comparing to the Al- the Ninth International Workshop on Rare Earth Magnets and their
coated specimen curve without glass peening indicated by  Applications, 1987, p. 355. )
dotted line the location of the Al-coated specimen curve with 21 H: Yamamoto, S. Hiroswa, S. Fujimura, K. Tokuhara, H. Nagata, M.
L L Sagawa, IEEE Trans. Magn. Magn. 23 (1984) 2100.
glass peening |_nd|cated by brpkgn ]lne is closer to.that of the [6] E. Burzo, A.T. Pedziwiar, W.E. Wallace, Solid State Commun. 61
Nd-Fe-B specimen curve. This indicates that the film formed (1987) 57.
by Al coating is damaged by the glass peening. [7] M. Sagawa, S. Fujimura, H. Yamamoto, K. Hiraga, IEEE Trans.
Fig. 4 shows XPS analysis result on the surface of the Magn. Magn. 20 (1984) 1584.
Al-coated Nd—Fe—B specimen with glass peening after ex- [8] J. Fidier, C. Groiss, M. Tokunaga, |IEEE Trans. Magn. Magn. 26
. . (1990) 1984.
pgsure test fOI‘IBO. h_‘ JUd_g!ng from the fact that bot &nd [9] M. Endoch, M. Tokunaga, H. Harada, IEEE Trans. Magn. Magn. 23
Sipp spectra existifrig. 4, itis confirmed that glass enters and (1987) 2290.
remains in the Al-coated film with glass peening. It is sup- [10] W. Rodewald, P. Schrey, J. Magn. Magn. Mater. 83 (1990) 206.
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