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Electrochemical corrosion resistance of 
Fe-Nd-B permanent magnets 
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The corrosion behaviour of three permanent magnets based on the Fe-R-B system, namely 
Fe;6.gNdl~l Ba (Vacodym 335), FeTe TNd14.3DyB8 (Vacodym 370) and Fe77Nd~B 8 (Neomax 35) 
was investigated in 0.5 M H2SO 4 using mass loss and electrochemical techniques. Differences 
in the chemical composition of the tested magnets did not affect the runs of polarization 
curves in the active dissolution range or in the cathodic one, but they influenced the runs 
of these curves in the passive state. The magnets show distinct lack of resistance to acid 
corrosion both in the magnetized and demagnetized state. Weak corrosion resistance appears 
also at strongly cathodic polarizations, and the rate of this abnormal dissolution increases with 
the rise of the hydrogen evolution rate on the surface of the magnets 

1. Introduction 
Ternary intermetallic compounds with the R2Fe14B- 
(especially Nd2Fel4B)-type structure can exhibit high 
coercivity and are therefore very suitable for per- 
manent magnet applications [1]. 

Because of their very useful magnetic properties, 
R2FeI4B intermetallic compounds are not only the 
subject of the numerous technological and physical 
studies, but also tend to be applied more and more 
widely [2, 3], despite recent reports about their excep- 
tionally weak corrosion resistance [4-6]. This is under- 
standable when one considers the fact that rare-earth 
elements belong to the most active metals; their stan- 

0 dard potentials are q~Me/M,,+ = --2.3 to --3.4V. 
According to the results in [7] the addition of only 
0.5 wt % of rare-earth metals accelerates the corrosion 
rate of the steel 5 to 10 times. C%Sm magnets, as 
our research has shown [8], corrode in acid medium 
(pH ~ 0) approximately 30 times faster than spec- 
pure cobalt, whereas in the neutral medium (pH = 7) 
the corrosion rates of  C%Sm and cobalt are compar- 
able. It should be added that the state of  magnetiza- 
tion hardly affects the corrosion of CosSm magnets. 

The present work aims at the electrochemical evalu- 
ation of the corrosion resistance of N d - F e - B  per- 
manent magnets in acid medium. 

2. Experimental procedure 
Three commercial permanent magnets N d - F e - B  were 
used for the study: Fe76.9Ndts.lBa (Vacodym 335), 
Fe76.vNd14.3DyBs (Vacodym 370) and FevvNdtsB 8 
(Neomax 35). For  both polarization and gravimetric 
studies, disc specimens of 0.071 cm 2 surface area were 
used. Potentiokinefic tests were carried out at ad i sc  
rotation rate of 13.8 r.p.s, and a potential sweep rate 
of 100 mV rain 1 starting with a cathodic potential of 
- 0 . 7 5  V and going up to potentials close to + 2.5 V 

(against SCE (Saturated Calomel Electrode)). The 
rate of spontaneous dissolution of magnets was deter- 
mined with a weight-loss method and also by applying 
periodic analysis of Fe 2+ ions in the solution, by 
means of a colorimetric method using 1.10 phenan- 
throline [9]. In the same way the rate of dissolution of 
magnets at cathodic polarization (below ~0 .... ) was 
determined. As a test solution, an argon-saturated 
0.5M HzSO 4 solution prepared from concentrated 
acid and doubly-distilled water was used. All the 
experiments were performed at 25 + 0.1 ~ C. Detailed 
data concerning the apparatus and the test method are 
given in [10 and 11]. 

3. Results and discussion 
Figure 1 shows the anodic and cathodic behaviour of 
the three magnets and, for comparison, of spec-pure 
iron measured in 0.5M H2SO4 (pH ~ 0) solution. 
Comparing polarization curves in Fig. 1 it can be seen 
that for the tested magnets their runs in the active 
range are similar; differences are seen at potentials 
> 0.7 V. At this potential there appears a tendency of  
N d - F e - B  magnets to passivate, which is strongest for 
Vacodym 335 and weakest for Neomax 35. However, 
anodic currents measured in this passive range are 
relatively high (>  10mAcro-2),  at least three orders 
of magnitude greater than the appropriate currents for 
iron. 

The dependence of anodic currents in the passive 
range on the chemical composition of N d - F e - B  mag- 
nets in 10% H3PO4 was observed by Chin et al. [6], but 
they did not record the passivation of N d - F e - B  mag- 
nets in 0.5M H2SO 4 solution. 

The corrosion rate of the magnets tested increases 
with time. Directly after immersing the magnets in the 
solution, ico,- is 30 to 50mAcro -2 (compare Fig. 2; 
1 mA cm 2 corresponds to 0.9125 mg cm ~2 h-  ~ ). Values 
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Figure 1 Potentiokinetic polariz- 
ation curves of three commercial 
magnets and, for comparison, 
of spec-pure iron in 0.5 M H2SO 4 
argon; 100mVmin  ~; 13.Sr.p.s.; 
25 ~ C. 1, Vacodym 335, 2, Vaco- 
dym 370; 3, Neomax 35. 

for /  .... o f  similar order can be obtained also from the 
extrapolation of  linear segments of  cathodic curves to 
(0 . . . .  . The corrosion rate of  the magnets reaches prac- oE 
tically constant level (170 to 210  m A c m  - 2) not before 
3 to 5 min o f  exposition in the solution; for pure iron, 6c 
the corrosion rate in the same solution is i . . . . .  F e  = 

0.1 m a c r o  i [12]. 

The comparison of  mass losses of  the etched sample, 50 

determined on the basis o f  gravimetric and analytical 
tests (in the latter case only the changes of  Fe z+ ions 
in the solution were studied), showed that iron, neo- 40 
dymium and boron solubilize in the same proportion 
as they appear in the magnets. Anodic  dissolution o f  
neodymium according to the reaction 30 

N d  - 3e --* N d  3+ (~p0 = - 2 . 4 3 1 V )  (1) 

can occur at much more negative potentials than 
~0 

the corrosion potential o f  the alloy, while amor- 
phous boron is exceptionally reactive and oxidizes 
immediately to boric acid 

B + 3 H 2 0  - 3e --* H 3 B O  3 4- 3 H  + 

or reduces to boron hydride 

(e0 = _ 0.869 V) 

(2) 

2B + 6H + + 6e --* B 2 H  6 ((p0 = 0 . 1 4 2 V )  (3) 

For the corrosion potentials (that is, - 0 . 6  V against 
SCE = - 0 . 3 5 V  against N H E  (Normal  Hydrogen 
Electrode)) oxidation to H 3 BO3 predominates, because 
for the reaction: 

B2H 6 + 6H20 -- 12e ~ 2H3BO3 + 12H + (4) 
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Figure 2 Weight loss of Nd-Fe-B magnets in 0.5M H2SO 4 as a 
function of exposition time. (a) 1, Gravimetric tests; 2, analytical 
tests (Fe 2+ ion concentration). (b) Dependence of corrosion current 
on exposition time calculated on the basis of curve 1. Argon; 
13.8 r.p.s.; 25 ~ C; open symbols, demagnetized state: filled symbols, 
magnetized state. O, Neomax 35; zx, Vacodym 335; rn Vacodym 
370. 
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Figure 3 Partial current densities of iron dissolution from Nd-Fe-B 
magnets and of hydrogen ion reduction (in+) as a function of 
electrode potential. Argon, 0.5M H2SO4; 13.8r.p.s.; 25~ o , . ,  
Neomax 35; zx, A, Vacodym 335; rq �9 Vacodym 370. 

standard potential is q~0= - 0 . 5 0 6 V  [13]. In fact, 
chemical analysis of the solution after etching Nd-Fe-B 
magnets at (8 < ~0 .... showed the presence of boric 
acid in the solution. However, this does not exclude 
the possibility of the appearance of boron hydride, 
especially at strong cathodic polarizations. As shown 
in [13], B2H 6 brought into contact with water hydro- 
lizes at once, producing H3BO3 according to the 
reaction: 

B2H 6 + 6 H 2 0  -+ 2H3BO3 4- 6 H  2 (5) 

In view of the high chemical reactivity of neodymium 
and boron it could have been expected that in the 
range of potentials lower than the reversible potential 
of the reaction 

Fe - 2e --+ Fe 2+ (~o ~ = - 0.440 V) (6) 

only boron and neodymium would undergo selective 
dissolution. It turned out, however, that at q0 ~ ~Pcorr 
Fe 2+ ions also appear in the solution in considerable 
amounts. In Fig. 3, stationary partial polarization 
curves of the magnets tested in the range of potentials 
- 0 . 3  to - 1.4 V (against SCE) are presented. The rate 
of iron dissolution (iFe) was  determined by the analysis 
of Fe 2§ ions in the solution. Total current of the 
magnet dissolution defined as 

ia = iFe + iNd + iB (7) 

was determined with a gravimetric method by measur- 
ing mass losses of the sample at given potentials. 
It is easy to check that each of the partial currents i~ 
at ,co = const., lacking selective dissolution, must 
comply with the dependence 

P,.zx 
i ,  = i~ ~, p,.z,. (8) 

where Px is the atomic percentage of element x in the 
magnet, and z, the number of electrons transferred 
per one atom x. Substituting in Equation 8 the corre- 

sponding values of p, and z,. we obtained iFc = 0.69i,,, 
iNd = 0.20ia and iB = 0.1 !i,. 

In the case of  lack of selective dissolution of the 
magnetic components, Faraday's law states that 

Am ~ P,.z, 
i~ = - -  f (9) 

t ~ M,.P, 

where Am is the mass loss of the magnet during etch- 
ing at given potential, t = time of etching, and 
F = Faraday's constant, equal to 96500 As. Sub- 
stituting in Equation 9 adequate numerical values of 
p~, z,~ and MFe = 55.85, MNd = 144.24, MB = 10.81 
we get 

Am 
i~[mA] = 0.9125 [mgh t]. (10) 

t 

The above formula was applied to the determination 
of the current density of magnet dissolution on the 
basis of gravimetric tests. From Equations 8 and I0 we 
obtain ire = 0.63Am~t, which within the error limits 
_+ 5% was confirmed in all the tests we performed 
(Fig. 2). 

From Fig. 3, which shows partial currents of iron 
dissolution and currents of H § ion reduction as a 
function of the potential of N d -F e -B  magnets, one 
result is difficult to interpret: Fe 2+ ions are generated 
in the solution even below the standard potential of 
iron 0 ( ( P F e / F e 2 +  = - -  0.44V against N H E = - 0.68V 
against SCE). Also as (0 increases towards negative 
values ,  iFe, instead of decreasing, rises quite distinctly. 
At the same time iron dissolution currents in the 
cathodic range take on values of the same order or 
even greater than the spontaneous dissolution rate 
(>  190 mA cm-2). The occurrence of such dependence 
was stated for all of the three tested N d - F e - B  mag- 
nets. A similar phenomenon was observed by other 
authors, mainly for pure metals (chromium, nickel, 
iron, manganese) [14-16], but the currents of abnormal 
dissolution measured by them in the cathodic range 
were as a rule lower than 1 mA cm -2. 

The causes of  abnormal dissolution of metals have 
not been explained so far. Some authors [15, 16] relate 
this effect to the mechanical degradation of the surface, 
caused by its hydrogenation during cathodic polariz- 
ation in a strongly acid medium. Hydrogenation of 
metals is conducive to the appearance of crevices, pits 
and microcracks, which results in separation of the 
alloy particles from the surface of metal, and their 
further dissolution inside the solution. It should be a 
natural consequence of such a mechanism that the rate 
of abnormal dissolution of metal increases according 
to the growth of cathodic polarization. However, such 
an effect has not been observed so far. Since the 
currents of abnormal dissolution measured in [15, 16] 
were too small and the scatter of results too large the 
authors usually assumed iMe = const, for (o ~ ~0 .... �9 

The results obtained here (see Fig. 3) support clearly 
the argument for mechanical degradation of the surface 
as a result of its hydrogenation. Detailed analysis of 
the data show that the current of abnormal dissolution 
of iron is directly proportional to the square root 
of the hydrogen-ion reduction current (Fig. 4). It 
is known from the literature [17, 18] that the rate 
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Figure 4 Rate of abnormal iron dissolution from Nd-Fe-B magnets 
in 0.5 M H~SO4 as a function of the square root of cathodic current 
density. Argon, 13.8 r.p.s.; 25 ~ C. o, Neomax 35; A Vacodym 335; 
rn Vacodym 370. 

of hydrogen permeation to the crystal lattice of 
�9 1 ,'2 metal is as a rule proportional to tH+. Thus the 

relationship of the abnormal dissolution of Nd-Fe-B 
magnets with their hydrogenation seems to be justi- 
fied. High abnormal dissolution excludes the possibility 
of using cathodic protection in order to inhibit the 
corrosion of Nd-Fe-B magnets. 

The results of the accelerated corrosion tests given 
here showed exceptionally low resistance to acid 
corrosion of Nd-Fe-B magnets. The cause of such 
low resistance (about 2000 times lower than iron is 
primarily the presence of rare-earth elements in 
magnets. In the case of Cos Sm magnets [8] containing 
a quantity ( ~  30 wt %) of rare-earth elements similar 
to that of Nd-Fe-B magnets, the decrease in corrosion 
resistance was not that drastic (Co 5 Sm corroded ~ 30 
times faster in comparison to spec-pure cobalt). Thus 
it can be assumed that slight additions of cobalt to 
Nd-Fe-B magnets should advantageously affect their 
corrosion resistance, preserving high magnetic proper- 
ties. This was stated by Ohashi et  al. [5]: the addition 
of ~ 10wt % cobalt clearly improves the corrosion 
resistance of Nd-Fe-B magnets in 95% humidity at 
60 ~ which is related to cobalt segregation in the 
neodymium-rich phase. 

The tests performed in this work also pointed out 

a dangerous effect connected with the drastic degrad- 
ation of the surface of Nd-Fe-B magnets at highly 
cathodic polarizations. This problem is only men- 
tioned here, as its explanation requires complex 
potentiostatic studies with altered stirring rates, 
pH values of the solutions, and different states of 
magnetization. These investigations will be the subject 
of subsequent papers. 

Acknowledgements 
The authors would like to thank Dr M Sagawa from 
the Sumimoto Special Metals Company Ltd and 
Dr W. Rodewald from Vacuumschmelze GmbH for 
donating the test magnetic samples for this study. This 
work has been subsidized by the Institute of Physics, 
Polish Academy of Sciences, Warsaw. 

References 
1. M. SAGAWA, S. FUJIMURA,  N. TOGAWA, 

H. YAMAMOTO and Y. MATSUURA J. Appl. Phys. 55 
(1984) 2083. 

2. K. H. J. BUSCHOW, Mater. Sci. Rep. l (1986) 1. 
3. D. HOWE, T. S. BIRCH and P. GRAY, Ninth Inter- 

national Workshop on Rare-Earth Magnets and their Appli- 
cations~ Bad Soden, 31st Aug-2 Sept, 1987. (Ref. No. W2.1) 

4. J. JACOBSON and A. KIM, J. Appl. Phys. 61 (1987) 
3763. 

5. K. OHASH1. Y. TAWARA, T. YOKOYAMA and 
N. KOBAYASHI, Ninth International Workshop on Rare- 
Earth Magnets and their Applications, Bad Soden, 31 Aug-2 
Sept, 1987. (Ref. No. WP6,6) 

6. T. S. CHIN, R . T .  CHANG, T . W .  TSAI and 
M. P. HUNG. IEEE Trans. Mag. MAG-24 (1988) 1927. 

7. A. I. EISOGOR and N. A. BOGACHEVA, "Koroziya i 
Zashchita Metallov", Nauk (Dumka, Kiev, 1972). p. 58. 

8. H. BALA and S. SZYMURA, Appl. Surf Sei. 32 (1988) 
233. 

9. H. PRZEWLOCKA and H. BALA, Zeszyt)' Naukowe 
Politeehniki Czfstochowskiej, Nauki Podstawowe 22 (1982) I 13 
(in Polish). 

I0. Idem, Corrosion 37 (1981) 407. 
1 [. ldem, Werkstqff'e Korros. 32 (1981) 443. 
12. H. BALA, Eleetrochim. Aeta 30 (1985) 1043. 
13. M. POURBAIX, "'Atlas D'Equilibres l~lectrochimiques" 

(G-V and C, Paris, 1963) p. 158. 
14. G. M. FEORIANOV1CH, L . A .  SOKOLOVA and 

YA. M. KOLOTYRKIN,  Elektrokhimiva 3 (1967) 1927. 
15. H. W. PICKERING and P. I. BYRNE, J. Electrochem. 

Soe. 120 (1973) 607. 
16. L. Z. VORKAPIC and D. M. DRAZIC, Corros. Sci. 19 

(1979) 643. 
17. I. O. M. BOCKRIS, I. MCBREEN and L. NANIS, J. 

Eleetroehem. Soc. 112 (1965) 1025. 
18. W. RACZYT;ISKI, Arch. Hutnictwa3(1958) 59. 

Received 28 November 1988 
and accepted 8 May 1989 

574 


