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Investigations of the corrosion behaviour of nanocrystalline Nd–Fe–B hot
pressed magnets
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Abstract

The corrosion behaviour of Nd–Fe–B nanocrystalline magnets made from differently processed powders such as melt spun, intensively
milled and HDDR (Hydrogenation–Disproportionation–Desorption–Recombination) powders has been investigated in sulphuric acid
solution and in air at 258C. It is observed that the corrosion resistance of the investigated magnets can be correlated with the grain size of
the hardmagnetic phase and the distribution and composition of the Nd-rich intergranular phases. The magnet made from HDDR powder
exhibits a comparable, if not better, corrosion resistance in acid solution than magnets made from melt spun and intensively milled
powders. Small additions of Co, Al and Ga improved the corrosion resistance of the investigated magnets by replacing the high corrosion
sensitive intergranular Nd-rich phases with more noble phases. The surface layer formed during anodic polarization of the HDDR magnet
was analysed by Auger electron spectroscopy indicating the formation of (Nd,Fe)-oxide with small amounts of Co and Al. The measured
electrostatic surface potential differences of magnets containing Co, Al and Ga were lower than those of magnets without alloying
additives.  2000 Elsevier Science S.A. All rights reserved.
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1. Introduction achieved by small additions of alloying elements such as
Al, Co and Cr [8–11]. According to Fidler [12] there are

Nd–Fe–B-based permanent magnets exhibit excellent two types of dopant elements: Type M 5(Al, Cu, Zn, Ga,1

magnetic properties, but they suffer strongly from corro- Ge, Sn) and M 5(V, Mo, W, Nb, Ti, Zr); the former2

sion in many aggressive environments, such as acidic and forming Nd–M or Nd–Fe–M intergranular phases, the1 1

salt solutions at ambient temperature and humid air [1,2]. latter forming M –B or Fe–M –B intergranular phases.2 2

The low corrosion resistance of Nd–Fe–B-based magnets Because of their more positive corrosion potentials com-
is attributed mainly to the presence of multiple phases in pared to those of additive-free phases, the new phases
their microstructure and the large electrochemical potential which are formed at grain boundaries inhibit dissolution of
differences between them [3], resulting in the preferential intergranular regions. However, these alloy modifications
dissolution of the Nd-rich and B-rich intergranular phases improve the corrosion resistance only to a certain degree.
and subsequent breaking off of the ferromagnetic grains Presently, various attempts are directed to optimise the
[4,5]. The detrimental effect of hydrogen in the corrosion various preparation techniques, such as the powder metal-
process of Nd–Fe–B magnets has been discussed, i.e. the lurgical sintering process [13] leading to microcrystalline
reactivity of these alloys with hydrogen and its easy materials and the melt spinning route [14], the intensive
absorption, which makes the application of a cathodic milling process [15,16] and HDDR (Hydrogenation–Dis-
protection impossible [6,7]. The effect of alloying addi- proportionation–Desorption–Recombination) leading to
tions on magnetic properties and corrosion behaviour has nanocrystalline materials [17,18]. The nanoscale powders
been the subject of many investigations. Improved corro- are of growing importance, especially for the production of
sion resistance of sintered Nd–Fe–B-based magnets is bonded and fully dense hot pressed magnets. These

magnets have different corrosion behaviour compared to
sintered magnets resulting from the differences in their
microstructure, i.e. grain sizes and phase distributions.*Corresponding author.
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pressed nanocrystalline Nd–Fe–B magnets prepared by 3. Results and discussion
HDDR processing, melt spinning and intensive milling as
well as the effect of alloying additions such as Co, Al and 3.1. Microstructural investigations
Ga have been investigated in acid solution.

The SEM micrographs (backscattered mode) of the Nd–
Fe–B nanocrystalline magnets (without additives) are
shown in Fig. 1(a). The regions with white contrast were

2. Experimental identified by EDX analysis as the Nd-rich phase and the
grey regions represent the ferromagnetic phase. The black

Fully dense, magnetically isotropic, Nd–Fe–B magnets areas are holes, which appear during surface finishing. The
partly with small additions were prepared by hot pressing microstructures of the different types of magnets reveal
of powders obtained by different processing routes: inten- significant differences especially with respect to the dis-
sive milling, melt spinning and HDDR. The preparation tribution of intergranular phases. The Nd-rich phase ap-
parameters are described elsewhere [19]. The chemical pears predominantly as thin white contrast along the ribbon
compositions of the investigated materials are listed in interfaces in the magnet made from melt spun powder
Table 1. The magnets were cut with a diamond disc into (micrograph M1). In the magnet made from intensively

2specimens with surface areas of 0.1 cm for electro- milled powder (micrograph I1) the Nd-rich phase is
2chemical tests and 1 cm for gravimetric tests. inhomogeneously distributed between powder particles of

The microstructure of the hot pressed magnets was the ferromagnetic phase, this is similar to the magnet made
characterized by means of scanning electron microscopy from HDDR processed material (micrograph H1). The
(SEM) using the backscattered electron mode (BSE) and SEM micrographs (SE mode) after etching the samples
after etching the surface (N -purged 0.1 M H SO solution surface are represented in Fig. 1(b). The average size of2 2 4

for 60 s) using the secondary electron mode (SE). Chemi- ferromagnetic grains of the magnet H1 is in the range of
cal analysis of the different phases was performed by 300 nm, in the case of the magnets M1 and I1 it is in the
energy dispersive X-ray (EDX) analysis. range 20–100 nm. The EDX analysis of the HDDR H2,

Electrostatic surface potential differences between the melt spun M2 and intensively milled I2 containing Co, Al,
ferromagnetic phase and intergranular regions were mea- Ga suggests the formation of Nd(Fe,Co) instead of the2

sured in air at 258C by means of scanning probe micro- common Nd-rich phase in the intergranular regions, espe-
scopy (Nanoscope III /SPM) [5]. cially for the magnet H2. The formation of this phase was

In order to characterize the corrosion behaviour, the also found in sintered magnets by Bala et al. [10] and
following investigations were carried out: Mello et al. [20]. While in the case of the magnets M2 and

I2, the ordinary Nd-rich phase was found containing cobalt
1. Gravimetric measurements. Spontaneous dissolution in by a given formula of Nd (Fe,Co). On the other hand, Al4

free corroding conditions in N -purged 0.5 M H SO , and Ga could not be detected by EDX measurements2 2 4

T5258C. because of their lower concentration in the samples.
2. Electrochemical measurements. Potentiodynamic polari- Generally, the solubility of Al in the ferromagnetic phase

zation tests in N -purged 0.5 M H SO were carried is higher than in the Nd-rich phase and Ga is reported to2 2 4

out using a platinum net as the counter electrode and a have a very low solubility in the ferromagnetic phase [21].
saturated calomel electrode as the reference electrode at
a disc rotation rate of 720 rpm and a potential scanning 3.2. Corrosion behaviour

21rate of 2 mV s . Surface layers formed during anodic
polarization of the samples were analysed by Auger Corrosion rates determined from weight loss measure-
electron spectroscopy (AES). ments in acid solution of the nanocrystalline Nd–Fe–B

Table 1
Chemical composition (ICP-spectrometry) of the tested materials

Sample Element (at.%) Prepared by

Nd Dy Fe B Co Al Ga

H1 15.38 – 77.85 6.77 – – – HDDR
H2 13.9 – 62.3 6.8 16.2 0.5 0.3 HDDR
H3 15 1.5 76.9 6 – – 0.6 HDDR
M1 14 – 80 6 – – – Melt spinning
M2 13.6 – 73.6 5.6 6.6 – 0.6 Melt spinning
I1 16.2 – 78.2 5.6 – – – Intensive milling
I2 13.9 – 62.3 6.8 16.2 0.5 0.3 Intensive milling
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Fig. 1. (a) SEM micrographs (backscattering mode) of nanocrystalline Nd–Fe–B magnets. From left to right: H1, HDDR material; M1, melt spun material;
I1, intensively milled material. (b) SEM micrographs (SE mode) of nanocrystalline Nd–Fe–B magnets after etching the surface in N -purged 0.1 M H SO2 2 4

for 60 s. From left to right: H1, HDDR material; M1, melt spun material; I1, intensively milled material.

magnets made from HDDR, melt spun and intensively while in the case of melt spun M1 and intensively milled
22milled powder (with and without additions) are represented I1 magnets the initial values are 120 and 200 mg cm h,

in Fig. 2. For the HDDR H1 magnet (without alloying respectively. Then for all the samples the corrosion rate
additions) immediately after the immersion, the corrosion increases rapidly resulting from the partial dissolution of

22rate is comparatively low with a value of 60 mg cm h, Nd-rich intergranular region as well as the falling out of

Fig. 2. Corrosion rates of HDDR, melt spun and intensively milled magnets in N -purged 0.5 M H SO at 258C.2 2 4
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the ferromagnetic grains. After about 5 min of immersion various HDDR processed powders and the results are
relative steady-state values are reached and after 10 min shown in Fig. 3. The corrosion rate of the magnet H3 (with
the corrosion rate for these ternary nanocrystalline magnets Dy and Ga) is lower than that of the magnet H1 (without
decreases in the following order: additions), despite the higher rare earth content of the

magnet H3 (16.5 at.%) compared to that of magnet H1
Intensively milled I1 magnet . melt spun M1 magnet

(15.3 at.%). The combined addition of Dy and Ga de-
. HDDR H1 magnet creases the corrosion rate of the magnet H3. On the other

hand, the low rare earth content of the magnet H2 (13.9
The above observation suggests that the corrosion at.%) and the addition of 16 at.% Co improve the

resistance of the nanocrystalline magnets increases with corrosion resistance distinctly.
increasing grain size of the ferromagnetic phase. This may The electrostatic surface potential differences between
result from a smaller fraction of grain boundaries in the the ferromagnetic phase and intergranular regions of the
microstructure of the magnets with larger grain size [22]. investigated magnets were measured. As reported by
As observed from microstructural investigations [Fig. Schultz et al. [23,5], the higher the electrostatic surface
1(b)], the magnet HDDR H1 has a larger average grain potential difference the higher is the corrosion rate of
size than the magnets melt spun M1 and intensively milled sintered magnets. The measured electrostatic surface po-
I1, respectively. However, a more detailed study of the tentials of the magnets H2, M2 and I2 containing Co, Al
distribution of the intergranular phases, which also affects and Ga are lower than those of the magnets H1, M1 and I1
the corrosion behaviour, is necessary to fully understand (without alloying additives). This result reflects the high
these observations. stability of the intergranular regions containing Co, Al and

As shown in Fig. 2 the acid corrosion rates are sig- Ga of the magnets H2, M2 and I2.
nificantly lower for the magnets HDDR H2, melt spun M2 The potentiodynamic polarization curves of the HDDR
and intensively milled I2 (with additions of Co, Al and H1, melt spun M1 and intensively milled I1 powder
Ga). With respect to the literature data [5] and our EDX magnets measured in acid solution are represented in Fig.
investigations, this is attributed mainly to the replacement 4. For comparison, a HDDR H2 magnet (with Co, Ga and
of the low corrosion resistant Nd-rich intergranular phase Al alloying additives) is also shown. In contrast to the
by higher corrosion resistant Nd-based phases containing results of gravimetric tests, there is no significant correla-
Co and Al. The magnet H2 made from HDDR processed tion with respect to the powder processing routes. The
powder with Co, Al and Ga additives corrosion current densities of the magnets made from
(Nd Fe Co Al Ga B ) shows the highest cor- HDDR H1, melt spun M1 and intensively milled I113.9 62.3 16.2 0.5 0.3 6.8

22rosion resistance under these experimental conditions. In powder were calculated showing a value of 30 mA cm
22order to study the effect of the different additives, similar for magnet H1 and 6 and 8 mA cm for magnets M1 and

corrosion tests were performed on magnets prepared from I1, respectively. This indicates a slightly higher corrosion

Fig. 3. Corrosion rates of HDDR magnets containing different alloying additives in N -purged 0.5 M H SO at 258C.2 2 4
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Fig. 4. Potentiodynamic polarization curves of magnets made from HDDR, melt spun and intensively milled powders in N -purged 0.5 M H SO at 7202 2 4
21rpm, 2 mV s , 258C.

rate for the magnet made from HDDR processed powder 4. Conclusions
under the present conditions compared to the other mag-
nets. This significant difference in the corrosion rates The corrosion behaviour of different nanocrystalline
obtained from gravimetric and electrochemical measure- Nd–Fe–B magnets with and without the addition of Co, Al
ments for the different processed materials is not clearly and Ga has been determined using gravimetric and electro-
understood, yet. However, one must consider the main chemical techniques, accompanied by SEM, SPM and AES
difference in the testing procedures: weight loss mainly investigations. Based on the results obtained from our
refers to solid corrosion products (ferromagnetic grains), present investigation, the following conclusions can be
whereas the corrosion current densities are related to drawn:
charge transfer reactions at the surface, i.e. metal dissolu-
tion and hydrogen reduction (mainly intergranular phases). 1. The process of preparation of the magnets has a
At very high anodic potentials, above 1.4 V, the magnets significant influence on the corrosion behaviour. The
H1, M1 and I1 show a ‘quasi-passive’ state indicating a magnets made from HDDR powder are in terms of their
relatively low protective effect of the surface layers corrosion resistance comparable, if not better, to the
formed. The polarization curve measured for the magnet magnets made from melt spun and the intensively
H2 indicates a significant effect of the alloying elements milled powders.
on the anodic polarization behaviour. The corrosion cur- 2. The Co, Al and Ga additions to the magnet powder

22rent density is about 3 mA cm , which is significantly reduce the rate of dissolution in acid solution and
lower compared to that of the magnet H1 (without alloying improve the corrosion resistance by increasing the
additives) and the ‘quasi-passive’ state appears at a po- stability of the Nd-rich phase. In addition, the magnet
tential higher than 900 mV and extends over a broader made from HDDR processed powder with Co, Al and
potential range indicative of the protective effect of the Ga additives made from HDDR processed powder is in
formed surface layers. The film formed in the ‘quasi- this study more corrosion resistant than those made of
passive’ region of the magnet H2 was analysed by Auger melt spun and intensively milled powders under the
Electron Spectroscopy (AES) showing (Nd,Fe)-oxide with same experimental conditions.
a low concentration of Co and Al alloying elements.

The corrosion inhibition of the magnet HDDR H2 by
Co, Al and Ga compared to the magnet H1 (without
alloying additives) results mainly from the change in the Acknowledgements
microstructure by segregation of these kinds of additions
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