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To improve the corrosion resistance and magnetic properties, Al85Cu15 (at.%) compound powders were
added to (Pr, Nd)14.8Fe78.7B6.5 sintered magnets as grain boundary modifiers. The corrosion resistance was
found to be remarkably improved by small additions of Al85Cu15 powders. When 1.2 wt% Al85Cu15 was
added, the corrosion rate of magnets in humid environments was reduced by two orders of magnitude.
This is partly due to the stability enhancement of the (Pr, Nd)-rich intergranular phase by Cu and Al. In
addition, the occurrence of the Cu-rich phase ((Pr, Nd)22Fe56Cu10Al2O10), whose open-circuit potential
is higher than the (Pr, Nd)-rich intergranular phase, may be another reason for the improvement of the
corrosion resistance. Furthermore, the magnetic properties of (Pr, Nd)14.8Fe78.7B6.5 were also improved by
adding 0.3–1.2 wt% Al85Cu15. Optimum addition amount was 0.6 wt%. The improvement of the magnetic
properties may be related to the microstructural modification and the increase of magnet density.
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. Introduction

Due to the outstanding magnetic properties, Nd–Fe–B sintered
agnets have been used in various fields, like voice coil motors

VCM) for hard disk drives (HDD), medical instruments, automo-
ive applications, industrial motors and generators, etc. However,
he applications are limited by their poor corrosion resistance
1–3], which is related to the existence of multiple phases in the

icrostructure. The most important ferromagnetic phase present
n Nd–Fe–B sintered magnets is Nd2Fe14B matrix phase, which is
asically surrounded by the Nd-rich intergranular phase. The Nd-
ich phase is very active and corrodes preferentially [4,5], resulting
n the intergranular corrosion of Nd–Fe–B sintered magnets. There-
ore, to modify the intergranular phase is an important approach
o improve the corrosion resistance of magnets.

According to Tomashov’ theory on the alloy corrosion [6], the
d-rich intergranular phase could be stabilized by additions of

lloying elements with higher standard electrode potentials than
eodymium. The standard electrode potentials for Cu2+/Cu and
l3+/Al are respectively 0.3419 and −1.632 V, much higher than
d3+/Nd (−2.431 V) [7]. Cu and Al are thus important candidates
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to enhance the corrosion resistance of Nd–Fe–B sintered magnets
[8,9]. Generally, remarkable improvement of the corrosion resis-
tance of magnets requires adding 1.7–2.0 at.% Cu [10,11] or 4–6 at.%
Al [12,13] to the magnets prior to melting the alloy. Higher addition
of Cu or Al may deteriorate the magnetic performance of Nd–Fe–B
sintered magnets because of the magnetic dilution effect induced
by the dissolution of Cu or Al in the Nd2Fe14B phase [14]. So, to
marginalize or avoid Cu and Al entering into the Nd2Fe14B phase
is a promising way to improve the corrosion resistance of magnets
without sacrificing the magnetic properties.

Previous investigations have shown that the intergranular addi-
tion of Cu or Al could marginalize or avoid them entering into the
Nd2Fe14B phase [8,15]. Moreover, the combined additions of metal
elements could be much more effective to improve the corrosion
resistance of magnets [16]. So, possibly the intergranular addition
of Cu and Al might improve the corrosion resistance of Nd–Fe–B sin-
tered magnets without deteriorating their magnetic properties. In
the present work, Al85Cu15 alloy powders were prepared and added
to Nd–Fe–B sintered magnets. The effects of Al85Cu15 intergranular
addition on the corrosion resistance and magnetic properties were

investigated.

2. Experimental

The starting materials included Al, Cu and Fe with purities all above 99.9%, Pr–Nd
containing 25 at.% Pr and Fe–B containing 20 at.% B. The (Pr, Nd)14.8Fe78.7B6.5 (at.%)
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ig. 1. Potentiokinetic polarization curves of magnets in Ar-purged (a) 0.049% H2SO
urrent densities corresponding to (a) and (b), respectively.

lloy ingot and Al85Cu15 (at.%) alloy ingot were respectively produced by vacuum
nduction melting. The (Pr, Nd)14.8Fe78.7B6.5 ingot was first crushed and pulverized to
ess than 250 �m, and then were milled to fine powders with an average size of 4 �m
hrough jet milling under the protection of nitrogen atmosphere. The Al85Cu15 ingot
as crushed and pulverized to about 4 �m powders through ball milling (300 rpm)
nder argon atmosphere. The (Pr, Nd)14.8Fe78.7B6.5 alloy powders were blended with
.3–1.8 wt% Al85Cu15 powders through ball milling (60 rpm) for 1.5 h under the pro-
ection of nitrogen gas. After blending, the mixed powders were compacted at 6 MPa
n a magnetic field of 1.6 T. Afterwards they were sintered for 2 h at 1090 ◦C fol-
owed by a two-step annealing treatment, which was performed for 2 h at 890 ◦C
nd subsequently for 3 h at 550 ◦C.

Magnetic properties were measured using an AMT-4 magnetic measurement
evice. Microstructures were observed under a filed emission scanning electron
icroscopy (FESEM SIRION-100) equipped with an energy dispersive X-ray spec-

roscopy (EDX). Magnet density was calculated using the Archimedes principle.
olarization curves were determined with a CHI604B electrochemistry analyzer.
ll experiments were performed in a standard three electrode cell consisting of
d–Fe–B working electrode, saturated calomel reference electrode and Pt counter
lectrode. Experiments were conducted at 25 ± 0.1 ◦C in 0.049% H2SO4 (pH = 2)
nd 3.5% NaCl (pH = 7) aqueous solutions, which were purged with Ar gas for 1 h
efore the test. The Nd–Fe–B electrode was placed into the cell and the open-
ircuit potential was monitored for 15 min until it was stabilized. The potential
can rate was 2 mV/s along the direction from the negative potential to the pos-
tive one. Accelerated corrosion test was performed by placing cubic samples
10 mm × 10 mm × 10 mm) in 120 ◦C, 2 bar and 100% relative humid atmosphere
or different times. The samples were ground with SiC paper (grade 320-1000) and
hen polished using diamond paste (1 �m) before corrosion test. After corrosion
est, all corrosion products were removed from the magnet surfaces. The losses in

ass were performed by weighing test samples before and after exposure using
microbalance with an accuracy of 0.1 mg and noted as mass loss related to the

urface (mg/cm2).

. Results and discussion

.1. Corrosion resistance
The potentiokinetic polarization curves for the tested magnets
n 0.049% H2SO4 and 3.5% NaCl solutions are presented in Fig. 1a and
, respectively. Their corresponding corrosion potential Ecorr and
orrosion current density icorr were obtained from the polarization
(b) 3.5% NaCl aqueous solutions; (c) and (d) are corrosion potentials and corrosion

curves by the Tafel slope extrapolation method [8] and respec-
tively illustrated in Fig. 1c and d. For 0.049% H2SO4 and 3.5% NaCl
solutions, at potentials a little more positive than Ecorr, addition of
Al85Cu15 ≥ 0.3 wt% in magnets moves the anodic curves towards
smaller current densities. This indicates that the anodic process
is inhibited by Al85Cu15 addition. With the increase of Al85Cu15
addition amount, Ecorr becomes more positive and icorr gets lower.
For samples with Al85Cu15 addition from 0 to 0.6 and 1.2 wt%,
in 0.049% H2SO4 solution Ecorr increases from −0.778 to −0.742
and −0.731 V, respectively, but icorr decreases from 798.3 to 357.7
and 228.6 �A/cm2 accordingly. In 3.5% NaCl solution Ecorr increases
from −0.903 to −0.864 and −0.856 V, while icorr decreases from
48.8 to 5.6 and 4.4 �A/cm2, respectively. Results demonstrate that
Al85Cu15 intergranular addition can improve the corrosion resis-
tance of magnets in saline and weak acidic electrolytes. Higher
additions of Al85Cu15 are beneficial to enhance the corrosion resis-
tance.

Fig. 2 corresponds to the mass loss of magnets, as a measuring
quantity for the determination of the corrosion rate in humid envi-
ronments. As can be seen, the mass loss increases with exposure
time, since the corrosion occurs only in the intergranular regions
and those regions grow during the exposure [17]. For the Al85Cu15-
free magnets, the mass loss can obviously be observed after 24 h.
Up to 96 h, the mass loss reaches 114.9 mg/cm2. However, the
Al85Cu15-added magnets have no obvious mass loss before 72 h.
Over 72 h, only a slightly increasing mass loss is observed. At 96 h,
higher additions of Al85Cu15 decrease the mass losses of magnets.
For the magnet with 1.2% Al85Cu15, the mass loss is 4.2 mg/cm2,
which has been decreased by two orders of magnitude in com-
parison with the Al85Cu15-free magnet. Results show that small

additions of Al85Cu15 can also remarkably improve the corrosion
resistance of Nd–Fe–B sintered magnets in humid environments.

EDX analysis showed that Cu and Al primarily distribute along
the grain boundaries, which is consistent with our previous inves-
tigation [8]. Fig. 3a shows the SEM back-scattered image of the
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Table 1
Open-circuit potentials of alloys measured in Ar-purged 0.049% H2SO4 and 3.5% NaCl
solutions with respect to a saturated calomel electrode.

Alloy Potential (V)
ig. 2. Mass loss of magnets measured in 120 ◦C, 2 bar and 100% relative humidity
tmosphere for different times. The error bar represents the standard deviation
btained from 5 samples.

agnet with 1.2 wt% Al85Cu15. In addition to the (Pr, Nd)-rich
nd (Pr, Nd)2Fe14B phases, Cu-rich phase was also detected. Simi-
arly, the Cu-rich phase was found in other samples with different
mounts of Al85Cu15. As shown in Fig. 3b, the compositions of
he Cu-rich phase are approximately 22 at.% (Pr, Nd), 56 at.% Fe,
0 at.% Cu, 2 at.% Al and 10 at.% O (neglecting B). The atomic

atio of (Pr, Nd) to (Fe, Cu, Al) is about 1:3. According to pre-
ious literature [18], the Cu-rich phase should be a RFe3-type
hase. In order to investigate the Cu-rich phase effect on the
orrosion resistance of magnets, alloys with compositions of (Pr,
d)22Fe56Cu10Al2O10 (Cu-rich phase), (Pr, Nd)80Fe20 ((Pr, Nd)-rich

ig. 3. (a) SEM back-scattered image of annealed magnet with 1.2 wt% Al85Cu15

ddition, and (b) EDX spectrum of the Cu-rich phase marked in (a).
0.049% H2SO4 3.5% NaCl

(Pr, Nd)22Fe56Cu10Al2O10 −0.784 −0.735
(Pr, Nd)11.76Fe82.36B5.88 −0.707 −0.700
(Pr, Nd)80Fe20 −0.870 −1.191

phase) and (Pr, Nd)11.76Fe82.36B5.88 ((Pr, Nd)2Fe14B phase) were
respectively prepared through vacuum induction melting. Their
open-circuit potentials were measured with reference to a satu-
rated calomel electrode in 0.049% H2SO4 and 3.5% NaCl solutions
and listed in Table 1. Their mass loss in humid atmosphere was
also measured and shown in Fig. 4. The open-circuit potentials
of Cu-rich and (Pr, Nd)2Fe14B phases are far higher than that of
the (Pr, Nd)-rich phase. This indicates that the thermodynamic
stability of Cu-rich phase is higher than that of the (Pr, Nd)-rich
phase. Moreover, the Cu-rich and (Pr, Nd)2Fe14B phases hardly have
mass loss after exposed for 96 h at 120 ◦C, 2 bar and 100% relative
humidity atmosphere. However, after exposed in humid environ-
ments for only 24 h the mass loss of the (Pr, Nd)-rich phase reaches
256.8 mg/cm2, which is mostly based on the falling out of whole
grains by oxidation.

From the EDX results, as Al85Cu15 was added, Cu and Al dis-
solve into the intergranular regions to form a Al- and Cu-containing
more stable (Pr, Nd)-rich phase, which replaces the pure (Pr, Nd)-
rich phase. Coupled with the occurrence of Cu-rich phase, the grain
boundary microstructure is changed by segregation of Al and Cu.
It inhibits the corrosion of the intergranular phase in saline and
weak acidic electrolytes. Moreover, higher additions of Al85Cu15
may increase the corrosion inhibition. Thus, with the increase of
Al85Cu15 addition amount from 0 to 1.2 wt%, the polarization cur-
rent density is reduced under the same applied potential at the
anodic branch of the polarization cures (Fig. 1a and b) and icorr gets
lower (Fig. 1c and d). As shown in Fig. 4, it can be revealed that
the (Pr, Nd)2Fe14B phase hardly reacts with water, while the (Pr,
Nd)-rich phase significantly reacts with water. This indicates that
the mass loss of magnets in humid environments is strongly related
to the corrosion of the (Pr, Nd)-rich intergranular phase, which is
controlled by its thermodynamic stability [9,17]. For the Al85Cu15-

free magnet, the (Pr, Nd)-rich intergranular phase is active and
the driving force for corrosion reactions of the (Pr, Nd)-rich phase
with water is high. The Al85Cu15-free magnet is thus susceptible
to corrosion in humid environments, as is evident in Fig. 2. For the
Al85Cu15-added magnets, especially magnet with 1.2 wt% Al85Cu15,

Fig. 4. Mass loss of (Pr, Nd)22Fe56Cu10Al2O10, (Pr, Nd)11.76Fe82.36B5.88 and (Pr,
Nd)80Fe20 measured in 120 ◦C, 2 bar and 100% relative humidity atmosphere for
different times.
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ig. 5. Magnet density as a function of Al85Cu15 addition amount. The error bar
epresents the standard deviation obtained from 5 samples.

he stability enhancement of intergranular phase by dissolutions
f Al and Cu decreases the driving force for the intergranular cor-
osion, thus decreasing the mass loss. Additionally, the formation
f Cu-rich phase means a diminution of the (Pr, Nd)-rich grain
oundary fraction, which also decreases the mass loss of magnets
ecause the Cu-rich phase hardly reacts with water. Consequently,
he Al85Cu15-added magnets in humid environments are far more
table than the Al85Cu15-free magnet.

The corrosion resistance of Nd–Fe–B sintered magnets is also
elated to the magnet density [19]. Fig. 5 shows the magnet

ensity as a function of Al85Cu15 addition amount. With increas-

ng the Al85Cu15 amount from 0 to 0.6 wt%, the magnet density
ncreases, which is beneficial to improve the corrosion resistance.
ver 0.6 wt%, the magnet density tends to fall. But the corrosion

esistance of magnets is still improved, as shown in Figs. 1 and 2. It

ig. 6. Magnetic properties of the magnets as a function of Al85Cu15 addition
mount. The error bar represents the standard deviation obtained from 5 samples.
Fig. 7. SEM back-scattered images of Nd–Fe–B magnets with (a) 0 wt% and (b)
0.6 wt% Al85Cu15 addition.

indicates that the stability enhancement of the (Pr, Nd)-rich inter-
granular phase and the occurrence of the Cu-rich phase overshadow
the magnet density effect on the corrosion resistance.

3.2. Magnetic properties

Fig. 6 shows the effect of Al85Cu15 intergranular addition on
the magnetic properties of (Pr, Nd)14.8Fe78.7B6.5. Remanence Br,
coercivity iHc and maximum energy product (BH)max all initially
increase considerably up to 0.6 wt%, and sequentially decrease with
the further increase of Al85Cu15 addition amount. The peak val-
ues of iHc and (BH)max, 1090 kA/m and 316 kJ/m3 are all obtained
at the 0.6 wt% Al85Cu15, enhanced by approximately 18% and 10%,
respectively in comparison with the Al85Cu15-free magnet.

The magnetic properties, especially Br, are related to the mag-

net density as shown in Figs. 5 and 6. In addition, the magnetic
properties, especially iHc, are also related to the microstructural
modification of magnets. Fig. 7 shows the SEM back-scattered
images of magnets with 0 and 0.6 wt% Al85Cu15. In Fig. 7a, for
the Al85Cu15-free magnet, the (Pr, Nd)-rich phase agglomerates at
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he triple junctions. It is difficult to see the distribution of the (Pr,
d)-rich phase around the (Pr, Nd)2Fe14B grains. In Fig. 7b, for the
agnet with 0.6 wt% Al85Cu15, the volume fraction of the (Pr, Nd)-

ich phase at the triple junctions decreases. A larger amount of (Pr,
d)-rich phase distributes around the (Pr, Nd)2Fe14B grains (indi-
ated by arrows). The (Pr, Nd)2Fe14B grains of the magnet with
.6 wt% Al85Cu15 are well isolated, which improves the magnetic
ecoupling thus enhancing iHc. Moreover, the homogeneous dis-
ribution of (Pr, Nd)-rich phase can reduce the stray demagnetizing
elds, which decreases the nucleation of reverse magnetic domains
hereby increasing iHc. Consequently, the improvement of mag-
etic properties is related to the microstructural modification and
he increase of magnet density.

. Conclusions

1) Corrosion resistance of (Pr, Nd)14.8Fe78.7B6.5 magnets is remark-
ably improved by Al85Cu15 intergranular addition. It can be
ascribed to the stability enhancement of (Pr, Nd)-rich intergran-
ular phase and the formation of Cu-rich phase.

2) Magnetic properties of (Pr, Nd)14.8Fe78.7B6.5 magnets are also
enhanced by Al85Cu15 intergranular addition. Optimum mag-
netic properties are obtained at the addition amount of 0.6 wt%.
This is related to the microstructural modification and the
increase of magnet density.
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