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To investigate the coercivity, corrosion resistance, and thermal stability of Nd—Fe—B magnets, their properties were
investigated at room and high temperature before and after doping with DygoGay( (at.%) powder. The coercivity of the
magnets increased from the undoped value of 12.72 kOe to a doped value of 21.44 kOe. A micro-structural analysis in-
dicates that a well-developed core-shell structure forms in the magnets doped with DygoGayg powder. The improvement
in magnetic properties is believed to be related to the refined and uniform matrix grains, continuous grain boundaries, and
a hardened (Nd, Dy),Fe 4B shell surrounding the matrix grains. Additionally, the doped magnets exhibit an obvious im-
provement in thermal stability. For the magnets with added DyggGayp powder, the temperature coefficients of remanence
(o) and coercivity (B) increased to —0.106% °C~! and —0.60% °C~! over the range 20-100 °C, compared to temper-
ature coefficients of —0.117% °C~! (&) and —0.74% °C~! (B) in the regular magnets without DyggGayy powder. The
irreversible loss of magnetic flux (Hirr) was investigated at different temperatures. After being exposed to 150 °C for 2 h,
the Hirr of magnets with 4 wt.% DygoGayy decreased by ~95% compared to that of the undoped magnets. The enhanced
temperature coefficients and Hirr indicate improved thermal stability in the doped Nd—Fe-B magnets. The intergranular
addition of DygyGay also improved the corrosion resistance of the magnets because of the enhanced intergranular phase.
In a corrosive atmosphere for 96 h, the mass loss of the sintered magnets with 4 wt.% DygoGayg was 2.68 mg/cm?, less

than 10% of that suffered by the undoped magnets (28.1 mg/cmz).
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1. Introduction

Since their discovery in 1984, Nd-Fe-B sintered mag-
nets have been widely applied in products such as sensors,
motors, and generators because of their excellent magnetic
properties.!»?l In particular, Nd-Fe-B sintered magnets are
frequently applied in high-temperature environments such as
hybrid electric vehicles.’] However, the magnetic perfor-
mance of Nd-Fe-B sintered magnets declines sharply at tem-
peratures above 100 °C, which greatly limits their application.
Therefore, it is desirable to enhance the magnetic properties
and thermal stability of Nd-Fe-B magnets at high working
temperatures.

Composed of an Nd;Fe 4B matrix phase and intergranu-
lar Nd-rich phases, Nd-Fe-B magnets exhibit high magnetic
performance in the matrix phase because of their excellent in-
trinsic magnetic anisotropy field. Furthermore, the intergranu-
lar phase around the matrix phase improves the magnetic prop-
erties by reducing the exchange coupling between neighboring
ferromagnetic grains.[*°! However, with the lower electrode
potential of the Nd, Nd-Fe—B magnets suffer from corrosion
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in the Nd-rich intergranular phase. To improve the corrosion
resistance of these magnets, the composition of the Nd-rich
phase can be modified.

As the intrinsic anisotropy field of Dy,Fe 4B is 15.8 T,
which is about twice the value of 7.5 T for Nd,Fe 4B, the co-
ercivity of Nd-Fe-B magnets can be effectively improved by
the addition of Dy.[”-8 In recent years, Nd—Fe—B sintered mag-
nets with the intergranular addition of Dy have been widely
investigated. It can be inferred from these studies that in-
tergranular Dy addition enhances the magnetic properties of
Nd-Fe-B sintered magnets more effectively than the conven-
tional method of Dy element addition, with less decline in the

remanence. [9-14

1 Recent research by Zhang et al.!') has indi-
cated that the thermal stability of Nd—Fe-B sintered magnets
can be improved by Dy addition, and it is known that dop-
ing with Cu, Al, Ga, and Nb provides a slight enhancement
in the coercivity of Nd—Fe—B magnets.[®2?] Furthermore, the
addition of Cu, Al, and Ga may also improve the corrosion
resistance of doped magnets because of their relatively higher
electrode potential. [>!]

According to the Dy—Ga binary phase diagram, a compo-
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sition with a low melting point was selected for this study. A
DygoGayg alloy powder was introduced into the Nd—Fe—B sin-
tered magnets by intergranular addition. Under heat treatment
of Nd-Fe—-B magnets, the doped DygoGayg powder modified
the Nd-rich intergranular phase in the magnets, giving a highly
magnetic (Dy, Nd);Fe4B shell on the surface of the matrix
phase. Thus, the coercivity of the doped Nd-Fe-B magnets
was evidently improved. The enhancement of thermal stabil-
ity and corrosion resistance in the doped magnets was also in-
vestigated in this study.

2. Experimental procedure

An alloy with a nominal composition of
(PrgoNdyg)31FepyB (wt.%) was prepared by strip casting.
Specifically, the obtained flakes were first broken into smaller
and more frangible pieces by hydrogen decrepitation, and the
smaller flakes were then impacted into powder by nitrogen
in the jet-milling process (OLM-100T). A Laser Particle Size
Analyzer (HELOS/RODOS/M) determined the average parti-
cle diameter of the obtained powder to be ~ 2.2 pm.

The DygoGayg (at.%) alloy ingots were obtained through
induction melting in a high-purity argon atmosphere. The in-
gots were crushed into small pieces mechanically, and then
the pieces were milled into powder through high-energy ball
milling for 60 min, with gasoline used as the protection
medium. After milling, the mean particle size of the DygyGazg
powder was ~ 2.5 um.

The fine DygoGayp powder was uniformly mixed with
the master powder in a three-dimensional mixer for 5 h.
The mixed powder was compacted under a magnetic field
of 1800 kA/m and further pressed by a cold isostatic press
(LDJ200/600-300) at 200 MPa. The green compacts were sin-
tered at 1010 °C for 2 h with vacuum protection, followed by
annealing heat treatment at 800 °C and 520 °C for 2 h each.

The magnetic properties of the sintered magnets at room
and relatively high temperatures were measured by a Perma-
nent Magnet Material High Temperature Measurement Device
(NIM-500C). Moreover, the temperature coefficients of rema-
nence (o) and coercivity () were calculated based on the
magnetic properties at different temperatures. The microstruc-
ture and elemental distribution were observed under an Elec-
tron Probe Micro-Analyzer (JXA-8230) with a Wavelength
Dispersive Spectrometer (WDS). The phase transition temper-
ature of the DygoGayo powder was tested by Differential Scan-
ning Calorimetry (DSC) at a heating rate of 10 °C/min. The
DSC curve indicated that the fusion point of DygyGayg alloy
was about 945 °C, which is below the corresponding temper-
ature for sintered Nd-Fe—B. The irreversible loss of magnetic
flux was detected by a Helmholtz Coil after being exposed at
relatively high temperatures (60—150 °C) for 2 h. The density

of the Nd—Fe-B sintered magnets was investigated based on
the Archimedes principle.

In the accelerated corrosion test, the prepared cylindri-
cal samples (-5 mm? x5 mm), which had been polished by
1000# sandpaper, were placed in a 120 °C, 2 bar, and 100%
relative humidity atmosphere for 24, 48, 72, and 96 h, re-
spectively. The tested samples were then subjected to Ultra-
sonic Vibration for 10 min to remove the corrosion products
on the surface. The sintered magnets with 0—4 wt.% DygoGasg
were weighed by a microbalance before and after the corrosion
tests. The weight differential was then calculated to character-
ize the corrosion weight loss of the magnets according to the

surface area.

3. Results and discussion

SEM images of the starting magnet and the doped ones
are shown in Figs. 1(a)-1(c), where the dark gray and white
regions correspond to the matrix phase and the intergranular
phase, respectively. As shown in Fig. 1(a), the intergranular
phase of the starting magnets was mainly rounded or rectan-
gular, and there was little continuous grain boundary layer
between the two ferromagnetic matrix phases. This indicates
that the matrix phase was not isolated well enough for the
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Fig. 1. EPMA back-scattered images of (a) the starting magnet, (b) the
magnet with 2 wt.% DygyGay, and (c) the magnet with 4 wt.% DygoGayg.
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poor wettability between the intergranular phase and the ma-
trix phase. The 2 wt.% DygoGayg magnet in Fig. 1(b) exhibits
an improved intergranular phase of a thin strip, which effec-
tively isolates the matrix grain and demagnetizes the exchange
coupling.?!! The size of the matrix phase was optimized by
the addition of DygyGayo powder. The grain size of the start-
ing magnets is ~3-8 um in Fig. 1(a). However, the addition
of up to 4 wt.% DygoGayy powder results in a more uniform
and smaller grain size of ~3-5 wm, as shown in Fig. 1(c).
The magnetic properties of the Nd—Fe—B sintered mag-
nets are listed in Table 1. Because of the relatively lower
intrinsic anisotropy field of the Nd;Fe 4B, the coercivity of
the starting magnets was just 12.72 kOe, although the en-
ergy product and remanence of these magnets were up to
46.63 MGOe and 13.82 kGs, respectively.!?] As the intrinsic
anisotropy field of Dy;Fe 4B is 15.8 T, which is over twice
the 7.5 T of Nd,Fe4B, the coercivity of the magnets with
added DygoGayy was effectively improved.[*! With 1 wt.%
DygoGayg, the coercivity increased to 16.41 kOe, whereas the
This indicates that the
coercivity of the magnets increased by ~29%, but the corre-

remanence decreased to 13.31 kGs.

sponding decrease in remanence was only ~3.7%. The en-
hancement of the doped magnets can be attributed to the diffu-
sion of Dy into the matrix phase, which constitutes the highly

magnetic (Dy, Nd),Fe4B phase. The decline in Br is likely
to be related to the nucleation of the magnetization reversal
domain with the addition of Dy. As the distribution of Dy
is concentrated on the surface of the matrix grain, there is
only a minor reduction in remanence. As more DygoGayg al-
loy powder is added to the Nd—Fe-B magnets, the coercivity
continues to increase. When the content of DyggGayo powder
reached 4 wt.%, the coercivity of the doped magnets reached
21.44 kOe, an increase of 68% over the undoped magnets. At
the same time, the remanence of the doped magnets decreased
to 12.28 kGs, ~11% lower than that of the starting magnets.
In the Nd—Fe-B magnets with 4 wt.% DygoGayg, the content
of the heavy rare earth (HRE) element (Dy) was 1.428 at.%,
or ~9% of the total rare earth (TRE) elements. These data
demonstrate that a small amount of HRE can effectively en-
hance the magnetic properties. Moreover, the Br is influenced
by the density of the magnets. As the Ga content increased, the
density of the Nd—Fe-B magnet declined from 7.534 g/cm?
to 7.480 g/cm?, because the density of Ga (5.9 g/cm?) is
much lower than that of Nd-Fe-B (~7.5 g/cm®). This de-
crease in density slightly reduces the saturation magnetization
of the Nd—Fe-B magnets. In summary, the magnetic prop-
erties of the Nd-Fe-B sintered magnets were effectively en-
hanced through the addition of DygyGayy powder.

Table 1. TRE (total rare-earth), HRE (heavy rare-earth) content, magnetic properties, and density of the starting magnet and those doped with DygoGayg.

DysoGazo/wt.% TRE/at.% HRE/at.% Hcj/kOe Br/kGs (BH)max/MGOe Squareness/% Density/g-cm ™3
0 14.32 0 12.72 13.82 46.63 94 7.534
1 14.619 0.362 16.41 13.31 42.50 93 7.496
2 14.912 0.720 17.96 12.95 40.78 92 7.492
3 15.205 1.076 19.13 12.73 39.13 93 7.485
4 15.494 1.428 21.44 12.28 36.73 93 7.480

To investigate the element distribution in the doped Nd—
Fe—B sintered magnets, the distributions of Dy, Nd, Fe, and Ga
across the intergranular phase and matrix phase were studied
by WDS line scan analysis. According to the results in Fig. 2,
the Pr and Nd in the Nd-Fe-B magnets with added DygyGasg
alloy powder were mainly concentrated in the grain boundary
layers, and the Fe was enriched in the matrix phase. In par-
ticular, the concentration of Dy on the matrix phase grain sur-
face was much higher than in the center of the matrix phase.
The above results indicate that, during the sintering process,
the Dy diffuses into the matrix phase grains rather than the
center of the Nd,Fe4B grains. An (Nd, Dy),Fe4B shell sur-
rounding the matrix phase is formed by the diffusion of Dy,
and this shell provides much higher coercivity than the pure
Nd,Fe4B.[) The distribution of Ga in the doped magnet is
dispersive, and thus Ga can be found in both the intergranular
phase and the matrix grains. The Ga in the matrix phase partly

enters the crystal lattice, which could decrease the saturation

magnetization of the Nd—Fe-B magnets.>]

To investigate the thermal stability of the Nd—Fe-B mag-
nets, the irreversible magnetic flux loss (Hirr) of the doped
magnets was studied after treatment at relatively high temper-
atures. The Hirr of the doped Nd—Fe-B magnets following
2 h exposure at 20 °C, 60 °C, 80 °C, 120 °C, and 150 °C
is shown in Fig. 3. The cylindrical magnets have a diameter
of ~10 mm and a length of ~8.7 mm. At temperatures be-
low 60 °C, the Hirr of the samples with 0—4 wt.% added pow-
der changed slightly. However, as the temperature increased,
the disparity in Hirr became larger. The irreversible loss of
the DygoGayo-free magnet after being exposed at 150 °C for
2 h was about 43%. However, for the magnet with 4 wt.%
DygoGayy, the irreversible loss after exposure at the same tem-
perature was less than 2.2%. This remarkable improvement in
Hirr, which indicates enhanced thermal stability, is mainly at-
tributable to the improved coercivity produced by the addition

of DygoGayg powder. [24]
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Fig. 2. (color online) The back-scattered image (a) and WDS results for
the spatial distribution of Ga (b), Fe (c), Dy (d), and Nd (e) across the in-
tergranular phase and matrix phase grains in (PrgoNdyg)3) Fepy B sintered
magnets with 4 wt.% DygoGayo addition.
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Fig. 3. (color online) Irreversible loss of magnetic flux in magnets with
different amounts of DygoGay after being exposed at 20 °C, 60 °C, 80 °C,
120 °C, and 150 °C for 2 h.

To examine the thermal stability of the sintered Nd—Fe—
B magnets, the temperature coefficients of remanence (o)
and coercivity () were investigated. The magnetic proper-
ties of the sintered Nd—Fe-B magnets with added DygyGazg
were measured at room temperature (20 °C) and relatively
high temperature (100 °C). Based on the data recorded at
these temperatures, the temperature coefficients of remanence
(@) and coercivity () are shown in Fig. 4. As the temper-
ature was adjusted from 20-100 °C, the temperature coeffi-
cient of remanence (o) for the undoped magnet was mea-
sured at —0.117% °C~!, whereas that for the magnets with

4 wt.% DygpGayg increased to —0.106% °Cc-!. Moreover,
the temperature coefficient of coercivity () improved from
—0.74% °C~! to —0.60% °C~! as the temperature increased.
The partial substitution of Dy for Nd could compensate for the
decrease in & because of the ferromagnetic coupling between
Dy and Fe. In addition, the Ga atoms diffused into the ma-
trix grains could decrease the negative exchange interaction of
Fe-Fe, which is beneficial to a lower value of a.[? The im-
provement in 3 was a result of the higher intrinsic anisotropy
field of the highly magnetic (Dy, Nd);Fe 4B shell.[*%! With
the improved temperature coefficient, it can be inferred that

the thermal stability of the doped Nd-Fe-B magnets also im-

proved.
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Fig. 4. (color online) Temperature coefficients (from 20-100 °C) of rema-
nence (o) and coercivity (8) for the magnets.

The mass loss of the magnets following exposure to a cor-
rosive environment (120 °C, 2 bar, and 100% relative humid-
ity) for different periods was studied, and the results are shown
in Fig. 5. For all the Nd-Fe-B sintered magnets, the mass loss
increased after the magnets had been exposed to the corrosive
environment for a longer period. After the first 24 h, the mass
loss of the undoped magnets was about 1.84 mg/cm”. When
the exposure time increased to 96 h, the mass loss increased
to 28.1 mg/cm?, indicating that the corrosion rate increased.
The magnets with added DygyGayo exhibited lower mass loss
than the undoped magnets. After the first 24 h, the mass loss
of the magnets with 4 wt.% DygoGayg was 0.52 mg/cmz, some
1.32 mg/cm? lower than that of the undoped magnets. Further-
more, when the doped magnets were exposed to the corrosive
environment for 96 h, the mass loss was only 2.68 mg/cm?,
much lower than the 28.1 mg/cm? of the undoped magnets.
The relatively lower mass loss indicates improved corrosion
resistance in the doped magnets. The corrosion of the Nd—Fe—
B magnets mainly occurs in the intergranular phase, because
of the low electrode potential of Pr and Nd in this region. The
doped elements of Dy and Ga in the intergranular phase have
higher electrode potential, and thus improve the corrosion re-
sistance.
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Fig. 5. (color online) Mass loss of magnets in a 120 °C, 2 bar, and 100%
relative humidity atmosphere for 24, 48, 72, and 96 h.

4. Conclusions

This research studied the enhancement of magnetic prop-
erties, thermal stability, and corrosion resistance in Nd—Fe—B
magnets with added DygoGayy powder. The coercivity of the
doped magnets was enhanced from 12.72 kOe to 21.44 kOe,
with a corresponding decrease in remanence of just ~11%.
This was due to the refined and uniform matrix phase grains,
continuous grain boundaries, and a hardened (Nd, Dy),Fe 4B
shell surrounding the matrix phase grains. After being ex-
posed to high temperatures, the irreversible loss of magnetic
flow in the doped magnets decreased sharply compared with
that of the undoped magnets. For the Nd—Fe-B sintered mag-
nets with 4 wt.% DygoGayg powder, exposure at 150 °C for 2 h
resulted in a Hirr of just ~2.2%, approximately one-twentieth
of that suffered by the undoped magnet. After doping with
DysgoGayo, the temperature coefficients of remanence (¢t) and
coercivity () were also improved. The improvement in Hirr
and the temperature coefficients indicates that the thermal sta-
bility of the magnets can be enhanced through the addition of
DygoGayg alloy powder. The reduced mass loss of the doped
magnets shows that the corrosion resistance can also be im-
proved. This is attributable to the enhanced electrode potential

in the intergranular phase.
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