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a b s t r a c t

The electrical resistivity and magnetic properties of Nd–Fe–B alloys produced by the melt-spinning tech-
nique were examined. The wheel speed, which is closely associated with the cooling rate, was varied
in the production of the melt-spun ribbons. The resultant melt-spun ribbons had various microstruc-
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tures ranging from dendrite to equiaxed grains, and finally to an amorphous structure, depending on
the wheel speed. It was found that both the resistivity and coercivity of the melt-spun ribbons were
strongly dependent on the wheel speed. The maximum resistivity of 3.15 �� m was achieved in a melt-
spun ribbon primarily consisting of the amorphous phase with a small amount of the Nd2Fe14B phase,
while the highest coercivity of 1.97 MA/m was achieved in a melt-spun ribbon primarily consisting of the
Nd2Fe14B phase with a small amount of the amorphous phase. The relationships among the cooling rate,
microstructure, resistivity, and coercivity of the Nd–Fe–B alloys were determined.
. Introduction

Neodymium–iron–boron (Nd–Fe–B) magnets with outstanding
agnetic properties have been produced either from comminuted

apidly solidified melt-spun ribbons, as bonded or hot-formed mag-
ets, or by sintering after prior green compaction in an applied
agnetic field [1–3]. The superiority of these magnets arises from

he Nd2Fe14B intermetallic compound, which has a large saturation
agnetization and a high anisotropy field [4,5]. The actual magnetic

roperties of Nd–Fe–B magnets are strongly dependent on their
icrostructures, particularly the grain size of the Nd2Fe14B phase

nd the grain boundary phases. As a consequence of intensive stud-
es, the maximum energy product of Nd–Fe–B magnets has been
mproved to the point where it has reached the practical limitations
f these magnets [6–8]. Nd–Fe–B magnets are now widely used in
arious applications such as voice coil motors (VCMs) in hard disk
rives and driving motors for hybrid and electrical vehicles due to
heir high energy product and relatively low cost.

In permanent magnets used for driving motors in hybrid and
lectrical vehicles, eddy-current loss has become a major prob-
em [9–11]. Since the electrical resistivity of Nd–Fe–B magnets is

elatively low, considerable eddy-current loss is generated by the
agnetic fields in the motor. This may cause a substantial tem-

erature rise and result in partial irreversible demagnetization of
he magnets, especially in motors with high electrical loading, a
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high rotational speed, or a high pole number. It has been reported
that the oxidation resistance of Nd–Fe–B magnets is dependent on
the microstructure [12]. The electrical resistivity of these magnets
is also believed to be dependent on the microstructure, especially
the grain size of the Nd2Fe14B phase. Therefore, it is important to
evaluate the electrical resistivity of Nd–Fe–B magnets.

In this study, Nd–Fe–B alloys with various grain sizes of the
Nd2Fe14B phase were produced by the melt-spinning technique,
and their electrical resistivity and magnetic properties were exam-
ined. The relationships among the structures, electrical resistivity,
and magnetic properties of these Nd–Fe–B alloys are discussed.

2. Experiment

Nd15Fe77B8 alloy ingots were produced by induction melting in an argon
atmosphere. Small amounts of the ingots were placed in a quartz crucible with
an orifice of 0.6 mm at the bottom. The alloy ingots were induction melted in
an argon atmosphere and then ejected through the orifice with argon onto a
chromium-plated copper wheel rotating at a surface velocity of 5–25 ms−1. The
phases of the specimens were examined by X-ray diffraction (XRD) using Cu K�
radiation. The thermal properties of the specimens were measured in an argon
atmosphere using a differential scanning calorimeter (DSC). The microstructures
of the specimens were examined using a scanning electron microscope (SEM)
after polishing and etching with 1% Nital. The magnetic properties of the speci-
mens were measured by a vibrating sample magnetometer (VSM) with a maximum

applied field of 2.0 MA/m after the specimens had been magnetized at a pulsed
field of 4.0 MA/m. The VSM was calibrated with a pure nickel sphere. The elec-
trical resistivity of the specimens was measured at room temperature using the
four-probe method. The temperature dependence of the electrical resistivity of the
specimens was then measured at temperatures from 20 K to 300 K in a helium
atmosphere.

dx.doi.org/10.1016/j.jallcom.2010.05.175
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. Results and discussion

Fig. 1 shows the XRD patterns of the Nd–Fe–B melt-spun ribbons
roduced at various wheel speeds. The XRD pattern of the melt-
pun ribbon produced at a wheel speed of 5 m/s is well indexed
o the tetragonal Nd2Fe14B phase. This indicates that the speci-

en contains the Nd2Fe14B phase. According to the phase diagram,
he Nd2Fe14B phase should coexist with other phases such as the
d and Nd1.1Fe4B4 phases in Nd15Fe77B8 alloy [13]. However, no
lear diffraction peaks of other phases are found in the XRD pattern.
his is due to the relatively small fractions of the other phases in
he Nd15Fe77B8 alloy. The diffraction peaks of the Nd2Fe14B phase
ecome smaller and broader as the wheel speed increases. The
RD pattern of the melt-spun ribbon produced at a wheel speed
f 20 m/s shows no evidence of these peaks, but instead exhibits a
airly broad halo-like peak at 2� = 30–50◦. This broad halo is char-
cteristic of an amorphous structure, indicating that the melt-spun
ibbon is essentially in the amorphous state. Virtually the same
RD pattern is obtained from the melt-spun ribbon produced at a
heel speed of 25 m/s. It is known that the wheel speed is closely

elated to a cooling rate in the melt-spinning technique. How-
ver, direct measurement of the cooling rate is extremely difficult
ecause of the high cooling rate attained with this technique. The
heel speed is therefore used as the measure of the cooling rate

n most melt-spinning experiments. The estimated cooling rates
f the melt-spun ribbons produced at wheel speeds of 5 m/s and
5 m/s are around 1 × 10−5 K/s and around 1 × 10−6 K/s, respec-
ively [14]. A higher wheel speed—that is to say, a higher cooling
ate attained by the melt-spinning technique—could promote for-

ation of the amorphous phase in preference to the Nd2Fe14B

hase.
Fig. 2 shows the DSC curves of the Nd–Fe–B melt-spun ribbons.

he curve of the melt-spun ribbon produced at a wheel speed

ig. 1. XRD patterns of the Nd–Fe–B melt-spun ribbons produced at wheel speeds
f (a) 5 m/s, (b) 10 m/s, (c) 15 m/s, (d) 20 m/s, and (e) 25 m/s.
Fig. 2. DSC curves of the Nd–Fe–B melt-spun ribbons produced at wheel speeds of
(a) 5 m/s, (b) 10 m/s, (c) 15 m/s, (d) 20 m/s, and (e) 25 m/s.

of 5 m/s shows a small endothermic peak at about 590 K, corre-
sponding to the Curie temperature of the ferromagnetic Nd2Fe14B
phase [5]. This confirms that the melt-spun ribbon consists of the
Nd2Fe14B phase. In the DSC curve of the ribbon produced at a wheel
speed of 10 m/s, a small exothermic peak is exhibited at around
850 K together with the endothermic peak corresponding to the
Curie temperature of the Nd2Fe14B phase. The exothermic peak is
considered to be the crystallization of the Nd2Fe14B phase from
the amorphous Nd–Fe–B materials. After DSC measurement, the
XRD patterns of the melt-spun ribbons were well indexed to the
Nd2Fe14B phase. Therefore, the exothermic peak in the DSC curves
corresponds to the crystallization temperature of the Nd2Fe14B
phase from the amorphous phase. The DSC studies thus revealed
the existence of the amorphous phase in the melt-spun ribbon pro-
duced at a wheel speed of 10 m/s. Virtually the same DSC curve was
obtained from the melt-spun ribbon produced at a wheel speed of
15 m/s, suggesting that the ribbon consisted of the Nd2Fe14B phase
together with a small amount of the amorphous phase. Accord-
ing to the XRD studies, the melt-spun ribbon produced at a wheel
speed of 20 m/s was essentially in the amorphous state. How-
ever, the corresponding DSC curve still shows the endothermic
peak of the Nd2Fe14B phase together with the exothermic peak,
which is larger than that of the melt-spun ribbon produced at a
wheel speed of 15 m/s. This suggests that the melt-spun ribbon
produced at a wheel speed of 20 m/s still contains a small amount
of the Nd2Fe14B phase together with the amorphous phase. Dur-
ing melt-spinning, first the Nd2Fe14B phase precipitates from the
melt, which becomes enriched in Nd, and then the remaining Nd-
rich liquid may solidify into an amorphous phase [15]. Thus, the
amount of the amorphous phase increases as the cooling rate, in
this case the wheel speed, increases. A fully amorphous material
was obtained in the melt-spun ribbon produced at a wheel speed
of 25 m/s.

Fig. 3 shows scanning electron micrographs of the Nd–Fe–B
melt-spun ribbons. The melt-spun ribbon produced at a wheel
speed of 5 m/s consists of dendritic grains with an average grain size

of 1 �m. Such a dendritic structure is often found in the Nd–Fe–B
melt-spun ribbon produced at low wheel speeds [16–18]. Analysis
by electron probe microanalyzer (EPMA) revealed that the grains
were the Nd2Fe14B phase. On the other hand, the melt-spun rib-
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ig. 3. Scanning electron micrographs of the Nd–Fe–B melt-spun ribbons produced
n micrograph (a) shows a low-magnification image of the melt-spun ribbon produ

on produced at a wheel speed of 10 m/s consists of equiaxed
rains with an average grain size of about 0.3 �m. The transition
f the microstructure from dendrites to equiaxed grains results
rom the increased cooling rate associated with higher wheel
peed. This type of microstructural transition has been noted by
everal researchers working with various ferrous and nonferrous
lloys [19–21]. In all alloys studied, dendritic morphologies, which
ormed at low undercoolings, were replaced with randomly ori-
nted “spherical elements” or fine grains at large undercoolings
21]. Thus, the fine-grain structures obtained in the specimens pro-
uced at high wheel speeds are considered to have resulted from a
igh degree of undercooling in the melt prior to nucleation. As the
heel speed increases, the grain size of the Nd2Fe14B phase in the
elt-spun ribbon becomes smaller and smaller. The melt-spun rib-
on produced at a wheel speed of 20 m/s consists of fine equiaxed
rains with an average grain size of less than 0.1 �m. In order to
larify the grain size of the melt-spun ribbon produced at a wheel
peed of 20 m/s, further microstructural studies were performed
y transmission electron microscope (TEM). The results are shown
eel speeds of (a) 5 m/s, (b) 10 m/s, (c) 15 m/s, (d) 20 m/s, and (e) 25 m/s. The insect
a wheel speed of 5 m/s.

in Fig. 4. It was found that the actual grain size of the Nd2Fe14B
phase, which was embedded in the amorphous matrix, was around
20 nm. This is consistent with the results of the DSC studies. The
microstructure of the melt-spun ribbon produced at a wheel speed
of 25 m/s is somewhat featureless and no clear grains are seen in
the micrograph. This indicates that the ribbon consists of amor-
phous materials. No crystallites were found in the TEM micrograph
of the melt-spun ribbon, and the featureless region was identified
to be the amorphous by electron diffraction. This indicates that a
further increase in the wheel speed resulted in the transition of
the microstructure from fine equiaxed grains to the amorphous
phase.

Fig. 5 shows the hysteresis curves of the Nd–Fe–B melt-spun
ribbons. Since the applied field of 2.0 MA/m is far below the filed

required to fully saturate the specimen, the hysteresis curve is
not closed (i.e., it is a minor loop), and it is not symmetrical with
respect to either coordinate. The hysteresis curves consequently
show an almost linear slope in the second quadrant with a rela-
tively low remanence. Thus, the magnetic property of particular
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ig. 4. Transmission electron micrographs of the Nd–Fe–B melt-spun ribbons pro-
uced at wheel speeds of (a) 20 m/s and (b) 25 m/s.

nterest in this study was the coercivity, which is strongly related
o the cooling rate. The coercivity of the melt-spun ribbon produced
t a wheel speed of 5 m/s is 1.25 MA/m, much higher than that of
he Nd–Fe–B alloy ingot, which is typically less than 0.1 MA/m. The
bserved high coercivity is due to the fine equiaxed Nd2Fe14B grains
n the melt-spun ribbon. The ribbons produced at a wheel speed
f 10 m/s shows a high coercivity of 1.97 MA/m, while that pro-
uced at a wheel speed of 15 m/s also shows a high coercivity of
.82 MA/m. Due to their fine equiaxed Nd2Fe14B grain, these melt-
pun ribbons exhibit an attractively high coercivity value [22]. A
mall kink is noted in the hysteresis curve of the specimen pro-
uced at a wheel speed of 15 m/s, suggesting that the melt-spun
ibbon consists of two magnetic phases with different coercivity.
ccording to the XRD and DSC studies, the melt-spun ribbon con-
isted mostly of the Nd2Fe14B phase and a small amount of the
morphous phase. The presence of a small amount of the amor-
hous phase gives rise to the observed kink, which is not desirable

n the hysteresis curve. On the other hand, the hysteresis curve of
he melt-spun ribbon produced at a wheel speed of 20 m/s shows
“constricted” shape. Such a shape is characteristic of the coexis-

ence of soft and hard magnetic phases in an alloy [22]. In this case,
he soft and hard magnetic phases are the amorphous Nd–Fe–B
nd Nd2Fe14B phases, respectively. Thus, the increase of amorphous
d–Fe–B materials gives rise to the observed drastic changes in the

ysteresis curve. The hysteresis curve of the melt-spun ribbon pro-
uced at a wheel speed of 25 m/s shows a typical hysteresis curve
ith a low coercivity value for soft magnetic materials. This con-
rms that the melt-spun ribbon consists of amorphous Nd–Fe–B
aterials.
pounds 505 (2010) 23–28

Fig. 6 shows the dependence of the electrical resistivity of the
Nd–Fe–B melt-spun ribbons on the wheel speed. The electrical
resistivity was measured at room temperature. The melt-spun rib-
bon produced at a wheel speed of 5 m/s shows a resistivity of
1.43 �� m. This value is almost comparable to that of the Nd–Fe–B
sintered magnets [23], but it is slightly larger than that of the
Nd–Fe–B alloy ingot of 1.16 �� m. The reason for this is the finer
grain size of the melt-spun ribbon compared with that of the
Nd–Fe–B alloy ingot, which is typically around 20-50 �m. This
confirms that the resistivity is dependent on the grain size of
the Nd2Fe14B phase. The resistivity of the melt-spun ribbon first
increases and then decreases as the wheel speed increases. In the
case of coercivity, the maximum value was obtained in the melt-
spun ribbon consisting of fine Nd2Fe14B grains with a small amount
of the amorphous phase. In contrast, the maximum electrical resis-
tivity value of 3.15 �� m was obtained in the melt-spun ribbon
produced at a wheel speed of 20 m/s, which consisted of a mixture
of the fine Nd2Fe14B and amorphous phases. This implies that the
resistivity of the melt-spun ribbon is dependent on the amount
of the amorphous phase. The resistivity of amorphous materi-
als is generally considered to be quite large because the mean
free path of the electrons is short [24]. However, the amorphous
melt-spun ribbon produced at a wheel speed of 25 m/s shows a
slightly lower resistivity than that produced at a wheel speed of
20 m/s consisting of a mixture of the fine Nd2Fe14B and amorphous
phases. Thus, the resistivity of the melt-spun ribbon is considered
to be dependent on the grain size of the Nd2Fe14B phase in the
ribbon.

Detailed electrical resistivity studies of the Nd–Fe–B melt-spun
ribbons were carried out at temperatures from 20 K to 300 K. The
results are shown in Fig. 7. In the melt-spun ribbon produced at a
wheel speed of 5 m/s, the resistivity decreases as the temperature
decreases. This is the typical temperature dependence of resistivity,
as seen in ordinal metals such as Fe and Cu [25,26]. The tempera-
ture coefficient of the resistivity of the melt-spun ribbon becomes
smaller as the wheel speed increases. The absolute resistivities of
the melt-spun ribbons produced at wheel speeds of 10 m/s and
15 m/s are higher than that of the ribbon produced at a wheel
speed of 5 m/s. Since these melt-spun ribbons consisted of the fine
Nd2Fe14B phase together with a small amount of the amorphous
phase, the increased resistivity of these melt-spun ribbons is partly
due to the additional electron scattering on the grain boundaries of
the fine grains and partly due to the existence of a small amount of
the amorphous phase. On the other hand, the resistivity of the melt-
spun ribbon produced at a wheel speed of 20 m/s, which consisted
of a mixture of the fine Nd2Fe14B and amorphous phases, increases
as the temperature decreases. This implies that the amorphous
phase possesses a negative temperature coefficient of resistivity
and consequently exhibits a negative temperature dependence due
to the large amount of the amorphous phase in the melt-spun rib-
bon. However, the resistivity of the melt-spun ribbon produced at
a wheel speed of 25 m/s, which consisted of the amorphous phase,
shows virtually no temperature dependence. Thus, the observed
negative temperature coefficient of the resistivity of the ribbon con-
sisting of a mixture of the fine Nd2Fe14B and amorphous phases
is not due to the amorphous phase but to the fine Nd2Fe14B
phase. It has been reported that nanocrystalline materials exhibit
higher resistivity than polycrystalline metals [27]. The above
results suggest that Nd–Fe–B ribbon having a high coercivity over
1.8 MA/m with electrical resistivity comparable to the amorphous
Nd–Fe–B phase can be produced by the melt-spinning technique.

A further increase in the electrical resistivity of Nd–Fe–B melt-
spun ribbon may be attained by decreasing the grain size of the
Nd2Fe14B phase without increasing the amount of the amorphous
phase.
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Fig. 5. Hysteresis curves of the Nd–Fe–B melt-spun ribbons produced at wheel speeds of (a) 5 m/s, (b) 10 m/s, (c) 15 m/s, (d) 20 m/s, and (e) 25 m/s. Since the applied field of
2.0 MA/m is far below the filed required to fully saturate the specimen, the hysteresis curve is not closed (i.e., it is a minor loop), and it is not symmetrical with respect to
either coordinate.
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Fig. 6. Dependence of the electrical resistivity of the Nd–Fe–B melt-spun ribbons
on the wheel speed. The electrical resistivity was measured at room temperature.
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ig. 7. Temperature dependence of the electrical resistivity of the Nd–Fe–B melt-
pun ribbons produced at wheel speeds of (a) 5 m/s, (b) 10 m/s, (c) 15 m/s, (d) 20 m/s,
nd (e) 25 m/s.
. Conclusion

Nd–Fe–B alloy ribbons were produced by the melt-spinning
echnique at various wheel speeds. The microstructures, electri-

[
[

[
[
[
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cal resistivity, and magnetic properties were examined in terms
of the wheel speed, which is closely associated with the cooling
rate. The melt-spun ribbon produced at a wheel speed of 5 m/s had
a dendritic structure and showed a resistivity of 1.43 �� m and
a coercivity of 1.25 MA/m. The ribbon produced at a wheel speed
of 10 m/s had equiaxed Nd2Fe14B phases with a small amount of
the amorphous phase and showed a resistivity of 1.81 �� m with
the highest coercivity of 1.97 MA/m. On the other hand, the ribbon
produced at a wheel speed of 20 m/s consisted of the amorphous
phase together with the Nd2Fe14B phase and showed the highest
resistivity of 3.15 �� m with a coercivity of 0.73 MA/m. The ribbon
produced at a wheel speed of 25 m/s consisted of the amorphous
phase and showed a low coercivity of 0.08 MA/m with a rela-
tively high resistivity of 2.53 �� m. It was found that the optimally
high coercivity and resistance were achieved in the melt-spun rib-
bon produced at a wheel speed of 15 m/s, which consisted of fine
equiaxed Nd2Fe14B phases with a small amount of the amorphous
phase.
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