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Abstract: Melt-spun Ndy sFeg;Zr;Bg s ribbons were prepared by the melt-spinning technique. The phase evolution and magnetic
properties were studied by X-ray diffraction, differential scanning calorimetry, transmission electron microscopy observations, and
magnetization measurements. It is indicated that melt spinning at different wheel velocities caused the as-quenched ribbons to have
distinctive structure. The phase transformation of the ribbons during annealing takes place in two steps: a-Fe transforms from the
amorphous phase firstly, followed by formation of Nd,Fe 4B phase. With increasing the initial quenching rate, the microstructure of
optimally heat treated ribbons becomes coarser, which results in the weakening of the exchange coupling effect between the hard and
soft phase. This leads to drastic deterioration of magnetic properties of annealed ribbons with increasing the initial quenching rate.
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1 Introduction

Nanocomposite magnetic materials consisting of a
fine mixture of magnetically hard and soft phases with
nanometer size have attracted considerable interest for
potential permanent magnet development since they
could, by exchange interaction, lead to very high
remanence values and potential energy products even
with a low content of rare-earth elements [1-3].
However, the experimental value is far smaller than the
theoretical value [4—7]. Using a three dimensional
modeling, SCHREFL et al [8,9] estimated that the ideal
grain size should be approximately 20 nm for the hard
phases and 10 nm for the soft phases. However, in real
nanocomposite permanent magnets prepared by melt
spinning, the grain size is quite large. This is the main
reason for the differences in magnetic properties
between the practical nanocomposite magnets and the
theoretical model [10—13]. Therefore, the refinement of
microstructure is expected to be the way to realize the
high performance for permanent
magnets.

nanocomposite

It was reported that the additions of Zr can refine
and homogenize the grains, thus enhance exchange
coupling interaction between hard and soft magnetic
phases and excellent magnetic properties were obtained
[14,15]. However, there are no studies on the influence
of the initial structure properties of over-quenched
precursor phase on the formation, structure, and
magnetic properties of the resulting nanocrystalline
materials. In this article, we present a systematic study
on microstructure evolutions and magnetic properties of
as-quenched amorphous and partially crystallized
Ndyg sFeg1Zr;Bg s ribbons during annealing, and clarify
how the as-quenched structure influences the
crystallization process, the resulting nanocrystalline
two-phase structures, and their magnetic properties.

2 Experimental

Alloy ingots with compositions of NdgsFeg;Zr;Bg s
were prepared by vacuum induction melting and crushed
into small pieces to accommodate the size of the crucible
for melt spinning. A quartz nozzle with an orifice of
around 0.8 mm in diameter was used and the distance
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between the orifice and the copper wheel surface was
maintained at 3 mm during the melt spinning. Four
ribbon samples with composition of NdgsFeg;Zr;Bgs
were obtained from the same master alloy by melt
spinning on a copper wheel at different peripheral
velocities (50, 30, 25, and 20 m/s). The annealing of
as-quenched ribbons was carried out in an evacuated
quartz tube by soaking the ribbons at different
temperatures for 10 min and then cooling them with
water. The ribbon samples before or after annealing were
characterized by X-ray diffraction (XRD) with Cu K,
radiation, and transmission electron microscopy (TEM).
Thermal analysis was employed to characterize the
ribbons using a differential scanning calorimeter (DSC)
at a heating rate of 20 °C/min. Heating was carried out in
flowing purified argon gas during the DSC analysis. The
magnetic properties of the ribbons were measured with a
vibrating sample magnetometer using a maximum
applied field of 2 T.

3 Results and discussion

Figure 1 shows XRD patterns of as-quenched
NdysFeg1Zr;Bgs ribbon samples prepared by melt
spinning at different copper wheel velocities. The XRD
pattern of ribbon melt spun at 50 m/s shows only
amorphous phase. At lower wheel velocities, samples
consist of amorphous phase and crystalline phases of
both Nd,Fe 4B and a-Fe, and the volume fraction of the
amorphous phase increases with increasing quenching
rate.
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Fig. 1 XTD patterns of NdgsFeg;Zr;Bg s melt-spun at various
copper wheel velocities in as-quenched state

In order to study the phase transformation process,
isothermal annealing experiments were carried out on
ribbons quenched at 50 m/s and 25 m/s. Figure 2 shows
the XRD results of as-quenched samples after annealing
at different temperatures for 10 min. It is shown that a-Fe
phase precipitates firstly from the amorphous phase at
600 °C. It was reported that inter-granular exchange

coupling between the hard and soft magnetic phases
strengthens significantly, and that the magnetic
properties obviously improve by addition of Zr. It was
believed that Zr addition can restrain the formation and
growth of a-Fe, and result in simultaneous formation of
a-Fe and Nd,Fe;;B from the amorphous phase [15].
However, in our studies, the a-Fe phase precipitates
firstly. This illuminates that the addition of Zr may
inhibit the prior precipitation of a-Fe, but cannot result in
simultaneous formation of a-Fe and Nd,Fe4sB. For the
ribbon annealed at 650 °C, Nd,Fe 4B phase precipitation
takes place, and after annealing at 700 °C, a-Fe and
Nd,Fe 4B phases are observed.
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Fig. 2 XRD patterns of Ndg sFeg;Zr;Bg s melt-spun at 50 m/s (a),
and 25 m/s (b) after annealing at different temperatures

Figure 3 shows the XRD patterns of ribbons
obtained at 50, 30, 25, and 20 m/s after thermal treatment
at 700 °C for 10 min. It is found that the ribbons consist
of hard magnetic Nd,Fe 4B phase and a soft magnetic
a-Fe phase, and no additional phases are observed. It can
be noticed that the diffraction peaks of the a-Fe and
Nd,Fe 4B phases in ribbon spun at 25 m/s and 20 m/s are
obviously broadened in comparison with the ribbon spun
at 50 m/s and 30 m/s, which implies that the crystalline
phases in the as-quenched ribbons decrease the grain
size.
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Fig. 3 XRD patterns of NdgsFeg;Zr;Bg s melt-spun at various
copper wheel velocities in annealed state

The microstructure of the annealed ribbons was
investigated using TEM. Figure 4 shows bright-field
TEM micrographs of optically annealed ribbon samples.
It can be seen that the grain size of both a-Fe and
Nd,Fe 4B phases in the samples decreases significantly
with the decrease of initial quenching rate. For annealed
ribbons melt-spun at 50 m/s, the grains are nonuniformly

distributed with an average grain size of around 70 nm.
Large grains with an average grain size of around 50 nm
are also present in the microstructure of annealed ribbons
melt-spun at 30 m/s. For annealed ribbons melt-spun at
20 m/s and 25 m/s, the grains are uniformly distributed
with an average grain size of around 20 nm. The
microstructure changes in the annealed samples with
increasing initial quenching rate (as indicated by TEM)
may be determined by the factor that in the as-quenched
ribbons the crystalline phases, which may act as
nucleation centers during the crystallization of the
amorphous phase, decrease with increasing initial
quenching rate. Lack of nucleation sites during the
crystallization of highly over-quenched ribbons could
lead to a coarse-grained, inhomogeneous microstructure.
Figure 5 shows a wheel speed dependence of the
magnetic properties of the samples after annealing at 700
°C for 10 min. It is found that the intrinsic coercivity (H.)
of the annealed ribbons remains almost constant (around
580 kA/m) at the wheel speeds ranging from 20 m/s to
25 m/s, and decreases gradually with the wheel speed.
The remanence and energy product have similar
tendencies with wheel speed. They reach the
maximum value (0.94 T for J; and 112 kJ/m® for (BH)max»

Fig. 4 Bright-field TEM images of ribbons melt-spun at 50 m/s (a), 30 m/s (b), 25 m/s (c) and 20 m/s (d) after annealing at 700 °C for
10 min (The inset is the corresponding selected area diffraction pattern)
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Fig. 5 Dependence of H, (a), J; (b), and (BH),, (c) on copper

wheel velocities

respectively) at 20 m/s, and remain almost constant at 25
m/s, then the remanence and energy product decrease
sharply with further increase of the wheel speed.

Figure 6 presents the demagnetization curves of
ribbons after optimal annealing treatment. For the
ribbons quenched at 20 m/s and 25 m/s, the
demagnetization curves exhibit single-phase magnetic
behavior, namely, no two-phase step or kink could be
observed. This suggests that in the two samples, hard
magnetic grains strongly exchange and are coupled with
the neighboring soft grains and the magnetization vectors

of hard and soft phases rotate in a cluster feature during
the magnetization reversal. Ribbons spun at 30 m/s show
a low coercivity, and when the wheel speed increases to
50 m/s, which is greater than the optimum wheel speed,
the magnetic properties deteriorate significantly. This is
believed to result from the coarser grains which behavior
partly or even completely decoupled from the
neighboring grains.
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Fig. 6 Demagnetization curves for Ndy sFeg;Zr;Bg s melt-spun

at various copper wheel velocities after optimal annealing
treatment (700 °C, 10 min)

4 Conclusions

1) For all the ribbons, the microstructure after
optimal annealing consists of only magnetically hard
Nd,Fe 4B phase and soft magnetic a-Fe phase. The phase
transformation of the as-quenched ribbons during
annealing takes place in two steps: a-Fe transformed
from the amorphous phase firstly, followed by formation
of Nd,Fe 4B phase.

2) A uniform Nd,Fe4B/a-Fe nanocomposite
structure with fine grains can be developed at optimum
wheel speed ranging from 20 m/s to 25 m/s. After
thermal treatment, the magnetic properties reach a
maximum value: H=588 kA/m, J=0.94 T, (BH),,=112
kJ/m’. In the case of ribbons quenched at higher speeds
(>30 m/s), the grains of ribbons after thermal treatment
are coarser, resulting from lack of nucleation sites during
the crystallization, and the magnetic properties
deteriorate significantly, which leads to drastic
deterioration of magnetic properties of annealed ribbons.
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