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Abstract

A new type of permanent magnet alloy with composition Ndg3,Fegs 3,B55¢ has been prepared by a melt spinning
method. After optimized annealing of the initial amorphous alloy, high magnetic properties are obtained in the isotropic
specimens. Remanence, energy product and intrinsic coercivity are 1.09 T, 153.6 kJ m™ and 400 kA m~!, respectively. The
samples consist of two phases, a matrix of nanometer-sized hard magnetic Nd,Fe,,B phase (about 40 nm) together with
numerous ca-iron particles (about 20 nm) embedded in it. The crystallization behavior for amorphous samples has been
studied. The results indicate that the «-iron initially precipitates from the amorphous matrix, and at higher annealing
temperatures the crystallization of the Nd,Fe ,B phase occurs. No metastable phase was observed in all heat treatments.
Although the volume fraction of the magnetically soft a-iron is about 30 vol%, the second quadrant of the J—H loop is
typical of a magnetically soft hard material. The role of exchange coupling between the magnetically soft grain and the
magnetically hard grain is discussed. ’
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1. Introduction

The discovery of a new permanent magnet alloy,
Nd,Fe,B, has resulted in much attention for this
material due to its excellent magnetic properties
[1-3]. A typical value for the remanence, J. is 0.8 T.
According to the Stoner—Wohlfarth theory [4], the
remanence rate m_=J_/J; for randomly oriented
single-domain particles with no interaction with one
another, is 0.5. However, high remanence behavior
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(HIREM) in isotropic specimens was recently [5-7]
reported. Their remanence rates were higher than
0.5; some specimens were even in excess of 0.8.
Theoretical results [8—10] showed that the HIREM
phenomenon arises from an intergranular magnetic
exchange interaction in nanostructured specimens.
Clemente et al. [11] reported that the enhancement of
remanence required a microstructure with a fairly
uniform distribution of randomly oriented fine
equiaked grains. In addition, the predominant mi-
crostrilcture should be substantially free from any
intergranular phases, either crystalline or amorphous,
which would inhibit the exchange interaction be-
tween: adjacent grains. With decreasing the grain
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size, the exchange interaction between neighboring
grains increases. When the grain size of a magneti-
cally soft phase is about 2 times the width of a Bloch
domain wall of a magnetically hard phase, the irre-
versible nucleation in the magnetically soft phase is
suppressed by exchange interaction. As a result, a
significant coercivity can be obtained. In this paper,
the Nd, Fe,,B /a-Fe microstructure system was cho-
sen to study its crystallization behavior and magnetic
properties.

2. Experimental methods

An ingot of nominal composition Ndg ;,-
Fegs 3,Bs 36 was melted 3 times for homogenization
in a water-cooled copper boat under argon. The alloy
was solidified rapidly by melt-spinning onto a
molybdenum roll, at circumferential speeds, V,, of 36
m/s, in a 107° Torr vacuum melt-spinning appara-
tus. Circular ribbon samples were selected and the
magnetic properties measured by use of a pulse
magnetometer with a maximum field of 6 T. The
microstructural evolution was characterized by X-ray
diffraction and transmission electron microscopy.
Differential thermal analysis was used to analyze the
crystallization behavior of the specimens.

3. Results and discussion

3.1. Crystallization behavior of amorphous
Ndg 3, Fegs 3, Bs 35 ribbon

Under optimized rapid-solidification conditions,
amorphous specimens were obtained (Fig. 1 and Fig.
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Fig. 1. DTA trace of a melt-spun Ndg 3, Fegs 5, B 36 ribbon.
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Fig. 2. XRD patterns of a specimen at different annealing temper-
atures: (a) as-quenched, (b) 813 K, (c) 903 K.

2a). Crystallization behavior was determined by dif-
ferential thermal analysis (DTA). The DTA trace
shown in Fig. 1 indicates that only one exothermic
peak exists, which is different from that reported by
Withanawnsam et al. [12]. They reported that there is
a phase transformation during annealing, showing
the presence of a metastable phase with composition
Y, Feq, B,,. This metastable material did not exhibit
permanent magnetic properties due to its cubic struc-
ture (no uniaxial magnetocrystalline anisotropy). In
our work, this metastable phase was not observed.
We found that a-iron phase precipitates first from
the amorphous matrix at 7, (see Fig. 1), where T,
stands for the onset temperature of crystallization,
then the Nd, Fe,,B phase is formed accompanied by
grain growth of a-iron at T, the completion tem-
perature of crystallization (see Fig. 1 and Fig. 2b,
2¢). A two-phase microstructure (a-Fe + Nd,Fe,,B)
is present after the complete crystallization.

183nm

Fig. 3. TEM image of Ndg3,Fegs2,Bs36 as quenched ribbon
showing the two-phase microstructure, Small grain is a-Fe and
the large one is Nd,Fe 4B phase.
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3.2. The microstructure and magnetic properties

The microstructure of the crystallized melt-spun
ribbons, as observed by TEM is shown in Fig. 3, and
is comprised of two phases. One is the magnetically
hard Nd,Fe,B phase (=40 nm in diameter), the
other is a magnetically soft a-iron phase (= 20 nm
in diameter), and the volume fraction of these two
phases, determined by X-ray analysis, is 69 vol%
and 31 vol%, respectively. Although a substantial
fraction of the w-iron was evident from the mi-
crostructure, the hysteresis loop obtained by use of a
pulse magnetometer shows typical hard magnetic
behavior (see Fig. 4).

The relationship between the magnetic properties
and the mean grain sizes (see Table 1) shows that the
residual polarization is in excess of 0.9 T; for speci-
men No. 1 the value even reached 1.09 T, which is
higher than the value predicted from the Stoner—
Wohlfarth theory [4]. This implies that HIREM be-
havior occurs in this nanostructured material. Ac-
cording to Skomski’s theoretical results [8], the irre-
versible nucleation is suppressed when the grain size
of a magnetically soft phase is about two times that
of the Bloch domain wall width of a magnetically
hard phase, and gives rise to a remarkable nucleation
field. Schrefl et al. [9] reported that for ultra fine
particles, the magnetocrystalline anisotropy constant,
K, is different from that of a coarse-grained mate-
rial due to the presence of strong exchange interac-
tions between grains. This inhomogeneous state re-
sults in spontaneous polarization deviating from indi-
vidual easy magnetization axes near the grain bound-
ary in the residual magnetization state. As a result,
the polarization fraction parallel to the applied field
direction is enhanced. In addition, with decreasing
the grain size, the volume fraction of an inhomoge-
neous magnetization state increases and the residual
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Fig. 4. Typical J—~H loop for Ndg 3, Fegs 5, Bs 55 annealed at 903
K. J,=1.09 T and (BH)_,, =153.6 kI m~3.

polarization is enhanced. The high remanence in this
alloy -can be attributed to the generation of an ex-
tremely fine microstructure with both Nd,Fe;,B
grains and a-iron particles sufficiently small to be
strongly affected by magnetic exchange interactions
between neighboring grains. The effects of grain
sizes on the remanent magnetization and intrinsic
coercivity are shown in Fig. 5a and 5c. The result
shown in Fig. 5b indicates that the residual polariza-
tion increases monotonously with decreasing grain
size of both a-Fe and Nd,Fe,,B. Every line in Fig.
5b means a constant remanence resulted from the
different grain size of Nd,Fe,,B and a-Fe. How-
ever, there exists a ‘‘plateau region’’ for the intrinsic
coercivity where high coercivity can be obtained (see
Fig. 5¢), when the grain size is larger or smaller than
this range, the intrinsic coercivity would deteriorate.
Therefore, excellent magnetic properties can be ob-
tained as long as the grain sizes of both Nd,Fe,,B
and a-iron are controlled in a special range. This
range for our specimens is about 15-47 nm.

Some researchers found [6,13] that there is a
linear relationship between residual polarization, I,

Relationship between the magnetic properties and the mean grain sizes, D, of «-Fe and Nd,Fe ,B phases

No. D, g (nm) D, * (nm) J. (D CH (Am™YH (BH),,. (kI m~3)
1 15 38 1.090 13344 153.6 '
2 18 39 0.903 404.0 83.68

3 20 44 0.943 4072 97.68

4 20 47 0.975 305.6 114.24

5 25 41 0.962 396.8 101.92

* ¢ stands for Nd, Fe,,B phase.
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Fig. 5. Correlation between magnetic properties and grain sizes. (a) The 3D surface graph of remanence and grain sizes, (b) projected graph
for (a), (c) the 3D surface graph of coercivity and grain sizes and (d) projected graph for (c).

and coercivity, H, ;. We also obtained a fairly linear
relationship between J, and H, » which can be
expressed by

J.=1.7688 — 0.16243 pu, H, ;.

Using the calculation method presented by Manaf
et al. [13], we have obtained the following optimum
properties:

J.=159T,
H. >870kAm™!,
( BH ) oy > 400kTm ™2,

These results imply that nanostructured two-phase
Nd-Fe—B permanent magnets are potential candi-
dates for application.

4. Conclusions

Remanent magnetization in excess of 1 T can be
achieved in amorphous melt spun ribbons with com-
position Ndg 5, Fegs 1, Bs 3¢, After crystallization un-
der optimized annealing conditions, an ultra-fine mi-
crostructure with mean grain sizes about 20-40 nm
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can be achieved. The two-phase microstructure con-
sists of a-Fe and Nd,Fe B grains in which no
additional metastable phase was observed. Experi-
mental results indicate that the magnetic properties
are sensitive to the microstructure for nanometer-
sized specimens. With decreasing grain sizes, the
residual polarization increases monotonously, while
the intrinsic coercivity exhibits a ‘‘plateau region’’.
The presence of a ‘‘plateau region’” suggests that a
special grain size range (typically 15-47 nm) is
required to obtain the excellent magnetic properties.
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