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Abstract: Soft magnetic properties of FegyMo;BoCu; nanocrystalline alloy were studied as a function of cooling condition. The
results show that higher permeability and relaxation frequency can be obtained by the two-step cooling method, and the pinning field
of the sample obtained by this method is smaller than that of the furnace-cooled and water-quenched samples. This phenomenon was
interpreted in terms of internal stress and the magnetic ordering of the residual amorphous phase. The two-step cooling treatment is
an effective way to improve the soft magnetic properties of Feg;Mo,B;oCu; nanocrystalline alloy.
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1 Introduction

Nanocrystalline soft magnetic materials are of great
interest because of their promising technological
applications. Among the Fe-based alloys, considerable
attention is devoted to the Fe-M-B (M=Zr, Nb, Hf) type
alloys, which is called Nanoperm. The nanocrystalline
microstructure is usually obtained by controlling the
crystallization process of the as-quenched amorphous
ribbons. The resultant microstructure is composed of
nanograin of a-Fe and an M and B-rich amorphous phase
and shows excellent soft magnetic properties. The
excellent soft magnetic properties are dependent on the
microstructure of the sample. The application of
nanocrystalline soft  magnetic materials in
high-frequency range requires the optimization of their
dynamic properties such as the complex permeability[1].
Factors affecting the complex permeability have been
received great attention. The influences of B content and
magnetic field annealing on the soft magnetic properties
of  Fe-M-B  nanocrystalline
investigated[2—3]. Refs.[4—7] revealed that the corrosion,
nitridation and oxidation of the surface of nanocrystalline
soft magnetic materials lead to the changes of the initial
permeability x;, the relaxation frequency f, and the

materials were

product x;-fo. And the effect of cooling condition on soft
magnetic properties was investigated in Co-based
amorphous alloys[8] and nanocrystalline alloy[1-9]. On
one hand, slow cooling below the Curie temperature
leads to the ordering of magnetic pairs[10], which
increases anisotropy and decreases permeability. On the
other hand, rapid cooling induces internal thermal stress,
which is accompanied by poor soft magnetism. However,
the effect of cooling condition after annealing on soft
magnetic properties for Fe-based nanocrystalline alloys
has not been examined in detail. The effects of two-step
cooling method after crystallization on the magnetic
properties are studied for Feg;Mo;BoCu; alloy in this
work.

2 Experimental

Ingots of Feg;Mo,B1gCu; (mole fraction, %) alloys
were prepared by arc melting in pure argon atmosphere
and the FegyMo;BoCu; amorphous ribbons with 1 mm in
width and about 20 pum in thickness were obtained by the
single-roller melt spinning method. And these ribbons
were wound into toroidal cores of 5 mm in inner
diameter and 6 mm in outer diameter for the permeability
measurements. The microstructure was examined by
X-ray diffractometry(XRD) with Cu K, radiation. The
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complex permeability was measured under applied field
by an impedance analyzer HP4284A.

In order to investigate the influence of cooling
condition on the magnetic properties of Feg;Mo;B;oCu,
nanocrystalline alloy, the as-quenched ribbons were
wounded into a torodial core, and the cores were placed
in a hermetical vacuum quartz glass pipe. The cores were
subsequently annealed at 873 K for 30 min, and then
cooled to room temperature under various cooling
conditions, in which the samples (A, B, C, D and E) were
cooled to various temperature(7f) in furnace and then by
water quenching. Fig.l schematically describes the
process of cooling conditions.
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Fig.1 Process of heat treatment with various cooling conditions

3 Results and discussion

The as-quenched ribbons are confirmed to be
amorphous by XRD analysis. The nanocrystalline alloys
can be obtained by annealing at 873 K for 30 min, as
shown in Fig.2. The cooling conditions have no obvious
effects on the microstructure, and the average grain sizes
evaluated by the Scherrer’s equation are 23—28 nm.

The magnetic moments of the sample is varied with
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Fig.2 XRD spectra of as-quenched ribbons and annealed sample

the structure and magnetic phase transformation during
the thermocycle and can be sensitively detected by the
thermomagnetic analysis (TMA). Fig.3 shows the
temperature dependence of magnetization for water
quenched and furnace cooled samples. The M—T curves
show the features of a two-phase system, i.e. a two-stage
fall to zero in the magnetization, which is associated with
the Curie temperatures of the residual amorphous phase
and the bcc nanocrystalline phase. The cooling
conditions have no obvious effect on the Curie
temperature and the volume fraction of the residual
amorphous phase, indicating that the cooling conditions
have no obvious effect on the composition of the
crystalline and residual amorphous phase, which is in
agreement with the HASIAK et al ’s results[9]. Therefore,
the Curie temperatures of the residual amorphous (7™ )
in the samples obtained by different cooling method can
be considered to be equivalent.
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Fig.3 Temperature dependence of magnetization for water
quenched and furnace cooled samples

Fig.4 shows the u'—H curves of samples A, C and
E, disclosing the amplitude dependence of the real part
of the permeability on the applied fields. The regularities
of the changes of x' with the applied field amplitude in
all samples exhibit a qualitatively similar behavior.
However, the extents of u' varying with field are
different. The extent of u' varying with applied magnetic
field in sample C is obviously smaller than that of
samples A and E, and the maximum values of x' for all
samples are approximately equivalent. It is clear that the
permeability 4 exhibits an almost constant behavior at
low fields, increases with the field increasing, and then
decreases after a maximum. These three stages
correspond to three magnetization stages, that is,
reversible domain wall bulging, irreversible domain wall
displacement and saturation. As the amplitude of the
applied magnetic field increases, the u' increases. This
indicates that very small applied field only causes the
domain wall to bulge in the direction of applied magnetic
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field and the domain walls remains to be pinned at the
original sites. There is a so-called pinning field, below
which the fixed domain walls cannot be unpinned from
their initial sites, and this magnetization process is
reversible. However, when the applied field is larger than
the pinning field, the domain wall will be unpinned,
which leads to the irreversible magnetization process. It
is clear that when Tp>T™", the internal stress in the
sample decreases with the decreasing of 7%, which results
in the decrease of the extent of domain wall pinning, thus,
the extent of 4’ increasing with applied magnetic field
decreases with the decreasing of 7¢. In the Nanoperm
alloys, since there is a number of residual amorphous
phases in the materials, the nucleation of short-range
atomic ordering in domain wall in the process of cooling
also affects the extent of domain wall pinning. Since the
domain walls act as nucleation sites of short-range
atomic ordering[8], the slower cooling rate will result in
the more short-range ordering configurations forming in
the domain walls. This will make the extent of domain
wall pinning increase. When T is lower than 7™, the
appearance of short-range atomic ordering leads to the
increase of domain wall pinning, and then leads to the
extent of the u' increasing with applied magnetic field
increase with decreasing of 7.
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Fig.4 x'—H curves of samples A, C and E

Fig.5 shows the permeability spectra (0.4 A/m
applied field) of Feg;Mo,B;oCu; nanocrystalline alloy as
a function of cooling conditions. The permeability
spectra show a typical relaxation dispersion. The real
part of the permeability is independent of frequency at
low frequencies and decreases at higher frequencies. The
relaxation frequency f; is determined from the imaginary
permeability spectra which correspond to the maximum
of u'. For samples under different cooling conditions, the
real part of the permeability of sample with furnace
cooling is higher than that with water quenching. This
high permeability is due to the release of internal thermal
stress by slow cooling. On the other hand, the slow
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Fig.5 Influence of cooling conditions on complex permeability
spectra of Feg;Mo7B;oCu; nanocrystalline alloy: (a) Real part of
permeability; (b) Imaginary part of permeability

cooling through Curie temperature can lead to magnetic
ordering[8], resulting in the decrease of soft magnetic
properties. In order to enhance the soft magnetic
properties by co-reducing internal thermal stress and
magnetic ordering, the furnace cooling (cooling to
temperature 7r in furnace) and then water-quenching
methods (two-step cooling method) were applied. As
expected, the samples obtained by two-step cooling
method show higher permeability. When 7f is higher
than the Curie temperature of the residual amorphous
phase T,™ , the permeability increases with the
decreasing of 7r, and the permeability reaches the
maximum value when Ty is closed to 7™, which is the
result of the decreasing of internal stress. When Tf is
below the Curie temperature of the residual amorphous
phase, the permeability decreases, which is the result of
magnetic ordering. This superior soft magnetic property
obtained by two-step cooling method is consumed to be
due to the combination of two associated effects: the
relief of internal thermal stress by slow cooling to
T™ and the suppression of magnetic ordering by passing
T.X™ with high cooling rate. Water quenching may induce
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internal stress in the sample. The internal stress acts as
pinning sites of the domain walls, which causes a
decrease of the magnetic permeability and an increase of
the stabilization field[9], and this will lead to high
relaxation frequency. Therefore, the relaxation frequency
of samples A, B, C and D is higher than that of sample
E, as shown in Fig.5. In addition, the relaxation
frequency of samples B, C and D is higher than that of
sample A, which is the result of ordering of magnetic
pairs.

The magnetization under a small applied magnetic
field is accompanied by the domain wall motion impeded
by the defects or impurities. Domain wall dynamics in
soft magnetic materials can be described by the
following equation [10—11]:

d’x dx
—+f—+ax=2M H(t 1
m By =2 H W (1)

where m is the effective mass of the domain wall, x is
the domain wall displacement, f is the damping term, a
is the restoring term, M; is the saturation magnetization,
H(?) is the time-dependent excitation field and ¢ is the
time. Eqn.(1) can be solved for the stationary[12], forced
oscillation condition of a driving field H=H, exp(—iw?),
in terms of the real and imaginary parts of the
susceptibility, and the real and imaginary parts of the
permeability can be obtained. H, is the amplitude of the
applied field. The inertia term md*x/d#* is much smaller
than the damping term Adx/d¢ and can be neglected,
therefore, the solution to this equation for the relaxation
frequency is wo=a/f(w=2nf is the angular frequency),
thus the relaxation frequency f; can be obtained.

a
=21, = 2
fo 0= o 3 (2)
For high permeability materials, the initial

permeability can also be approximately expressed as
[10—-13]

p; = @nM 1) [(97) (3)

where [ is the distance between pinning edges and y is
the wall energy. Take the expression of the restoring
coefficient o[12,13] and damping coefficient f[13—15]
into account, then the following equation can be
obtained:

a Iy
= e— D e 4
Jo 2np 4M2dl? “

where p is the electrical resistivity and d is the ribbon
thickness.

It is clear that the permeability is proportional to the
distance between pinning edges. So larger permeability
can be obtained in sample C. And the relaxation

frequency is proportional to the resistivity of materials
and inversely proportional to the distance between
pinning edges. With the decreasing of T, the residual
stress will relax, which leads to small resistivity and
domain wall pinning. In addition, the increase of the
ordering of magnetic pairs will reduce the amount of
magnetic polarization and then result in small resistivity
in the residual amorphous layer[16], and the character of
residual amorphous layer has an important influence on
magnetic properties of sample[17]. The electrical
resistivity p of samples C, D and E are about 12.1 X 10,
11.5X 10® and 8.5 X 10® Q/m, respectively. The
electrical resistivity of the sample cooled in furnace is
obviously small than others. The ordering of magnetic
pairs will also enhance the pinning and reduce the
distance between pinning edges. These factors will
influence the value of relaxation frequency, which
depends on the results of the co-operation of internal
stress and magnetic order as discussed above. Therefore,
the higher relaxation frequency can be obtained in
sample C.

4 Conclusions

The two-step cooling method can improve the soft
magnetic properties. The pinning field of the sample
obtained by this method is smaller than that of the
furnace-cooled and water-quenched sample, but the
cooling method has no obvious effect on the maximum
values of '. This phenomenon is interpreted in terms of
internal stress and the magnetic ordering of the residual
amorphous phase. The two-step cooling treatment is an
effective way to improve the soft magnetic properties of
Feg,Mo,B¢Cu; nanocrystalline alloy.
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