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Ribbons of Fe73.5Si13.5B8CuV3xAlNbx (x ¼ 0, 1.0, 1.5) alloys were prepared by melt-spun technique
at the speed of 37 m/s. Crystalline phase derived from Fe3Si, in an amorphous matrix was observed
in all the ribbons. As cast nanocrystalline ribbons were obtained by controlling cooling rates while
quenching. The average crystallite sizes was calculated using the Scherrer’s equation to be 44 nm,
39 nm, and 35 nm in x ¼ 0, x ¼ 1.0, and x ¼ 1.5 ribbons, respectively. Magnetoimpedance
measurements were carried out using an LCR meter. Among the investigated samples (x ¼ 0, 1.0,
1.5), the largest magnetoimpedance of 61% was obtained for x ¼ 1 ribbon annealed at 100  C for
C 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4795800]
15 min, at 4 MHz. V
INTRODUCTION

Development of magnetic field sensors based on magnetoimpedance (MI) effect has drawn attention in recent years,
because of the excellent sensitivity compared to the several
other sensors that are developed using various magneto
transport effects.1 MI is mainly observed in soft magnetic
materials such as amorphous and nanocrystalline wires and
ribbons.1–3
It has been reported that Fe-based nanocrystalline materials are the most suitable candidates for magnetic field sensors, because of their excellent soft magnetic properties.4
There are some reports on the enhancement of MI in nanocrystalline state compared to the amorphous state.5,6 This
kind of nanocrystalline materials can be obtained by two
methods, viz., primary crystallization of the amorphous precursors2,7 and direct quenching (by melt spinning) of the parent alloys at appropriate low wheel speeds.8
However, there are very few reports on MI studies on as
quenched
nanocrystalline
ribbons.
Dwevedi
and
Markandeyulu have reported on MI studies of amorphous
and nanocrystalline (on annealing) Fe73.5Si13.5B8CuV3Al
and Fe73.5Si13.5B8CuV1.5AlNb1.5 ribbons.5 The MI values
were found to be increased in the nanocrystalline state
compared to amorphous ribbons. In this paper, structural and
frequency dependence of MI effect of as quenched nanocrystalline Fe73.5Si13.5B8CuV3xAlNbx (x ¼ 0, 1.0, 1.5) ribbons
are presented.
EXPERIMENTAL DETAILS

The Fe73.5Si13.5B8CuV3xAlNbx (x ¼ 0, 1.0, 1.5) alloys
were prepared by arc-melting the constituent elements of high
purity (Transition metals—99.95% purity and B—99.9% purity) in argon atmosphere. The alloy was melted several times
by turning it upside down, to ensure homogeneity. The weight
loss after the melting was found to be less than 0.7%.
a)
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The ribbons were made by melt spinning technique at the
speed of 37 m/s under argon atmosphere. The quality of the
ribbon depends on argon gas pressure as well as the rotating
speed of the drum. The X-ray powder diffraction (XRD) technique was employed to confirm the amorphous/crystalline nature and to study the different types of phases present in the
ribbons. Transmission electron microscope (TEM) studies
were carried out using Philips CM12 microscope under
120 kV accelerating voltage on the ion milled as cast ribbons.
Ion milling was done for getting transparent regions. The
coercivity measurements were carried out using Lakeshore
7410 Vibrating Sample Magnetometer with the electromagnet
model EM10-HV. The field sensitivity of the instrument is
0.01 Oe. The MI measurements are performed on ribbons.
Alternating current of amplitude of 10 mA was passed through
the ribbons along their length. The steady magnetic field was
applied along the length of the ribbon using a Helmholtz coil.
The impedance measurements were done using a Hioki 3532
LCR meter. The frequency of the alternating current was varied between 500 kHz and 5 MHz for ribbons of length 5 cm.
The dimensions of the ribbons used for the MI measurement
were (5  0.195  0.0028) cm, (5  0.144  0.0045) cm, and
(5  0.112  0.0032) cm for x ¼ 0, x ¼ 1, and x ¼ 1.5, respectively. A DC magnetic field up to 100 Oe was applied to
observe MI. The MI is defined as
DZ
ZðHÞ  ZðHmax Þ
 100;
ð%Þ ¼
Z
ZðHmax Þ

(1)

where ZðHÞ is the impedance at a field H and ZðHmax Þ is the
impedance at the field at which it saturates.
RESULTS AND DISCUSSION

Fig. 1 shows the XRD patterns of the as cast and
annealed Fe73.5Si13.5B8CuV(3x)AlNbx (x ¼ 0, 1.0, 1.5) ribbons. The presence of crystalline phase derived from Fe3Si
in an amorphous matrix was observed in all the ribbons. The
average crystallite size was calculated using Scherrer
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FIG. 1. XRD patterns of as cast and annealed Fe73.5Si13.5B8CuV(3x)AlNbx
(x ¼ 0, 1.0, 1.5) ribbons.

equation. Crystallites of sizes 44 nm, 39 nm, 35 nm for the as
cast and 30 nm, 42 nm, 55 nm for the annealed were obtained
for x ¼ 0, 1.0, and 1.5 ribbons, respectively. The change in
average crystallite size upon annealing may be due to recrystallization, due to the presence of FCC-Cu particles, which
act as heterogeneous nucleating sites for the Fe-Si primary
crystals.9
Fig. 2 shows the TEM images and corresponding diffraction patterns of the as cast ribbons. Electron diffraction
patterns from the x ¼ 0 and 1.5 ribbons show diffuse rings,
indicating the presence of amorphous phase. In addition to

FIG. 2. TEM image (left) and diffraction pattern (right) of the as cast (a)
x ¼ 0, (b) x ¼ 1.0, and (c) x ¼ 1.5 ribbons.
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the central diffuse ring, another diffuse ring which encircles
the strongest diffraction spot can be seen (Fig. 2). This subdiffuse ring may be due to double diffraction, due to both
crystalline and amorphous layers, indicating overlapping of
the amorphous layer with the crystalline layer.10 For the
x ¼ 1.0 ribbon (Fig. 2(b)), the diffuse rings are less intense
compared to the x ¼ 0 and 1.5 ribbons, probably due to
reduction of amorphous phase within that area. Indexing of
TEM electron diffraction patterns of ribbons x ¼ 1.0 and
x ¼ 1.5 (Figs. 2(b) and 2(c)) revealed that the crystals stabilized in cubic FCC phase and the zone axis (electron beam
direction) was along the [011] direction for x ¼ 1.0 ribbon
and along the [001] direction for x ¼ 1.5 ribbon. Several
spots were observed in the electron diffraction pattern for the
x ¼ 0 ribbon, probably due to irregular orientations of the
grains in that area. Figs. 3–5 show the MI behavior with the
applied field at different frequencies. In all the as cast ribbons,
single peak behavior is observed, indicating the presence of
longitudinal domains. An MI of 49%, the largest, was
observed for x ¼ 1 as cast ribbon at 3 MHz. For the x ¼ 0 and
x ¼ 1.5 as cast ribbons, the largest MI values of 20% and 33%
at 3 MHz (x ¼ 0) and 2 MHz (x ¼ 1.5), respectively, were
observed. Dwevedi and Markandeyulu have reported MI studies on the as cast amorphous ribbons (Fe73.5Si13.5B8CuV3Al
and Fe73.5Si13.5B8 CuV1.5AlNb1.5). The largest MI values of
7% (16%) and 15% (34%) have been reported for the as cast
amorphous (annealed nanocrystalline) ribbons. The MI in
amorphous material has been explained based on random anisotropy model,11 by considering the grain size to be less than
the exchange correlation length. Suzuki and Cadogan12
extended the above to a mixture of amorphous and nanocrystalline phase. Bitoh et al.13 have reported that the magnetocrystalline anisotropy in such mixtures as above not only
depends on mean grain size but also on the grain size distribution. They have also proposed that the coercivity increases
with the volume fraction of the coarse grains in the nanocrystalline material. In the present case, the coercivity values are
found to be 0.6 Oe, 0.2 Oe, and 0.4 Oe for x ¼ 0, 1.0, and 1.5
ribbons, respectively. The MI (Figs. 3–5) values in the as cast
ribbons are seen to be small when the coercivity is large,

FIG. 3. Variation of MI with magnetic field for the as cast and annealed
x ¼ 0 ribbon of 5 cm length at different frequencies.
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FIG. 4. Variation of MI with magnetic field for the as cast and annealed
x ¼ 1.0 ribbon of 5 cm length at different frequencies.

confirming the relationship of MI to the grain size and
distribution.
The MI is seen to increase with frequency, up to 3 MHz
for the ribbons of x ¼ 0 and x ¼ 1.0 (Figs. 3 and 4) and up to
2 MHz for the x ¼ 1.5 (Fig. 5) ribbon. This is due to the competition of decrease in permeability and an increase in skin
effect, as the impedance is directly proportional to the square
root of the product of transverse permeability and frequency.14 The decrease of MI at higher frequencies may be
due to the damping of domain wall motion. The largest MI
of 61% was observed at 4 MHz for x ¼ 1 ribbon annealed at
100  C. For the x ¼ 0 and x ¼ 1.5 ribbons, the largest MI values of 22% and 22% at 4 MHz (x ¼ 0) and 5 MHz (x ¼ 1.5),
respectively, were observed. For the annealed x ¼ 0 ribbon,
double peak behavior was observed, indicating the presence
of transverse domains. There is also asymmetry in the MI
profile for the x ¼ 0 annealed ribbon. This may be due to
non-uniform demagnetizing fields in the ribbon. The change
in largest MI values of the annealed samples compared to as
cast may be due to recrystallization of amorphous phase
present in the as cast ribbons, which affects the grain size

FIG. 5. Variation of MI with magnetic field for the as cast and annealed
x ¼ 1.5 ribbon of 5 cm length at different frequencies.
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FIG. 6. Frequency variation of maximum MI for the as cast and annealed (a)
x ¼ 0, (b) x ¼ 1, and (c) x ¼ 1.5 ribbons.

distribution and average grain size. For all the ribbons
annealed at 100  C, the largest MI has shifted towards the
higher frequencies compared to the as cast ribbon (Fig. 6).
This is probably due to decrease in the domain wall relaxation time, which produces shift in the initial permeability
towards higher frequencies.15
SUMMARY AND CONCLUSIONS

The as cast nanocrystalline Fe73.5Si13.5B8CuV(3x)
AlNbx (x ¼ 0, 1.0, 1.5) ribbons were prepared by melt-spun
technique at a wheel speed of 37 m/s. The XRD and TEM
studies showed that the as cast ribbons are crystallized in
cubic (FCC) Fe3Si phase embedded in an amorphous matrix.
Single peak behavior was observed in all the as cast ribbons,
indicating the presence of longitudinal domains. Double
peak behavior was observed for x ¼ 0 annealed ribbon, indicating the presence of transverse domains. The largest MI of
61% was found for x ¼ 1.0 ribbon annealed at 100  C for
15 min. The frequency at which MI is the largest is seen to
increase upon annealing.
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