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Amorphous magnetic materials are now competing in some of the markets traditionally monopo-
lized by electrical steels. A variety of grain-oriented silicon-iron and amorphous magnetic materials
have been under investigation. In order to compare their magnetic properties; we have used an
Epstein frame. The samples were magnetized over a range of flux densities from 0.7 T to 1.5 T at
50 Hz. Results show that Metglas 2605SC (Fes1B13.55i3.5C2) amorphous material is superior to all
silicon-iron electrical steels, except for some disadvantages for transformer use.

PACS numbers: 75.60.Ej, 75.50.Bb, 75.50.Kj
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I. INTRODUCTION

Over the past years, the magnetic properties of com-
mercially produced conventional grain-oriented silicon-
iron have improved dramatically, and it has been used
as magnetic core material for large rotating machines
and transformers. Measurements of the specific power
loss and the permeability of magnetic materials result in
understanding of the domain structure and show the im-
portance of grain size and orientation, sheet thickness,
insulating coating, and stress in silicon-iron [1,2]. This
increased understanding of magnetizing processes, com-
bined with better metallurgical control of the steel during
the production process, has led to improvements in the
properties of the material.

At present, the only commercially available rapidly
quenched materials that can substitute the electrical
steels are the amorphous magnetic alloys, perhaps the
most important soft magnetic materials discovered since
ferrites. Amorphous materials have been produced in a
composite form in an attempt to compete with conven-
tional silicon-iron for certain applications. Amorphous
materials have found even further commercial applica-
tions in transducers, sensors, high-frequency devices,
electronic power supplies, and magnetic recording heads,
replacing a variety of magnetic materials [3-6].

In order to fully understand the basic properties of the
magnetic materials an their effects on the performance
of devices, it is essential to be able to accurately measure
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magnetic properties such as the specific power loss and
the permeability. The specific power loss of the mate-
rial is the property that determines the selling price of
the product: the lower the specific loss, the higher the
price. An internationally accepted standard apparatus
for measuring specific power loss of magnetic materials
at power frequencies is the Epstein frame [7,8]. In or-
der to compare the magnetic properties of the materials,
we measured the specific power losses of various elec-
trical steels, conventional grain-oriented silicon-iron (3
% Si-Fe), laser-scribed grain-oriented 3 % silicon-iron,
grain-oriented 6.5 % silicon-iron, and Metglas 2605SC
amorphous ribbons by using an Epstein frame. These
results are presented in this paper, and the magnetic
characteristics of these materials are discussed.

II. EXPERMENTAL PROCEDURE

The Epstein frame with test specimen represents an
unloaded transformer whose total losses are measured by
using the wattmeter method. Sample strips of materi-
als, 30 cm in length by 3 cm in width, are assembled into
a rectangular set of solenoids carrying primary and sec-
ondary windings to form a closed magnetic circuit with
double overlapped corner joints. The overall thickness
of the samples is deliberately kept constant by adjusting
number of laminations used in the test for direct compar-
ison. The specific power loss of the test strips is measured
for this transformer arrangement operated in a no-load
condition in the range of peak flux densities from 0.7 T to
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Fig. 1. Schematic diagram of the circuit used for spe-
cific power loss measurement (E.F. - Epstein frame, W -
wattmeter, V - voltmeter, C.T. - current transformer, O -
oscilloscope, A - ammeter).

1.5 T at 50 Hz. The schematic diagram of the measuring
system is presented in Figure 1. The secondary voltage
waveform is controlled to be a sinusoidal waveform. Al-
though the corner joint effects on the distribution of the
magnetic flux can influence the effective magnetic path
length of the Epstein frame and, consequently, the mea-
sured value of the specific power loss, for standardization
purposes, the effective magnetic path length of the Ep-
stein frame is fixed at 0.94 m, and the declared specific
total loss of the test specimen is declared in terms of the
performance of the material in the Epstein frame [9].

The primary coil of the Epstein frame used in this
investigation energized the magnetic material, and an
ammeter was used to monitor the input current. An
electrodynamic wattmeter was used to measure the spe-
cific power losses. The secondary induced voltage was
measured using a high-impedance electronic voltmeter.
The magnetic flux density was measured in the stack
as a whole and was determined from the secondary coil
voltage.

III. RESULTS AND DISCUSION

The measurements of the specific power losses and
the magnetic characteristics of the materials were de-
termined by using an Epstein frame. In the following
paragraphs, the data from the measurements are pre-
sented and discussed.

Users have been calling for better magnetic properties
and this has led to the development of so-called domain
refined electrical steels. Refinement techniques of scrib-
ing and increasing the amount of the silicon content in
the material resulted in a lower specific power loss. A
number of domain refinement mechanisms for reducing
specific power losses of 3 % silicon-iron have been previ-
ously proposed [10]. Mechanical scratching perpendic-
ular to the rolling direction at regular intervals on the
surface of electrical steel reduces the losses because the
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Fig. 2. Variation of the specific power loss with the peak
magnetic flux density of the samples measured in the Epstein
frame.

beneficial internal stresses are induced. The high inter-
nal stress is found not to affect the DC hysteresis loss
[10,11].

Figure 2 shows the variation of the specific power
loss of the magnetic materials with peak magnetic flux
density. Measurements indicate that the lowest specific
power loss in this investigation at 50 Hz frequency was
achieved in the case of amorphous ribbons. The rea-
son for the amorphous material having the lowest loss
is its higher resistivity, thinness and not having any
grain boundaries. This would result in superior magnetic
properties as compared to electrical steels. The specific
power loss values are stacked in merit order with the
laser-scribed silicon-iron being the lowest, 6.5 % silicon-
iron, and 3 % silicon-iron having higher losses. That
means that laser scribing the samples can improve the
specific power loss of conventional silicon-iron. There-
fore, the specific power loss of laser-scribed 3 % silicon-
iron is lower than that of conventional grain-oriented 3 %
silicon-iron. However, the scratch depth and the spacing
need to be optimized to obtain the best domain refine-
ment. The mechanical scratching technique is difficult
to apply commercially, and it damages the surface insu-
lation. An effective technique to produce a scribe pat-
tern is to use a high-power laser beam. The losses of
laser-scribed steel are generally 5-8 % lower than those
of untreated, high-permeability steel [10]. Specific power
losses generally increase smoothly when the peak mag-
netic flux density is increased, but in Figure 2 for 6.5
% Si-Fe, the increase is not smooth at 1.1 T. The rea-
son for that may be strictly related to the magnetization
process, which may be verified by domain observations.
Therefore, this deserves further investigation to identify
the reason for the deviation of the point of 1.1 T.

Figure 3 shows the peak magnetic flux density ver-
sus magnetic field for the grain-oriented 3 % silicon-iron,
laser-scribed 3 % silicon-iron, 6.5 % silicon-iron, and
an amorphous 2605SC ribbon. The laser-scribed 3 %
silicon-iron presented the highest value of permeability,
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Fig. 3. Variation of the peak magnetic flux density with
the magnetizing field in the samples measured in the Epstein
frame.

and the amorphous ribbons had the lowest permeability
under this specific test. The magnetic characteristics of
each sample set varied in a similar manner to the specific
power loss, except for the laser-scribed 3 % silicon-iron.
The scribing technique causes an increase in the perme-
ability of the silicon-iron. Clarification of the importance
of scribing will only be possible once domain observations
of the materials have been carried out. Therefore, this
deserves further investigation to identify occurrences of
higher permeability in laser-scribed materials.

On the other hand, the call for lower loss and higher
permeability has led to experimentation on possible
chemical additions such as silicon or aluminium in elec-
trical steels. If the eddy-current component of loss is
to be reduced, high silicon content is needed, although
manganese shows potential for development [12,13]. In
this study, an increase in the silicon content (from 3 %
silicon to 6.5 % silicon in electrical steel) resulted in a de-
crease in the specific power losses of the electrical steel,
as indicated in Figure 2. However, the higher the silicon
content, the lower the permeability, as can be seen in
Figure 3. Although silicon can reduce the coercive force
and increase the resistivity, present trends are mainly to-
ward lower additives and cleaner steels to keep induction
high and losses low [14].

Furthermore, despite the superior properties of amor-
phous ribbons, the thickness limitation on amorphous
ribbons is a disadvantage. There has been much re-
search [15-17], however, showing that it might be pos-
sible to eliminate this limitation in time. The material
is, however, still too brittle as a replacement material for
commercial silicon-iron for transformer applications.

IV. CONCLUSIONS

A comparative study of various magnetic materials
was undertaken. Results indicate that amorphous mate-
rials outperformed all other materials in terms of specific
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power losses. The next best performer was laser-scribed
silicon-iron, followed by 6.5 % silicon-iron, and finally 3
% silicon-iron. As researchers gain better understand-
ing of materials, it is likely that these two types of the
materials will be improved and more widely used in in-
dustrial applications. Furthermore, it is essential that
the development of new materials go hand in hand with
a better understanding of their operational requirements
in devices. The effects of core geometry and normal flux
on losses and magnetizing conditions should be better
understood to enable tomorrow’s materials to be used to
their full potential in electromagnetic devices.
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