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Abstract—This study reports the preparation of soft magnetic
ribbons of Fe-based amorphous alloys using the single-roller
melt-spinning technique. Ribbon width varied from 142 mm to 213
mm and, with a thickness of approximately 22 pm * 2 um. The
microstructure and magnetic properties of the ribbons were
characterized by differentia scanning calorimeter (DSC), X-ray
diffraction (XRD), vibrating sample magnetometer (VSM), and
electrical resistivity measurements (ERM). The amorphous material
properties dependence of the cooling rate and nozzle pressure have
uneven surface in ribbon thicknesses are investigated. Magnetic
measurement results indicate that some region of the ribbon exhibits
good magnetic properties, higher saturation induction and lower
coercivity. However, due to the uneven surface of 213 mm wide
ribbon, the magnetic responses are not uniformly distributed. To
understand the transformer magnetic performances, this study
analyzes the measurements of a three-phase 2 MV A amorphous-cored
transformer. Experimental results confirm that the transformer with a
ribbon width of 142 mm has better magnetic properties in terms of
lower core loss, exciting power, and audible noise.
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|. INTRODUCTION

FE—BASED amorphous ribbons are often used as soft magnetic
materials because of their high permeability and low
coercivity [1-4]. However, these aloys become brittle upon
annealing, which causes serious difficulties in handling process
and material volume in different thickness. Previous studies [5,
6] investigate the coercivity, remanence, and permeability of
Fe-based amorphous ribbons of various magnetisms in rapidly
quenched rate processes. This suggests that the controlled
partial crystallization of this alloy can lead to the formation of
crystalline phase with excellent soft magnetic properties. One
study [7] investigates the correlation between observed changes
in the magnetic properties and different aspects of quenched
rate in material thickness. Quenched-in internal stresses
significantly influence the soft magnetic properties.For different
annealing procedures of amorphous materials [8-11], the
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variations of magnetic properties of Fe-based amorphous cores
were investigated. The giant magnetoimpedance of Fe-based
nanocomposite materials in microstructures and the magnetic
properties were significantly affected by the different annealing
processes. Heat treatments of the ribbon below the first
crystallization temperature yielded a soft magnetic phase of
a-Fe (Si) embedded in the amorphous phase [12]. It was also
discovered that the crystallization phenomenon of a-Fe (Si)
under different annealing temperatures will be changed in
magneti ¢ properties, which including coercivity, remanence and
saturation magnetization can be obtained. Moreover, the
electrical resistivity of physical characteristics of Fe-based
amorphous ribbons was measured at room temperatures [13].
According to the measured results, the electrical resistivities of
amorphous ribbons were varied under different annealing
temperatures. Besides, electrical and dielectric properties for
regulated material composition by doping chromium into
Fe-based amorphous alloys can be obtained [14]. In [15], the
crystallization process and the effect of copper addition on
magnetic properties of Fe-based amorphous alloys were
investigated by using differential scanning calorimeter (DSC)
and X-ray diffraction meter (XRD). For different annealing
temperature addition material composition, it was discovered
that the main reasons causing the variation of magnetic
properties of amorphous alloys are investigated. So, amorphous
material in magnetic properties such as saturation magnetic
induction, coercivity, remanence, permeability and resistivity
were considered as the dominant factors having affection on
material magnetization. Previous research shows that the
guenching rate of a ribbon directly influences its magnetic
properties. However, the two surfaces of Fe-Nb-B ribbons
exhibit different properties [16-18]. It is concentrated that the
material crystallization in a very thin layer at the surface is
typical for the wheel side. The parameters of the coercive fields
are different for the wheel and shiny sides. However, existing
studies do not explore the effects of an uneven surface on the
magnetic properties of different ribbon widths for Fe-based
amorphous-cored SA1 transformer applications. However, the
magnetic properties related to different ribbon widths are still
far from a complete understanding. Except for the
aforementioned annealing procedure and composition regulated
in materials, the process of ribbon manufacturing is aso an
important factor to affect the magnetic properties. This study
systematically explores the dependence of hysteresis loop
parameters and the orientation of local magnetization on a

ribbon measuring 22 pm * 2 pum thick. The ribbon specification
indifferent width of 142 mmto 213 mm of amorphous materials
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is used. Section |l describes the experimental procedure.
Section I11 uses DSC, XRD, VSM, and ERM to anayze the
magnetic properties of the ribbon at various thicknesses.
Section 1V analyzes the magnetic properties of three-phase
transformer. Finally, Section V offers a summary and
conclusion.

I1.EXPERIMENTATION METHOD

Fe-based amorphous alloy SA1 was fabricated by melting the
appropriate proportions of iron, silicon, and boron elements in
an argon atmosphere. Figure 1 shows how rapidly solidified
ribbons were manufactured by the single-roller melt-spinning
technique. Using this technique, it is possible to quench the
molten aloy at a cooling rate of approximately 10%-10° K/s.
This study analyzes the aloy surface controlling the iron
source-containing amount of the amorphous alloy ribbon
composition, and controlling gas atmosphere around the cooling
roller of the nozzle tip part in the case of the ribbon.

High frequency coil
Slit

Gas nozzle <]
Slit position™

Amorphous alloy
about 20mm

ribbon

Cooling roller
Fig. 1 Scheme diagram of single-roller rapid solidification technique

In Figure 2, it is illustrates that the resulting samples had
different widths from regions A to D. In Figure 3, it shows the
measured results for samples with different thicknesses,

indicating that the ribbon thickness is approximately 22 pm + 2

um. To determine the magnetic properties of samples, the
amorphous/crystalline nature of the samples after annealing is
characterized using the X-ray diffractometry (XRD) technique.
The XRD experiments are performed using a Bruker (D8SSS)
with filtered CuKo (A=0.154056 nm), 40 kV and 40 mA. The
differential scanning calorimetry (DSC) (SDT 2960) showed
the crystallization of rapidly solidified ribbons for both
continuous heating and isothermal annealing in a pure argon
atmosphere. The magnetic measurements of the vibrating
sample magnetometers (LakeShore 7404) are used to
characterize the DC magnetic properties of the material as a
function of magnetic field, temperature, and time. Then, the
electrical resistivities of the samples are measured using the
four-probe method.
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Fig. 2 Photographs of amorphous alloy ribbonsin different widths: (a) 213 mm,
(b) 142 mm
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Fig. 3 Thethicknesses of amorphous ribbons: samplestaken from (a) and (b) in
widths of 213 mm, and samples taken from (c) and (d) in widths of 142 mm.

—Heat Flow (mW)

—6— 213mm, Region A
-251 —5— 213mm, Region B
—- % - 142mm, Region C
—/A— 142mm, Region D

30 T T T ' ' ! !
400 420 440 460 480 500 520 540 560 580 600
Temperature ()

Fig. 4 DSC curves of different ribbon samples.

I11. MAGNETIZATION ANALYSISAND MEASUREMENT

A. DSC

The DSC curves in Fig. 4 show two exothermic events
corresponding to the crystallization process. The material
crystalline temperature for the ribbon of 213 mm width is
different as that of the ribbon with a width of 142 mm. This
indicates that the exothermic peaks were taken from different
samples. Table 1 summarizes the parameters of crystalline
reaction. The volume fraction of crystalline phase is roughly
approximately 1.34% indicating that the volume fraction
probably induced a good magnetic property in the ribbon with a
width of 213 mminregion A. From Fig. 4, it can be seen that the
exothermic peaks occur when the annealing temperature

exceeds 493 °C. In such circumstances, the amorphous samples
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become fully crystallized [17]. Note that the behavior of
excessive crystallization may degrade the magnetic properties
of soft ribbons. The reason is that annealing temperature
exceeding the crystalline temperature will induce the growing of
the body centered cubic (BCC) structure of a-Fe crystallites.
Because the magnetocrystalline anisotropy is the energy cost
per atom to align its magnetization from one crystallographic
direction to another. In other words, large crystallites will lead
magnetic properties changing from ferromagnetic to
paramagnetic, that could result in the degrade of magnetic
properties.
TABLEI
THE EXOTHERMIC PEAK VALUES FROM THE DSC CURVES

Specification Region A RegionB RegionC  RegionD

Primary peak 493.38 497.4 497 496.94

Secondary peak 537.04 537.85 537.74 537.74
B. XRD

The XRD measurements in Fig. 5 reveal the crystallization
properties of amorphousribbons. According to the Bragg’slaw,

it can be observed that the diffraction 20 around 44.5° has

higher crystalline peak of a-Fe. The ferromagnetism of the
amorphous phase gradually translated to paramagnetic behavior
as the crystdline grain affected the magnetic properties of the
amorphous materials. Equation (1) shows Scherrer’s formula

g kA

pcosé
where d isthegrain size (diameter), k isaconstant value 0.9, A
is the X-ray wave length (A=0.15405 nm), B is the breadth
(full-width at half-maximum) of the peak, and 0 is the
diffraction peak angle. After annealing al samples, the
thickness of the ribbons is approximately 22 um £ 2 pm and
ribbon widths are 213 mmand 142 mm, respectively. This paper
shows that the values of full-width at half-maximum of the
broad diffraction peak located at 20 are approximately 44.4° in
the XRD patterns. These results suggest the a-Fe in bcc-iron
(110). Fig. 6shows the different material samples and average
grain sizesin crystalline a-Fe The amorphous alloy in widths of
213 mm can be easily broken because it has significant uneven
surface than others. Results show that the grain size of region A
has smaller crystalline o-Fe particles with higher magnetic
properties than that sample of region B.
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Fig. 5 XRD measured results of different ribbon samples
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Fig. 6 The grain sizes of the a-Fe for amorphous ribbons, annealing at
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Fig. 7 The measured results of magnetic properties identified by VSM

TABLEII
MAGNETIC PARAMETERS OF FE-BASED AMORPHOUS RIBBON ANNEALED AT
350°C, 2H
Measured  Msx10°  Mx107 He  MdJMr p
x107° x10™*

Parameter  (uA/m?) (WAIM?)  (Tedla) (mQ-cm)
Region A 0.339065 3.965 1.316 1.169 0.572
Region B 0.287065 13.4 5.432 4.681 0.311
Region C 0.13759 1.698 1.855 1.234 0.478
Region D 0.2339 4.015 2.034 1.717 0.492
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Figure 7 measures the hysteresis loop of the amorphous ribbon
at room temperature. Magnetic parameters such as saturation
magnetization (Mg), remanent magnetization (M), and
coercivity (Hc) can be identified by VSM. Table Il lists the
results of magnetism parameter measurements. This table
shows that the case of 213 mm has higher Mg and lower Hc
because the crystalline grain size of a-Fe is significantly larger
than 142 mm.Besides, for squareness ratio parameter [10], the
M, /Mg ratio of the proposed sample for the width of 213 mmin
region A sample is smaller than that in region B. For region C
and D, with the grain size of a-Fe particles, it is necessary to
increase coercivity due to the uneven surface and thickness of
samples.

D. ERM

The electrical resistivity p is measured at room temperature.
The parameter of the electrical resistivity was measured by
ERM after the annealing process. DSC and XRD analysis
confirmed the variation of electrical resistivity for different
ribbon widths. Table Il lists the electrical resistivities for both
ribbon samples in different widths. Results show that the
electrical resistivity of the 142 mm ribbon was smoother than
the 213 mm ribbon. Therefore, the eddy losses of amorphous
ribbon with measuring 142mm wide are significantly reduced.

IV. MAGNETIC PROPERTIES OF THREE-PHASE
AMORPHOUS-CORED TRANSFORMER

The experiments in this study used Fe-based amorphous
alloysto implement transformer cores with 142mm and 213mm
ribbons. To achieve low core loss, the annealing temperature is

set at 350°C and allowed to proceed for 2h in an nitrogen

atmosphere with an applied 800 A/m dc magnetic field. Figure 8
shows the three-phase power transformer fabricated and tested.
Test results indicate the core loss and exciting power of the
Fe-based amorphous-cored transformer with the 142 mm ribbon
were relatively lower, as Fig. 9(a) and 9(b) illustrate. The core
loss of the 142mm ribbon was less than that of the 213 mm
ribbon. The required exciting power of the 142 mm ribbon was
dlightly less than that of the 213mm ribbon. The exciting power
increased when the magnetic induction was larger than 1.3 (T).
In Fig. 9(c), it shows the measurements of audible

@ (b)
Fig. 8 Arrangement and fabrication of an amorphous transformer with
capacity 2MVA: (a) core and winding assembling, (b) construction of
2MVA three-phase transformer
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Fig. 9 Measured results of 3-phase 2MV A amorphous-cored
transformers: (a) core loss, (b) exciting power, (c) audible noise

noise with respect to different width ribbons. In summary, the
audible noise of the 213mm ribbon was greater than that of the
142mm ribbon.

V.CONCLUSION

This study investigates the magnetic properties and
crystalline structures of Fe-based amorphous aloys with
variousribbon thicknesses (22 um £ 2 um). DSC analysis shows
that the exothermic heat of crystallization for the ribbon width
of 213 mmin middle part is approximately 1.32%. According to
XRD results, the middle part of the 213 mm ribbon has smaller
a-Fe particles, while VSM results indicate higher magnetic
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induction and lower coercivity. However, a uniform magnetic
property of 213 mm wide ribbon is not available due to the
uneven surface of amorphous ribbon. That will also affect the
associated magnetic  properties of  amorphous-cored
transformers. Finaly, a three-phase amorphous-cored
transformer with different ribbon widths was fabricated. Results
show that the ribbon measuring 142mm wide exhibited better
magnetic propertiesin terms of lower core loss, exciting power,
and audible noise.
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