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ABSTRACT

This paper presents a comparison of microstructure and magnetic properties of polycrystalline 3%Si-
steel, amorphous and nano-crystalline alloy Fe;3sCu;NbsSij35Bg (known as Finemet). Si-steels are in-
dustrially produced by casting, hot and cold rolling, annealing and coating. Samples of thin amorphous
ribbons were prepared by the planar flow casting (PFC) method. Nano-crystalline samples are obtained
after annealing in vacuum furnace at 560 °C for 1 h. The structure of specimens was investigated by XRD,
SEM and FE-SEM. Also, magnetic properties were measured using vibrating sample magnetometer
(VSM). The results showed that, hysteresis losses in as-quenched and nano-crystalline ribbons were by
94.75% and 96.06% less than 3%Si-steel, respectively. After the heat treatment of amorphous specimens,
hysteresis area was decreased by 25% in comparison with heat treated specimen. This decreasing is
occurred due to the formation of FesSi nanostructure with size of 10-17 nm and removing segregation

after heat treatment.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

One of the most important applications of soft magnetic ma-
terials is distribution and generator transformers cores. Si-steel
containing 3% Si is one of the first magnetic materials, which was
being used in production of transformer core sheets. This Steel has
got the advantages including accessibility, cheapness and simpli-
city in production.

Due to the increase in global energy demand and absence of
natural resources, energy saving has become a major concern in
the last decades. Also, research and development of the magnetic
materials is one way to solve part of the energy problems [1-4].
For this purpose, a new kind of material, Finemet, with amorphous
and nano- crystalline structure has been developed in the last
thirty years. Finemet alloy (Fe-Si-B-Nb-Cu) was introduced by
Yoshizawa et al. in 1988 [4]. By rapid cooling of melt in Finemet
alloy, an amorphous phase is created which is eligible to have a
nanostructure with 10-20 nm grain size [1,4-9]. This amorphous
system has recently attracted considerable interest due to its high
magnetic permeability and saturation magnetization [1,10-12],
which make it suitable for the transformer cores. Especially, this
nano-crystalline material has also exhibited interesting magnetic
properties under the appropriate heat treatment [1,13]. Alloys
with nano grain size particles, in comparison with Si-steel ribbons
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and amorphous, could have very low hysteresis losses and high
magnetic permeability [14]. The early transition metal Nb-atoms
are stabilizers of the amorphous phase and are preferentially lo-
cated at the periphery of crystal grains, which limit the grain
growth and delay the B precipitation when the amorphous phase
is under heat treatment. Cu-atoms are not soluble in Fe and serve
as nucleating agent for the ferromagnetic nano-crystalline Fe-Si
phase, favoring the nano-crystallization process [1,15-18].

Below the crystallization temperature, the internal stresses
present in the as-quenched amorphous materials were relaxed,
which can improve the magnetic responses. A subsequent heat
treatment above its crystallization temperature produces an ul-
trafine structure of Fe-Si embedded in a disordered matrix. The
crystallization mechanism follows a DOs structure of FesSi type
with a body-center-cubic phase (bcc) [1]. Main phase is Fe-Si and
other section of structure, amorphous phase around crystalline
grains of Fe-Si [5]. Alloys with this grain size, in comparison with
Si-steel and amorphous have very low hysteresis losses and high
magnetic permeability [14].

In this work, the as-quenched Finemet Fe;3s5Cu;NbsSii35Bg
ribbons were made via planar flow casting (PFC) method and then
these ribbons were annealed. The effect of heat treatment and
comparison with non-oriented 3%Si-steel ribbon was examined by
using X-ray diffraction (XRD), scanning electron microscopy (SEM),
field emission scanning electron microscopy (FE-SEM) and vibra-
tion sampling magnetometer (VSM). Moreover, this study ex-
amines both segregation and phase separation effect on Finemet
magnetic properties.
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2. Experimental procedures

Sheets of an ordinary distribution transformer core were used
as 3%Si-steel sheets. Finemet alloy with the nominal composition
of Fe;35Cu;NbsSij35Bg was made by a planar flow casting (PFC)
method, on a rotating metallic cylinder with 200 mm in diameter.
The rate of cylinder rotation, equal to 2627 rpm, was corresponded
to a linear surface velocity of 27.5 m/s., the wideness and the
thickness of produced ribbons were 10 mm and 46 pm, respec-
tively. The casting was performed by keeping the wheel-nozzle
gap at 0.2 mm and ejection pressure at 78 kPa.

Amorphous ribbon samples were sealed in quartz tubes under
technical vacuum (at 0.013 Pa pressure) and were isothermally
annealed at 560 °C in the furnace atmosphere consisted of flowing
protective Ar gas at 50 KPa pressure for 1 h and then 1 h cooling in
the furnace. The annealing temperature for the ribbon was decided
based on the crystallization temperature obtained from differ-
ential scanning calorimetric (DSC) by using non isothermal test
(Netzsch, Germany) in the temperature range of 300-800 °C under
Ar atmosphere at a constant heating rate of 20 °C/min.

The structural changes due to heat treatment of the amorphous
samples and also the structure of 3%si-steel samples were in-
vestigated by X-ray diffraction (made by: Philips, Netherlands;
model: PW3040/60). the X-ray diffraction patterns were obtained
by using a diffractometer with CuKo radiation (45 kV/40 mA,
A=1.5406 A) with a nickel filter on the diffracted side. the scan-
ning range was 30-120° (26) with a step size of 0.02°.

In order to evaluate and compare the magnetic properties of
Finemet ribbons before and after heat treatment with 3%Si-steel
Sheet, vibration sampling magnetometer (VSM) at 25 Hz fre-
quency was used. Results of magnetic experiment were analyzed
by the Origin 5.0 software.

Microstructural studies of the ribbons were performed by scanning
electron microscope (Made by: TESCAN, Czech; Model: VEGA LMV) for
3%Si-steel Sheet and field emission scanning electron microscopy
(Made by: TESCAN, Czech; Model: Mira 3-XMU) in the case of
amorphous ribbons. Ribbons were investigated in the terms of phase
separation and alloying elements distribution. Specimens were pre-
pared by polishing, and then were etched 10 s by 2% nital solution.

3. Results and discussion

3.1. Microstructural studies

Fig. 1 shows 3%Si-steel sheet XRD's diffractions. Peaks were
observed in 45°, 65°, 83°, 99° and 120° angels, peaks illustrate
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Fig. 1. XRD diffraction of 3%Si-steel specimen.

500 um

Fig. 2. SEM image of 3%Si-steel sheet.

existence of ferrite phase in specimen microstructure and solid
solution between Si and Fe atoms.

Fig. 2 displays the microstructure of 3%si-steel. As shown in
Fig. 2, grains size is even more than 1000 pm. Fig. 2 indicates that
3%Si-steel is large grain size which leads to high hysteresis losses
of this sheet. As 3%Si-steel is formed by large grains, have different
domains in each grain and magnetic saturation occurs in higher
rates [19]. Consequently hysteresis area increases. However, as
seen in Fig. 3, no segregation is observed. Therefore, phase se-
paration does not affect, unlike the presence of different magnetic
domains in each grain, which increases the hysteresis losses.

Fig. 4 shows DSC results for the as-quenched Finemet alloy. The
DSC profile (Fig. 4) of the as-quenched Finemet alloy displays two
main and highly intensive exothermic peaks with peak temperatures
at 546 and 688 °C, respectively. The two intense peaks correspond to
the two steps of crystallization. It has been reported that the crys-
tallization of pure Finemet alloys takes place in two steps: the o-Fe
(Si) primary and the FeB secondary crystallizations [1,20,21]. Conse-
quently Annealing process was performed at 560 °C to avoid for-
mation of boron compounds. It must be noticed that secondary stage
of nano-crystallization occurs in higher temperatures and undesir-
able magnetic phases the same as FesB, Fe3Bg and Fe,B coexist in-
side of a-Fe(Si) crystals with larger grain size than before [1,3].

Fig. 5 displays the XRD patterns of the Finemet Fe;3 sCu;NbsSi;35Bg
alloy before and after isothermal annealing for 1 h at 560 °C tem-
perature, which yields the effect of annealing on new phase formation.
The XRD patterns of as-quenched Finemet alloy in Fig. 5(a) shows an
amorphous phase only, with a broad diffraction peak 26 at ~44°. The
presence of halos definitely indicates that the amorphous state is
formed during quenching. XRD analysis confirmed that after annealing
as shown in Fig. 5(b), a body-centered cubic (bcc) phase was observed
with diffraction angles 26 at ~45°, 66° and 83° corresponding to
partial o-Fe(Si) ferromagnetic phase with FesSi structure surrounded
by amorphous background [1,22].

Scherrer's procedure was used to estimate the size of particles.
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Fig. 3. SEM image of 3%Si-steel and linear scan analysis in grain boundary.
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Fig. 4. DSC curve of as-quenched Finemet Fe;3 sCu;Nb3Sij3sBg alloy.

According to Scherrer's Eq. (1) [23], where t is average particle
size (mm), K is crystal form factor (nearly is considered about 0/9),
A is wave length arising from X-ray tube (nm), f is pick width in
half of maximum height (FWHM) and @ is diffraction angle in
degree. The intensity of the X-ray diffraction pattern increases,
indicating the crystallization of amorphous phase, and the crys-
talline grain size was estimated from the peaks of o-Fe(Si) phase to
be about 10 to 17 nm. As shown in Fig. 5(b), lowering the broa-
dened of halo is related to decreasing amorphous area, due to
phase separation of a-Fe(Si) phase from amorphous background.
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Fig. 5. XRD patterns of as-quenched and annealed Finemet alloy respectively in
Fig. 5(a) and (b).

Fig. 6 displays FESEM image of Finemet alloy produced via PFC
method and linear analysis of specific region in which color
changes from gray to black. Linear scan analysis of in Fig. 6 shows
that as-quenched specimen is not completely homogenous, che-
mical composition changes in some regions. There are two sharp
picks corresponding to B and Fe elements, hence distribution of
these two elements is not uniform. Whereas, high speed casting is
under non equilibrium solidification condition, the segregation
phenomenon occurs in some regions. This change in B content is
totally different from phase separation due to formation of nano
metric Fe;Si, because it takes place in larger scale (about 200 pm).
Moreover, the cluster formation effect creates a diffusion barrier
due to the segregation of the refractory elements such as B atoms,
which are responsible for the inhibition of iron-silicate grain
growth [24]. Linear analysis in Fig. 7, confirms specimen homo-
geneity in comparison with as-quenched specimen. Changes in B
content distribution cause localize defect because amorphous al-
loys needs to have the lowest possible B and Si contents, in order
to guarantee good magnetic properties [25]. Therefore, high level
of B in some regions is not remarkable.

3.2. Magnetic analysis

One of the major parameter in quality of produced ribbons is
the percentage of the hysteresis losses. The inner area of B-H loop
characterizes hysteresis losses. Fig. 8 shows hysteresis diagram of
3%Si-steel. Also, B-H loop diagram of as-quenched and annealed
Finemet alloy is respectively illustrated in Fig. 9 ((a) and (b)). Ta-
ble 1 summarizes our present study of the coercivity, H, in the
whole range of structural correlation lengths starting from atomic
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Fig. 6. FESEM image of as-quenched Finemet alloy specimen with linear scan
analysis.

distances in amorphous Finemet alloy and nanometer regime up
to macroscopic grain sizes in 3%Si-steel. Lower coercive force H,
leads to high permeability and low hysteresis losses. Magnetic
parameters of as-quenched and ribbons were accordance with
other research in the case of Finemet alloy [26,27].

Loss minimization is a very important area of concern in elec-
tricity transmission and even in distribution [28]. As illustrated in
Table 1, there is a remarkable difference between the magnetic
properties of as-quenched and annealed Finemet alloy along with
3%Si-steel. Finemet alloy after heat treatment has special proper-
ties such as: (1) Satisfy both high saturation magnetic flux density
and high permeability (2) Low core loss (3) Low magnetostriction
(4) Excellent temperature characteristics and small aging effects
(5) Excellent high frequency characteristics (6) Flexibility to con-
trol magnetic properties “B-H curve shape” during annealing [5],
which persuade power industry to replace the nanostructure
materials (or amorphous) with 3%Si-steel. As shown in Table 1,
after heat treatment of Finemet alloy, hysteresis area was de-
creased by 25% in comparison with as-quenched sample. As the
external magnetic field varies at a very low rate periodically, due to
the effects of magnetic domain wall motion the B-H relationship is

207
:.W%

60—:"\/\/\/\/%*“ =
E Au

50 B &
Si &

40_% Nb -o-
& Cu +

30

20

10

Fig. 7. FESEM image of annealed Finemet alloy specimen with linear scan analysis.
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Fig. 8. B-H loop diagram of 3%Si-steel sheet.
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Fig. 9. B-H loop diagram of as-quenched (a) and annealed (b) Finemet alloy.

a hysteresis loop. The area enclosed by the loop is a power loss
known as the hysteresis loss, and can be calculated by Eq. (2) [29]:
Pryst = 5£H o dBW/m3[cycle) or (|m>) @

where magnetic field strength (H), measured in amperes per
meter (A/m), and magnetic flux density (B), measured in Newton-
meters per ampere (N m/A), also called tesla (T). As it is shown in
Figs. 8 and 9, although the B-H diagrams seem to be single line, as
shown with higher magnification in red circles, there are two lines.
By using origin software (version 5.0), it is possible to calculate the
hysteresis area. As shown in Table 1, by comparing results of
hysteresis area it was found out that the hysteresis area was re-
duced by 25%. Also, this calculation, can be used to comparison
casted and annealed samples with 3%Si-steel. Based on hysteresis
area of ribbons, if as-quenched amorphous ribbon is to be used
instead of 3%Si-steel sheet, Hysteresis losses would be decreased
by 94.75%, and by 96.06% with using annealed ribbon with nano

Table 1
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metric particles of FesSi in amorphous background. There are five
factors for this reduction:(1) the Finemet alloy after heat treat-
ment, was produced by crystallization of an amorphous Fe-Si-B
alloy with small addition of Cu and Nb, unusual combination
which proved to be key for the particular ultrafine grain structure
and the associated soft magnetic properties. The particular about
the material was it ultrafine microstructure of b.c.c FesSi phase
with grain size of 10-15 nm from which their soft properties lastly
derive [30]. (2) It is well known that the microstructure, noticeably
the grain size, essentially determines the hysteresis loop of a fer-
romagnetic material. The 1/D-dependence of coercivity for large
grain sizes reflects the conventional rule that good soft magnetic
properties require very large grains (D > 100 um). Thus, the re-
duction of particle size to the regime of the domain wall width
increases the coercivity Hc towards a maximum controlled by the
anisotropies present. Lowest coercivities, however, are again found
for smallest structural correlation lengths like in amorphous alloys
(“grain size” of the order atomic distance) and in nano- crystalline
alloys for grain sizes D <20 nm. Obviously, Finemet alloy after
heat treatment fills in the gap between amorphous metals and
conventional poly-crystalline alloys (3%Si-steel) [30]. (3) Heat
treatment of amorphous samples, let samples to release their
stresses because of high speed casting. Also, the initial magnetic
softening is produced by the relaxation of internal stresses
(magnetoelastic anisotropy) within the amorphous state [31].
(4) Elimination of segregation after heat treatment or revision of B
distribution without formation of harmful (Fe-B) crystalline parts.
(5) Phase separation and formation of ferromagnetic FesSi phase
with proper nano metric dimensions as a result of selecting ap-
propriate annealing time and temperature.

4. Conclusion

1. Before heat treatment, specimens produced via PFC method
were completely amorphous and after heat treatment, nano
metric phases of FesSi were created and segregation was
eliminated.

2. After heat treatment of amorphous sample, hysteresis losses
decreased by 25%. Hysteresis losses of amorphous ribbon, was
94.75% less than 3%Si-steel and after heat treatment by forma-
tion of FesSi, hysteresis losses was less than the 3%Si-steel
sample by 96.06%. Consequently hysteresis losses of transfor-
mer cores can be considerably decreased.

3. In 3%Si-steel sheet, there are grains with more than 1000 pm
dimension, no phase separation was observed and specimens
were approximately homogenous. Therefore, hysteresis losses
were only the result of different magnetic domains in each
grain.

. The main reason of low hysteresis losses in amorphous and
nano ribbons is absence of different domains together which is
arising from lack of crystalline structure grading in this material.

5. Replacement of 3%Si-steel with amorphous ribbons and an-
nealed ribbons is quiet logical, because hysteresis losses de-
creases more than 90%.

Magnetic parameters of as-quenched and annealed Finemet in comparison with 3%Si-steel sheet examined by VSM test.

Ribbon name Hysteresis area u Bs (Tesla) +H. (meter/Amper) —H, (meter/Amper) +B; (Tesla) —B; (Tesla)
As quenched Finemet 19.52 0.0127 14 0.61 0.69 0.015 0.016
Annealed Finemet 14.62 0.036 1.28 0.62 0.62 0.016 0.017
3% Si-steel 371.43 0.002 1.89 4.5 3.33 0.007 0.016
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