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MICROSTRUCTURE AND SOFT MAGNETIC PROPERTIES OF Feg Coi0YsMe B,y (WHERE Me =W, Zr or Nb) AMORPHOUS

ALLOYS

STRUKTURA I WEASNOSCI MAGNETYCZNE STOPOW AMORFICZNYCH Feg, Co,0YsMe, By (M = W, Zr, Nb)

The microstructure and the soft magnetic properties of the multi-component Feg; Co;oYsMe, B,y amorphous alloys (where
Me = W, Zr or Nb) have been investigated; the samples were in the form of ribbons of 3 mm width and 30 um thickness. The
samples were produced using a single-roller melt-spinning method. The alloy composition was investigated using an X-ray
diffractometer. The amorphous nature of the entire volume of all the as-quenched samples was confirmed. From the magnetic
measurements performed using the ‘LakeShore’ vibrating sample magnetometer, magnetic parameters such as: coercivity,
saturation of the magnetization for the as-quenched samples were derived. All of the investigated alloys displayed good soft
magnetic properties, making them perfect materials for magnetic cores. The core losses for different values of magnetic
field and operating frequency were also measured. It was shown that the investigated alloys featured lower core losses than
commercially-used classical FeSi steel.
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W pracy przedstawiono wyniki badaii mikrostruktury i wlasciwosci magnetycznych wielosktadnikowych stopéw amor-
ficznych o sktadach Fegq CoioYsMe Byy (Me = W, Zr, Nb) w postaci taSm o szerokoSci 3 mm i grubosci okofo 30 um. Badane
materialy otrzymano metoda szybkiego chtodzenia cieklego stopu na wirujacym walcu miedzianym. Za pomocg dyfraktometru
rentgenowskiego zbadano struktur¢ wytworzonych materialéw. Z badari tych wynika, ze otrzymane w stanie po zestaleniu probki
byly w pelni amorficzne. Na podstawie przeprowadzonych pomiaréw wykonanych przy uzyciu magnetometru wibracyjnego
okreslono warto$¢: pola koercji, magnetyzacji nasycenia. Straty energii na przemagnesowanie oraz maksymalng przenikalnosé
magnetyczng wyznaczono przy zastosowaniu aparatury, w ktérej wykorzystuje si¢ metode transformatorows. Pomiar wykonano
w zmiennym polu magnetycznym i przy réznych czestotliwosciach. Badania te wykazaly, ze wytworzone szkta metaliczne w
stanie po zestaleniu cechuja si¢ znacznie mniejszymi stratami na przemagnesowanie niz klasyczne blachy transformatorowe
FeSi.

1. Introduction plains why the absence of magnetocrystalline anisotropy

in the amorphous alloys generates their excellent soft

The multi-component amorphous alloys based on
iron are very interesting due to their excellent soft mag-
netic properties, such as: high values of saturation of the
magnetization and magnetic permeability and very low
values of coercivity. Also, the core losses are much lower
in comparison to classical FeSi transformer steels [1, 2].
The amorphous materials lack so-called magnetocrys-
talline anisotropy; this is typical for materials with a pe-
riodic structure of atoms. In crystalline materials, an in-
crease in magnetocrystalline anisotropy results in a high-
er magnetic field required to saturate the material to sat-
uration. In turn, this results in higher coercivity. This ex-
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magnetic properties, making them suitable for applica-
tion in electrotechnical industry. These applications in-
clude: low-loss transformer cores, magnetic sensors and
magnetic recording heads [3-6]. There are many methods
for producing energetically unstable alloys which feature
amorphous structure throughout their volume. One of the
most common techniques is a single-roller melt-spinning
method. In this method, the liquid material is ejected on-
to a copper wheel, and quenched at a rate of 10*~10° K/s.
The obtained samples are of ribbon form with thickness-
es of less than 100 yum. Amorphous samples with thick-
nesses greater than this can be produced at much slower

CZESTOCHOWA UNIVERSITY OF TECHNOLOGY, INSTITUTE OF PHYSICS, 42-200 CZESTOCHOWA, 19 ARMII KRAJOWEJ AV., POLAND

CZESTOCHOWA UNIVERSITY OF TECHNOLOGY, INSTITUTE OF MATERIALS SCIENCE, 42-200 CZESTOCHOWA, 19 ARMII KRAJOWEJ AV., POLAND

EEEY

HOVE, EAST SUSSEX, UNITED KINGDOM



N

266

cooling rates (around 10~'-10° K/s) using suction- or
injection-casting methods. In these methods, the liquid
alloy is ejected or injected under high-pressure into a
copper mould of a user-defined shape [7, 8]. The final
sample can be produced in sizes of up to a few millime-
tres [9].

This work focuses on an investigation of the influ-
ence of additive elements on the soft magnetic proper-
ties and core losses in ribbon-shaped, multi-component
Feg1Co1pYgMe By ferromagnetic alloys (where Me =
W, Zr or Nb) in the as-quenched state.

2. Research methodology; studied materials

The components used in the production process
were high-purity elements: Fe = 99.98, Co = 99.98, Y
=99.98, Zr = 99.99, Nb = 99.99 and W = 99.999; pure
boron was added to the alloy in the form of a Feys 4Bsa6
alloy.

The ingots of FegCoi9YsMe;Byg alloys (where Me
= W, Zr or Nb) were obtained using arc-melting and then
re-melted several times in order to ensure homogene-
ity of their polycrystalline structure. The samples of the
investigated alloys were produced using a single-roller
melt-spinning method.

Each liquid alloy was quenched on a rotating cop-
per wheel, with a linear velocity of 30 m/s. The finished
samples were of ribbon-form with thicknesses of ap-
proximately 30 ym and widths of 3 mm. For all of the
samples, the production process was performed under a
protective argon atmosphere, which significantly reduced
material oxidation. The microstructure of the samples
was studied by means of a Bruker X-rays diffractome-
ter equipped with a cobalt cathode Cu-K, (1.5418 A).
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The saturation magnetization yoMs, coercivity H, and
anisotropy field were measured (up to a magnetic field of
2 T) using a ‘LakeShore’ vibrating sample magnetometer
(VSM). From measurements performed using a FER-
ROTESTER ferrometer, based on transformer method,
the maximal magnetic permeability and dependence of
core losses on the magnetizing field and frequency in a
varying magnetic field were derived. All of these mea-
surements were taken after de-magnetizing each sample.

3. Results and discussion

The X-ray diffraction patterns obtained for the in-
vestigated alloys are shown in Fig. 1.

The arrangement of atoms within amorphous mate-
rials is difficult to characterize due to the existing struc-
tural disorder. This explains why sharp, narrow lines
(related with distance between atomic layers) cannot be
observed in the X-ray diffraction patterns for amorphous
alloys. In the X-ray diffraction patterns at for the inves-
tigated alloys (shown in Fig. 1) only broad maxima can
be observed; this confirms the amorphous structure of
the obtained samples.

One of the most important parameters for elec-
trotechnical applications of magnetic materials is the
total value of the core losses during a reversal mag-
netization cycle. According to the theory the core losses
consist of three factors:

Ptotal Phys Pclass + pexe (1)

where: P — hysteresis loss, Pclass _ classical loss, Pe¥¢

— excess loss [10, 14].
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Fig. 1. X-ray diffraction patterns obtained for the investigated samples of Feq;CojoYsMe; B, alloys, where Me= Nb (a), W (b) or Zr (c)
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The measurements of core losses for the investigated
alloys were performed on toroidal samples of amorphous
ribbons, wound on quartz formers. For all of the inves-
tigated alloys, the diameter of the former and number of
turns of the ribbon were the same, in order to compare
precisely the values of core losses. The measurements
were performed under the same conditions and para-
meters. The dependence of core losses on frequency at
constant maximal magnetic induction (B,,,, =0.4 T) are
shown in Fig.2.

The theoretical matching and determination of the
parameters was made on the basis of the dependence
[14]:

P(f) — Phist + Pclass — klf + k2f2 (2)

Where, for the alloy with the addition of:
Nb k; = (2.18+0.09) 1073, k, = (1.77+0.09) 107°,
W ki = (1.70+0.09) 1073, k, = (0.77+0.09) 1079,
Zr ky = (2.45+0.09) 1073, k, = (1.30+0.09) 10°¢
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Fig. 2. Dependence of core losses on frequency for the
Fee CoypYsMe B, alloys, where: Me= Nb (a), W (b) or Zr (c)

From the aforementioned results, it can be seen that
the addition of tungsten to the Feg;Co9YgMe By alloy
significantly reduced core losses compared to the other
two alloys. The core losses present in the two remaining
alloys are similar in the frequency range up to 700 Hz.
Above 700 Hz, a small increase in core losses for the
Feg1Co19YgNb; By alloy can be observed.

On the basis of a theoretical fit of P(f) dependence,
the losses from hysteresis and on eddy currents were de-
termined. Data obtained from the calculations were sum-
marized in Table 1. On it’s basis, it was found that the
percentage of losses from hysteresis and on eddy current
for the Feg;Co19YgNb By alloy are respectively 55%
and 45%. For the other two alloys FegCo10YsWBog
and FegCo19YsZr By the increase of losses from hys-
teresis, measured at frequencies from 50 Hz to 1000 Hz,
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was observed. Their share was 71% and 65%, respec-
tively.

On the basis of the performed studies, the investi-
gated thin ribbons of Feg;CojoYgMe;Bygalloys (where
Me = W, Zr or Nb) can be classified as excellent mate-
rials for medium-power transformers, working under low
values of inductance.
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Fig. 3. Magnetic permeability for various frequencies of applied mag-
netizing field for the Feq CojoYsMe; B, alloys, where: Me = Nb (a),
W (b) or Zr (c)

For example, commercially-produced ET 165-35
transformer sheets, for a frequency of 50 Hz and 0.4
T magnetic induction, exhibit a core loss of 0.105 W/kg
[22]. The investigated in this article Feg;Co9YsW By
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material, at a frequency of 50 Hz has a core losses at
the level of 0.046 W/kg.

Another ‘commercially’ important factor for choos-
ing a material suitable for medium-power transformers
is the magnetic permeability of the alloy. Fig. 3. shows
the dependence of the magnetic permeability on the ap-
plied magnetic field for all of the investigated alloys. The
highest value of the magnetic permeability (19,500+400)
was achieved for Feg;Co19YsNb; By alloy, at a magnetic
field of (6.1 +0,3) A/m. For the two remaining alloys,
F661C010Y8W]B20 and F661C010Yng1B20, the values of
magnetic permeability were found to be 15,120 (at a
magnetic field of (6.7 £0,3) A/m) and (8,700+400) ((at
8.2+0,3) A/m), respectively.

As it can be deduced from Figs. 2 and 3 show that,
for all of the investigated alloys the increase in frequen-
cy of applied magnetic field produces the increase in the
value of core losses and subsequent decrease in the mag-
netic permeability. The value of magnetic field at which
the maximal permeability for the alloys was observed is
slightly different for the investigated alloy (Fig. 4.).
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Fig. 4. Maximal magnetic permeability for the Feg;CooYsMe, B, al-
loys, measured at a frequency of 50 Hz, where: Me = Nb (a), W (b)
or Zr (c)

It is connected with the change of coercivity field
caused by use of additions to alloy composition. In the
investigated alloy with the Nb addition the highest val-
ue of coercivity field ((101+£5) A/m) was observed. The
maximum permeability, for this alloy, shifts towards low-
er magnetic fields, which may be associated with the
fluctuations in the alloy composition and presence of
areas with varying concentrations of iron. It should al-
so added that niobium is a commonly used element to
facilitate the obtaining of nanocrystalline structure. On
the basis of research conducted by other authors [15]
it was found that the alloys of Fe-Co-Nb-B type, crys-
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tallize in the primary way. As is known in amorphous
materials, in the production phase arise the so-called
frozen embryos, whose rapid growth is limited by dif-
fusing niobium on their borders from the amorphous
matrix. As a result of this diffusion process it comes to
the creation of the amorphous phase of different chemi-
cal composition, than the clusters of atoms forming the
frozen embryos, which is consistent with the a model
of primary crystallization. A small addition of W and
Zr in the alloy reduces the coercivity field [16, 17], and
for these materials the maximum permeability occurs at
higher fields.

The soft magnetic properties of ferromagnetic ma-
terials can be found from measurements of the magnetic
hysteresis loops. From analysis of the hysteresis loops,
the saturation magnetization and the coercivity can be
derived. The dependence oM = f(H) for all the in-
vestigated alloys is presented in Fig. 5. The saturation
magnetization values were define for magnetic field of
up to 2 T and posted in Table 1. In the case of an amor-
phous material with soft magnetic properties, the satura-
tion state is usually achieved in a much lower magnetic
field of under 1 T.
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Fig. 5. Static hysteresis loops for the Feg CojoYsMe; B, alloys, in
magnetic fields of up to 2 T, where Me = W, Zr or Nb

In high magnetic fields (above the value of the
anisotropy field), the magnetic domain structure does
not exist. The magnetization process in lower fields is
related with rotation of the magnetization vector under
the influence of structural defects, which are the source
of short-distance stresses existing in micro-regions.

In even higher magnetic fields, if the saturation state
is still not achieved, the magnetization process is relat-
ed with diamagnetism of the closed electron shells and
paramagnetism of the band electron [11-13].

The data obtained from analysis of the static hys-
teresis loops are presented in Table 1.
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TABLE 1

Summary of parameters obtained for the investigated alloys: u — maximal magnetic permeability, Hc- coercivity, uoM; — saturation
magnetization, P — core losses, P, — hysteresis loss, P,, — classical loss

P [Wikg] dla | Proa = P, P,
H, M, P,+P,
A #E)T] H B = 04T | yuna) | [Wiel | [Wike]
Hson, f= Hiooo 12
f=50Hz| Do | 000z | Al | F= 50z f = 1000 Hz

FeaConYaNbi B | 101 141 19500 6.1 9175 13.97 0.057 3.96 2.18 1.78

5 | £007) | (£400) | (03)| (£400) | (£03) | (+0002) | (£0.09 | (+009) | (+0.09
FeaConYaWiBw | O] 1.52 15100 6.7 8221 14.64 0.046 247 1.70 0.77

*5) | £007)| (£400) | (03)| (£400) | (£03) | (0002 | (£0.09 | (+009) | (+0.09
FeContizrBn | 2 138 8700 82 5921 17.94 0.083 375 245 1.30

5 | £007) | (£400) | (03)| (£400) | (£03) | (+0002) | (£0.09 | (+009) | (+0.09

Saturation of the magnetization for the investi-
gated alloys is high and falls within the range from
(1.38+0.07)T to (1.52+0.07)T. In accordance with the
posted results in Tab. I it can be seen that for inves-
tigated alloys, saturation of the magnetization decreases
with increasing radius of the exchanged atomic elements.
That is described in dependence W<Nb<Zr [18]. It is
obvious that the value of saturation of the magnetiza-
tion, in the alloys of metal-metalloid construction, is
dependent on the exchange interactions which, in our
case, occurs between a pair of Fe and Co magnetic el-
ements. In the investigated alloys Co and Fe content is
constant, so the deterioration of magnetic interactions
between these elements must be caused by the addition
of W, Zr or Nb atoms into the amorphous structure.
On the basis of investigations of the magnetic proper-
ties, carried out by other authors for alloys with simi-
lar chemical compositions, it can be concluded that a
small addition of W element, into the ferrmognetic al-
loy, is beneficial for the improvement of so-called soft
magnetic properties in particular, leads to increase of
Mg [18, 19]. Insertion of 1 at.% of Me = Zr or Nb
into the Feg;CoigYgMe;B;alloy, reduces the value of
the saturation of magnetization Mg, of more than one
tenth, in comparison to Mg for Feg;Co190YsW By al-
loy. Additionally shows that during the creation of elec-
trotechnical materials, such as transformer cores, these
components should be limited or completely eliminated
from the alloy composition. The results of investigations
on Feq;Coy9Zry, Hf5_ W,Y,Byo (Where x = 1, 2 or 3)
alloys presented by Nabialek at al [20] shows that in-
creasing the content of Zr in this alloy system leads to
a reduction in the Mg value. In another study, Kulik at
al [15] had concluded, that the elimination of Nb, from
the composition of Fesgs-,Cu;Nb,Sij35Bg (where x =
0, 1, 2, 3) alloy, was beneficial for increasing M.

4. Conclusions

The single-roller melt-spinning method, used in this
work, allowed the manufacture of fully amorphous rib-
bons of the Feg; CojgYsMe By alloys (where: Me = W,
Zr or Nb).

On the basis of the performed studies it was found
that:

— the addition of 1 at.% of tungsten into the base
alloy caused a decrease in the core losses and an increase
in the saturation magnetization uoM; up to (1.52+0.07)
T, in comparison with two other studied alloys;

— the smallest coercivity field (H.)
Fe61C010Yng1B2O alloy;

— the maximal magnetic permeability, ££,,,,(50 Hz)=
(19.500+400), was observed for the Feg;Co19YsNbB»g
alloy.

It can be seen that each of additives had a different
influence on the soft magnetic properties of the resulting
alloy. However, for application in modern medium-power
transformer magnetic cores, the best additive has been
found to be tungsten, as it improved the most important
electro-technical parameters of the material.

These alloys have better electrical characteristics
than the commercially used transformer Fe-Si sheets [21,
22].

showed
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