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This paper presents the results of research on saturation magnetic polarisation, as a function of tem-
perature, for a group of rapidly-cooled FeCoB alloys. The tested alloys have soft magnetic properties.
Thermal stability, as determined by the Curie temperature, is one of the most important parameters
for classifying the use of magnetic materials. In this work, the Curie temperature values for selected
alloys were determined, using the critical factor of § = 0.36. The area under each saturation magnetic
polarisation curve, and the shape of the curve itself, were also analysed. It was found that even small
changes in the chemical composition of the alloy can lead to a shift in the temperature that marks the
boundary between the ferromagnetic and paramagnetic states.
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1. Introduction

The Curie temperature is one of the most impor-
tant parameters describing ferromagnetic materials
— it determines the stability of the ferromagnetic
state, and more precisely the stability of the exis-
tence of magnetic domains. When the temperature
is high enough for disappearance of the domains
in a ferromagnetic material, a second form of phase
transition will begin and the material becomes para-
magnetic. Nowadays, there is considerable interest
in rapidly-cooled amorphous materials as ferromag-
netic alloys with unique magnetic properties [1-4].

Methods based on the rapid cooling of liquid al-
loy made possible the manufacture of products of
various shapes and thicknesses. The obvious fact
is that it is easiest to produce amorphous alloys of
small cross-sectional thickness. The first ferromag-
netic amorphous materials were produced in the
form of thin layers and thin ribbons [5]. Obtaining
thin layer samples is a laborious, time-consuming
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task and requires expensive specialised equipment.
On the other hand, the production of ribbons us-
ing the method involving unidirectional cooling of
liquid alloy on a rotating copper cylinder (i.e., melt-
spinning [6]) is simple, does not require much time
and is also relatively cost-effective. The possi-
ble cooling rates, obtained during melt-spinning,
range around 10%*-10° K/s. The obtained ribbons
can have thicknesses ranging between 12 pm to
maximally 100 pm, while still maintaining their
integrity.

Simple measurements can show that such rib-
bons can operate effectively at very high frequen-
cies [7]. Therefore, they started to be used as a ba-
sis for the magnetic cores of transformers. How-
ever, the air gaps formed during their “packaging,”
effectively render them unsuitable for operation at
high frequencies. This is due to the emission of
excessive noise and overheating. As a result, re-
search progressed into theoretical foundations and
methods for the production of greater thicknesses
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of amorphous materials. In 1989, A. Inoue of the
University of Tohoku, and his colleagues, presented
three empirical principles enabling the production
of amorphous materials with thicknesses signifi-
cantly exceeding 100 pum. It was noted then that
the introduction of more than three components to
the composition of an alloy reduces the migration of
atoms within the alloy and the formation of energet-
ically favoured systems characterised by long-range
interactions between atoms. The researchers also
found that the selection and maintenance of appro-
priate differences between the atomic radii of the
alloying elements, and with negative mixing heat,
causes an increase in viscosity during solidification
of the alloy and concomitant blockage of the move-
ment of atoms [8, 9]. From 1989, a new era of amor-
phous materials began, resulting in a new group
called the bulk amorphous materials. Obtaining
bulk amorphous materials on an FeCoB matrix is
a difficult task and the obtained thicknesses are
much smaller than, for example, those for alloys
based on a Pd or Zr matrix [10-16].

This paper presents the results of research on the
saturation magnetic polarisation, as a function of
temperature, for bulk amorphous alloys based on
an FeCoB matrix.

2. Experimental procedure

The samples for this research were prepared from
high purity component elements: Fe — 99.99; Co —
99.99; Y — 99.95; B — 99.9. Component elements
were weighed to four decimal places and used to
prepare crystalline ingots. The ingots were melted,
under an inert gas atmosphere, in electric arc fur-
nace. Bonding of the alloying elements was car-
ried out on a water-cooled copper plate by using
a plasma arc with an operating current of 350 A.
After the first melting of the alloy, the chamber
was cleaned and the ingot was re-melted under the
same conditions several times — four times on each
side. During the process, titanium was pre-melted
to act as an absorbent for the remaining oxygen
in the chamber. After the homogenisation cycle,
each alloy sample was subjected to both mechanical
and ultrasonic cleaning. The ingots were then di-
vided into smaller batch portions for the production
of amorphous samples of liquid alloy injected into
a copper mould. A piece of each respective alloy
was placed into a quartz capillary tube and melted
using induction heating; the liquid alloy was then
injected under argon pressure into a water-cooled
copper mould. The rapidly-cooled samples were
also produced under a protective gas shield inside
the working chamber. The produced samples were
in the form of plates with an area of 10 x 10 mm?
and a thickness of 0.5 mm.

X-ray (XRD) examinations were performed on
samples in the solidified state using a BRUKER
D8 ADVANCE X-ray diffractometer (CuK,). The
samples were scanned over a 26 angle range from 30°
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to 100° with a measurement step of 0.02° and with
a time per step of 7 s. Measurements of magnetic
polarisation, as a function of temperature, were ob-
tained using a Faraday magnetic scale. The sam-
ples were heated at a rate of 10 K/min. Mea-
surements were made, under a vacuum, for samples
weighing 25 mg. The magnetic field intensity dur-
ing the measurement was 0.7 T and the maximum
measurement temperature, determining the stabil-
ity of the measurement system, was 850 K. Both
the XRD and thermomagnetic measurements were
made on low-energy powdered samples (0.1 m). The
test samples were pulverised (under toluene) man-
ually, using an agate mortar.

3. Results

Figure 1 presents X-ray diffraction images ob-
tained for the tested alloys in the solidified state.
The obtained diffraction patterns consist of only one
broad maximum which is within the 26 angle range
from 40° to 50°. A background with low intensity
was visible in the higher range of the diffraction
pattern. Such X-ray diffraction patterns are typi-
cal for materials with an amorphous structure. The
thermomagnetic properties of the alloys were anal-
ysed on the basis of the saturation magnetic po-
larisation, as a function of temperature 7' (Fig. 2).
Each thermomagnetic curve presented in Fig. 2 has
a typical shape for an amorphous material, and is
characterised by a single Curie temperature. Based
on analysis of the presented curves, it can be con-
cluded that none of the tested alloys crystallised
within the tested temperature range. Additionally,
it can be concluded that there were no areas char-
acterised by long-range order, within the volume of
the tested alloys. This is because, in the region of
the transition from the ferromagnetic to the para-
magnetic state, the magnetisation was reduced to
near zero.
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Fig. 1. X-ray diffraction patterns for the investi-
gated alloys rod-form samples: (a) FessCossYsBao,
(b) Fe3QCO43YsB2(), (C) Fe43C029Y8B20, and
(d) Fe480024Y8B20.



Effect of Chemical Composition. ..

- ©) (b)
0.8
0.6
0.4
T 02
=18
s (c) (d)
= 08
0.6
04
0.2
00700 500 600 700 800 400 500 600 700 800
temperature [K]
Fig. 2. Thermomagnetic curves obtained for
the tested alloy samples: (a) FessCossYsBao,
(b) Fe390043YsBzo, (C) Fe430029YsBzo, (d)
Fey sCo024YsBog in the solid state.
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Fig. 3. Relationship of (uoM)'/# with tempera-
ture T, for the tested alloys: (a) FessCossYsBao,
(b) F8390043Y8B20, (C) Fe430029Y8B20, (d)
FessCo024YsBog in the state after solidification.

The analysed samples meet Heisenberg’s assump-
tions and it was possible to apply the critical factor,
equal to 0.36, to them. Figure 3 shows (M) B
curves as a function of 7', and linear adjustments
enabling the determination of the Curie tempera-
ture values. The relationship presented confirms
the earlier assumptions that there is only one Curie
temperature in the tested materials. Data ob-
tained from analysis of the X-ray diffraction pat-
terns, the saturation magnetic polarisation curves
— as a function of temperature — and the rela-
tionship (M) B(T) are presented in Table 1.

4. Conclusions

This paper presents the results of research carried
out on rapidly-cooled solidified alloy samples, char-
acterised by an amorphous structure. The tested
alloys differed slightly in their chemical composi-
tion. Structural and thermomagnetic tests were
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TABLE I

Results of the research: maximum width of the amor-
phous halo, Curie temperature Tc, area under the
thermomagnetic curve Hg.

Max. width [O] Tc [K] Hyg
F6360036Y8B20 11.8 741 357
Fe39Co43YsBao 11.2 717 325
Fe43Co029YgBao 11.1 700 301
Fe43 COQ4Y8B20 11.0 673 288

performed and the obtained results are typical for
amorphous alloys with good homogeneity. The per-
formed changes in the chemical composition affect
the width of the amorphous halo, the area under
the thermomagnetic curve Hg and the Curie tem-
perature T. It should be noted that the Curie
temperature in amorphous materials should be de-
scribed as a very narrow temperature range rather
than a discrete value. When designing amorphous
alloys for use in electrical engineering, it is impor-
tant not only that the Curie temperature itself is
considered, but also that the shape of the satura-
tion magnetic polarisation curve, as a function of
temperature, should be carefully analysed. If this
curve does not extend down to zero, it is most likely
that there are crystallisation seeds in the amor-
phous matrix, which will directly affect the process
of nanocrystallisation of the amorphous matrix.
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