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A study has been conducted into the effects of substituting small quantities of alloying elements (tungsten and
molybdenum) on the structure and magnetic properties of classical amorphous alloys that are based on the formula:
Fes1Co10YsMe1Bag. The structure of the resulting alloy samples was examined using X-ray diffraction, Mdssbauer
spectroscopy, and scanning electron microscopy. Based on the results of these studies, it was found that the obtained
alloys were amorphous. Images from the scanning electron microscope were typical for amorphous materials. Cross-
sectional images were homogeneous and did not contain “vein- and scale-type” precipitations. Studies examining
the magnetic properties of the samples were carried out using a vibrating sample magnetometer. It was found
that the alloy featuring the addition of tungsten exhibited a significantly greater saturation of magnetization and
a substantially lower coercivity. This resulted from the fact that the atomic radius of tungsten is much larger than
that of molybdenum, resulting in increased difference between the atomic constituents of the alloy; this, in turn,

improves the glass-forming ability.
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1. Introduction

The amorphous materials possess excellent functional
characteristics, facilitating their application in many in-
dustries [1, 2]. One particular class of the amorphous
materials is that of ferromagnetic alloys, which exhibit
so-called “soft magnetic properties”. Depending on their
chemical composition, these alloys exhibit high values of
saturation magnetization and magnetic permeability, low
values of core losses and almost zero magnetostriction [3].
These functional parameter values support applica-
tion of the materials in the electrotechnical industries.
At present, only a few amorphous alloys are being man-
ufactured in ribbon-form on an industrial scale; they are
used mainly as materials for energy-efficient transformer
cores [4]. In addition, due to their property of almost
zero magnetostriction, cores made from these materials
are well suited to operation at high frequencies. Research
into new chemical compositions and investigation of even
small changes in inherent properties are both considered
priorities. In the future, such work could lead to the
development of a new alloy, exhibiting excellent glass-
forming ability combined with hitherto unattained soft
magnetic properties.

This paper describes a study into the mi-
crostructure and magnetic properties of the alloys:
Feg1Co10YsMe; By (Me = W, Mo). It has been found
that even a minor change in the composition (1 at.%)
leads to significant changes in the functional parameters
of the resulting soft amorphous ferromagnet.
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2. Experimental procedure

The samples used in the investigations were produced
in the form of ribbons using high purity components
(~99.99 at.%) combined with uni-directional cooling
of the liquid alloy on a rotating copper cylinder, i.e.
the melt-spinning method. The obtained ribbons were
subjected to microstructure investigations using X-ray
diffractometry, Mossbauer spectrometry and transmis-
sion electron microscopy. Composition analysis was per-
formed using an EDS attachment connected to a scanning
electron microscope (SEM). The magnetization changes
were measured, as a function of magnetic field, using a vi-
brating sample magnetometer (VSM). All measurements
were taken for low-energy powdered samples, which in
the case of the microstructural investigations allowed in-
formation to be obtained from the whole volume of the
sample, and in the case of the M—H measurements al-
lowed the demagnetization factor, associated with the
shape of the sample, to be neglected.

3. Results of the investigations

Figure 1 reveals the X-ray diffraction patterns for the
samples of the investigated alloys in the as-quenched
state. The X-ray diffraction patterns for the investigated
alloys consist only of a single broad maximum, which is
present at the 20 range from 35° to 55°, and a back-
ground, which is independent of the 26 angle [5]. This
shape of diffraction pattern is characteristic for the amor-
phous materials.

The microstructure of the produced materials was in-
vestigated also by means of the Md&ssbauer spectroscopy.
The transmission Mossbauer spectra (Fig. 2a,b) are wide,
and consist of asymmetrical, overlapping lines, which is
typical for the amorphous alloys [6, 7].
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Fig. 1. X-ray diffraction patterns for the
ribbon-form samples of the investigated alloys:
Fe61C010Y8W1B20 (a) and Fe61C010Y8M01B20 (b)
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Fig. 2. The transmission Mossbauer spectra (a,b) and

corresponding hyperfine field distribution (c,d) for
the ribbon-shaped samples of the investigated alloys:
F6610010Y8W1B20 (3.70) and F6610010Y8M01B20 (b7d)

In the corresponding hyperfine field distributions on
the 5"Fe nuclei (Fig. 2c,d) low- and high-field components
can be distinguished, which indicate zones of differing
iron-content in the volume of the sample [8].

The following parameters are gathered in Table I: av-
erage hyperfine field (Bess) and dispersion of the hy-
perfine field distribution on the ®"Fe nuclei of the amor-
phous phase(D,,,) calculated from the Mdssbauer spec-
tra analysis.

TABLE I

The average value of the hyperfine field on the > Fe nuclei
(Befy) and dispersion of the hyperfine field distribution
of the amorphous phase (Dam)

Composition Bess [T] | Dam [T] Ref.
F661C010Y8W1B20 19.19 5.004 [9]
Fe61C010Y8M01B20 19.27 4.949

Both the average hyperfine field and dispersion of the
hyperfine field distribution on the ®"Fe nuclei of the amor-
phous phase have similar values for the investigated al-
loys, and it is difficult to find any influence of the 1 at.%
of Me on these parameters. This is due to the almost-
equal covalent radius for the W and Mo components. In
this case, the atomic packing densities for the alloys are
similar and could be determined indirectly from Beyy.

The results of the chemical composition analysis of the
ribbons, obtained from the EDS measurements, are pre-
sented in Fig. 3. From the calculations, it was postulated
that both of the investigated alloys are homogeneous and
their chemical compositions are consistent with their for-
mulae, F6610010Y8W1B20 and FeGlcOngMOlBgo.

Element | At %

Y 09.72
Fe 74.73
Co 14.05 K
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Fig. 3. The selected areas of cross-section of the
ribbons (a,b) and EDS microanalysis of their
chemical composition:  Feg1Co10YsW1B2o (a) and

Fe61 COlngMol Bgo (b) .

The analysis was performed under the assumption that
the data in the tables in Fig. 3 represent 80% of the com-
position and the remaining 20% is element B (boron). In
Fig. 3a,b, cross-section images of the investigated rib-
bons are presented; these images were obtained using
the SEM. Morphology of these cross-sections, after de-
cohesion, is characteristic of brittle materials. In the case
of the amorphous materials, this type of cross-section
is observed after their thermal treatment at a tempera-
ture close to the crystallization temperature (7)) (mainly
primary crystallization). The crystallization process in
the FeCoYMeB-type alloy consists of two-stages: pri-
mary and secondary crystallization [10]. The changes in
the plasticity of the amorphous alloys, especially with
regard to ductility, result from the structural changes
within the amorphous state. The highest ductility could
be found for the alloys with “vein-based” cross-sections,
then “flakes” and “smooth” cross-sections. Due to the
metastable character of the amorphous alloys, especially
the so-called “bulk amorphous alloys”, different atomic
configurations within their volume could be found. That
is why, unlike for the cross-sections for the ribbons,
cross-sections of bulk amorphous alloys exhibit mixed
morphology.

From the presented results of the microstruc-
tural investigations for the FegCo19YsW1Bgy and
Feg1 Co10YgsMo1Bag amorphous alloys, it could be stated
that the addition of Me (Me=W, Mo) in the volume of
1 at.% has no visible influence on the microstructure of
the samples. However, a larger difference was observed
in the case of the magnetic properties of the ribbons, i.e.
saturation magnetization (uoMg) and coercivity (H.).
The M—H measurements indicated that these parame-
ters are strongly influenced by 1 at.% of the alloying el-
ements [11].

Figure 4 presents static hysteresis loops, measured in
magnetic fields of up to 2 T. In both cases, these loops
are very narrow, and achieved the state of saturation in
very low values of magnetic field, which is typical for soft
magnetic materials [11]. The high values of saturation
magnetization obtained for the investigated alloys were
unexpected, as the samples contain 8 at.% of element Y,
which is known (at just 6 at.%) to decrease the saturation
magnetization (uoMg) [12]. It should be emphasized that
the clear increase in the value of the (uoMg) was observed
for the sample with 1 at.% of W, achieving 1.5 T} for the
second sample (containing Mo), the corresponding value
was lower by 0.2 T.
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Fig. 4. Static hysteresis loops for the inves-
tigated samples: Fe1Co10YsW1B2o (a) and

Feg1Co10YsMo1B2o (b).

This effect was observed previously in [12], when the
addition of a few at.% of element W was studied. It
was also found that at some point of adding element W,
the soft magnetic properties of the alloy begin to deteri-
orate. The addition of 1 at.% of W also has an influence
on the threefold reduction in the value of coercivity, in
comparison with the alloy containing Mo (Fig. 5). Data
from analysis of the static hysteresis loops are gathered

in Table II.
TABLE 11

Data from the analysis of the static hysteresis loops.

Composition As-quenched state
woMs [T] | He [A/m] | Ref.
Fe(;lCOl()YngBQO 150 61 [13]
FeGlColoYsMolBgo 1.31 186

4. Conclusions

A melt-spinning technique facilitated the produc-
tion of amorphous alloy samples, in ribbon-form, with
the chemical compositions: Feg1Coi19YsW1Bog and
Feg1Co10YsMo1Bog.  Amorphicity of the samples was
confirmed by X-ray diffraction and Mdssbauer measure-
ments. A very interesting finding is that thin ribbons
with a thickness of about 30 pm have smooth cross-
sections, which is typical for materials after an anneal-
ing process at a temperature close to the crystallization
temperature [11]. This type of morphology suggests that
samples of the investigated alloys are partially relaxed.
Structural relaxations, occurring during the production
process, led to re-configuration of the atomic positions in
the volume of the ribbon, in comparison to amorphous al-
loys with the same thickness but different chemical com-
position [14]. The presence of 8 at.% of Y has an influ-
ence on the mechanical properties of the alloy, improving
the microhardness of the samples but unfortunately low-
ering the wear resistance [15]. The amorphous ribbon

of Feg1Co19YsW1Bog exhibited a higher value of satura-
tion magnetization, and relatively low value of coercivity
compared with the other sample. The small (just 1 at.%)
addition of the alloying elements could be a deciding fac-
tor in determining the soft magnetic properties of the
alloy, which should be remembered when designing new
chemical compositions for special applications. Due to
the similar atomic radii of the Mo and W additives, their
influence on Fe-Fe and Co-Co atomic pair interactions
is not thought to be significant; therefore, the changes in
the microstructure, and magnetic and mechanical prop-
erties, cannot be explained by the changes in radii [16].
However, it is well known that the addition of element
Mo results in a decrease in the Curie temperature and
saturation magnetization of an alloy. This means that
its presence in the alloy destabilizes the strength of the
ferromagnetic exchange interactions, which was observed
in this work.
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