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The paper presents the results of tests carried out on samples of FeCoB-based alloys. The samples
were produced by a technique involving the injection of each liquid alloy into a copper water-cooled
mould. The investigated materials are characterised by much better properties than their crystalline
counterparts with the same chemical composition. It has been shown that the cooling rate has a signifi-
cant impact on the magnetic properties of the produced alloy. Alteration of the production parameters
of FeCoB alloys has a decisive influence on the resulting properties of these alloys. The research has
revealed evidence that changes in the structural characteristics are related directly to changes in the
magnetic properties.
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1. Introduction

Development of physics, chemistry, metallurgy
and materials engineering is conducive to obtain-
ing new materials. Their production method may
determine their values [1–3]. Further stages of the
refinement of their properties are different treat-
ment methods, e.g., annealing, heating, interfer-
ence with a current pulse or a laser beam of dif-
ferent power [4–8]. In the 1990s, a new group of
amorphous materials called bulk amorphous alloys
was born [9–11]. Interestingly, these materials dif-
fered from their predecessors (classic amorphous
materials in the form of ribbons [12, 13]) only in
their thickness. Later studies have shown that
the thickness has great importance in the case of
properties [14]. In order to produce bulk amor-
phous alloys, three criteria developed by A. In-
oue and colleagues from the Tochoku University in
Japan should be used [15]. It was assumed that
the alloy should consist of more than three compo-
nents whose atomic radii (at least the main com-
ponents) will differ by more than 12% and the
alloying components will have a negative heat of

Fig. 1. Diagram showing the change in Gibbs free
energy [16].

mixing. All these criteria are limiting the migra-
tion of atoms in the volume of the solidifying alloy,
which — in turn — inhibits the formation of en-
ergetically privileged systems. An amorphous state
is a thermodynamically unstable state, and adding
energy to it ultimately leads to the formation of
a periodic crystal lattice. Energy change diagram
of the system (see Fig. 1) describes well Gibbs free
energies [16].
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A special group of bulk amorphous materials are
ferromagnetic alloys showing soft magnetic proper-
ties [17]. This group includes mainly FeCoB-based
alloys, which are widely studied in many scien-
tific and industrial centers [17–24]. High hopes are
placed in these materials in terms of reducing losses
due to magnetization and operation of transform-
ers at high frequencies. The commonly used FeSi
transformer steels are produced in multiple stages,
which ultimately translates into the cost of their
production and environmental protection. There-
fore, it is important to conduct constant research
on modern, rapidly-cooled materials with an amor-
phous or nanocrystalline structure. The commonly
used nanocrystallization methods rely on heating
or annealing of an amorphous material, which is
very sensitive to temperature and process time.
A structure change can also be obtained as a re-
sult of the production process itself, which signifi-
cantly shortens the preparation time of nanocrys-
talline materials and is considered as an economic
factor.

This paper presents test results for rapidly-cooled
Fe65Nb5Y7Hf3B20 alloy produced at different cool-
ing rates.

2. Materials and methods

Test samples were obtained from components of
purity: Fe — 99.98; Co — 99.99; Y — 99.98;
Hf — 99.98; B — 99.98. Alloy components were
weighed out to four decimal places. In the first step,
crystalline ingots were produced. The weighted ma-
terial was placed in a cavity on a water-cooled cop-
per plate. It was subsequently smelted in a vacuum
furnace using plasma arc. Mixing of the alloy com-
ponents consisted of several times turning the com-
bined components and their re-melting. Always be-
fore melting, high vacuum was obtained inside the
working chamber and flushed with an inert gas (Ar).
At the final stage, an Ar vacuum of 0.7 bar was ob-
tained. In order to purge the atmosphere of the re-
maining impurities, pure titanium was pre-melted
to act as the absorbent remaining in the oxygen
chamber.

Ingots prepared according to the above procedure
were cleaned of oxides and impurities, first mechan-
ically and then using an ultrasonic cleaner. Divid-
ing the ingots into smaller batch portions was per-
formed using a hydraulic press. The pieces of the
ingot were used to make a rapidly-cooled sample by
the injection method where liquid alloy was forced
into a copper water cooled mold. The piece of the
ingot was placed in a 12 mm diameter quartz tube
with an opening against the 1.5 mm diameter mold.
Using the eddy currents, the ingot was melted and
the molten alloy was forced into the copper mold by
passing argon through a tube. Samples were pro-
duced under the same conditions as for the ingot.
The produced samples had the shape of plates with
0.5 mm thickness and area of 100 mm2.

Fig. 2. X-ray diffraction patterns for the alloy
samples: (a) crystal ingot, (b) rapidly-cooled
sample.

Samples prepared in this way were tested for
structure with the use of X-rays. For this pur-
pose, an X-ray diffractometer by BRUKER model
ADVANCE 8 was used. Measurements were made
in the range of 30–100◦ of 2θ angle, with the measur-
ing step of 0.02◦ and exposure time of 7 s per step.
Measurements were made for low energy crushed
samples in agate mortar within toluene. Performing
the measurements for crushed samples makes it pos-
sible to obtain information from the entire volume.
Measurements of magnetic properties were made
with the use of a LAKESHORE 7307 VSM, operat-
ing in the range of magnetic field strength up to 2 T.
Both the structure and magnetic properties mea-
surements were performed at room temperature.

3. Results

Figure 2 shows the X-ray diffraction images for
the tested samples. The obtained diffraction pat-
terns for the sample from the ingot and after the
rapidly-cooling process differ significantly. The first
diffractogram (see Fig. 2a) shows clear peaks orig-
inating from the crystalline phases present in the
sample volume. In the case of the second diffrac-
togram (Fig. 2b), only a broad, blurred halo typ-
ical for amorphous materials is visible. The solid-
ification process on the copper plate does not en-
sure a sufficiently high cooling rate, which causes
the migration of atoms and merging them into sys-
tems with lower energy. Lowering systems energy
leads to the formation of crystal clusters within
which nuclei of crystallization initially form, and
then crystal grains and their propagation. Finally,
the entire sample becomes crystalline and the grain
growth stops due to reaching a thermodynamically
stable state.
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Fig. 3. Static magnetic hysteresis loops for the al-
loys: (a) cooling on a copper plate, (b) rapidly-
cooling.

Figure 3 shows the static magnetic hysteresis
loops measured for the tested alloy. Static magnetic
hysteresis loops for the tested alloy samples are sim-
ilar. It is clearly visible that in both cases the tested
material is a ferromagnetic material with soft mag-
netic properties. The change in the value of mag-
netization saturation and coercive field is the result
of a different material structure, which has a direct
impact on the magnetic structure. Magnetic inter-
actions are the result of interactions between pairs
of magnetic atoms. Determining the stiffness pa-
rameter Dspf of the spin wave, one can indirectly
infer the strength of the magnetic interactions. Pa-
rameter Dspf is related with other parameters by
relation

b = 3.54µ0

(
gµB

4πDspf

)3/2

kBT. (1)

Here, b is the slope of the linear fit corresponding
to the thermally-induced suppression of spin-waves
by a magnetic field of high intensity, µ0 is the mag-
netic permeability of a vacuum, kB — Boltzmann’s
constant, µB — the Bohr magneton, g — the gyro-
magnetic factor, and T — the temperature.

The crystalline alloy is characterized by a sat-
uration magnetization value of 1.03 T, a coer-
cive field of 6200 A/m and a parameter value
Dspf = 11.3 meV nm2. The alloy with the same
chemical composition produced by injection cast-
ing is characterized by completely different proper-
ties. Namely, a much lower value of the coercive
field (HC = 20 A/m) and saturation magnetization
(MS = 0.47 T) and a much higher value of param-
eter Dspf = 34.3 meV nm2.

4. Conclusions

The process of producing rapidly-cooled materi-
als determines the evaluation of the structure and
has a direct impact on ferromagnetic alloys prop-
erties. The appearance of a well-developed crys-
tal structure without directional texturing signifi-
cantly deteriorates the soft magnetic properties of
this type of alloys.
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