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The magnetization process is based on bringing about a unified arrangement of the magnetic domains.
During this process, there are shifts and then the rotations of the domain walls. At a later stage, domains
with a direction of magnetization that do not correlate with the applied magnetic field disappear. The
turnover depends on the size of the domains. For an amorphous structure, the key factors determining
the size of the magnetic domains are the distance between the magnetic atoms and the possible presence
of crystalline grains. The paper presents the results of research on the influence of Cu addition on the
distances between magnetic atoms and the magnetization process in high magnetic fields. The structure
of the alloys was studied using X-ray diffraction. The mean grain size was estimated using the Scherrer
method. The magnetic properties were determined on the basis of measurements with a vibrating
magnetometer. A numerical analysis of the primary magnetization curves was performed. Despite the
significant reorganization of the structure, no changes in the distance between the magnetic atoms were
observed, as indicated by slight changes in the Dspf parameter. It was found that a small addition of
Cu positively influences the improvement of the magnetic properties, in particular the reduction of the
value of the coercive field.
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1. Introduction

Rapid quenched alloys with a high Fe content
are characterized by good magnetic properties. De-
pending on the cooling rate and chemical composi-
tion, it is possible to produce alloys with an amor-
phous or nanocrystalline structure in a one-stage
process [1]. The type of phases formed during solid-
ification determines the properties of these materi-
als — rapid quenched alloys may have hard mag-
netic properties (for example, with the Y2Fe14B
phase [2]), semi-hard magnetic properties (with the
Fe5Y phase [3]), or soft magnetic properties (with
the α-Fe, Fe2B, Fe23B6, Fe3B [4–6]). The properties
of these alloys are related, among other things, to
the distances between magnetic atoms [7] and the
size of crystal grains [8].

Designing an alloy with good soft magnetic prop-
erties in a one-step process is quite a difficult task.
Additions of some transition metals in amounts
below 1% cause very large changes in the alloy’s

glass-forming ability [9–12]. Appropriate selection
of the chemical composition allows obtaining a
nanocrystalline alloy with phases improving soft
magnetic properties.

The aim of the work is to determine the effect of
Cu addition on the structure and magnetic proper-
ties of rapidly quenched FeCo-based alloys.

2. Experimental procedure

Polycrystalline alloy ingots were produced in an
arc furnace under a protective atmosphere of ar-
gon (Ar pressure 0.3 atm). The alloys were melted
from high-purity ingredients: B — 99.9%, other in-
gredients — 99.99%. The melting process was car-
ried out on a copper plate cooled by water. The
charge was melted 5 times, and the ingot was turned
over each time to homogenize it. The ingots were
cleaned mechanically and, after being divided into
smaller pieces, in an ultrasonic bath. Samples of
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rapid quenched alloys were produced by the in-
jection method. Plate-shaped samples with dimen-
sionss of 10 × 10 × 0.5 mm3 were obtained. The
injection process was carried out in a protective at-
mosphere of argon (Ar pressure 0.3 atm).

The structure of the alloys was examined using
X-ray diffraction (XRD). A Bruker ADVANCE 8
diffractometer was used. Measurements were carried
out with a measuring step of 0.02◦ and an exposure
time of 5 s. The measured diffractograms were ana-
lyzed using the Match! program. The data obtained
from the analysis were used to determine the aver-
age grain sizes using the Scherrer method [13]

D =
λK

2β0 cos(θ)
, (1)

where:

K — Scherrer form factor (K = 0.91),
λ — wavelength of characteristic radiation,
β0 — half width at half peak intensity (back-
ground included),
θ — Bragg’s angle.

Static magnetic hysteresis loops and primary
magnetization curves were measured using a Lake
Shore VSM 7307 vibration magnetometer in the
range of external magnetic field intensity up to 2 T.
Based on the analysis of the primary magnetization
curve, the spin wave stiffness parameter Dspf was
calculated. For this purpose, the direction parame-
ter of the line, b, should be determined, which fits
the magnetization course as a function of (µ0H)1/2,
where H is the external magnetic field. The b pa-
rameter is related to the spin wave stiffness param-
eter by the relationship [7]

b = 3.54 gµ0µB

(
1

4πDspf

)3/2

kBT (gµB)
1/2, (2)

where:

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

3. Results

Figure 1 presents X-ray diffraction images ob-
tained for the tested alloys in the solidified state.

The measured diffractograms differ significantly
from each other. The Fe36Co36Y8B20 alloy is char-
acterized by an amorphous structure, as indicated
by the presence of a single wide, diffuse maximum
(Fig. 1a). The minimal addition of Cu caused par-
tial crystallization of the alloy during its solidifi-
cation. The presence of crystalline phases α-Fe and

Fig. 1. X-ray diffraction patterns for the rod-
form samples of the investigated alloys: (a)
Fe36Co36Y8B20, (b) (Fe36Co36Y8B20)99.9Cu0.1, (c)
(Fe36Co36Y8B20)99Cu1.

TABLE I

Results of analysis for XRD measured for the tested
alloys.

Alloy
Medium grain size [nm]

Co2Y α-Fe Co23B6 Co3Y
(Fe36Co36Y8B20)99.9Cu0.1 18 32 – –

(Fe36Co36Y8B20)99Cu1 – 22 20 18

Co2Y was identified (Fig. 1b). In this case, the max-
imum indicating the presence of a disordered phase
is still very clear. Together with the low intensity of
the peaks, this indicates a small share of crystals in
the melt volume. An alloy with 1% copper is much
more crystallized. Co3Y, α-Fe, and Co23B6 phases
were identified in the sample volume. The maximum
associated with the amorphous phase is barely no-
ticeable. Based on the diffractograms, average grain
sizes were determined for the tested alloys. The re-
sults are given in Table I.

For all identified phases, the grain size does not
exceed 35 nm. Taking into account the type of
phases present in the alloys, it should be assumed
that they should not have a negative impact on
the soft magnetic properties of the tested alloys.
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Fig. 2. Static magnetic hysteresis
loops for the tested alloy samples: (a)
Fe36Co36Y8B20, (b) (Fe36Co36Y8B20)99.9Cu0.1,
(c) (Fe36Co36Y8B20)99Cu1.

TABLE II

Magnetic properties of investigated alloys.

MS

[T]
HC

[A/m]
Dspf

[meV nm2]
Phases

Fe36Co36Y8B20 [14] 1.09 208 51 amorp.

(Fe36Co36Y8B20)99.9Cu0.1 1.03 74 49
α-Fe,
Co2Y

(Fe36Co36Y8B20)99Cu1 1.07 185 51
α-Fe,
Co3Y,
Co23B6

Figure 2 shows static magnetic hysteresis loops for
the produced alloy samples. The measured loops
have a shape typical for soft magnetic materials.
On the basis of the loop, the saturation magnetiza-
tion value (MS) and the value of the coercive field
(HC) were determined; the data are presented in
Table II (see also [14]).

Figure 3 shows the magnetization curves as a
function of (µ0H)1/2. The primary magnetization
curves were subjected to numerical analysis. On its
basis, the spin wave stiffness parameter Dspf was
determined (Table II).

It turns out that the presence of crystalline phases
does not affect the distances between magnetic
atoms, moreover, the presence of only two crys-
talline phases (alloy (Fe36Co36Y8B20)99.9Cu0.1) sig-
nificantly reduces the HC value. The presence of
three crystalline phases complicates the magnetic
structure and, to some extent, hinders the process
of magnetizing the alloy. This may be related to the
obstruction of the rotation of the domain walls by
one of the crystalline phases present.

4. Conclusions

The work showed that even 0.1% of Cu addi-
tion reduces the alloy’s glass-forming ability. With
a 1% addition, this effect is much more visible.

Fig. 3. Magnetization as a function of
(µ0H)1/2 for the investigated alloys: (a)
Fe36Co36Y8B20, (b) (Fe36Co36Y8B20)99.9Cu0.1,
(c) (Fe36Co36Y8B20)99Cu1.

A small addition of Cu resulted in the formation
of two crystalline phases, while a larger addition
resulted in three phases. The magnetization pro-
cess of all tested alloys is similar, but the alloy
(Fe36Co36Y8B20)99.9Cu0.1 shows the best magnetic
properties. Due to the similar average grain size for
nanocrystalline alloys, it should be stated that this
effect is related to the less complicated magnetic
structure of the (Fe36Co36Y8B20)99.9Cu0.1 alloy.
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