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Structure and properties of soft magnetic alloy 2HCP subjected

to short-term annealing
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of thermomagnetic treatment in an elastic stress field (ESF) are characterized by a stable tendency to increase

saturation magnetization.

When studying the 2HCP alloy with small additions of Nb (~ 0.8at.%) and Cu

(~ 0.3at.%) at room temperature, an increase in saturation magnetization was found due to the effect of elastic
loading during cooling. The increase in magnetization was ~ 15% after TUO at 540 °C for 5min, and ~ 20%
after TUO at 540 °C for 7 min, respectively. It can be assumed that such a change in fundamental characteristics,
namely, the anomalous growth of saturation magnetization, is associated with the state of the amorphous structure
in the pre-crystallization stage, and with the appearance of finely dispersed precipitates of the crystalline phase as

a result of the decomposition of the amorphous matrix.
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A considerable improvement of the soft magnetic proper-
ties of amorphous alloys has been achieved in recent years,
driven by the need to develop soft magnetic materials with
higher saturation magnetization, lower coercivity, and high
magnetic permeability levels. This rapid progress is at-
tributable to the fact that these materials offer energy saving,
efficiency, and miniaturization advantages in fabrication of
electron-magnetic devices [1]. It is known that amorphous
alloys combine high hysteresis magnetic characteristics with
high plasticity and a relatively simple production process
(quenching from melt) [2]. The examination of magnetic
properties of a number of high-entropy alloys revealed
the prospects for development of soft magnetic materials
with their magnetic properties controlled by doping and
annealing.

Iron-based amorphous alloys are characterized by rela-
tively high values of saturation induction Bs and magne-
tostriction As and fine hysteresis magnetic properties; most
importantly, they offer low magnetization reversal losses,
which may be 5 or more times lower than the ones in
traditional electrical steels [1].

It was established that the saturation magnetization of
Fe—Ni—Si—B amorphous alloys (type 2NSR) tends to in-
crease consistently under certain thermomagnetic treatment
conditions in an elastic stress field (ESF). The saturation
magnetization in the 2NSR alloy with small additions
of Nb and Cu (< 1%) increased by more than 20%
with an increase in elastic load during cooling both in
the as-prepared state and after thermal treatment [3,4].
Spectroscopy data revealed that regions with different values
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of saturation magnetization were formed in tape samples
after spinning. It can be assumed that the increase in
magnetization is associated with the amorphous material
state at the recrystallization stage with the emergence of
finely dispersed precipitates of the crystalline phase as a
result of decomposition of the amorphous matrix [5]. Such
a change in magnetic characteristics may be caused by the
intensification of effective magnetic field at iron nuclei and
a change in the number of electronic states tog.

Thermal treatment leads to relaxation of atomic positions
in the bulk of the material, making the initial amorphous
state less ,loose”“ and enhancing magnetization [6,7]. The
degree of ordering of the atomic and electronic systems
of the 2NSR alloy was found to increase (relative to its
state immediately after spinning) after combined thermal
treatment in a magnetic field and ESF treatment, which
may lead to an enhancement of tape magnetization in
comparison with its magnetization in the as-prepared state.

The aim of the present study is to investigate the magnetic
properties of the 2NSR alloy in the as-prepared state and
after 5 and 7 min of thermomagnetic treatment at 540 °C.

The 2NSR alloy of the following composition (at.%) was
examined: Fe — 78, Ni — 1, Si — 8, B — 13, and small
additions of Nb (~ 0.8 at.%) and Cu (~ 0.3 at.%).

A VSM-250 vibration magnetometer was used to deter-
mine the saturation induction. The recorded magnetization
curves are the dependences of specific magnetization
o [A-m?/kg] on field strength H [Oe]. The vibra-
tion magnetometer data were processed using the Model
DJAW2000 [8,9] code.
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The structure and phase composition of the 2NSR
tape were studied using transmission electron diffraction
microscopy (JEOL JEM-2100F device). Foils studied with
this microscope were produced by ion thinning with argon
ions (Ion Slicer EM-091001S setup) of plates cut normally
to the modification surface from bulk samples using an
Isomet Low Speed Saw cutter. This made it possible to
trace the changes in structure of the elemental and phase
composition of the material with distance from the sample
surface (coating surface).

The saturation magnetization of iron-based amorphous
alloys tends to increase consistently under certain ESF
treatment conditions. The 2NSR alloy doped with Nb
was subjected in [3] to ESF treatment in a transverse
magnetic field with simultaneous application of an elastic
load codirectional with the magnetic field, and the saturation
magnetization was found to increase by more than 20 %
(the measurements were carried out at liquid nitrogen
temperature).

In the present study, room-temperature measurements for
the 2NSR alloy with small additions of Nb (~ 0.8 at.%)
and Cu (~ 0.3at%) revealed an increase in saturation
magnetization achieved due to elastic loading during cool-
ing, which is evident from the data presented in Fig. 1.
The magnetization increased by ~ 15% after Smin of
ESF treatment at 540 °C and by ~ 20 % after 7 min of ESF
treatment at 540 °C.

It can be assumed that this change in fundamental
parameters, namely the anomalous growth of saturation
magnetization [4,5], is associated with the state of the
amorphous structure at the pre-crystallization stage with the
emergence of finely dispersed precipitates of the crystalline
phase as a result of decomposition of the amorphous matrix.

The electron microscopic images of the 2NSR alloy
structure shown in Fig. 2 indicate that the material under
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Figure 1. Variation of saturation magnetization with magnitude
of the external magnetic field for the 2NSR alloy samples. /I —
As-prepared state; 2, 3 — ESF treatment for 5 and 7min,
respectively.
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study is amorphous. This is made clear by the structure
of the electron microdiffraction pattern, which features two
diffuse halos (Fig. 2,b5). A more detailed examination of
the tape structure revealed rounded inclusions distributed
in a chaotic manner. The small size (1.5—2.5nm) and low
concentration of such inclusions preclude us from recording
their microdiffraction pattern, which could potentially lead
to a conclusion regarding the formation of second-phase
inclusions and result in determination of their phase com-
position.

In certain cases, regions 1.5—3nm in size with an
ordered arrangement of electron-beam scattering centers
are revealed in the structure of the studied tape. This
is indicative of the initial stage of crystallization of the
amorphous material state. According to the results of
mechanical testing with an Instron 5582 machine, uniaxial
tension failure was of a brittle nature and occurred at
low degrees of deformation (~ 0.6%), which is quite
consistent with the amorphous state of the alloy under
study [10-12].

Room-temperature measurements for the 2NSR al-
loy with small additions of Nb (~ 0.8at.%) and Cu
(~ 0.3 at.%) revealed an increase in saturation magnetiza-
tion achieved due to elastic loading during cooling. It
was demonstrated that the anomalous growth of satu-
ration magnetization is associated with the state of the
amorphous structure at the pre-crystallization stage with
the emergence of nanosized (1.5—2.5nm) precipitates of
the crystalline phase as a result of decomposition of
the amorphous matrix and the formation of nanosized
(1.5—3 nm) regions with an ordered arrangement of atoms
(Figs. 3,4).

Further research should reveal the effect of production
parameters of a tape with this composition on the size,
topology, and number of nanoscale precipitates in the initial
quenched state. The influence of heating and cooling
rates, magnitude and direction of the magnetic field, and
magnitude and sign of the specific load on the structural
parameters and magnetic properties of the amorphous tape
after treatment needs to be studied. It is also necessary
to investigate the crystal structure and crystallographic
parameters of nanoscale cluster precursors and their mag-
netic characteristics. In the near future, we plan to
examine the possibility of synthesis of soft magnetic amor-
phous and nanocrystalline Fe—Si—B—P, Fe—Si—Nb—B, and
Fe—Ni—Nb—B alloys with nanosized ultradispersed clusters
and study their properties. The results reported above
may help produce electronic devices with an extended
frequency range, high magnetic induction, and low coercive
force.
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Figure 2. Electron microscopic images of the structure of the 2NSR tape after 7 min of thermomagnetic treatment at 540 °C. a, ¢, d —
Bright-field images with different magnifications; » — electron microdiffraction pattern of the region shown in panel a.

Figure 3. Electron microscopic images of the structure of the 2NSR tape after 7min of thermomagnetic treatment at 540 °C. Arrows
indicate particles of (presumably) the second phase.
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Figure 4. Electron microscopic image of the structure of the
2NSR tape after 7min of thermomagnetic treatment at 540 °C.
Regions with a quasi-ordered arrangement of scattering centers
are highlighted.
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