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Summary. Magnetic properties of nanocrystalline Fe,gB;3Sio alloys are studied for three series
prepared by ball milling starting from amorphous ribbons, crystallized ribbons, and elemental
powders. Temperature variation of static magnetization results in strong ferromagnetic interaction
which is weakly dependent on the initial material. Magnetic hysteresis loops show that saturation
magnetization, magnetic remanence, and coercive field increase with frequency for both series of
ribbon samples, whereas they decrease for alloys prepared from elemental powders. Power losses
raise faster for the alloys prepared from elemental powders than for the two other alloys.
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Introduction

Nanotechnology offers new routes to synthesize new materials as well as to modify
materials of classical chemical composition. The unique properties of such materials
are due to a specific internal structure composed of grains of nanometer size. A
remarkable amount of atoms is located at grain surfaces; their local structural and
chemical coordination may be different from those it the grain cores. Depending on
the way of synthesis, up to 50% of the atoms may occupy such surface or grain
boundary sites. This in turn determines physical properties of the nanomaterials [1].

The above considerations raise the important question how properties are affected
by the initial state of the materials from which the nanoproducts are prepared,
especially when the ball milling technique is used. In order to compare the properties
of final nanomaterials, Fe;gB3Sio alloys were selected and processed in various
ways. Amorphous alloys of the same composition have been studied several years ago
as potential transformer cores [2—4]. As the applicability range is determined by
magnetization, coercivity, and power loss properties, a response of these alloys to
magnetic fields is studied at various frequencies. The observed hysteresis arises from
the fact that the non-equilibrium magnetic system in alloys is moved around in phase
space by an external magnetic field [5].
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Results and Discussion

The experimental results show that high-energy ball milling produces a nano-
crystalline structure for all starting materials studied. The average final crystallite
sizes are about 8 to 16nm. Structural evolution of alloys occuring during the
milling process affects the magnetic properties of the alloys.

All alloys studied exhibit a strong ferromagnetic ordering, independent of the
starting material. The room temperature values of static magnetization of the K and
P alloys are in the range of 180 to 189A-m2/kg depending on milling time.
Typical magnetization curves of P alloys are shown in Fig. 1. The A alloys exhibit a
somewhat smaller room temperature magnetization of 180A-m2/kg. The Curie
temperature of the nanocrystalline phases determined from temperature variation
of magnetization amounts to 1050 K and confirms strong magnetic interactions.
Temperature variation of magnetization allows to detect the presence of various
magnetic phases as well as their respective Curie temperatures. The magnetic
hysteresis loops registered at room temperature show a smooth evolution of
magnetization, coercivity, and power losses with milling time.

Saturation magnetization of the K alloys is spread up to 0.18 T depending on
frequency and increases with milling time (Fig. 2). For these alloys containing a
mixture of a-Fe(Si) and Fe,B phases, the parallel increase of magnetic remanence
and coercive field with milling time can be seen from Figs. 3 and 4. For the longest
milling time of 450 h, when the alloys attain the nanocrystalline structure, satura-
tion magnetization and coercive field increase approximately twice upon varying
the frequency from 50 to 50000 Hz (Figs. 2 and 4). Figure 5 shows that also the
power losses increase abruptly with milling time. The coercive fields and power
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Fig. 1. Temperature variation of mass magnetization for Fe;gB3Siy alloys P prepared from a
mixture of elemental powders at various milling times
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Fig. 2. Variation of saturation magnetization with milling time at various frequencies for alloys K
prepared from crystallized ribbons
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Fig. 3. Variation of magnetic remanence with milling time at various frequencies for alloys K
prepared from crystallized ribbons
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Fig. 4. Variation of coercive field with milling time at various frequencies for alloys K prepared
from crystallized ribbons

900 4 |.... o 50 Hz D
—— 100 Hz
800 4 |- s 500 Hz
—— 1000 Hz
700 ~ ~o: 5000 Hz
—— 10000 Hz ]
600 { | o~ 50 000 Hz v
2 500 -
=
B 400
300
200 -
1004
o o
0 — g °

T T T T T | T T T
0 50 100 150 200 250 300 350 400 450

t/h

Fig. 5. Variation of power losses with milling time at various frequencies for alloys K prepared from
crystallized ribbons
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losses increase also for P alloys; in these alloys, the Si atoms are dissoluted, and
the B atoms migrate into the iron lattice.

The above described behaviour is in contrast to that of A alloys, in which
saturation magnetization, magnetic remanence, and coercive field diminish with
milling time. On the other hand, power losses increase with milling time. Such a
behaviour is related to a decay of the amorphous phase. The nanocrystalline
structure made up from «-Fe(Si) and Fe,B phases develops during the milling
process. This transformation from the amorphous to the nanocrystalline phase has
been confirmed by magnetization curves and Moessbauer spectroscopy [7].

The oscillating magnetic field strongly influences coercivity and magnetic
losses in the alloys studied. Saturation magnetization and magnetic remanence
increase monotonically with frequency for A and K alloys (Figs. 6 and 7), whereas
these parameters diminish for the P alloys. Coercivity increases with frequency in
A and K alloys as shown in Fig. 8. The same tendency has been reported for
amorphous Fe-based alloys [8]. Figure 8 also shows that the coercive field of the P
alloys decreases with increasing frequency.

Magnetic losses Pg raise with frequency as shown in Fig. 9 for the three alloy
series. Absolute values of Pg are of the same order of magnitude in the A and K
alloys when compared at the same frequency and agree with values reported for
Fe;gB3Sio alloys [9-13]. At lower frequencies, values of Pg are about one order of
magnitude smaller for the P alloys.

In soft magnetic materials, magnetic losses are composed of two contributions.
The first one is related to hysteresis losses occuring due to reordering of mag-
netic domain structures in an oscillating magnetic field and is approximately
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Fig. 6. Frequency dependence of magnetization for A, K, and P alloys
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Fig. 7. Frequency dependence of magnetic remanence for A, K, and P alloys
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Fig. 8. Frequency dependence of coercive field for A, K, and P alloys
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Fig. 9. Frequency dependence of power losses for A, K, and P alloys

proportional to the frequency v [14, 15]. For Fe;45Cug75Nb; 255113 5B, losses
have been approximated by v°, z ranging between 1.3 and 1.8 [16]. The second
contribution, related to eddy current losses, is proportional to v 2 [9, 14] and domi-
nates at higher frequencies. Plots of power losses vs. frequency allow to calculate
the exponents governing these dependences. The values of z are very close to 1 for
the A and K alloys, whereas for P alloys this exponent amounts to about 1.3.

Frequency variation of magnetic loop parameters is related to the rate depen-
dent hysteresis of the magnetic system, which is driven both by the external mag-
netic field and thermal excitations. A response (accommodation) of the magnetic
system to the actual magnetic field depends on the height of energy barriers and the
rate of thermal relaxation occuring at given frequency.

The ball milling route was found to be an effective way to produce nanocrystal-
line alloys with properties required for practical applications; the distribution of
magnetic parameters depends only weakly on the form of starting materials used
for the synthesis of the alloys.

Experimental

The ball milling procedures were applied to three materials of the composition Fe;gB3Sio: amor-
phous ribbons, crystallized ribbons, and a mixture of elemental crystalline powders. Amorphous
ribbons with a thickness about 0.02 mm produced by the melt spinning technique were cut into
pieces of about 5 x 5mm. Part of the ribbon was fully crystallized by annealing at 900K for 1h.
Both the amorphous and crystallized ribbons were initially broken and used as starting materials for
the ball milling procedure, which produced the ‘A’ and ‘K’ alloys, respectively. As a third starting
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material, a mixture of crystalline powders of desired atomic composition, resulted in the ‘P’ alloys.
The ball milling was performed in a vibratory mill under Ar. Stainless steel vials and balls were used.
The weight ratio of balls to milled material was 5:1. During milling, small quantities of powder were
removed from the vial in a glove-box filled with Ar. More details of the preparation are described in
Refs. [6, 7].

X-Ray diffraction (XRD) and differential scanning calorimetry (DSC) were used for alloy char-
acterization. Contamination mainly by oxygen and iron originating from the milling process did not
exceed 2 at.%. The lattice parameters were determined from the diffraction patterns by least square
fitting with employing an angle correction function. Mean crystallite size D and average microstrain
were calculated using the Cauchy-Gauss method with errors not exceeding 10 and 15%, respectively.
Static magnetization measurements were made with a Faraday balance with an accuracy of below
1%. Magnetic hysteresis loops were recorded over a broad frequency range (50 to 400000 Hz) at
magnetic field amplitudes of 500 and 5000 A /m.
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