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Abstract:

In this study it was investigated influence of temperature and frequency on
permeability, coercivity and power loses of Feg,B;:Si,C. amorphous alloy. Magnetic
permeability measurements performed in nonisothermal and isothermal conditions was
confirmed that efficient structural relaxation was occurred at temperature of 663 K. This
process was performed in two steps, the first one is kinetic and the second one is diffuse.
Activation energies of these processes are: E,) = 52.02 kJ/mol for kinetic and E,; = 106.9
kJ/mol for diffuse. It was shown that after annealing at 663 K coercivity decrease about 30%
and therefore substantial reduction in power loses was attained. Investigated amorphous
alloy satisfied the criteria for signal processing devices that work in mean frequency domain.
Keywords: Amorphous alloys; Structural relaxation; Annealing; Improving soft magnetic
properties

1. Introduction

The amorphous alloys (metallic glasses) are advanced functional materials due to a
specific combination of properties. These materials are characterized by structure with
absence of the distant order atom arrangement and characterized by high degree of anisotropy
of physical properties [1-3].

The amorphous state of matter is, however, structurally and thermodynamically
unstable and very susceptible to partial or complete crystallization during thermal treatment.
The crucial limitation with respect to using metal glasses for high temperature applications
arises from their restricted thermal stability. The onset of exothermic crystallization results in
the formation of highly stable, but brittle intermetallic compounds. Further, for amorphous
alloys that exhibit excellent magnetic properties the crystallization represents the limit at
which these properties begin to deteriorate. For the case alloys that exhibit excellent magnetic
properties in the two-phase nanocrystal-amorphous matrix structure, control of the
crystallization kinctics allows the ability to tailor desired structure [4-6]. Therefore, the
knowledge of alloys stability in a broad range of temperature due to different crystallization
processes which occur during annealing is crucial [7].

Among these materials, the amorphous alloys of Fe and B have been very interesting
because of the combination of soft ferromagnetic properties and high saturation magnetic flux
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density. These alloys arc applicable in a variety of devices, such as transformers, magnetic
sensors and recording heads [8-10]. The Curic temperature of these alloys increases slightly
on replacement of boron by silicon. It was also concluded that the crystallization temperature
increases with increase of content of silicon and decrease of content of iron and boron.
Further, this results in a sharp increase of saturation magnetization extending from Feg,B, to
Fes,B,,S1,. It should be noted that the multicomponent alloys are easier to prepare in the
amorphous state than the binary ones. Thus for the highest saturation magnetization alloy
combined with easc of preparation, stability and lowest losses, the alloys of Fe-B-Si system
are preferred [11].

Tailoring of functional properties of these alloys can be successfully performed over
reduction of residual stresses during appropriate thermal treatments. Thercfore, in this paper
we study influence of structu: ul relaxation on magnetic characteristics (coercivity H,, relative
magnetic permeability 1, and power loses P,) of amorphous alloy Feg;B,:Si,,C.. In order to
estimate magnetic properties for applications in electrical engineering. B-H hysteresis loop
measurements were made on the scale of frequencies from 50 Hz to 1 kHz and on ditferent
excitation magnetic field.

2. Experimental

Ribbon shaped samples of FegB;3S1,,C, amorphous alloy were obtained using the
standard procedure of rapid quenching of the melt on a rotating disc (melt-spinning). Thermal
stability was investigated in a nitrogen atmosphere by the differential scanning calorimetry
(DSC) method using SHIMADZU DSC-50 analyzer in the temperature region from room
temperature to 900 K. Magnetic permeability mcasurements performed in isothermal
conditions from 623 to 663 K during 20 minutes. B-H hysteresis loops were measured on
toroidal core samples by Brockhaus MPG 100D measuring system.

3. Results and discussion

The differential scanning calorimetry method was used for investigating the
crystallization process of the IFeyB:S1,C; amorphous alloy. It was observed that the
crystallization occurs from 783 to 823 K (see Fig.1). It has becn established that the Curie
temperature is about 693 K for amorphous state (that is also confirmed by DSC endo A-peak
position).
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In order to prevent early stage of crystallization process experiment were performed
in isothermal conditions from 623 to 663 K for 20 mimn. The diagram of the change of relative
magnetic permeability presented in Fig. 2. confirms that structural relaxation was occurred.
The analysis of these results reveal that the process was performed in two steps, the first one
is kinetic and the second one is diffuse.
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Fig. 2. The changes of relative magnetic permeability of Fes,B,3S1;C; amorphous alloy at

three isothermal treatments 623 K, 643 K and 663 K.

The diagram in Fig. 3 shows logarithmic dependence of isothermal relative magnetic
permeability on time In p=f(t). In initial ime one can see linear dependence associated to the
beginning of structural relaxation that is activationally controlled by transitions of atoms from
higher to lower energy state.
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Fig.3. The changes of logarithm dependence of relative magnetic permeability at three
isothermal treatments 623 K, 643 K and 663 K.
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The second stage of the structural relaxation process is characterized by linear
dependence p, = f(t'?) as it is presented in Fig. 4. The observed dependence suggests that the
second stage of the stress relief is a diffusion process due to the movement of the inter cavity

atoms loading to the free volume decrease. Activation energies of these processes are:
E,;=52.02 kJ/mol for kinetic and E,;=106.9 kJ/mol for diffuse.
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Fig. 4. The changes of relative magnetic permeability on square root of the process time at
three 1sothermal treatments 623 K, 643 K and 663 K.

After these investigations it can be concluded that the most intensive structural
relaxation were performed during annealing at temperature of 663 K. Therefore, one can
expect that the magnetic characteristics of this sample are the most attractive. In a frame of
the efficiently applications in electrical devices the main magnetic hysteresis properties such
as coercivity, permeability and magnetic losses as a function of frequency were investigated.
These parameters were measure of the magnetic sofiness and after their optimization material
can be useful for electrical engineering purposes.

As it is shown on Fig. 5 after annealing at 663 K coercivity decrease about 30% at all
frequencies and at magnetic fields intensities from 25 to 100 A/m. The increase of coercivity
on magnetic field is specially observed at 50 A/m. For higher values of magnetic field
coercivity is almost independent. The influence of frequency on the changes of coercivity of
as-cast and annealed samples is the same, i.e. it can be observed the similar increase on curves
in Fig. 5.

The role of magnetisation reversal is the real parameter of dynamic hysteresis loops.
The effect of frequency with the sinusoidal flux density 1s shown in Fig. 6. The excitation in
magnetic field amount had to 100 A/m, the frequency 50, 200, 400, 600, 800 and 1000 Hz.
With increasing frequency, have greater rate of magnetic reversal, the hysteresis loops
become broader and therefore the losses higher. This behaviour is caused by eddy-current and
at higher frequencies additionally by spin relaxation processes.
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Fig. 5. The changes of coercivity of the Feg B,3S1,C; at different frequencies after increase of
maximum magnetic field Hy,, from 25 A/mto 100 A/m in as-cast state and after annealing at
663 K.
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Fig. 6. Hystresis loops of the Feg; B,3S1,C; toroidal sample in as cast state at different
frequencies (from 50 Hz to 1000 Hz).

It should be noted that the hysteresis loops are with high remanence ratio (B,/B;= 0.8)
what can be very useful advantage of this magnetic material. The core losses that are
proportional to the surface area of the hysteresis loop and consist of hysteresis and eddy-
current losses. Frequency dependence of total power loss P, referred to the core mass is
shown in Fig. 7a. The sample annealed at 663 K exhibit strong reduction of Ps, i.e. after
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evolved stress relaxation the movement of the domain walls is easier and reduction of energy
losses is attained.
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Fig. 7. a) Total power loose P, referred to the core mass and b) the separation of
magnetization reversal losses.

As the hysteresis losses are proportionally to the frequency (~ f) and eddy-current
losses are proportionally to the square of frequency (~ f) it can be performed scparation
between these components. The results of separation of magnetization reversal losses of the
FeyB,3S14C,; toroidal sample are shown in Fig. 7b. Due to the high electrical resistivity and
low thickness of the ribbon that is 35 pm (which both limit the eddy current losses) and due to
the low hysteresis losses one can see low core losses. Obtained results of P, = 3.25 W/kg for
as cast and P; = 0.67 W/kg for annealed sample (at 400 Hz; 0.57 T) are comparable with the
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data of P, = 2 W/kg for METGLAS 2605 CO (Fes7Co,sB 451, alloys at 400 Hz: 0.6 T) [12].
Therefore, investigated amorphous alloy satisfied the criteria for signal processing devices
that work i mean frequency domain.

4. Conclusion

In this study it was investigated structural relaxation of Feg B,:Si;;(’, amorphous
ribbon and improvement of magnetic characteristics (coercivity H,, relative magnetic
permeability p, and power loses P;). Performed analysis of isothermal relative magnetic
permeability shows that the stress relief process was performed in two steps: the first one 1s
kinetic with activation energy of E,;=52.02 kJ/mol and the second one is diffuse with
activation energy of E;;=106.9 kJ/mol. The sample annealed at 663 K exhibit the highest level
of stress relief and therefore the most attractive magnetic sofiness due to coercivity decrease
of about 30%. Annealed sample have substantial reduced power loses in mean frequency
domain and still poses the high remanence ratio (about 0.8) making this alloy perspective for
signal processing devices.
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~1 Cy Ln &

Cadpoicaj: 'V pady je ucnuman ymuyaj memnepamype u ppexeenyuje Ha nepmeaourHocm,
KOEPYUMUGHY cuny u ‘mazremue’ zybumwe amophne mpaxe Feg B :5i1,C,. Meperva maznemue
nepMeabuIHoCmy, Koja cy CcnpoéedeHa y UI0OMePMCKUM U HeUIOMEPMCKUM YCI08UMA,
nomepouna ¢y 0a ce npoyec cmpykmypHe penaxcayuje oouzpasa na 663 K. Osaj npoyec ce
008uja  0BOCMENeHo. Npeu CMyndre je KuWemuuku, Cca eHepaujom  akmusaiuje
Eq=52.02 kJ/imol, a opyeu cmynaw je oOugysuonu, ca ewepaujom axmusayuje
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E.»=106.9kJ/mol. Tepmuuxum oocpeearwem wna 663 K nocmuecnymo je nobosuwiaree
Koepyumusne cune 00 oko 30 %, kao u sHauajHo crarerve mazwemnux 2ybumaxa. Ha ocrogy
ananuze (hpekeHmHUX KApAKMepucmuxa MazHemue nepmeadburHocmu Oouno ce 00
sakmyuka Oa ce ucnumusana nezypa Feg B;;Si,C,; mooce xopucmumu y nanpasama 3a
npoyecuparee CucHana y OoMeHy cpeorux ppexeeHyiyja.

Kuwyune peuu: Awviopgua nezypa; cmpyxmypua peraxcayuja;, oozpeéare; nobomsuiarse
MAZHEMHOMEKUX KapaKmepucmuxa




