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Abstract:
III this stud y it was investigat ed influ ence of temperature and frequency 011

permeability. coercivitv dlUl power loses of Fe, /B/.I.'i;JC: amorphous alloy. Magnetic
permeability measurements performed in nonisothermal and isothermal conditions was
confi rmed that efficient structural relaxation U '(I.'· occurred at temperature of 663 K. This
process was perfo rmed in two steps . the first one is kinetic and the second cue is diffuse.
Activation energies of these processes (ire: 1:.'. / "" 5:.02 kJ/mol for kinetic and E..: = 106.9
kJ/mol for diffuse. It was ShOWI1 that after C111IIealillg III 663 K coercivuy decrease about 30%
and theref ore substantial reduction in power loses h'as attained. Investigated amorphous
alloy satisfi ed the criteria for signal proces:\-i llg devices that work in mean f requency domain.
Key word...: Al/torplw llJ alloys: 51I"/(Clll r." relnsution: Annealing: Impro ving soft magnetic
properlies . _

I. Introduction

The amorphous alloys (metallic glasses) are advanced functiona l 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 m
the formation of highly stable. but brittle intennetallic 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 kinetics 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 appli cable in a variety of devices. such as transfo rmers. magnet ic
sensors and recording heads P;-lO] . The Curie temperature of these alloys increases slightly
on replacement of boron by silic on . It was also concluded tha t the crystalliza tion temperature
Increases with increase of con tent of silicon and decrea se of con tent of iron and boron.
Further, this results in a sharp increase of saturation magnetizat ion extend ing from Fe~(lB: () to
FeS2B I2Si(,. It should be noted that the multicomponent alloy s are easier to prepare in the
amorphous state than the binary ones. Thus for the highest sat uration magnetizat ion alloy
combined with case of preparation. stability and lowest losses, the alloys of Fe~B·Si system
are preferred II 1J.

Tailoring of funct ional properties of these alloys can be success fully perfo rmed ove r
reduction of res idual stresses during appropri ate therma l treatments. Therefore, til th is paper
we study intl ucncc of structu. al rel axati on on magnetic cha rac ter istics (coercivity II" rela tive
magnetic perme ability ~lr and power loses P,) of amorphous alloy FC8IB I3 SiI4C2. In order to
est imate magnetic properties for applications in electr ical eng inee ring. B-H hysteresis loop
mea su rements were made on the scale of frequencies from 50 Hz to 1 kHz and on different
excitation magnetic field .

2. Exper imenta l

Ribbon shaped samples of FCSlB IJSil4C2 amorph ous alloy were obtained using the
standard pro ced ure of rapid quenching of the mclt on a rotating disc (melt-spinning). Thermal
stabi lity was investigated in a nitrogen atmosphere by the di fferentia l scannin g ca lorimetry
(DSC) method using SHIMADZU. DSC-50 analyzer 111 the temperature region from room
temperature to 900 K. Magnetic permeability rncasurernents performed in isothermal
conditions from 623 to 66 3 K during 20 minutes . B-1I hysteresis loops were measure d on
toro idal core samples by Brockhaus Ml'G 100D measu ring system.

3. Results and d iscussion

The diffe rential scanning calorimetry method was used for investigat ing the
crystallization proc ess of the Fc~ ,B IJS i IC] amorphous alloy. II was observed that the
crys talliza tion occurs from 783 to 823 K (see Fig.I] . It has been established tha t the Cu rie
tempe rature is about 693 K for amorphous state (that is also confirmed by DSC cndo x-pcak
position).
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Fig. 1. DS C trace of
FeSIB IJSi4C2 amorphous
alloy at healing rate of
20 Klmin (arrow denotes
cndo A-peak i.c. Curie
tempera ture T, "0' 693 K) .
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In order to prevent early stage of crystallization process experiment were performed
in iso thermal condi tion" from 62J to 663 K for 20 nun. Th e dia gram of the change of relative
magnet ic pe rmeabil ity presented in Fig. 2. con firms that structura l re laxation was occurred.
The analysis of these results revea l that the process was performed in t"..'o steps. the fi rst one
is kinetic und the second one is diffuse.
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Fig. 2. The changes of rela tive magnetic permeability of FC8lBIlSi ..C~ amorphous alloy at
three isother mal treat ments 623 K, 6..13 K and 663 K.

The diagram in Fig. 3 shows logarithmic dependence of Isothermal relative magnetic
permealul iry Oil time In ).I ,~ n t ) . In init ial umc one can see linear de pendence associated to the
begmning of structural relaxation that IS acnvation ally con trolled by tran sitions ofatoms from
higher to lower energy state.
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Fi~.3 . The changes of logarit hm dependence of relative magnetic permeability at three
isotherma l 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 J.4 = [( t l ~) 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. 1=52.02 kl lmot for kinetic and E.1=106.9 kl lmol for di ffuse.
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Fig. 4. The changes of relative magnetic permeability on square root of the process time at
three rsothermaltreatrncnts 62 3 K. 64 3 K and 663 K.

After these investigations it can be concluded that the most Inten sive structural
relaxation were performed dunng anneahng at temperature of 663 K. The refore. one can
expect that the magnetic chara cteristics of this sample are the most attractive. In a frame of
the efficiently appl ication s In elec trical devices the ma in magnetic hysteres is properties such
as coerciviry. permeability and magnetic losses as a function of frequency were investigated.
These parameters were meas ure of the magnetic softness and after their op timization material
can be useful for electri cal eng ineeri ng purposes.

As it is shown on Fig. 5 after annealing at 663 K coerciviry decrease about 30% at all
frequencies and at magnetic fields intensities from 25 to 100 Aim. Th e increase of coerciviry
on magnetic fie ld IS specially observed at 50 Aim . For higher values of magnet ic 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
m Fig.5.

The role of magnctisation reversal is the real parame ter of dynamic hysteresis loop s.
The effect of frequency with the sinusoidal flux density is shown in Fig. 6. The excitation in
magnetic field amount had to 100 Aim. the frequency 50. 200 . 400. 600. 800 and 1000 Hz.
With Increas ing frequency. have greater rate of magnetic reversal. the hysteresis loops
become broader and therefore the losses higher. This beha viour is caused by eddy-current and
at higher freq uencies additionally by spin relaxatio n processes.
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Fig. 5. The changes of coerciviry of the FeSIB1 3Si4C2at different frequenci es after increase of
maximum magnetic field IIm,n from 25 Aim to 100 Aim in as-cast state and after annealing at
663 K.
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Fig. 6. Hystresis loops of the FeslB13Si4C2toroidal 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 (BI Bs::::: 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 reduc tion of Ps, i.e. after
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evolved stress relaxation the movement of the domain walls is easier and reduction of r.:nergy
losses is atta ined.
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FIJ:. 7. a) Total power loose P, refer red 10 the core mass and b) the separation of
magnetization reversal losses .

As the hysteresis losses are proportionally 10 the frequency t- f) and eddy-current
losses a re proportionally to (he square of frequency f- f ) it ca n be performed separation
between these co mponents. The results of separation of magnetization reversal tosses of the
Fe~ l B llS4C2 toro idal sample are shown in Fig. 7b. Due to the high electrical resistivi ty and
low thickness of the ribbon that is 35 urn (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 Wlkg for
as cast and Pi = 0.67 Wlkg for annealed sample (at 400 HZ; 0.57 T) are comparable with the
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data of P, = 2 Wlkg for METG LAS 2605 CO (Fe67Co I8BI~S i l alloys at 400 Hz; 0.6 T) l I2 ].
Therefore, invcstigated amorphous alloy satisfied the criteria for signal processing devices
that work in mean frequency doma in.

4. Conclusion

In this study it was investigated structural relaxation of FeHIB I}Sil4Cl amorphous
ribbon and improvement of magnetic characteristics (coerciviry He' relative magnetic
permeability ~ and power loses P5)' Performed analysis of isothermal relative magnetic
permeability shows that the stress relief process was performed in two steps: the first one is
kinetic with activation energy of Eal=52 .02 kl /mol and the second one is diffuse with
activation energy of E.2=106.9 kl /mol. The sample annealed at 663 K exhibit the highest level
of stress relief and therefore the most attractive magnetic softness 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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Caop;m:aj: Ypaoy j e UCnumQH ymuucj mevnepamype u qJpeKaeHl/uje na nepweaounnocm.
xoepunmneuy CU7Y u 'uaenemne ' 2y6umKe auopdsne mpaxe FeslBuSi4Cl. Mepesea uaenemne
nepueatiunnocmu. «oja cy cnpoeeoena y usomepsscxust u HeU30mep.1tCKu.11 ycnoeuua.
nomepousa cy oa ce npouec cmpyrmypne penaxcauuje oouepaea na 663 K. Oeaj npouec ce
ooeuj a iJeocmeneHo: np6u cmynan, je KUHemU'lKU, ca euepeujow axmueauuje
EnI= 51.01 kJ/mol, a opyeu cmynan; je iJUq,yJUOHU, ca enepeuj osi axmueauuje
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E,,]=J06.9k.J/mol. Tep.uU'IK/LlI ooepeean es« 110 663 K nocmum ymo je n060JbUlGH>t!

xoep uunmene Clue oi) 01'0 30 %, 1'00 II JIIO'lOjHO c.u OH>e1t>e ."a<~HenIHUC 2)'6 I1m m.:o . Ha OCH06Y

ananne qJp e1\6eHmHlIx xapaxmepucmuxa .U02J1emll t! nepsteabu snocmu 0 0114.10 ce 00

JOKbY·I1\.!l au ce UCIlW1/l160HO seeypa Fe8/BoSi4C! .vasce sopucmumu y nanpoea va JO

npo uecupatee ClIi' /la m j - oo.ueH)' cpeoma ¢ pe,.;,eeH11Itja.
K..Y'lH e perm: A.1/op¢no neeypa; cmpyxmypna penaxcauuja: AA~pe601be; no6o/f:>w on,e
." ai' HemUO.Ut!K1LT xapaxmepucmnxa


