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ABSTRACT. Fast cooling of 10K/s, according to the melt-spinning method, ledhte
Fers sCNbsSiis Bz amorphous alloy formation. X-ray diffraction anatysmethod
(XRD) showed that the obtained alloy is in amorghstate. The differential scanning
calorimetry method (DSC) has defined the tempeeataterval of the crystallization
process to be from 510°C to 540°C. The same temperanterval has also been
confirmed by measuring electrical resistivity degemce over temperature. The heating
of alloy sample in the temperature interval fromPQ%0 600°C, leads to structural
changes in the alloy under the thermal influendrucBural relaxation and crystallization
processes have been investigated by thermoeletiveniorce measurement (TEMF) of
thermocouple amorphous alloy — copper. Based owrhhage in temperature coefficient
of TEMF thermocouple annealed at various tempegaturelative changes in electron
state density near Fermi level have been determibhéds been shown that the changes
in normalized magnetic permeability in correlatiaith appropriate structural changes,
which cause changes in electron state densityFerarmi level.

Key words: thermoelectromotive force, electron state denségrr~ermi level, electrical
resistivity, magnetic permeability.

INTRODUCTION

Amorphous metallic alloys (AMA) represent one ot thlasses of new materials,
which thanks to their extraordinary properties heeeome applicable in almost all branches
of technology, especially in electrical engineer(BgrNAL, 1960; TAKAYAMA , 1976). It is a
group of amorphous materials most oftenly obtaitedugh quenching of the melts obtained
by means of alloying of transitive metals (TM: Fe(®®,Ti,Mo,Nb,V,Cr,Zr,Pd), which
possess magnetic and electrical properties, withalmds (M: B,Si,P,C,Ge) which are
supposed to slow down the crystalization procesmguhe solidification of the melts. Large
quenching rates of around®00® K/s enable atomic order not higher than 1 nm éngtinucture
formed in this way @NG et al., 2005; 3WTosand SNTOs, 2001).
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The amorphous state of the metallic glasses is, eliewy structurally and
thermodynamically unstable and very susceptibleattial or complete crystallization during
thermal treatment, which requires the knowledgealtidys stability in a wide range of
temperatures. Generally, the stability is a thelynattivated process of transition from
disordered amorphous structure to an ordered ¢rgstecture. The sinthesis of amorphous
soft magnetic alloys, obtained through melt quemghechnique requires proper composition
of the alloy. This ensures improved levels of thepgrties, such as a high glass-forming
ability, good casting properties of the alloy whichturn determines the surface quality and
uniformity of the melt-spun ribbons, as well asesmhanced thermal stability of both magnetic
properties and amorphous structurayR_, et al., 2005; MARICIC, €t al., 2008; MNIC et al.,
2009a). The researches show that magnetic propeatter the crystallization process are
weakened or improved provided nanocrystal phases farmed (HNDERSON 1979;
MATUSITA andSAKKA , 1980; MNIC et al., 2009b).

Intensive researches on kinetic features of amarpladioys show correlation between
the physical nature of the anomalous behavior ettedbn state density near Fermi level,
thermal conductivity, heat capacity and resistivipm the one hand and structural
inhomogeneities in these materials on the othesI(RZELENOVIC et al., 2008; KALEZIC-
GLISovIC, 2012; MARICIC et al., 2012]. At temperatures of up to 100°C lower thhe
crystallization temperature, two competitive preess take place during annealing of
amorphous alloys: on the one hand, free volumeeasess, which lowers the rate of diffusion
mass transport, and on the other hand, arrangiogepses bring the alloy closer to the
crystallized state.

This paper aims to investigate effects of strudtutaanges of amorphous alloy
FerssCwuNbsSiis sB7 during the annealing process on its magnetic pelitiy and
thermoelectromotive force of the thermocouple arhoys alloy FessCuiNbsSiissB7 — Cu
and to define the correlation among the structahanges, magnetic properties and TEMF
change.

EXPERIMENTAL

The subject of the research this paper examinesribbon-shaped AMA
Ferz sCwuNbsSiis B7. The investigated ribbon samples werepd® thick and 70 mm length.
Differential scanning calorimetry (DSC) measuremenat performed using Netzsch DSC-
404, in an argon atmosphere, at a heating rateO8C/ithin. Electrical resistivity of the
amorphous ribbon was measured using 4-point methodthe oven under hydrogen
atmosphere, to prevent oxidation during heatingsisti®ity was measured non-isothermally
during heating from 25°C to 650°By measuring TEMF during thaultiple heatings of the
thermocouple obtainedy joining AMA and copper conductor, the changes in electron state
density near Fermi level have been determined upa@ry annealing within 10 minutes.
TEMF was measured by compensation method5df0® V sensitivity. Modified Faraday
method was used to investigate the temperature ndepee of change in normalized
magnetic permeability, in temperature range frommaemperature up to 600°C, in argon
atmosphere, at applied magnetic field of 8 kA/me Tieating run was 10°C/min.

RESULTS AND DISCUSSION

In our earlier paper (MRICIC et al., 2012) the results of thermal and thermoelectric
measurements were shown for this alloy. Fig. 1 shtemperature dependence of electrical
resistivity and DSC thermogram of the AMA7E€uwNbzSis8B7 (MARICIC et al., 2012).
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Figure 1. The temperature dependence of electésadtivity and DSC thermogram (heating rate of
20 °C/min) of the FesCuiNbsSiissB7 alloy sample (§— glass transition temperature;r -
crystallization temperature ¢ Curie temperature).

The presented temperature dependence of eleatesistivity of as-cast alloy shows
all the structural changes that occur within theestigated temperature interval. DSC
thermogram shows that the temperature range b#fererystallization from 150°C to 520°C
can be split into structural relaxation region (A58440°C) and supercooled liquid region,
which is in correlation with the measurement respff). First within 150°C and 400°C the
electrical resistivity increases, whereby two regican be noticed (Fig. 1) in which the speed
of the change in electrical resistivity varies, @fis characteristic of metals. Then comes the
region of almost constant resistivity (400°C-500%hich corresponds to the supercooled
liquid region. The biggest decrease in electriealstivity occurs in the range of temperature
crystallization, because the crystallization precesfollowed by the changes in electronic
structure and the increase in the number of freetreins due to reduced number of covalent
bonds, as well as the increased electron meanpa¢ie in the crystal state. Within the
temperature interval of 520°C-630°C, the electriesistivity starts to grow again. The
presence of newly formed phasess$ieand FeCu (KALEZIC-GLISOVIC, 2012) in the
amorphous matrix causes sudden increase in ekdatesistivity at higher temperatures.

Thermomagnetic measurements were used to investidpt effect of structural
relaxation process and crystallization process agmatic properties of this alloy (Fig. 2).
Upon a number of successive annealings of the sam@le with gradually higher annealing
temperature, magnetic permeability has increasedpyo 40%. Normalized values of the

magnetic permeability;(it /u ocpc ) Were obtained from the relation of magnetic pexbiéy
of the cooled sample upon every annealing (i =,8).and magnetic permeability of the as-
cast sample before heating {xc ).

Upon first heating in the temperature range of ghous state and upon cooling to
room temperature, magnetic permeability increses/#y Upon second heating of up to

300°C, in temperature range of amorphous state ugah cooling to room temperature
permeability rises by 35%, whereas after the thedting of up to 400°C it increases by 40%.
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Upon the fourth annealing at 450°C it comes taghslkecline in magnetic permeability of
the cooled sample for around 2% as compared t@dnmeability before the heating. The
annealing of the sample at 550°C (above the cryatain temperature) leads to a significant
fall in magnetic permeability of the cooled samjite around 60% as compared to the
maximum permeability of the sample with relaxed grhous structure, which was obtained
upon annealing at 400°C. The increase in magnetimgability upon each heating is caused
by structural relaxation process. This processddada decrease in the density of defects,
mechanical microstrains and free volume in theyadlample, which enables greater mobility
of magnetic domain wall&urthermore, under the influence of thermal enetiggiron atoms
with larger potential energy pass over the ener@yidrs and reach lower energy statsts.
these lower levels their 3d and 4s orbits bette@rlap with neighbouring atoms orbits, which
causes the increased exchange interraction aneéaserin magnetic permeabilityVith
simultaneous thermal treatment and the effect téreal magnetic field, the disoriented in-
between domain walls atoms assimilate with energkyi more favourable domain. Upon
cooling, this causes increase in magnetic permgabil the sample with relaxed amorphous
structure. The fall in magnetic permeability of the cooled génupon annealing at the
temperature of 550°C was caused by the crystadlizgirocess of amorphous pha3ée
alloy sample with the crystal structure has sigaifitly increased thermal stability of the
structure.Now the alloy atoms are positioned with minimumepatal energy, whereby the
change in direction of the chaotically oriented metge domains in the applied magnetic field
is harder, which causes the decline in magnetimeability. Simultaneously, the increased
thermal stability of the structure causes the iaseein Curie temperature: ©f alloy with the
crystal structure. Curie temperature gets slightly higher upon every new annealingsTsi
caused by increase in thermal stability of thecstme through structural relaxation process.
Therefore, greater thermal energy for disorientatbtd magnetic domains is required. Curie
temperature & of the sample with amorphous structure is in t@gerature range from
around 330°C to 370°C, which perfectly correlateish vihe results obtained through
measurements of electrical resistivity (Fig. 1).
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Figure 2. The temperature dependence of changermalized magnetic permeability of AMA
Fers sCwuNbsSiis sB7: @) first heating up to 200°C (i=1), b) secondtimepup to 300°C (i=2), c) third
heating up to 400°C (i=3), d) forth heating up 5®%C (i=4), e) fifth heating up to 550°C (i=5) and

f) sixth heating up to 600°C (i=6) in argon.
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The structural changes that occur during the sirattrelaxation process and
crystallization process have been investigated legma of measurement of thermoelectro-
motive force of the thermocouple obtained througsthanical coupling of copper conductor
(Cu) and tested AMA during multiple heatings of daene sample up to temperatures sf200°C,
t> = 300°C, 4 = 400°C, 4= 450°C, 4 = 550°C andet= 600°C successively. The results of the
measurements are shown in Fig. 3.
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Figure 3. Thermoelectromotive force temperaturexdggnce of the same sample of AMA
Fers CuNbsShs 87 during multiple heatings of up to temperatures200°C, 4= 300°C,
tz = 400°C, 4= 450°C, 4= 550°C andst= 600°C

It has been shown that upon each heating thereclgmiage in Seebeck coefficiemt
(Fig. 3),which represents the difference function of elattstate density n@ near Fermi
level as per the following relation:

k ny np
a= —(—-—=5), 1
: (nZ nl) 1)

whereeis electron charge, k is the Boltzmann’s constanis the electron state density near
Fermi level in copper andzms the electron state density near Fermi level iroghous
annealed alloy. With the increase in the annealérgperature the TEMF coefficient, i.e.
Seebeck coefficiertt decreases. Assuming that the electron state glansiiopper does not
change during the heating, it is obvious that thangea is caused only by the change in
electron state density in amorphous part of thentbeouple (R8I¢-ZELENOVIC €t al., 2008;
MARICIC et al., 2012; MNIC, et al., 2009c¢).

Based on the slopes of the linasgording to the relation for the Seebeck effesta AT ,

(AT — the difference in temperaturs of two junctipnslptive change in the electron state density nea
Fermi level has been determined in the amorphodsop#he thermocouple upon each anealling
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within 10 minutes: 2 = 28305 — 22 = 8679%, — 2> = 1217%, — 2% =15% i 25 — 2504
n21 n21 n21 n21 n21
(MARICIC et al., 2012) (Fig. 4a).

The diagram on Fig. 4 shows the dependance ofdla¢éive change in the electron
state density near Fermi level, and the chang®imalized values of magnetic permeability,
over the annealing temperature of the cooled aygple F& CuNbsSiis By.
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Figure 4. a) The annealing temperature dependdrtbe celative change in the electron state
density near Fermi level, b) the dependence ottiamge in normalized magnetic permeability over
the annealing temperature AMA &€ wNb:Sis 5.

The analysis of the experimental results repredentd-ig. 4 and Fig. 1 shows that the
temperature range from 20°C to 550°C, in whichsthectural changes were investigated, can be
devidedn several temperature subintervals.

Fig. 4 shows that the relative change in electtate slensity and the change in normalized
magnetic permeability of the alloy annealed at 2008 compared to the as-cast sample, is

An o o —
2200°C~20C _ 283% andM = 7%. Small values of

N 220C H2cc
these changes imply that the annealing of the sis-sample of the amorphous alloy
FerzsCwNbsShs B7 does not lead to the significant structural charigethe alloy. Within the
temperature range from 20°C to 200°C, the thernsag is insuficcient to transfer the atoms from
the higher energy levels to the lower more stael$. The annealing of the alloy at 300°C leads to
a significant change in electron state density fReami level and in the normalized value of the

n o o —
2300°C=20C _ ge704 and £300°C=20°C _ 3500 5ych big

N 2200C Homec
changes imply that during the annealing at 300PCintensive process of structural relaxation
occurs in the alloyUpon the annealing at 400°C a relative changeeirlctron state density near
Fermi level and the change in normalized magnetimpability as compared to the alloy annealed
An °C-300°
at 300°C were only: 2A00°C=300°C 35% and Haoore-300°C = 5%. These results show
N 220°C H2cc

relatively small being:

A
magnetic permeability (Figt):
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that during the heating from 300°C to 400°C, thecgiral relaxation occurs in the alloy at a far
lesser extentWith the annealing of the alloy at 450°C and 55QGf@€, electron state density
significantly increases near Fermi level, wherdasriormalized value of magnetic permeability

0 H5500c-4500C
AN 2550°C-45CC  _ 1, and = -60%. The

N 2200c H 20
significant increase in the electron state demsity sudden decline in magnetic permeability in the
temperature range from 450°C to 550°C is the coeseg in the first place of nucleation and then
of the crystalization of the amorphous phase irallog (Fig. 4).

Fig. 2 shows that upon the annealing of the atd58°C, with the new heating the Curie
temperature of the alloy exceeds 600¥8is confirms that during the annealing of the yakd
550°C, the crystallization of the amorphous phasared in the alloyl'he annealing of the alloy at
600°C does not cause significant changes in tlotratestate density near Fermi level and in the
normalized magnetic permeability. These resultsvghat the annealing of the alloy at 550°C can
lead to a complete thermal stability of its struetu

The presented experimental results and their asagj®ow that on the basis of the
temperature dependence of TEMF and magpetimeability,the temperature intervals in which
the structural relaxation and crystalization preessmay be determinek. addition, it has been
determind that there is a distinctive correlatietwteen the structural changes, electron statetgensi
near Fermi level and magnetic permeability.

considerably decreases:

CONCLUSION

During the multiple annealings of the amorphousyadlample Fg fCuiNbsSiis 87 within
the temperature range from 20°C to 600°C, thetstald¢ransformations occur in the alloy causing
irretrievable changes in TEMF of thermocouple AME&d and magnetic permeability of the alloy.
During the heating of the as-cast sample to 208f@;tural changes occur in the alloy causing very
small changes in the electron state density neari F@/el and in the magnetic permeability.

Within the temperature interval from 200°C to 3Q0&@ intensive structural relaxation
occurs in the alloyThe amorphous structure of the alloy becoordsrlyfor a short, accompanied
by simultaneous decrease in internal microstraims the density of chaotically positioned
dislocations, which leads to the increase in teetn state density near Fermi level and in the
magnetic permeabilitywithin the temperataure interval from od 300°C @0°C, the structural
relaxation occurs to a much lesser extent. Inrgdrd, the changes in electron state density and
magnetic permeability are proportionally considragmaller. Structural relaxation of about
smaller intensity occurs in the temperature rang@ #00°C to 450°CAt the temperatures higher
than 400°C, the stabilization of larger atoms @nade more difficult to movélb and Cu starts.
Theseirretrievablestructural changes cause increase in electrondsatity near Fermi level, yet
smaller decline in magnetic permeability. In thenperature range from 450°C to 550°C, the
nucleation processes occur, followed by crystaéibnaof amorphous phase of the alloy. These
processes cause sudden incr@asiee electron state density near Fermi levebfmyut 15% and a
sudden decline in normalized magnetic permealuftythe cooled sample for about 60% as
compared to the maximum permeability of the rela@drphous structure of the alloy.
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