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Abstract:

In this study we present the results on structural relaxation of the CozFesSijoBs
amorphous alloy investigated by measuring the thermo-electromotive force (TEMF) during
isothermal annealing (for 600 s). A mechanical junction of the investigated alloy and a
copper conductor has been constructed for measuring the thermo-electromotive force ().
Annealing was performed at temperatures T; = 430°C, T,=460°C and T;=480°C which are
about 50 to 100°C lower than the crystallization temperature. At these temperatures
structural relaxation occurred only in the amorphous alloy. The activation energy E=224
kJ/mol and rate constants k;=6.66:107 s, k,=33-107 s and k;=76-10" s at temperatures
T, T, and T;, respectively, have been determined for the process. Each isothermal annealing
has been followed by determination of the relative change of the electronic state density at the
Fermi level as An;/n=2.36%, Anyn =3.21% and Ans/n=9.80%, respectively.

Keywords: Amorphous alloy, Free electron density, Electrical properties, Magnetic
properties.

1. Introduction

Physical features of amorphous metal alloys are irreversibly changed in the process of
structural relaxation. This has been the subject of our research for several years [1-4].

The process of structural relaxation is usually studied under conditions of non-
isothermal heating at a constant rate up to temperatures slightly below the crystallization
temperature and under conditions of non-isothermal cooling. Kinetic features of amorphous
alloys show a correlation between the physical nature of the anomalous behavior of electronic
states density at the Fermi level, thermal conductivity, heat capacitance and electrical
resistivity on the one hand and structural inhomogeneities in these materials on the other. At
temperatures up to 100 °C lower than the crystallization temperature two competitive
processes take place during annealing of amorphous alloys: on the one hand, free volume
decreases, which lowers the rate of diffusion mass transport, and on the other hand, arranging
processes bring the alloy closer to the crystallized state increasing its readiness for
crystallization [5-7].

Most experimental investigations based on the electronic structure [8, 9] are about
determination of free electron density N(E) or free electron density at the Fermi level N(Eg).
However, due to the impossibility of investigating the Fermi-surface of amorphous metal
alloys based on transition metals, experimental results contain less information than the same
experiments on crystal materials. Correlation between the electron structure and properties of
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amorphous metal alloys can not be completely solved on the basis of experimental results.

2. Theoretical model

At the junction of materials, with different Fermi levels, electrons move from the
material with a higher Fermi level to the material with a lower Fermi level due to the
thermodynamic tendency of equalizing Fermi levels in these two materials. As a result of
these processes, a so-called constant external potential difference exists, caused by the
difference of output work of the electrons (A; and A,) in the two materials, when the electrons
move from the material with lower output work into the material with higher output work
(A,<A; corresponds to ny>n;, where n is the concentration of free electrons in the material):
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A potential difference also exists between inward points of the contact surface. Due to
equalizing of the Fermi levels of the two materials, potential energies of electrons in the other
material are lower than the ones in the first one for Ep,-Ef, so the following internal contact
potential difference occurs:
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in other words,
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Therefore, the internal potential difference is a consequence of the difference in the
concentration of electron gases in conducting materials in contact. The temperature
dependence of U; is hidden, because the Fermi level E; is also temperature dependent.

If the joint conductors are held at different temperatures T,>T,, a thermoelectric
current occurs, as a consequence of the thermo electromotive force:
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is the thermo electromotive force coefficient depending on the characteristics of the materials
in junction and AT is the temperature difference of the two junctions.

3. Experimental procedure

A thirty-micrometer-thick ribbon of the Co;oFesSijoBis amorphous alloy was used as
a sample in our research. A mechanical junction of the investigated alloy and a copper
conductor was constructed for measuring TEMF. Measurements of TEMF and the
temperature dependence of electric resistance were performed using a double-channel voltage
signals recorder with a sensitivity of 1 pV.

The crystallization process was investigated using the DSC method in the temperature
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interval from room temperature to 700°C. Measurements of relative magnetic permeability in
isothermal and non-isothermal conditions were performed using a modified Maxwell method,
based on the action of an inhomogeneous field on the magnetic. Measurements of the
magnetic force were performed with a sensitivity of 10°N. All measurements were done in
argon atmosphere.

4. Results and discussion
4. 1. Structural Relaxation Kinetics

Experimentally obtained isothermal dependencies of the TEMF of the Cu-Al
amorphous alloy thermocouple on time at temperatures of T; , T, and T; are presented in
Fig 1.

The results obtained show a linear dependence of TEMS on time, which can be given
as:

e=kt+g,
where ¢ - is the TEMS at any moment during isothermal annealing, £ —is a structural
relaxation rate constant at a certain temperature and &, -is the initial TEMS at the annealing

temperature . This value is proportional to the temperature of isothermal annealing and
inversely proportional to the sample-heating rate to the given temperature.

From the line slopes presented in Fig. 1 structural relaxation rate constants
ki=6.66:107 s, k,=33-10” s and k;=76-10” s were determined at =T,=430°C, T,=460°C
and T3=480°C, respectively.

The Aln k dependence on 1/T was also linear. From the slopes of linear dependencies
In k vs. 10°/T the value of activation energy E,=224 kJ/mol was determined.
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Fig. 1 TEMF dependence on time at temperatures T,;=430°C, T,=460°C and T5=480°C

Thus, measurements of the thermo-electromotive force can be used for investigation
of the structural state of amorphous metal alloys and changes of the thermo-electromotive
force coefficient can be used to evaluate the degree of system heterogeneity.
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4. 2. Change of electronic state density at the Fermi level during isothermal
annealing

It was experimentally determined that a linear TEMF temperature dependence existed
before and after each annealing, Fig. 2.

From the line slopes presented in Fig. 1 temperature TEMF coefficients were
determined before and after each isothermal annealing at temperatures 430, 460 and 480°C,
being 0=5.92 uV/°C and a,=6.06 pV/°C, a,=6.11 pV/°C and 03=6.50 pV/°C, respectively.

From the relation (6) showing the dependence of the TEMF temperature coefficient
on the electronic state density difference at the Fermi level of the material in junction, the
change of electronic state density at the Fermi level after each isothermal annealing was
determined: An;/n=2.36%, Any/n = 3.21 %. The increased value An;/n=9.8% most likely
resulted from partial alloy crystallization at temperature T;=480°C.
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Fig. 2 TEMF temperature dependence before and after annealing at T,=430°C, T,=460°C
and T3=480°C. The duration of annealing was 600 s.

The results obtained show that during isothermal annealing of the CooFesSiioBs
amorphous alloy at temperatures about 50°C lower than the crystallization temperature,
structural relaxation and the process of partial crystallization take place in the material at
temperatures T, and T,, and at temperature T3, respectively. As a result of the process, the
electronic state density at the Fermi level increases in the amorphous alloy. These changes
directly affect electrical and magnetic properties of the alloy.

4.3 Electrical and Magnetic Properties

Electrical Properties Fig. 3 presents the experimentally obtained dependence of
electrical resistivity of the alloy on temperature.

According to DSC measurements, Fig.4, the alloy crystallizes in two stages, at
temperature T;=460°C for the first stage and at T,=540°C for the second one. The temperature
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dependence of electrical resistivity presented in Fig. 3 shows that a sudden decrease of
electrical resistivity occurs during each crystallization stage.
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Fig. 3 Temperature dependence of electrical resistivity
The results obtained indicate that the sudden decrease of electrical resistivity during

the crystallization process has been caused not only by the increase of the electron mean free
path but also by the increase of electronic state density at the Fermi level.
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Fig. 4 DSC curve; heating rate 10 K/min

Magnetic Properties ~ Fig. 5 presents the results of measurements of the change of
relative magnetic permeability before and after annealing. The results obtained show that
after structural relaxation at T=460°C and 480°C, magnetic properties have changed, being in
direct correlation with the change of electronic state density at the Fermi level.

These results show that the relative change of magnetic permeability after annealing
is in full correlation with the change of electron state densities at the Fermi level. Namely,
electrons responsible for ferromagnetic properties must be located in deeper energy states.
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These bands should not be completely full, as the effect of electron spins of full states is
cancelled. Thus, internal, partially filled bands have an effect on ferromagnetism. As during
structural relaxation of the amorphous alloy atoms move to lower energy states and electron
state densities increase in the high energy states, it is obvious that the number of free quantum
states in the lower sub-shell increases. Electron spins will then spontaneously orient in the
same direction attaining a lower energy state. Due to the Pauli principle only one electron can
be present in any quantum state.
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Fig. 5 The effect of annealing on the relative change of magnetic permeability

This way, the increase of free quantum states in internal partially filled bands
increases the number of electrons with parallel-uncoupled spins that finally leads to a higher
magnetic permeability of the amorphous alloy after structural relaxation. However, when the
amorphous alloy has completely crystallized its ferromagnetism is weaker than in the
amorphous state. Reduction of magnetic permeability (ferromagnetic properties) of the
amorphous alloy after crystallization can be explained by a reduction of inter-particle
distances. The partially filled sub-shell diameter and inter-atomic distance ratio is now
significantly smaller than before the crystallization process that has a significant influence on
the reduction of ferromagnetic properties.

5. Conclusion

The CooFesSijoBis amorphous alloy retains its amorphous structure up to 400°C.
During isothermal annealing, the TEMF increases at temperatures about 50 to 100 °C lower
than the crystallization temperature. The electronic state density at the Fermi level increases
after each isothermal annealing. The changes of electron density at the Fermi level during
structural relaxation cause changes of its electrical and magnetic properties. Direct
proportionality between the increase of electronic state density and electrical conductivity has
been determined. The dependence of magnetic properties on electronic state density is
considerably more complex.

References

[1] M.V.Susi¢, A.M.Mari¢i¢, N.S.Mitrovi¢, Sci. Sinter. 28 (1996), 189.
[2] A.M.Mari¢i¢, M.M.Risti¢, Sci. Sinter. 28 (1996), 182.
[3] A.M.Marici¢, M.V.Susi¢, M.M.Risti¢, J.Serb.Chem.Soc. 62(8) (1997) 643.



A. Maricié et al./Science of Sintering, 36 (2004) 197-203 203

[4] A.M.Marici¢, R.Lj.Simeunovi¢, M.M.Risti¢, IX World Round Table Conference on
Sintering, (1998) 96.

[5] L.A.Jacobson, J.McKittrik, Rapid Solidification Processing, Elsevier, 1994.

[6] K.Suzuki, H.Fudzimori, K.Yasamoto, Amorfnye metally, Metallurgiya, Moskva, 1987
(in Russian).

[7] V.E.Egoruskin, N.V.Melnikova, Metalofizika, T.10, N°1 (1988), 81.

[8] A.P. Spak., V.L. Karbovskij, A.N. Jaresko, Metalofizika i noveisie tehnologii, 16. N°
3 (1994), 32-57.

[9] A.P. Spak., V.L. Karbovskij, A.V. Bliznij, Bliznij poredak i osobennosti elektronnoj
strukturi v amorfnih metalliceskih splavah na osnove 3d-metallov. KNMF,(1994) 44.

[10] A. M. Mari¢i¢, A. Kalezi¢-Glisovi¢, D. Mini¢ and M. M. Risti¢, Science of
Sintering: Current Problems and New Trends, Belgrade (2003), 403.

Pestome: B Oanmoti pabome npedcmasienvi pe3yivmamvl CMPYKMYPHOU penakcayuu
amopghnozo cnaasa CoqgFesSioBis noayuenst usmepenuem mepmodnexmpoosudicyujeis cuvl
npU NOMOWU MEPMONApPbl, NOLYUEHHOU MEXAHUYECKUM COeOUHEeHUEeM NPOBOOHUKA U3 MeOU U
uccnedyemozo amop@Hoco cniaga 6 uzomepmuyeckux ycuosusx 6 meuenue 600 c¢ npu
memnepamypax T;=430, T,=460 u T;=480°C. Dmu memnepamypor npubiuzumenvro na 50-
100° C nuoce memnepamypor kpucmaniuzayuy. CmpyKmypHas penakcayus npomexaem
monvko 6 amopgrom cniase. Onpedenenvl dnepeus akmusayuu npoyecca E=224 koac/monw,
koncmanmol  ckopocmu  npoyecca (k;=6,66-10"s", k;=3310"s" u k;=7610"s") npu
memnepamypax T;, T, u T; Ha ocnosanmuu usmeneHuss nocie Kadxicoo2co Omaicued
memMnepamypHo2o  Koapguyuenma  mepModINeKMmpoosudICyuetl  CUuibl,  OnpeodeseHo
OMHOCUMENbHOE UBMEHeHUe WIOMHOCIU COCHOSHULL J1eKMPOHO8 AMOPHHO20 CNIa8a Ha
yposre @epmu (An/n=2,36%, Any/n =3,21% u Ans/n= 9,80%.)

Knrouesvle cnoea: Amopghnulii cnias, niomHocms c80000HBIX NEKMPOHO8, INEKMPUUECKUE
CBOUCMBA, MACHUMHbLE CEOUCMEA.

Caoporcaj: 'Y 06om pady damu cy pe3yimamu CMpYKmypHe peiaxcayuje amop@ue nezype
CoqFesSi0Bys npahiene meperwvem mepmoenexmpomomopne cune (TEM®) mepmonapa
0CmBapenHoe MexXaHuuykum cnajarem baxapuoe npogoonuxa Cu u ucnumueane amopue
nezype y usomepmckum ycioguma, moxom 600 s, na memnepmypama 1T,=430, T>=460 u
T;=480°C. Ose memnepamype cy npubaudxcro 3a 50 oo 100°C nudxce 00 memnepamype
Kpucmanuszayuje, mako 0a ce CmMpyKmypHa peiaxkcayuja 008uja camo y amop@Hoj re2ypu.
Oopehene cy enepeuja axmusayuje npoyeca, E = 224 kJ/mol, xoncmaume 6p3une
k; =6,66-107s", k,=3310"s" u k;=76-10"s" na memnepamypama T;, T, u Ts. U3 npomene
memMnepamypHoz KoeQuyujeHma mepmoeieKmpoMomopHe cujle Nocie C8aKoe 00zpesarvd,
oopehena je penamueHa NPOMEHA 2YCMUHE CMAlba eleKmpoHa amop@ue ne2ype Ha
Depmujesom nusoy, Any/n=2,36%, Any/n =3,21% u Ans/n= 9,80%.

Kuwyune peuu: Amopgua nezypa, zycmuna cio000HUX eleKMPOHA, eleKMPUdHa C8Ojcmed,
MAazcHemHa ceojcmaa.




