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In this paper, the thermopower (U) and hardness (HV) of FINEMET type glasses are studied during structu-
ral relaxation and beyond the crystallization onset. In this multicomponent alloy (Fe73.5−xSi13.5B9NbxCu1) both
property changes are more complex than that in binary Fe–B glasses. The phenomenon of relaxation and the
crystallization onset can be successfully distinguished in both property changes. Simultaneously with the hardness
increase, a slope increase in the thermopower versus temperature dependences was observed if crystallization star-
ted. The character of both property changes does alter drastically at the beginning of amorphous-nanocrystalline
transformation. Similar trends were measured on samples undergoing traditional isothermal and pulse heat treat-
ments.

DOI: 10.12693/APhysPolA.131.702
PACS/topics: 61.43.Dq, 72.15.Jf

1. Introduction

Recently the measurement of transport properties —
such as thermopower (U(T )) or electrical resistance
(ρ(T )) — have been successfully applied for the study
of phase transformations as well as monitoring the in-
ner stress state, in various metallic glassy systems [1–3].
The method has also been applied for monitoring the
degree of structural relaxation as well as for the study
of amorphous-crystalline transition [4]. However, for the
detection of inner stress state and structural relaxation
the measurement of thermopower is not sufficient and
for this reason additional methods like the investigation
of the Curie temperature shift and the measurement of
hardness change are also often used [5, 6].

The study of amorphous-crystalline transformation
using thermopower measurements is performed predomi-
nantly in compositionally simple systems. Here the shift
of the U(T ) slope attributed to the individual compo-
nents can be recognized easily.

The compositionally complex FINEMET alloy was
chosen for this study in order to detect not only the early
stage of relaxation but also the possible overlapping of
the relaxation effect and the early stage of the primary
crystallization (precipitation of α-Fe(Si)) to which extra-
ordinary magnetic softness of the FINEMET type alloys
is attributed.

The thermopower and microhardness measurements
were carried out simultaneously in order to detect me-
chanical hardening and magnetic softening in initial state
of transformation in this type of alloy.

∗corresponding author; e-mail: szabo.attila@uniduna.hu

2. Experiments

Isothermal and pulse annealing were performed on
FINEMET-type (Fe73.5−xSi13.5B9NbxCu1) amorphous
ribbons. The parameters of heat treatments are listed in
Table I. The details of pulse heat treatments are descri-
bed in [7]. Impulse heating was performed by alternating
the current pulses of approximately 10 A, 50 Hz. Pulse
duration was 0.3–0.5 s. Samples were processed under
this heat without applying forced air cooling. So, the es-
timated cooling rate is about 100 K/s. Thermal heating
rate was about 1000 K/s.

TABLE I

Heat treatment parameters.

Isothermal heat treatment (temp./time)
240 ◦C/1 h 240 ◦C/5 h 290 ◦C/1 h 340 ◦C/1 h
390 ◦C/1 h 450 ◦C/1 h 500 ◦C/1 h 540 ◦C/1 h

Pulse heat treatment at 240 ◦C
(pulse number × pulse length [s])

1× 0.1 3× 0.1 5× 0.1 10× 0.1

3. Results and discussion

Thermal activation enables only short-range atomic
displacements during structural relaxation, involving
short-range reorientation of chemical bonds between the
neighboring atoms. Consequently, atomic diffusion over
several atomic distances — which results in a critical nu-
clei formation of any crystalline phases — does not occur.

Nevertheless, the structural stabilization which is de-
tectable as a small volume contraction (bulk densifica-
tion) hints to the existence of thermodynamic stabiliza-
tion related to the as-quenched state. This phenomenon
is also reflected in the change of electronic structure.
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In Fig. 1, the U(T ) curves for FINEMET alloy are
plotted after various isothermal annealing. If the heat
treatment temperature is low (lower than the glass tran-
sition temperature, Tg), structural relaxation proceeds
only, hence, thermally induced stabilization of the fro-
zen glassy state takes place. The small shift of the U(T )
plot is regarded as the manifestation of the glassy state
stabilization (the slope of the curve slightly changes, but
this effect is within the experimental error). This effect
predicts negligible change in the free energy of the glassy
state (heat treatments at 240 and 340 ◦C in Fig. 1). Also
small change in electrical conductivity is expected accor-
ding to the Mott approximation [8], because mobility of
conduction electrons at the Fermi surface slightly decre-
ases due to the relaxation. In contrast, at the beginning
of crystallization (when crystallization starts) the slope
of the U(T ) curve shifts significantly to the opposite (po-
sitive) direction, i.e., the slope simultaneously decreases.

Fig. 1. Thermopower of FINEMET alloy after various
isothermal (1 h) heat treatments.

Fig. 2. The thermopower shift after increase of the
number of 0.10 s length pulses (peak temperature
240 ◦C).
The crystallization mechanisms of FINEMET glasses

are similar to that in the hypoeutectic Fe–B, which in-

dicate a two-step mechanism. The first step is the α-Fe
precipitation. The sign of appropriate shift (heat tre-
atment at 540 ◦C) is in qualitative agreement with the
experimentally detected α-Fe(Si) nanograin precipitation
from glassy matrix [9].

The results depicted in Fig. 1 are qualitatively suppor-
ted by the series of pulse heat treatments summarized in
Fig. 2, where the shift of U(T ) curves are illustrated ver-
sus the number of 0.10 s length pulses (small, increasing
slope). According to [7] the peak temperature during
the applied pulses is 345 ◦C. Solely structural relaxation
occurs at this temperature.

3.1. The hardness evolution during isothermal and pulse
annealings

The hardness increase of transition metal–metalloid
(TM–M) glasses during relaxation annealing is widely
known [3]. According to the literature, this increase
occurs slightly below 400 ◦C as Fig. 3 shows. The figure
indicates that slope of HV increase depends primarily on
the temperature of heat treatment and only slightly de-
pends on the heat treatment duration, showing the signi-
ficance of thermal activation short range rearrangements
involved. The abrupt increase indicates the beginning
of crystallization, which is in agreement with structural
investigation [9].

Similar tendency can be recognized during the pulse
annealing as well (see Fig. 4).

Fig. 3. The hardness evolution of FINEMET glass ver-
sus the increase of temperature of isotherm (1 h) heat
treatments (the role of heat treatment duration has se-
condary importance).

The increase in hardness is demonstrated in Fig. 4,
versus the pulse length after different numbers of app-
lied pulses. According to [7] the increase of pulse length
represents also increase of peak temperature. Below the
critical pulse length (ts<0.08 s) the resulting hardness
increase is within the experimental error.

If the pulse length is 0.08 s (peak temperature exceeds
240 ◦C) or longer, then the hardness suddenly increases
(note that higher hardness values are measured after the
pulse heat treatments).
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Fig. 4. Hardness versus increasing pulse length (the
curves refer to various pulse number at 240 ◦C peak tem-
perature heat treatments).

The significant difference between the hardness results
plotted in Fig. 3 and Fig. 4 may arise partly from diffe-
rent heat treatment method applied in the two series of
measurements [10].

Fig. 5. Coercivity of FINEMET samples versus the
pulse number, applying increasing pulse length. Peak
temperature 240 ◦C (figure published with kind permis-
sion of Dr. Novák, Technical University of Košice).

An important observation is that the thermal acti-
vation for the thermopower and hardness change is
significantly different. As Fig. 2 shows, the U(T )
sensitively changes even due to a single pulse. The
decrease in the coercive force is similar, as it is clearly
seen in Fig. 5, the Hc decrease is nearly comple-
ted even due to a single pulse (peak temperature
at 240 ◦C). This finding indicates the differences
in the relaxation mechanism of these properties.

For the U(T ) and Hc relaxation the dominant contribu-
tion arises from the change of electronic structure, while
the bond reorientation and short range atomic displace-
ments cannot be excluded in the hardness change.

4. Conclusion

1. The thermopower and hardness change in FINE-
MET type alloys are compared during isothermal and
pulse heat treatments, leading to various degree of struc-
tural relaxation and partial crystallization.

2. Both the thermopower and hardness change are
small in the period of structural relaxation and an abrupt
change can be detected at the crystallization onset.

3. In contrast to the hardness change, the thermopo-
wer is more sensitive to the small temperature increase.
This property is also supported by the coercivity change
in the same alloy.

4. Based on the experimental results, it is assumed
that low thermal activation is required for the thermo-
power change, as dominantly electronic rearrangements
is involved in this process. Similarly, the rapid decrease
in coercivity during the short time-scale pulse heat tre-
atments also hints the non-diffusive nature of coercivity
change during the relaxation processes. In contrast, a
short atomic scale rearrangement is assumed to be invol-
ved in the hardness increase.
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