
Optica Applicata, Vol. XXXV, No. 3, 2005
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The structural stability of Co78Si9B13 and Fe78Si9B13 metallic glasses was investigated by
differential scanning calorimetry (DSC), X-ray diffraction, Hall effect and electrical resistivity
methods. It was found that at first isochronal annealing leads to the formation of α-M (M = Co, Fe)
phases.This process is followed by the formation of M2B phases. The phases were identified by
X-ray diffraction method and their structures were confirmed with the use of quantum chemistry
method. The creation of crystalline phases decreases abruptly the Hall and electrical resistivities.
The alloy containing Fe appeared to have a much wider range of structural stability. 
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1. Introduction

A rapid solidification from the liquid state leads to the formation of a metastable
amorphous structure. Depending on the method of such a rapid solidification as well
as the composition of the alloy, the obtained metastable structures are characterized
by supersaturation in defects, an extension of solid solubility above the equilibrium
limit, formation of metastable crystalline, quasicrystalline or glassy phases [1].
Metallic glasses are obtained just through the rapid solidification, so they exhibit short
range ordering (SRO). The metastability is understandable because atoms during
a quick transition from liquid to solid state do not take up the equilibrium position, in
which they would have lower energy. As a consequence, the structural relaxations take
place, which leads, through the changes of the chemical and topological short range
ordering (CSRO and TSRO) as well as in medium range ordering (MRO), to a
polycrystalline state [2, 3]. The initiation and the kinetics of the crystallization process
depend on many factors. It is known that defects in the solidified alloys can act as
nucleation sites or can accelerate crystal growth. The differences in the density of
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defects may influence kinetics of precipitation or decomposition of metastable phases.
Therefore, due to their anisotropic microstructure, fluctuations of the density of defects
in metallic glass ribbons shall lead to a complicated transformation to a crystalline
state. Phase transitions in the crystallization process of metallic glasses have different
kinetics depending on the various possible types of transformation. Depending on the
alloy composition, transformation can occur due to the following typical reactions:
polymorphous, eutectoid, primary and peritectoid crystallization [1]. Research
concerning phase transitions in metallic glasses is intensive both from scientific point
of view and for application of these materials. In our laboratory we have investigated
the structural and physical properties of Fe78–xCoxSi9B13 metallic glasses. In this
paper, we concentrate on the analysis of the influence of composition on the structure
relaxation caused by isochronal annealing. For the reason of comparison we have
chosen the most distinctive glasses from the family, i.e., Fe78Si9B13 and Co78Si9B13.
The thermal stimulation of the structural changes, which finally can lead to the phase
transitions is realized by isochronal or isothermal annealing. Naturally, the structural
changes coincide with the changes of physical properties, and the latter ones are
especially significant when a phase transition occurs. The standard methods applied
to investigation of phase transitions are: differential scanning calorimetry (DSC),
X-ray diffraction, electrical resistivity and optical or electron microscopy. The aim of
this paper is to study phase transitions also through investigation of the Hall effect in
metallic glasses M78Si9B13 (M = Fe, Co), which were isochronally annealed (4 h) at
different temperatures ranging from 573 to 823 K. 

2. Experimental

The ribbons of metallic glasses Fe78Si9B13 and Co78Si9B13 were prepared by the roller
quenching method. DSC measurements were carried out using an STA-409 NETZSCH
apparatus under an argon stream at a constant heating rate of 5 K/min. Measurements
of the electrical and Hall resistivities and X-ray diffraction were done at room
temperature for the as-received as well as isochronally (4 h) annealed samples at
different temperatures (573–823 K) in inert argon atmosphere. The X-ray studies were
performed using DRON-2.0 diffractometer with Mo Kα radiation. The Hall voltage
was measured by a constant current method at constant magnetic field [4]. The
electrical resistivity was also measured in the d.c. regime. The quantum chemical
calculations of the total energy of the created phases were done using a semi-empirical
method of HyperChem 6.0 program.

3. Results and discussion 

The result of the investigation of non-isothermal crystallization process carried out
for Fe78Si9B13 and Co78Si9B13 metallic glasses by DSC at a constant heating rate of
5 K/min shows that devitrification of both alloys consists of two main stages. In the
case of Co78Si9B13 the exoterm peaks in DSC curve are widely separated, while those
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of Fe78Si9B13 are closely situated. The peaks responsible for the first stage of
crystallization are wide and the others are sharp. Positions of the maximum of the
peaks referring to the first and second stage of crystallization are listed in the Table.

Stimulation of the structural changes was initiated by annealing at 573 K, which
is much less than the temperature of the first stage of crystallization for both Co78Si9B13
and Fe78Si9B13. 

In order to analyse the structural changes and identify the phases formed out of the
matrix an X-ray investigation for the as-received as well as annealed samples was
performed. Diffraction patterns for both alloys are presented in Fig. 1. As one can see
the crystallization of the metallic glasses begins after the annealing at 648 and 723 K
for alloys containing Co and Fe, respectively. A qualitative analysis of the phases
formed proves that these are the phases of the transition metals, i.e., α-Co and α-Fe
[6, 7]. The amorphous matrix is enriched with boron after the crystalline phase of metal

Fig. 1. X-ray diffraction patterns for samples of alloys: Co78Si9B13 (a) and Fe78Si9B13 (b).
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is created, and this leads to crystallization of Co2B and Fe2B phases, formed after
annealing at 773 K. 

To verify the sequence of the phases determined on the basis of X-ray diffraction,
quantum chemistry calculations of the total energy of the model clusters representing
the alloys under investigation (Fig. 2) were carried out by semi-empirical method
(ZINDO/1). Values of the total energy of α-Co clusters are smaller than those of
Co2B clusters and the energies obtained for α-Fe and Fe2B are in analogous relation.
These results prove that in both alloys at first the metal phases crystallize out of
amorphous matrix during the annealing because they require lower energy and only
after annealing at higher temperatures the borides crystallize. The differences between
the calculated values of the energy of metal and boride phases are 66930.7 kcal/mol
and 44680.1 kcal/mol for Co78Si9B13 and Fe78Si9B13, respectively. This proves that
the difference between the temperature of crystallization of metal and boride phases
in the alloy with Co is greater than that of the alloy with Fe.

The electrical resistivity belongs to a family of the properties of electronic transport
and its measurement is a standard method of defining structural transformations [5].
Now, we will consider the influence of magnetic field on the transport properties in
ferromagnetic amorphous materials during transformation. Figures 3 and 4 show the
results of investigation of the Hall resistivity ρH as a function of external magnetic
field B0 for samples in as-received state and samples annealed isochronally at different
temperatures. With an increase of the annealing temperature the ρH decreases. For
the Co78Si9B13 alloy the first lowering of the curves ρH = f (B0) occurs after annealing

α-Co
E = –228327.7 kcal/mol

Co2B
E = –161397 kcal/mol

Co

Fe

B

α-Fe
E = –163806 kcal/mol

Fe2B
E = –119125.9 kcal/mol

Fig. 2. Clusters of the formed phases.
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at 623 K and the next distinct lowerings of the curves are observed after annealing at
673 and 773 K. For the Fe78Si9B13 alloy the abruptly decline of curves ρH = f (B0)
occurs after annealing at 723 and 773 K. On the basis of the X-ray diffraction
investigations we can state that as a result of annealing of Co78Si9B13 alloy at 648 and
773 K and the Fe78Si9B13 alloy at 723 and 773 K creation of crystalline phases begins
(Fig. 1). The diffraction patterns (Fig. 1a) as well as the result of investigation of

Fig. 3. Hall resistivity ρH as a function of the applied magnetic induction B0 for samples of Co78Si9B13
alloy annealed at different temperatures.
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Fig. 4. Hall resistivity ρH as a function of the applied magnetic induction B0 for samples of Fe78Si9B13
alloy annealed at different temperatures.
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the Hall resistivity (Fig. 3) prove that the alloy with Co is characterized by a more
complicated transformation process. The annealing at temperatures 623 K < T < 773 K
leads to the formation of stable Co2B phase through the metastable medium states.

The ordinary Hall effect comes from the Lorentz force acting on the charge carriers
in nonmagnetic materials. The most common geometry for the measurement of the
Hall effect is the measurement of transverse electric field EH(0, EH, 0), appearing
across a sample, when magnetic induction B0(0, 0, B0) and the current density
J(Jx, 0, 0) are applied:

EH = RH (J×B0). (1)

The Hall effect is often described by the Hall resistivity ρH:

ρH = EH /Jx = RHB0 (2)

where RH is the Hall coefficient. In the ferromagnetic materials the Hall resistivity
must be written as [8–12]: 

ρH = R0B0 + µ0RSM (3)

where the first term is the ordinary Hall resistivity (ρH0 ∝ B0) and the second term is
the spontaneous Hall effect (ρHS ∝ M). All the curves from Figs. 3 and 4 are described
by Eq. (3). The ρHS represents the initial part of the curves and ρH0 part of the
curves for B0 > µ0 MS, i.e., above the magnetisation saturation. The ρHS is connected
with a ferromagnetic state of a sample and determined by the following mechanisms:
a spin-orbit interaction, a skew scattering and a side jump [10, 11]. These mechanisms
decrease the mean free path of carriers. Figure 5 shows, for both alloys, the relative
changes of the electrical resistivity (related to the resistivity of the as-received state)
versus the annealing temperature. The Fe78Si9B13 alloy shows an increase of ∆ρ /ρ0
value in the initial range of annealing, which is connected with the structural changes

Fig. 5. Relative electrical resistivity ∆ρ /ρ0 as a
function of annealing temperature T for samples
of Co78Si9B13 and Fe78Si9B13 alloys.
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of TSRO type. A decrease of electrical resistivity during the crystallization is caused
by an increase of the free path of carriers in ordered structure in medium and long
range.

According to Berger and Bergmann the spontaneous Hall coefficient Rs is
described by the dependence [10–12]:

Rs = aρ + bρ2 (4) 

where a and b are constans roughly independent of temperature and ρ is the resistivity.
The first term of Eq. (4) is responsible for the classical asymmetric scattering of charge
carriers and the second term describes the quantum effect and corresponds to the lateral
displacement of the charge carrier trajectory at the point of scattering, i.e., the side
jump. 

The dependence of log(Rs) on log(ρ ) gives the exponent n in relation Rs ∝ ρn and
by such means it can be concluded which type of scattering is dominant for the
spontaneous Hall effect. Figure 6 represents these dependences for both alloys.
The calculated exponents n for Co78Si9B13 and Fe78Si9B13 are, respectively, 1.58 and
1.91. The values n indicate that during the crystallization process the side jump is
the dominant scattering. The structural changes appear in the measurements of the
electrical and Hall resistivities after annealing at temperatures lower than in X-ray
diffraction studies and DSC. This demonstrates that the methods involving the
electronic transport are more sensitive to the structural changes.

4. Conclusions

Substituting Co with Fe in alloys M78Si9B13 (M = Co, Fe) widens the range of the
structural stability. The investigation of the Hall effect proves that the Co78Si9B13 and
Fe78Si9B13 alloys start to crystallize after annealing at 623 and 723 K, respectively. 

Both alloys show two stages of crystallization which can be described by the
following scheme: 

Fig. 6. Dependence log(Rs) vs. log(ρ) for
Co78Si9B13 and Fe78Si9B13 alloys annealed
at different temperatures.
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M78Si9B13 α-M + amorphous,

amorphous M2B.

The first stage of crystallization of both alloys occurs as a result of the primary
crystallization and the second stage as a result of the polymorphous crystallization.

The substitution of Co with Fe drastically increases the Hall resistivity in the
as-received state. 

The Hall and electrical resistivities decrease abruptly after the crystallization of
the phase during the transformation to polycrystalline state.

During the crystallization process the ferromagnetic order is conserved. The
dominant scatterings of charge carriers are the side jump. 
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