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The paper presents the results of studying the dynamics of the crystallization process for the samples
subjected to three separate processes of isothermal heating with three different energy in the process. For
this purpose, a series of samples prepared in the form of a ribbon of an amorphous structure, as confirmed
from X-ray diffraction were then subjected to a controlled annealing. The research of samples after heat
treatment revealed the presence of different crystalline phases that are characterized by different nucleation
energies.
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The process of crystallization is of great importance for
the final properties of the material subjected to this
procedure [1-6]. From the parameters of this process it
will depend on what the final atomic structure material
will have. Also whether and to what extent this structure
will be ordered, and will this structure be defected or have
some and inhomogeneities, etc. At the same time, the
atomic structure of the material has a huge impact on its
various properties [7-15] which results directly from the
kind of interaction between neighboring atoms, and those
situated a little further. Apart from the crystallization process
of the material, a large impact on the final structure has
the precursor, on which the heat treatment procedure is
carried out [16-18]. Precursor predetermines some
properties, since it stands as a base, on which further
actions are made. It can also be a certain limit, for eg. if
one wish to obtain a specific structure, not realizable in a
given case. This implies that more universal precursor gives
the greater possibility of obtaining diversity of structures
and properties of the target material.
It is well known that the crystallization is a process
resulting in the decrease of the total energy of the material.
However, to obtain crystallites composed of more than
one ingredient in the volume of the material, these
ingredients should have a negative heat of mixing [19],
otherwise segregation of components will occur,
preventing the formation of multi-component phases.
These conditions can be satisfied by amorphous materials.
Because long-range ordered structure in amorphous
materials is not observed and local fluctuations in their
composition and density are very common [20-24], despite
their short-range order, the structure has rather more
random in character. For this reason, amorphous materials
are considered to be metastable, meaning that in terms of
energy they do not reach a global minimum, and are located
only in some instable higher energy state. Over time,
material is seeking for the lowest possible energy.
Metastable state is characterized by the fact that it is
sufficient to provide a finite and usually small amount of
energy, in eg. in the the form of heat, which allows to
overcome the local potential barrier resulting in change of
their structure to more stable. For this reason, and for the
reasons mentioned above, amorphous materials are

excellent precursor for further thermal treatment in order
to obtain a material with specific structure made of
expected crystalline phases. The temperature distribution
for this type of material can be modeled using the finite
element method [26-29].
In this work we present the study results for samples of
the composition Fe70Mo5Cr4Nb6B15, in the as quenched state
and after three independent thermal annealing processes.
Experimental part
Material preparation procedure
Samples in the form of polycrystalline ingots were
prepared with ingredients of high purity. First, components
were premixed and then melted using an arc furnace under
protective atmosphere of argon. In order to ensure the best
possible homogeneity of the material ingots were
repeatedly reversed, and re-melted. Thus obtained
polycrystalline ingot was then melted in induction furnance
and in the process of rapid cooling on the copper roll sample
was solidified to a ribbon with a width of 1 cm and a
thickness of 20 micron (precursor). From the ribbon several
fragments with a length of 20 mm were cutted, which
were separately subjected to the heat treatment processes,
maintaining the parameters as homogeneous as possible.
For this purpose fragments of the precursor were placed in
quartz capillary tubes, flushed several times with argon,
followed by the removal of gas from within the capillaries.
Then they were seald and heat treated in a computercontrolled resistance furnace. The heat treatment
temperature was selected on the basis of previously
performed DSC measurement (DSC NETZSCH STA 449F1)
on the pure precursor. In order to determine the atomic
structure of the precursor, XRD studies using the BRUKER
D8 Advance diffractometer equipped with Cu tube
(characteristic radiation of wavelength λ= 1.5418 Å) in
the 2Θ angle ranging from 20 to 110° with measuring step
of 0.19°. The remaining samples were subjected to three
different processes of isothermal annealing at different
temperatures, 800 K, 895 K, 920 K for the samples #1, #2
and #3 respectively. In all cases the annealing time was
fixed to 30 min. Then after treatment, the structure of
samples were investigated with X-ray diffraction. The
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Table 1
ANNEALING PROCESS PARAMETERS

parameters of the production process are contained in table
1.
The paper also presents the results obtained by Rietveld
refinement. Quantitative Rietveld phase refinement was
performed using Fullprof software. The fit was performed
using: scale factor, unit cell parameters refinement and
additional background parameters. A shifted background
polynomial with 5 parameters was used to refine the
background signals. A pseudo-Voigt function described the
peaks shape. Due to the symmetry of peaks additional
parameters associated with the asymmetry were not taken
into account. All fittings were obtained for the final reduced
χ2 lower than 4.
Results and discussions
Figure 1 presents the results of XRD measurement for
sample of the precursor (in the as quenched state)
As can be seen by analyzing the diffraction pattern (fig.
1) on the chart is visible only a wide blurred halo whose
maximum falls at 2Θ angle of about 43 degrees. There are
no visible narrow peaks in the whole angular range, which
proves the absence of the long-range topological
arrangement in the volume of sample, proving no crystal
planes. The nature of the diffraction pattern indicates a
complete amorphous content of the investigated material.
Figure 2 shows the diffraction patterns of the samples
subjected to isothermal annealing process.
Analyzing figure 2 it can be concluded that all three
samples had experienced at least partial crystallization of
the material. On the diffractogram (fig 2. a) for the sample

#1 it can be seen that there is also an amorphous halo,
similar to that shown in figure 1, and quite broad peaks
appeared contained between the 2Θ angles of 46 - 55°
and 75 - 83°. The presence of a fuzzy broad peak is
characteristic for samples with an amorphous structure
and the simultaneous presence of peaks with low
intensities derived from the crystalline phase in this case
shows the coexistence of both types of phases in the
sample volume. The relatively high intensity of the
amorphous halo in respect to the peak intensity and a
relatively large half width of peaks suggests the presence
of crystalline phase grains of relatively small (nanometer)
size of the cr ystallites which are embedded in an
amorphous matrix constituting larger volume of sample.
The indexing of phases occurring in the diffraction patterns
(fig. 2) was carried out using the COD database [30]. The
parameters of identified phases are shown in table 2.
In order to estimate the size of the crystal grains present
in the sample, the Sherer method was utilized, and the
results of this analysis are shown in table 3.
As can be seen by analyzing table 1, there is a general
relationship in the crystallite size with respect to the
annealing temperature of the sample. The effect of the
grain enlarging with increasing temperature can be
explained by the fact that, although the heating time was
constant, higher energy delivered to the specimen is
accelerating the crystallization front movement by
increasing the diffusion of atoms in its local environment.
For samples #2 and #3 character of the diffraction
pattern is different, peaks present in the diffractogram are

Fig. 1. X-ray diffraction patterns of Fe70Mo5Cr4Nb6B15 alloy in the
as-quenched state
Fig. 2. X-ray diffraction patterns of Fe70Mo5Cr4Nb6B15
alloy after annealing for 0.5 h at 800 K (a), 895 K (b)
and 920 K (c).

Table 2
PROPERTIES OF IDENTIFIED CRYSTALLINE PHASES

Table 3
THE GRAIN SIZE OF THE PHASE DETERMINED ON
THE BASIS OF SHERRER ANALYSIS
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much more intense than in the case of sample #1. The
increased intensity of the peaks also indicates increase in
the volume of the grains formed at the cost of an
amorphous matrix.
In order to determine the parameters of phases
elementary cells and their relative share, samples #2 and
#3 were subjected to the Rietveld analysis. The results of
this analysis are shown in table 4.

Table 4
RIETVELD
REFINEMENT
RESULTS

As can be seen by analyzing the data from table 4, for
the sample treated at the highest temperature (#3), phase
with largest percentage is Cr6Fe18Mo5, second largest part
of the share is a newly formed Fe23B6 phase. For samples
#1 and #2, the only observed phase is Fe23B6. The increase
in annealing temperature (so increase of delivered energy)
causes crystallization of two additional phases Fe23B6 and
α-Fe, despite that the difference in annealing temperature
between samples #2 and #3 is relatively small. The size
of grains for Cr6Fe18Mo5 and Fe23B6 in sample #3 are similar,
while the grain of α-Fe phase are only slightly bigger (table
3), what can suggest similar crystallization dynamics for
those two phases. In the other hand, although grains of αFe phase are the biggest, the share of this phase in respect
to remaining ones is the lowest.
The fact that volume fraction of Cr6Fe18Mo5 phase is the
highest is probably caused by longer exposition to
temperature.
The volume fraction of Cr6Fe18Mo5 phase is the highest
because in the process of isothermal annealing even at
lower temperature the growth of this phase was observed.
Thus, due to lower energy necessary for crystallization,
the share of this phase largest. The above analysis also
shows that because of almost three times the share of
Fe23B6 in relation to the α-Fe, it should have a lower energy
needed for crystallization. In addition, the reason may well
be in the local depletion of iron due to growth of Cr6Fe18Mo5
phase, and a large boron content in the sample, which
may cause the growth of Fe23B6 phase was preferred. Also,
it should be noted that the crystal seeds of all identified
phases were already in the precursor and thus their
maximal amount does not have to be the same.
By the analysis of the data in table 4, it can be seen that
for sample #3 and #4 cell size of the phase Cr6Fe18Mo5 in
both cases is slightly lower than that reported in [29, 30],
similiar for the Fe23B6 phase for which the calculated cell
size is also slightly smaller [31, 32]. At the same time, these
differences are so small that this estimation may lie in the
margin of error.
Conclusions
In this work we studied crystallization process of
Fe70Mo5Cr4Nb6B15 alloy samples submitted to isothermal
annealing of amorphous precursor. We showed, that
starting from the very same precursor sample a completely
different material can be obtained, only by slightly varying
crystallization process parameters, such as temperature.
This small change will often result with completely different
crystallization dynamics, leading to different properties of
material. We also calculated several parameters including
share of crystalline phases and estimated their grain sizes.
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It was shown, that the latter is connected with temperature
of annealing demonstrating its simple relation.
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