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Abstract
Nonequlibrium fl uctuations, which are of nonlinear Brownian noise by type, occur in different systems near the phase 
transition points. As a rule, such nonequlibrium processes are the precursors of materials fracture and degradation. 
Observation of the transient premelting states near the melting point Tm and anomalous temperature behaviour of some 
physical parameters indicate changes in the structure and properties of a solid body as it approaches the melting point. As 
a rule, the changes are nonlinearly dependent on heating rate. It is necessary to calculate the index of the shape of the 
fl uctuation spectrum to characterise the state of complex dynamic systems. The index has information about the processes 
in the system and the interrelations between different subsystems. Changes in the spectral characteristics of fl uctuation 
processes may indicate the state of the system and also help us to develop the methods to predict its evolution. The aim 
of this study is parametrisation of heat fl uctuations in the premelting states of KI ionic crystals and the study of the 
dependence of spectral parameters on kinetic modes of heating. 
Wavelet-analysis has been used to determine the spectral characteristics of thermal fl uctuations in the KI premelting states 
in various kinetic modes. Wavelet-analysis combines the capabilities of classical spectral Fourier-analysis with the capabilities 
of a local study of various fl uctuation and oscillating processes in frequency and time domains. It makes it possible to 
determine the features of the processes at various times and scales of the evolution of the system.
Wavelet transform of oscillating processes allowed obtaining information about the dynamics of the development of complex 
systems under various nonequilibrium conditions. It was shown that heat fl uctuations in the KI premelting states are 
nonlinear Brownian noise with the coeffi cient of selfsimilarity of b ~ 2. Using the Hurst parameter, the type of fl uctuation 
process was defi ned. It was shown that in dynamic heating modes (v = 5, 10 K/min) the fl uctuation process is characterised 
by oscillating nature of evolution of the “stable-unstable” type (the property of antipersistency). In quasistatic modes (v = 
1 K/min) the initial tendency of the evolution of the system is maintained (the property of persistence).
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1. Introduction
Fluctuation processes with 1/f b spectrum (b − 

the index of the shape of the spectrum) occur 
in different physical, chemical, and biological 
systems [1–4]. The study of such processes is one 
of the most important issues in material science. 
In the context of deformation and fracture of 
materials and various phase transitions far from 
thermodynamic equilibrium, unstable dynamic 
states arise. They are the precursors of structural 
changes in the system [5–9].

The study of fl uctuation processes at critical 
points in order to obtain new materials and 
systems with unique properties is of great practical 
importance. In this case, new technological 
approaches are required, which are based on 
the concept of nonlinear phenomena, when the 
choice of a specific development path of the 
system at a critical point can be carried out under 
the infl uence of a small control action.

Dynamic methods of analysis can be effectively 
used in the study of the precursors of various 
phase transitions [10,11]. An analysis of the 
evolution of complex excited systems with 
determination of the low-frequency spectral 
dependences of dynamic variables allows us to 
come closer to understanding of the features 
of the formation of spatio-temporal structures 
during such evolution.

To characterise the state of complex fl uctuating 
systems, spectral parameters are introduced that 
carry information about the dynamic processes 
taking place in the system and the interrelations 
of various subsystems. A change in these spectral 
parameters at different hierarchy levels indicates 
a change in the state of the system. Based on this 
information, it is possible to develop methods 
for predicting the evolution of complex dynamic 
systems.

The aim of this work is to study, using 
the wavelet-analysis method, the spectral 
characteristics of fluctuation processes of KI 
premelting phases in various kinetic heating 
modes.

2. Experimental
Previously, our studies of the melting of 

substances with various types of chemical bonds 
showed that the fl uctuation transient states occur 
near the melting point in certain temperature-

time intervals [12, 13]. It is particularly interesting 
to observe thermal fl uctuations (fl uctuations in 
the dissipation heat) in the vicinity of a fi rst-order 
phase transition in this context, since the presence 
of such processes cannot be unambiguously 
associated with the existence of a continuous 
relaxation time spectrum in the system.

Along with the traditional spectral analysis 
methods, the method of wavelet-analysis [14–
17] of nonequilibrium oscillating processes 
is applied to study the dynamics of complex 
systems to determine their interrelations and 
certain possible development paths under various 
external infl uences.

A wavelet transform is one of the methods 
of analysis and processing of nonstationary 
(in time) or heterogeneous (in space) signals 
of different types. Such an analysis is used 
when it is necessary to obtain not only a simple 
enumeration of the characteristic frequencies of 
the studied fl uctuation signal, but also to obtain 
information at certain local points at which these 
frequencies appear.

For the spectral analysis of fl uctuations of 
the dissipation heat and parameterisation of the 
KI premelting phases in various kinetic modes, 
the obtained database was used. It includes 
the records of the readings of the differential 
thermocouple in the dynamic mode at heating 
rates v = 5, 10 K/min and in the quasistatic mode 
(v = 1 K/min). The constant recording sample 
speed is 1 s. The length of the record in the fi les 
ranged from 500 to 1500 samples.

DTA-curves of KI premelting in different 
kinetic modes are shown in Fig. 1. As can be 
seen from the above fi gure, on the DTA-curves 
in dynamic and quasistatic modes, the dynamic 
states arising at the premelting stage have clear 
temperature boundaries.

The premelting effects are characterised by the 
system of experimentally defi ned nonequilibrium 
thermodynamic parameters: the temperature of 
the beginning and end of the premelting effect 
(Т ¢pre-m, T ≤pre-m), the premelting temperature range 
(dTpre-m), the premelting dissipation temperature 
(DQpre-m) [12]. Each heating mode has its own 
values of thermodynamic parameters of the 
transient states. Depending on the heating mode, 
different states are formed which characterise 
the premelting effects. Thus, in contrast with 
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the dynamic heating mode (v = 5, 10 K/min), the 
amplitude of the heating impulse of KI premelting 
in the quasistatic heating mode (v = 1 K/min) 
decreases, and the thermal fl uctuations become 
oscillating.

The spectral analysis of fl uctuation processes 
of KI premelting was carried out in the MatLab 
software using the continuous wavelet transform 
method with the basis function Symlet8. The 
continuous wavelet transform allows for a 
more explicit and clear interpretation of the 
results of the signal analysis, and information 
about changes in characteristic frequencies of 
fl uctuation processes and their interaction is 
easier to analyse. Moreover, when studying the 
fl uctuation process, it is possible to consider the 
group of phases of this process corresponding to 
various independent spectral components. 

3. Results and discussion
The wavelet-diagram of the KI premelting 

effect in the dynamic mode at a heating rate of 
5 K/min is shown in Fig. 2. Time t (or the shift 
parameter b) is plotted along the abscissa and the 
wavelet time scale а. Dark areas of the diagram 
correspond to the positive values of the W(a,b) 
coeffi cients and its bright areas correspond to 
the negative values. The W(a,b) value ranges are 
marked with different intensities of colour. The 
hierarchical arch structure of local extrema of the 
W(a,b) coeffi cients, reproduced at different scales, 
is clearly visible in the given wavelet-diagram. 
It demonstrates a scaled self-similarity of 
dissipation heat fl uctuations of KI premelting. 

A scalogram is used to define the self-
similarity coeffi cient b or the index of the shape 
of the spectrum. It is given as a mean square of 
wavelet coeffi cients Ew ~ W2(a,b) with a given scale 

Fig. 1. DTA-curve of the KI premelting effect in different kinetic modes
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а. The scalogram represents the same information 
as the Fourier power spectral density that is the 
function of frequency, i.e., it corresponds to 
the smoothed power spectrum of the Fourier 
transform. The self-similarity coefficient b is 
defi ned as the angle of the dependence of lg Ew 
on lg a (Fig. 3) and it indicates the degree of 
correlation of the frequency components of the 
fl uctuation signal.

Scalogram analysis of the thermal fl uctuations 
of KI premelting in the dynamic mode 
(v = 5, 10 K/min) showed that the coeffi cient is 
b ~ 2, and in the quasistatic mode (v = 1 K/min) 
the self-similarity coeffi cient slightly decreases. 
The values of the self-similarity coefficients 
b and frequency intervals of dissipation heat 
fl uctuations in transient states of KI premelting 
in different kinetic modes are provided in the 
Table. 1. 

This kind of wavelet transform pattern and 
the value of the self-similarity coeffi cient indicate 

that the fl uctuation processes in KI premelting 
states are nonlinear Brownian noise (1/f 2 type 
noise), i.e., they are a random process with 
independent increments. 

The linear display of scalograms revealed the 
difference in the intensity of dissipation processes 
of KI premelting in different kinetic modes 
(Fig. 4). Based on this analysis, it can be seen 
that with a decrease in the heating rate during 
the transition from dynamic to quasistatic mode, 
the intensity of thermal fl uctuations decreases. A 
decrease in the intensity of thermal fl uctuations 
in the KI premelting states in the quasistatic 

Fig. 2. DTA-curve of dissipation heat fl uctuation and wavelet-diagram of the KI premelting effect (dynamic 
mode, v = 5 K/min)

Table 1. Fluctuation of dissipation heat 
parameters of transient processes during the 
melting of KI

v, К/min b ∆fpre-m, Hz H

1 1.9 0.007–0.03 0.58
5 2.2 0.01–0.07 0.42

10 2.1 0.02–0.18 0.4
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mode leads to a weakening of correlations in the 
system, which is also indicated by a decrease in 
the self-similarity coeffi cient b. 

When analysing complex fl uctuation signals, 
it is possible to evaluate the degree of their 
randomness using such a stochastic characteristic 
as the Hurst parameter (H) [18, 19]. The Hurst 
parameter is the measure of the tendency of the 
process towards trend (in contrast to the usual 
Brownian motion). A value of H > 0.5 indicates 
that the dynamics of the process in the past, 
heading in a certain direction, and is likely to 
continue its development in the same direction. 
If H < 0.5, the process is predicted to change its 
direction, while in the case of H = 0.5 it indicates 
uncertainty.

Evaluation of the Hurst parameter of heat 
fl uctuations of the KI premelting states in the 
dynamic heating modes provides the values 

of H < 0.5 (Table 1). This indicates a system 
which is more prone to reconstructions when its 
development tendency changes. Such fl uctuation 
signals are characterized by a lack of stability 
(antipersistency). Their growth in the past 
means a decrease in the future, and a tendency 
to decrease in the past makes an increase in the 
future likely. Evaluation of the Hurst parameter 
in the dynamic heating mode gives the value of 
H ~ 0.58. This value of H indicates that this time 
dependence has a stable tendency to change 
(persistence). In other words, the presence of 
1/f 2 type fluctuations in the system indicate 
structural changes in it. In such cases, as a rule, 
an oscillatory change of the “stability-instability-
stability” type occurs.

If far from a critical point, the system will be 
quite stable, and the fl uctuations will not have 
a noticeable effect on its behaviour. But if the 

Fig. 3. Scalogram of the KI premelting effect (dynamic mode, v = 5 K/min)

Fig. 4. Evolution of heat fl uctuation intensity of the KI premelting effect in different kinetic modes
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system is near a critical point (phase transition 
point Tm), then an intensifi cation of fl uctuations 
will be a consequence of its sensitivity to 
small changes in the initial conditions. The 
intensifi cation of fl uctuations may lead to the 
formation of the ordered or so-called dissipative 
structures. This important phenomenon is known 
as ordering through fluctuations [20]. When 
the system approaches a phase transition point 
Tm, characteristic features appear that are the 
precursors of nonlinear instabilities.

4. Conclusions
Therefore, the wavelet transform allows us 

to identify a complex hierarchy of scales in the 
process of energy redistribution of the fl uctuation 
process. The energy represented by a large-scale 
“plateau” is redistributed between several “ridges” 
in a certain range of scales. Energy maxima can 
also be found between them. A similar process 
is observed with smaller scales. Therefore, a 
certain combination of ordering and chaos in 
the case of nonlinear Brownian noise, revealed 
during wavelet processing, refl ects the presence 
of correlations in the system with a fl uctuating 
dynamic variable.

Based on the wavelet-analysis, it was found 
that the transient fl uctuation processes of KI 
premelting in various kinetic modes are nonlinear 
Brownian noise and are characterized by such 
features as the frequency interval, self-similarity 
coefficient of thermal f luctuations of the 
premelting, and Hurst parameter. In quasistatic 
modes, at heating rates of v ~ 1 K/min, states with 
a weaker correlation arise in the KI premelting 
states. The fl uctuation process in this case is 
characterized by a long-term memory effect with 
a tendency to follow trends. With dynamic modes 
of thermal fluctuations in the KI premelting 
states the correlations in the system intensify, 
and the resulting reconstructions in the system 
lead to a qualitative change in the structure. As 
a result, it is possible to not only describe the 
behaviour of the investigated fl uctuation process, 
but also to predict its dynamics. In this case, it 
becomes possible to get an idea of the properties 
of fluctuating systems and distinguish noise 
(random process) from a certain determinisitic 
behaviour.
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