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reasonable technologies for manufacturing products with integral elements of predicting their properties
and diagnosing the state [2].

When designing materials with complex structures, the property of additivity does not always
manifest itself [3]. This means that there is a change in the properties of individual components in the
properties of their compounds through the organization of new structures [4]. That is, composites are
materials consisting of at least two components with properties that their original components did not. A
prerequisite is the presence of an interface between individual components (phases). It is possible to single
out common signs of composite materials: heterogeneity and heterophase, multicomponent nature, the
existence of interfaces between phases, as well as the difference in the physical and mechanical propertics
of the material from the properties of its components. Such features make it possible to attribute to
heterogencous materials any structures and media that have at least two phases interacting with each other
through the interface and have properties that differ from the individual properties of the constituent
components.

Thus, the whole variety of natural and artificially created materials can be represented in the form of
heterogencous structures and therefore can be described from a unified position of the theory of composite
materials [4]. These materials have in common an interface between individual components, which should
be represented as an area of change in material properties during the transition from one phase (structure)
to another. Here, the interaction of components and phases occurs both during the manufacturing process
and during operation, the redistribution of deformation and stresses under the action of operational and
own loads.

Today, such materials are used for the manufacture of machine-building parts and allow for solving
a wide range of technical and economic issues, including simplification of the technological process,
reduction of the time of manufacturing parts, and the possibility of implementing new designs. They are
used for the production of basic parts of machine tools (beds, crossbars, bases, frames, pedestals, columns),
body parts (spindle headstocks, gearbox housings, tables, calipers), stamping equipment (punches, matrices
for bending and drawing large-sized parts), holders cutting tool.

Problem Statement

Nonmetallic heterogencous materials are very difficult objects to control. First of all, this is due to
the anisotropy of properties, a large variety of types of structures. The complexity is also determined by
such specific properties as non-magneticness, increased sound, and heat insulation. All this leads to the fact
that the classical control methods for such materials are not effective enough and therefore require certain
improvements [5]. The most effective methods of quality control of materials, which can be applied both at
the manufacturing stage and during the operation of the product, are non-destructive methods. At the same
time, they are indirect, that is, they do not allow one to directly count such parameters as structure, density,
etc. This leads to the need for calibration using destructive and analytical methods. The latter, of course,
requires a deep analysis of the ongoing internal processes in non-metallic heterogencous materials that
occur under external influences [6].

Review of Modern Information Sources on the Subject of the Paper

When analyzing the possibility of using one or another method for monitoring the parameters of
products made of non-metallic heterogeneous materials, it is necessary to take into account the state of the
material (it refers to dielectrics), structure, the ability to interact with the radiation used, dimensions and
design features, the configuration of the control object, as well as the type of tasks being solved
(diagnostics stiffness, density, measurement of dissipative propertics, dynamic mechanical model of the
material, flaw detection, etc.). One of the most promising control methods that can be used to diagnose the
state of nonmetallic heterogeneous materials is the thermal method [7]. Here, the informative parameter is
the temperature field of the surface of the object, which is a source of information about the features of the
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Features of internal processes occurring in nonmetallic heterogencous materials under such an
impact have not yet been studied in sufficient volume. Therefore, in order for the results of control of such
complex objects with stochastic characteristics to be uniquely determined, it is necessary to study the
parameters of the interaction of external influences with heterogeneous structures and describe them
mathematically.

Main Material Presentation

The vibrational infrared method for monitoring heterogeneous structures is especially promising for
objects operating under vibration conditions. If at any point in the medium in which closely located
particles are under the influence of force, the process of mechanical oscillations is excited, then it will
propagate from point to point with a finite speed. The latter is determined by the properties of the
environment. The propagation of waves of any nature can be described using the same mathematical tools.
The simplest type of oscillatory process is simple harmonic oscillation. At the same time, complex
dynamic signals can be represented as a combination of simple harmonic components, each of which has
its own frequency and amplitude and is connected in various proportions with other components. In this
case, the system of functions has the form [12]:

f(l):%JrZ(Ai cosint + B, siniot), (1)
i=1

where Ao, A;, B; — Fourier coefficients; i — an integer between 1 and oo, called the harmonic order;  —

cyclic oscillation frequency; £ — time;

Acoustic waves, passing through a non-metallic heterogencous medium, interact with a large
number of inhomogeneities that differ from each other. Of course, this affects the distribution of acoustic
fields, since a change in such physical properties of the material as hardness, modulus of elasticity, density,
structural uniformity, the presence of various defects leads to a change in the parameters of the acoustic
wave itself (transit time, absorption, scattering, frequency spectrum). The considered materials are
characterized by increased scattering and absorption in comparison with traditional materials [13].
Absorption is a direct conversion of sound energy into thermal energy, which is caused by a large number
of processes. This is a kind of deceleration of particle oscillations. It should be noted that the absorption of
vibrational energy in heterogencous media usually increases in proportion to their frequency.

The most accessible acoustic parameter for measurement is the velocity of wave propagation in the
medium under study. It is directly determined by the modulus of ¢lasticity, Poisson’s ratio, and the density
of the material. Moreover, the speed of sound is also affected by the structure of the material and its stress-
strain state [12]. The propagation velocity of a transverse acoustic wave in a non-metallic heterogencous
material, depending on its physical and mechanical properties, can be calculated as follows [14]:

E
B .

where ¢ — shear wave velocity; 2 — modulus of elasticity of the material; p — material density; v — Poisson’s ratio.

Let us consider the transformation of a sound wave as it passes through a non-metallic
heterogencous medium. Let the signal uy(t) be considered as the initial signal. Then u,(t) is the signal
received after the wave passes through the material. Both signals were obtained using the same
piezoelectric sensors under the same conditions. Then, taking into account (1), the mathematical model
describing the transformation of an acoustic wave when it passes through the studied heterogeneous
medium and taking into account the physical and mechanical characteristics of the material can be written
in the following form:

u, (L, E,p,v, ) =K -u(t) =u(t)- > e ™ sin[2nf, (t - S/ c)]. (3)
i=1
where K is a coefficient that has the physical essence of the acoustic image of the material; S — sounding
base (distance between sensors); fis the oscillation frequency; A is the oscillation damping decrement.
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Such a model considers that when vibrations are excited in nonmetallic heterogeneous materials, a
number of vibration modes arise, and, therefore, the measuring signal is a combination of harmonic
components that characterize the change in each vibration mode [15].

At the same time, the energy of a sound wave can be calculated by the following expression:

2 2

W=w,+W, =]~ 2dV+J.&dV, )
s 2pocC o2

where V is the volume; p — sound pressure; ¢ is the vibrational velocity of particles; p, is the density of the

medium without sound; p is the local density of the medium.

Let us turn to the consideration of thermal processes that occur in non-metallic heterogencous
materials under vibration action on them. Anomalies of the thermal field on the thermogram may indicate
the presence of artifacts in the volume of the material. The concept underlying thermal control is the
temperature contrast or temperature gradient A7, which can be defined as the temperature difference in the
investigated and defect-free zones. At the same time, it should be noted that the sign of A7 depends on the
ratio of the thermal conductivities of the base material and the artifact. If the latter has a higher thermal
conductivity than the defect-free zone, then A7 <0 [16].

In the absence of such defects as, for example, discontinuity, the generation of thermal energy is
possible due to mechanical hysteresis during the cyclic loading of materials or due to plastic deformation
during the initiation and propagation of cracks. The latter has a local character and explains the formation
of plastic deformation zones due to the concentration of mechanical stresses at the boundaries of
inhomogeneities of a heterogeneous structure. After the load is removed, if it does not exceed the elastic
limit, the control object returns to its original temperatures and shape. For the studied materials, the
dominant effect is the change in body temperature as a result of mechanical hysteresis, in which part of the
clastic energy is irretrievably lost [17].

In [9], a mathematical model is presented that allows one to calculate the heating power in a crack
perpendicular to the propagation vector of mechanical vibrations::

p_Ho.S, j@
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where x is the friction coefficient of the crack wall; S, — crack area; o, — stress normal to the crack surface;
x — displacement projection onto the x axis; 7' — temperature.

In addition to directly establishing the fact of the presence of a crack, thermographic analysis of the
stress-strain state can be successfully used to study the processes of initiation and growth of cracks in
heterogeneous materials under both static and dynamic loads [17]. It is known that in the heads of growing
cracks, as well as in other zones of plastic deformation, anomalous thermal fields are formed, which not
only indicate the presence of a crack but are also an indicator of their direction and growth. In accordance
with the classical theory of Griffiths, destruction is understood as the process of energy unloading of the
structure. In this case, the contribution of elastic energy to the energy of the system, depending on the
length of the formed crack, can be described by the expression [17]:
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where / — the characteristic size of the crack, equal to half the length of the crack L; ¢ — the stress applied at
the crack boundary.
Then the crack length 7 is related to the released energy by the following dependence:

1 |2EAW
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where o, — the critical stress causing crack growth; H — the depth of the crack.
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In accordance with the law of conservation of energy, the total energy of an isolated system is
constant. That is:
Wo=W,. ®)
On the left side of the equation, we have the energy of the excited oscillations. The right side of the
equation is the sum of the energy of mechanical vibrations, reduced due to dispersion, the energy released
as a result of the formation of cracks, as well as the thermal energy generated in the anomalies of the
material structure. Then, taking into account (3)—(6), expression (8) takes the form:
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Conclusions

Recently, the requirements for structural materials have increased significantly, as non-metallic
heterogeneous structures are increasingly used. One of the advantages of the latter is the possibility of
directed regulation of their properties and modes of using by selecting the composition, changing the ratio
of components and macrostructure. At the same time, the problem of predicting quality and reliability
plays an important role, in the solution of which effective methods and means of control are of particular
importance.

It is promising to use an acoustic infrared thermometric method for quality control of non-metallic
heterogeneous materials, which consists in generating thermal energy at structural defects by exposing
them to mechanical vibrations. A mathematical model has been developed based on the law of
conservation of energy, which characterizes the internal processes occurring in non-metallic heterogeneous
materials when the energy of mechanical vibrations is converted into thermal energy.
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