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Experimental Studies of Mechanical-Electrical Transformations during
the Destructive Processes Developing in Dielectric Materials

A mechanical-electrical method for testing fractures developing within the stress-strain state changes of die-
lectric rock samples, as an example, is discussed here. The paper discusses the results of numerical and exper-
imental studies of changes in the electromagnetic responses parameters under the pulse deterministic acoustic
excitation of rock samples with different composition and texture. The paper presents the results of mathe-
matical calculations of the stress concentration on cracks located along and across the sample axis, perpen-
dicular to which deterministic acoustic pulses were introduced. The cracks presented in the sample volume
are stress concentrators. With a different number and sizes of cracks perpendicular to the propagation of an
acoustic pulse, the intensity of stresses and their type differ significantly. This circumstance indicates the in-
fluence of the structure of the samples and their dielectric properties on the parameters of electromagnetic
signals when recording the results of mechanical and electrical transformations. Thus, the use of the method
of mechanical-electrical transformations under compression can be used in testing the processes of the onset
of crack formation and the development of fracture in solid-state dielectric materials and products.

Keywords: dielectrics, rocks, numerical modeling, acoustic impact, uniaxial compression, electromagnetic
emission, mechanoelectric transformations, electromagnetic signal.

Introduction

The development of destruction of solid dielectric structures is accompanied by occurrence of alternat-
ing electromagnetic fields. This phenomenon is being addressed to employ the parameters and characteristics
of electromagnetic emission for testing imperfection and to study development of destruction of solid dielec-
tric materials. Alternating electromagnetic fields arise from mechanical-electrical transformations (MET) in
solid-state structures when their stress-strain state changes under mechanical load with subsequent acoustic
emission inside the test material. Electromagnetic radiation due to various types of destruction mechanisms
has been proven to emerge in all-dielectric materials [1-12]. During MET processes, electromagnetic signals
(EMS) are generated due to the changed charge state of materials or their interfaces. The presence, occur-
rence, and quantitative or qualitative change of electric charges and their vibrations under acoustic excitation
are a prerequisite for EMS generation.

In [13], the issues of charging layers of rocks of different textures and compositions are considered in
detail. In [3], Khatiashvili and Perelman experimentally and theoretically proved that acoustic wave-induced
generation of EMS, which is a consequence of the oscillatory movements of double electric layers and fluc-
tuation-charged edges of microcracks, and release and vibration of charged dislocations. EMS parameters
depend on the amplitude-frequency spectrum of the acoustic field excited by linear deformations of the
sources.

Mechanisms of EMS generation and source types were summarized to distinguish processes that induce
separation of electric charges and form electric dipoles. These processes include: uneven distribution of elec-
tric charges on crack edges when ionic or other types of bonds are broken; in inhomogeneous field of me-
chanical stresses, charged defects start to migrate in the area of crack formation; at the interface of mineral-
ized water released during heating with the rock; friction-induced electrification during movement of struc-
tural elements. On the other hand, the change in the dipole moment is determined by the breakdown between
the charged sides of the crack, charge relaxation if the current flows through the dielectric body outside the
crack; electron emission; vibrations of charged surfaces.

Thus, EMS generation is due to the change in the charge state of the test material during development
of cracks of various scales or double electric layers at the interface of media, minerals, and aqueous solu-
tions. During crack development, acoustic emission methods can be employed, which use acoustic pulses
emitted by growing cracks of different lengths and record electromagnetic signals when the charged edges of
these cracks vibrate. These are mechanical-electrical methods.
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Experimental

Experimental studies of mechanical and electrical transformations were carried out on samples of rocks
from the Tashtagol iron ore deposit, which have different ratios of magnetite and calcite. These minerals are
distinguished by their ultimate strength: (12—50)x10° Pa - for calcite [14]; (14-21.5)x10" Pa - for magnetite
ore and skarns of the Tashtagol deposit, calculated from the date of destruction of samples in experiments. In
addition, calcite and magnetite differ significantly in their electrical characteristics. So the specific electrical
resistance(p) of calcite is (10" - 10**) Ohm - m, and magnetite is (10® - 10*) Ohm-m [14, 15]. The magnetite
content in the ore samples used ranged from 60 to 77 percent. In addition, skarn samples containing magnet-
ite were used. Samples for experiments were made from cores with a diameter of (42 + 1)x10° m and a
length of (80 £ 5)x107 m.

Investigations of the electromagnetic emission (EME) characteristics under uniaxial compression loads
were carried out on the stand, the block diagram of which is shown in Figure 1. In the course of the experi-
ment, the sample was placed between the support (1) and the movable plate (2) of the IP500.1 automated
press, which developed the force P on the sample up to 500 kN.
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1 — base plate of the IP500.1 press; 2 — movable press plate IP500.1; 3 — dynamic excitation system to control
the energy of the impact of the ball; 4 — spring device PU for accelerating the ball for introducing a deterministic
acoustic pulse into the sample; 5 — multifunctional input-output board NI BNC 2120; 6 — PER piezoelectric re-
ceiver; 7 — electromagnetic differential capacitive sensor; 8 — press automatic system; 9 — personal computer
PC1 for visualization and amplitude-frequency analysis of acoustic and electromagnetic signals; 10 — personal
computer PC2 for operating with the press; 11 — software block; 12, 13 — holders for centering the sample.

Figure 1. Block diagram of the stand for uniaxial compression of the test samples.

The load and loading rate of the sample was set using a specialized program from a PC2 computer (10)
through the press automatic system (8) to the actuator of the servo valve. Moreover, changes in the load
could be set linear, stepwise, or cyclical. For centering the samples, special holders 12 and 13 were used. Re-
cording of information on changes in the sample deformation due to applied forces and their type was rec-
orded and displayed on the PC2 computer monitor. Uniaxial compression was carried out at a constant rate
of 0.3 Pa/s. Acoustic impulse excitation of the samples by the impact of the ball was carried out using a
spring device for accelerating the impacting ball SD (4) through the impact energy control system DES (3)
[12, 23]. The shape of the acoustic pulse was close to the bell-shaped Gaussian distribution, and its duration
at the 0.1 of maximum amplitude was 50x 107 seconds. A point impact with a ball weighing 8.6x10™ kg was
applied in the middle of the free cylindrical part of the sample. After flying through 3, the ball hit a hardened
steel plate 2x10”° meters thick, excited a deterministic acoustic pulse, which passed through a layer of miner-
al oil between the plate and the sample into the sample. The hardness of the steel of the plate and the ball
were of equal values. The residual impact energy introduced into the sample after the ball bounced was (5 ...
30)x10° J. The acoustic signal, passing through the sample, was recorded by the PER piezoelectric acoustic
pulse receiver (6).
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The DES system comprised a metal tube with two optical pairs built into it at a distance of 5x10 me-
ters, each of which included a light-emitting diode (LED) and a photodiode. The ball, flying through the op-
tical pairs, gave two marks on the PC1 computer monitor (9). These marks were used to calculate the ball
raid V, and V, rebound velocities. The calculated velocities were used to determine the kinetic energy of the
acoustic impact, Ey, transmitted to the sample:

m
Eexc = E (Vl2 _VZZ)’ (1)

In this case, the energy losses of the acoustic pulse in the plate were not taken into account. The EMS
electrical component generated by the sample during the passage of the acoustic signal was received by a
differential capacitive sensor SEM (7) with a built-in power amplifier. The sensor used low and high pass
filters, which ensured its operation in the range from 1 to 100 kHz. At the SEM output, the signal was ampli-
fied with a factor of 10 or 100. In the measurements, the gain was selected depending on the input EMS am-
plitude. The SEM input sensitivity is 5x10™ V. Signals from the SEM and PER were transmitted through the
NI BNC-2120 multifunctional board (5) to PC1 (9). Subsequently, using a special software program (11), the
EMS amplitude was normalized to the amplitude of the acoustic pulse excited by the impact of the ball, and
the EMS amplitude-frequency analysis was performed using the fast Fourier transform.

Results and Discussion

Acoustic pulses arise in the destructive zones while the material is cracking. The pulses propagation
generate EMS parameters of which are depend on characteristics of the exciting acoustic pulses [2-5, 13].
Thus, the results of numerical simulation of mechanical stresses changing on cracks defects are provided
here. The regularities in the EME characteristics under uniaxial compression to the destructive values of the
samples were studied experimentally. These studies were carried out to determine the applicability of me-
chanical-electrical methods when testing the development of destructive zones and destruction in dielectric
materials.

For calculations, we analyzed wave propagation in elastic inhomogeneous medium of limited dimen-
sions with given physical and mechanical properties under pulse exposure of part of its surface. The parame-
ters of the stress-strain state (displacement, strain, stress) were calculated. The simplest classical rigid body
model was used [16-18].

The problems of wave mechanics are solved by hypotheses conventional for classical elastic medium,
such as the approximation of homogeneity and continuity. Any inhomogeneity is caused by defects or inclu-
sions that are considered explicitly, i.e., they are included in the problem statement.

For a given cylindrical magnetite ore sample, this model can be applied with some assumptions. For ex-
ample, for problems related to wave propagation, it was assumed that the used samples were free of porosity,
empty cavities. The study of the sample texture showed that calcite and magnetite minerals are in continuous
contact and smoothly mix with each other.

The boundary conditions correspond to the laboratory experiment. Zero displacement was specified at
the flat boundaries of the sample since in the laboratory experiment the sample was clamped between the
punches. The side faces are free, therefore, the stresses at the boundary equal to zero. For a three-
dimensional case, the free boundaries show no components of the stress vector:

O-rl - O-TZ = Gn - 0 (2)
where @, is normal stresses and @1, O, are tangential stresses.
In the middle of the vertical dimension of the sample y =1 along the normal, load is applied in the
form:
o, =T(t)xF(x,2),
Grl =0 = 01 3)
where T(t) is a function that determines the law of load variation with time, F(x, z) is a function that deter-
mines the law of load variation over the surface (in a two-dimensional case along the contour line), o, is

normal stresses and o,,0,, are tangential stresses, the last components of the load vector are neglected. For
calculations, the dependence T (t) was used in the form of a half exponentially decaying sinusoid:
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T(t)=e"sin (@j xn(t)
T

10 < t <
mo={ " %)

0, t > 1
where 71 is load exposure time that depends on the duration of the deterministic acoustic pulse.

At the face end, the load was specified as a gradually increasing and then gradually decreasing function
dependent on temporal and spatial coordinates. Afterpulse exposure, stresses at the upper boundary were set
to zero. In calculations, the acoustic excitation pulse was close to the experimental one in shape, amplitude,
and duration. In the three-dimensional case, when the load is applied to the surface, the acoustic pulse in the
form of a bell-shaped function is represented as:

F(x, z):AxexpE—,b'

w—&f+u—afj
2d? (5)
where Xo, Zo are the coordinates of the center of the acoustic pulse source, and d, is the value that determines

the distance from the pulse center at which the normal stress decreases by a factor of e .
In the general case, the system of equations that describes the behavior of a deformable solid body in
the spatial case includes the equations of motion

pUI =pG|+G|]vJ, (6)

where p is density, U i is displacement, o is stresses, G; is mass force vector components, i, j =1, 2, 3.

The dot above the symbol indicates the time derivative, and the comma after the index indicates the deriva-
tive of the corresponding coordinate. Summation is performed over the repeated indices, for example:

oy = doy n 903, n 0034

T0X, OX,  OXg

the continuity equation

+—2+
ot

op, (U, du, du;)_,
dx, dx, dx, ’

()
where x; is the coordinate axis.
The relation between the strain tensor components and displacements from the Cauchy relation is repre-
sented as

g =05(U,;+U;,),
and the constitutive relations specify the relations between stress and strain tensor components as:
05 = f(gij)' )
In the elastic case, relations (10) are taken in the form of Hooke’s law. In the applied problems of wave
mechanics, the processes are described by hyperbolic equations when formulated correctly. Hyperbolic equa-
tions and systems make up a significant part of the mathematical models used to solve applied problems. A
distinctive feature of hyperbolic equations and systems is that they describe wave processes with the finite

rate of disturbance (wave) propagation in the considered region.
For each equation of the form

(8)

oU oF
ot ox’

the used difference scheme corresponds to the simplest version of McCormack non-central schemes [19, 20].
A volumetric design scheme was used for the equation solution. McCormack’s method is a finite-
difference predictor-corrector method, which refers to shock-capturing schemes. In accordance with the
scheme, the position of the wavefront is not identified, and the computational domain is analyzed for each
moment of time, which is needed for subsequent use of the simulation results. McCormack’s scheme as-
sumes the use of a rectangular computational grid, which has a number of advantages: simplified mathemati-
cal calculations, less computing time, simplified specification of boundary conditions, and simplified pro-

(10)
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cessing of results without data loss. Results obtained by square-cell grids are best since the hourglass effect —
twisting of the grid cells — is minimized. The numerical algorithm of the method is similar to the Runge—
Kutta method [20] used to solve ordinary differential equations. To obtain solutions at the next time step
U (t + At) by the Runge-Kutta method using the known U(t), one or several iterations are required.

Before using the method similar to the Runge—Kutta method of the second order of accuracy, spatial de-
rivatives in the equations were replaced by the corresponding ratios of finite differences. Non-central differ-
ence operators were used, for example, alternately left or right differences instead of central ones. This ap-
proach forms the basis for the effective non-central second-order scheme proposed by McCormack.

Non-central schemes are superior to most conventional central schemes since the program logic is sim-
plified, non-uniform terms are easily included, and generalization to multidimensional problems is per-
formed directly. The advantage of non-central schemes is the absence of half-integer indices, which simpli-
fies realization of the boundary conditions. The scheme has a second order of approximation in both spatial
and temporal variables.

Thus, the boundary conditions can be specified by displacements. The size of elements in the finite el-
ement model was (10°x10) m% The calculation involves 237,500 points at a sampling rate of 10° s. The
calculations were performed for an elastic sample of magnetite ore used in the experiments of stepwise com-
pression and subsequent excitation at steps by deterministic acoustic pulse. Cracks specified were of differ-
ent sizes with a length along the sample axis or along with the acoustic pulse propagation at the point of the
ball impact. Numerical simulation was carried out using a special graphics package. The results of numerical
simulation are visualized in the form of stress intensity propagation regions [21, 22]. The constructed math-
ematical model was used to analyze elastic wave propagation in the sample under pulsed mechanical action.
This enables detailed distributions of parameters that describe the material behavior in contrast to experi-
mental studies when the measured quantities have predominantly integral meaning. Elastic disturbances were
simulated numerically in a cylindrical region, where the lateral surface was exposed to pulse excitation. It is
reasonable to consider the problem in flat formulation, namely, with the axial section of the cylinder with
dimensions of (42x80)x10™ m. Figure 2 shows examples of numerical modeling for this region at the acous-
tic pulse propagation time of 25x10°® s,

z z
40 40 1.00

Intensity stresses, rel. units

0.00

X/ 30

Figure 2. Calculated values of stress intensity in the sample bulk within 25x10® s from the moment of the
acoustic pulse input by the ball impact on the cylindrical surface of the sample: a) crack 10”2 m long along
the sample axis at a distance of 20x10° m from the excited cylindrical surface; b) crack 10”2 m long across
the sample at a distance of 40x10 m from the face end of the sample under similar external impact.

In numerical modeling, changes in stress intensity over time from zero to 35x10° s were studied. For
example, Figure 2a demonstrates changes in stress intensity in the bulk of the sample on a crack 102 m long
located along the sample axis at a distance of 20x10 m from the excited cylindrical surface within 25x10° s
from the moment of the acoustic pulse induced by the ball collision with the cylindrical surface. As can be
seen in the figure, stresses are concentrated on the crack, and then they drop sharply along the line of AP
propagation. As reported in the introduction, the amplitude-frequency spectrum of EMS is directly related to
the parameters of the time-varying AP. As a result, the EMS spectrum also changes.

Figure 2b represents changes in stress intensity in the bulk of the sample on the crack 10% m long locat-
ed across the sample axis at a distance of 40x10° m from the sample end face under similar external action
from the excited cylindrical surface. The figure also presents the calculation of stresses within 25x10° s from
the moment of the acoustic pulse input after the ball impact on the cylindrical surface. As can be seen in the
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figure, stresses are concentrated on the crack, but their shape differs from the previous one (Figure 2a).
Therefore, the EMS amplitude-frequency spectrum will be different. The form of the amplitude-frequency
spectrum under deterministic acoustic excitation can help to determine the location of existing or emerging
cracks during sample fracture propagation caused by different types of strength loading.

Figure 3 shows the results of numerical simulation of the change in the stress intensity in the region of
the sample with dimensions (42x80)x10™ m? after 30x10® s from the moment of injection of a deterministic
acoustic pulse in the middle of the surface perpendicular to the direction of uniaxial compression for a crack
10 meters, for two cracks 20x10™ and 42x10™ meters along the compression axis each at a distance of 107
meters from the edges of the sample, as well as for several cracks located along the compression axis with
dimensions (2.0, 4.0 , 8.0, 16.0, 32.0, 64.0)x 10° meters, the distance between cracks is 5% 10 m. In the latter
case, the cracks are arranged in ascending order from the smallest in length to the largest from the point of
application of the impulse.

In Figures 2 and 3, the intensity of the stresses arising in the sample is displayed in color. They show
that cracks are stress concentrators. An electromagnetic signal with the highest amplitude will come from the
area of such stress concentrations. The Z-axis in Figures 2 and 3 coincides with the direction of the maxi-
mum principal stress. Thus, in the process of any type of force action, electromagnetic emission will reflect
the appearance of cracks and the development of zones of the destruction of materials.
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Figure 3. Numerical modeling of the stress intensity dynamic in a sample with dimensions (42x80)x10
m? after 30x10° s from the moment of input of a deterministic acoustic pulse in the middle of the sur-
face perpendicular to the direction of uniaxial compression: a) crack 10 m; b) two cracks 20x107 and
42x10 m along the compression axis each at a distance of 10 m from the edges of the sample; c) the
area contains several cracks located along the compression axis with dimensions (2.0, 4.0, 8.0, 16.0,
32.0, 64.0)x10 m, the distance between the cracks is 5x10° m, the cracks are arranged in ascending
order from the smallest to the largest one from the point of application of the impulse.

During the experiments, the electromagnetic emission of rock samples of skarn containing magnetite
and magnetite ore of different strengths was investigated when they were loaded along the axis by uniaxial
compression. Figure 4a shows the amplitudes of the EME skarn averaged over 1 second in a wide frequency
band of 1 ... 100 kHz. The sample contained calcite and magnetite. The EME was recorded continuously
with the recording of the current values of the compressive stresses P in the range from zero to destructive
loading values Pyi,,. The figure shows the stages of the development of fracture, including the stage of devel-
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opment of destruction of the sample material or the growth of primary cracks and their growth in the range of
0.3 ... 0.52 of the relative load.

The relative load is the ratio of the current load to the breaking load P/P;,,. Similar changes in the EME
amplitude were observed during the development of destructive processes in magnetite ore (Figure 4b). It
can be seen from the obtained regularities of the development of destruction at stage 2 that two independent
increases in the EME amplitude are observed. This is due to the fact that when the samples are loaded with
compressive forces, the resulting stresses are transmitted to their entire volume, including calcite and mag-
netite. Deformation in brittle materials obeys Hooke's law. As a result of such an impact, the most fragile
material will be destroyed first.

Thus, various modifications of calcite, depending on its position and type in the rock, have a strength of
(12-50)x10° Pa, while the strength of magnetite ore is significantly higher. In this regard, the zone of de-
struction in the minerals that make up the rock will develop in different intervals of the relative load P/Pjip,.
This is shown in Figure 4 when loading skarn and magnetite ore samples. Summarizing the results of the
study to identify the influence of the mineral composition of rock samples on the EME amplitude, we can
say that the least durable inclusions present in the material will always initially undergo destruction.
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Figure 4. Changes in the EME amplitudes averaged over one second at a frequency of 100 kHz
at different values of the relative compressive load on the sample: a) skarn; b) magnetite ore.

Conclusions

Analyzing the numerical calculations of the stress intensity on cracks of different sizes and locations,
and the experimental regularities of the EME amplitude and frequency characteristics under uniaxial com-
pression we concluded that some important features can be distinguished during testing the fracture process-
es development by the method of mechanical and electrical transformations.

Thus, the performed numerical simulation of the stress intensity dynamic in the samples under deter-
ministic acoustic excitation at the middle of the surface perpendicular to the direction of uniaxial compres-
sion, revealed that the cracks in the sample volume are stress concentrators. The stress intensity and their
type differ significantly with different numbers and sizes of cracks perpendicular to the propagation of the
acoustic pulse. EMS with the highest amplitude and with different amplitude-frequency spectra will come
from the region of such concentrations because the EMS parameters are related to the characteristics of the
arising mechanical stresses.

The experimentally obtained results of EME during the uniaxial compression of skarn and magnetite
ore samples of different strengths revealed the stages of preparation for the samples destruction. The emer-
gence and development of destructive zones are in the range from 0.3 to 0.55 of the breaking load. It should
be borne in mind that for different materials the interval of this range may vary depending on their strength.
This circumstance indicates the depending on the EMS parameters from the samples structure and their die-
lectric properties under mechanical-electrical conversions.

Thus, the use of the mechanical-electrical method under compression will be useful in testing the pro-
cesses of the cracks onset and the fracture development in solid dielectric materials and products. In the fu-
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ture, the considered method can be used to detect defects in dielectric materials. The prerequisites for such
defects testing are the above theoretical studies of changes in mechanical stresses in a model solid on defects
in the form of cracks under an external deterministic acoustic effect. Cracks here are stress concentrators dur-
ing the propagation of acoustic pulses. The same concentrators of mechanical stresses will be the contacts of
defects with the material containing them. As a result, in accordance with the defect and the sample imped-
ance ratio, EMS with parameters defining the defects boundaries will appear.
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JAmdJieKTpIlik MaTepuaJapaarbl 1eCTPYKTHBTI PoOLecTePAiH
AaMybl Ke3iHJeri MeXaHUKAJBIK KoHEe IEeKTPJIK TYpJeHaipyJaepai
CaH/JBIK JKoHe TIKipuOe ik 3epTTeyaep

Makanaza AMANEKTPIIK Tay S>KbIHBICTAPBIHBIH YATUIEpl MBICANbIHAA KepHEYyi-1ehOopMalisUIBIK KYHAIH
e3repyiMeH CBHIHYIBIH JaMyblH MEXaHHMKAJbIK >KOHE O3JICKTPIIK ChIHAY Oicl TaJKbUIAaHFaH. AMWHBIMAJbI
3JIEKTPOMArHUTTIK ©picTepAiH Haiiaa 601y KyObUIBICH KATThI JICHE KYPBUIBIMIAPBIHAAFB MEXaHUKAIIBIK XKOHE
ANEKTPIIK TYPJCHIIpYJepre HeTi3feNreH, OJaplblH KepHeyli-IeopManrsulblKk  KyHi MeXaHHKAaJbIK
JKYKTEMEHIH acepiHeH ChIHAIFaH MaTephall iIIiHeri aKyCTHKAIbIK 3MHCCHIMEH Oipre esrepexi. ABTopnap
OpPTYpi KypaMbl MEH TEKCTYpachl 0ap Tay JXKBIHBICTAPHIHBIH YITUIEPiHIH HMITYJIbCTIK JETepMUHHUPICHICH
AKYCTHKAJIBIK KO3YBI Ke3iHJIEeT] 3JIeKTPOMarHHuTTIK peakIMsuIapIblH TapaMeTpiIepiHiy e3repyiH CaHIbIK jKoHe
TOKIpUOETiK 3epTTeYepliH HOTIKENEpiH TalKbulaFaH. JleTepMUHHpIEHIeH aKyCTHKAJbIK HMITYJIbCTap
EHTI3UIreH MepIeHIUKYISIp YTl OCiHIH OOMBIMEH XOHE KOJJACHCHIHEH OpHANacKaH JKaphIKTapIarbl KepHEY
KOHLICHTPALUSCHIHBIH MaTeMaTUKaNbIK €CeNTeyJIepiHiH HOTIKenepi OepiireH. Op Typiai OepikrTiri MeH
JMEKTPIIK KacueTTepi Oap KambIMT II€H MAarHeTUT YJATIep >KOWBUIFaHFa MEeHiHT1 OipochTi CHIFBIMIAY
Ke3IHJerl HJISKTPOMarHUTTIK SMHUCCHSHBI 3KCIEPUMEHTTIK 3epTTeyAiH HOTIKelepl KepceTiumreH. Yiri
KOJIeMIiHJIeT1 JKapbhlkTap KepHey KOHIEHTPATOpiapbl OOJbIN TaObUIafbl. AKYCTHKAIBIK HMITYJIbCTIH
TapalyblHa MEPIEeHIUKYISP JKApPBIKTApAbIH CaHbl MEH MemIepi op Typii OoiFaH Ke3ne KepHeylepaiH
KapKBIHIBUIBIFBI JKOHE OJIApABIH CBIPTKBI Typi aWTapibIKTail esrepexi. byn okarmail  yarinepnig
KYPBUIBIMBIHBIH ~ JKOHE  ONApABIH ~ OUAJIEKTPIIK  KACHETTepiHIH  MEXaHHWKAJBbIK JKOHE  DIEKTPIIK
TYPICHAIPYIEPAiH HOTIKENEepiH jKazy Ke3iHIe dIEKTPOMArHUTTIK CHUTHANAApIBIH HapaMmeTpiepiHe ocepiH
kepcereni. Ocplnaiiia, CEIFRIMIAY Ke3iHIEeTI MEXaHUKAIBIK—ICKTPIIK TYPIACHAIPYIEPIiH 3ipJIeHIeH JIIiCiH
naiijanany KaTThl JEHEN TUAJICKTPIIiK MaTepHaigap MeH OyibIMIapaa )KaphIKIaKTapAbIH naiina 60y skoHe
CBIHYJIAp/IBIH IaMy NTPOLIECTEPIiH ChIHAYJa KOJIIAHBLTYbl MYMKIH.

Kinm ce30ep: nuanekTpuKTep, Tay JKBIHBICTAPBI, CAHIBIK MOJEIB/CY, aKyCTHKAJIBIK acep €Ty, OIpOChTi CBIFY,
INIEKTPOMATHUTTIK SMUCCHUSI, MEXaHODJIEKTPIIIK KalTa KYpY, JEKTPOMarHUTTIK CHTHAL.

A.A. becnnansko, I'.E. Yup, I1.HU. ®enoros

YucaeHHoe M IKCIIEPUMEHTAJbHOE UCCIeI0BAHMSA
MEXAHUKO-3JIEKTPHUYECKUX MPe0dpa3oBaHuil IPH Pa3BUTHH
AeCTPYKTUBHBIX MPOIECCOB B IMIJIEKTPUYECKUX MaTepHaiax

B craTbe 0OcyxaeH MeTo1 MeXaHHKO-3IIEKTPHIECKOTO TECTHPOBAHHS Pa3BUTHS Pa3pyLICHHs IPH H3MEHEHUN
HaIpsHKEHHO-Ae(OPMHUPOBAHHOTO COCTOSIHUS Ha IIPUMEpEe ANDIEKTPUIECKHX 00pa3IoB rOpHBIX mopos. B oc-
HOBE SBJICHUS BO3HMKHOBEHUS IMEPEMEHHBIX 3JIEKTPOMATHUTHBIX IOJIEH JIeKaT MEXaHUKO-3JIEKTpUYECKUe
npeoOpa3oBaHusl B TBEPIOTEIBHBIX CTPYKTYpaxX HPH HU3MEHEHUM HMX HanpsHKeHHO-Ie(OPMUPOBAHHOTO CO-
CTOSIHMS [10J] BO3JICHCTBUEM MEXaHHUECKOI Harpy3KH, CONPOBOXKIAIOUIEHCS aKyCTUUECKON 3MUCCUEel BHYTpU
UCIIBITBIBAEMOTO MaTepuasa. ABTOpPaMH PacCMOTPEHBI PE3yNbTaThl UUCICHHBIX M 3KCIEPUMEHTAIbHbBIX HC-
ClIeOBaHMI M3MEHEHHs ITapaMeTPOB IEKTPOMATHUTHBIX OTKIMKOB P MMITYJILCHOM JETePMUHHPOBAHHOM
aKyCTHYECKOM BO30YKIEHHH 00pa3Ii0B TOPHBIX MOPOJ C PA3INIHBIM COCTAaBOM U TEKCTypoi. [IpeacTaBienst
pe3yabTaThl MaTeMaTHIECKUX PacueTOB KOHIEHTPAINH HANPSDKEHHH HA TPEMIMHAX, PACHOJIOKEHHBIX B0
U TomepeK ocH o0Opasiia, MepHeHIUKYIIPHO KOTOPOil BBOAWINCH JETEPMUHHPOBAHHBIE aKyCTHIECKHE MM-
nynbebl. [TokazaHbl pe3ynbTaThl SKCIEPUMEHTANIBHBIX MCCIIEAOBAHUN 3JIEKTPOMarHUTHOW AMUCCUU IPU OJ-
HOOCHOM CXKAaTHHU JI0 pa3pylIeHUs: 00pa3loB C COAEP)KaHHEM KallbLUTa U MAarHeTHTa, OONaJaloliX pa3sHOU
MPOYHOCTBIO M AJIEKTPUYECKMMH CBOMcTBaMu. IIpucyTcTBylomue B o0beMe oOpaslia TPEIMHBI SBIISIOTCS
KOHLIEHTpaTopaMu HampsbkeHuil. Ilpu pa3sHOM koinuecTBe M pazMepax TPELIH, NMepIeHIUKYIpHBIX pac-
MPOCTPAHCHUIO AKyCTHIECKOTO MMITYJIbCA, HHTEHCHBHOCTD HANPSHKEHUH M UX BHUJ[ CYIIECTBEHHO Pa3lIMIaroT-
cs. OTO OOCTOSTENBCTBO YKA3hIBAaeT Ha BIMSHHE CTPYKTYPHI 0OpasIoB M MX JUINEKTPHIECKUX CBOMCTB Ha
MapaMeTphl MEKTPOMAarHUTHBIX CUTHAJIOB MPH PETHUCTPANH PE3yIbTaTOB MEXAHUKO-3JIEKTPHIECKIX Mpeod-
pazoBaHuid. TakuM 00pa3oM, MCHONB30BaHUE METOJ[a MEXAHHKO-3JIEKTPHIECKIX MIPEe0Opa3oBaHUN IpH CxKa-
THUM MOXET OBITh MCIOJIB30BAaHO TPH TECTHPOBAHUH MPOIIECCOB Hadajla TPELINHOOOPa30BaHHS U PAa3BUTHUS
pa3pylLIeHus B TBEPAOTEIbHBIX TUJIEKTPUUECKUX MaTepUaax U U3CIusX.

Kniouesvie cnoea: NU3NEKTPUKU, TOPHBIE MOPOJIBI, YHCIEHHOE MOJEIUPOBAHUE, aKyCTUIECKOE BO3/eiicTBHE,
OJIHOOCHOE€ C)KAaThe, AIEKTPOMArHUTHASI IMUCCHUS, MEXAHODJIEKTPHUUECKUE MPEoOpa30BaHus, JIEKTPOMArHUT-
HBIA CHTHAJL.
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