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Summary. A mathematical model of the magnetoelastic acoustic emission (MAE) signal in the form of a
random impulse flow is proposed and considered. The impulse and time informative parameters of the MAE signal
are allocated and algorithms of their estimation are developed. The influence of external force loads applied to
lamellar samples made of nickel and 19G steel on the change of the informative parameters of the MAE signals is
examined. For a steel sample we estimate the distribution of pulse amplitudes and intervals between adjacent
pulses of the MAE signals at different values of the applied load. The obtained estimations we approximated by
exponential curves. These dependencies can be used as calibration curves for the diagnostics of residual stresses
in ferromagnetic objects of long-term operation.
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Introduction. Nowadays the problem of diagnostics the products and structural
elements state, as well as equipment, whose service-life is due and needs to be replaced, is of
great importance for the industry of Ukraine, for the space, chemical, power engineering oil,
gas-pipe transport and mechanical engineering in particular. Caused by the long-term operation
in the severe conditions, physical chemical changes take place, contributing to poor mechanical
properties, quality and reliability.

The promising method for the diagnostics of such objects made of ferromagnetic
materials is the method of magnetoelastic acoustic emission (MAE), which is caused by the
remagnetization of the ferromagnetic structural material due to the Barkhauser effect [1,2]. The
advantage of the method, as compared with that of acoustic-emission as diagnostics is that there
is no need to apply additional load, to stop operation or to change the operation mode of the
element being under control.

From the literature review we can conclude, that there is a lack of theoretical or methodic
specification [2, 3]. Looking for new additional informative parameters of the signal is a
pressing problem, the solving of which will make it possible to improve the diagnostics
efficiently of ferromagnetics taking advantage of the MAE method.

Physical aspects of the MAE signal formation. P.L. Weiss delivered the hypothesis
that the ferromagnetic material consists of separate areas of simultaneous magnetization-
domains, here the direction of the magnetic atom moments being parallel, but different from that
of the moments direction of the adjacent area [4]. In 1926 Lengmure was the first to state the
notion of the domain wall: these are layers of the non-parallel spins dividing the domains of
different magnetization orientation. Depending on the crystal symmetry the domain walls are
classified according to the degree measure of the angle, in which the magnetization direction
changes in the adjacent domains, e.g. the 1800 th and non-1800 th domain walls [5]. In the real

Corresponding author: Natalia Melnyk; e-mail: melnyk_natalija@ukr.net ....................ccccoceoeiivioee s eseee oo 31


https://doi.org/10.33108/visnyk_tntu
https://doi.org/10.33108/visnyk_tntu2019.0
https://doi.org/10.33108/visnyk_tntu2019.02.03

Mathematical model and informative parameters of the magnetoelastic acoustic emission signal

ferromagnetic crystal the thickness of the domain wall is specified by the condition of the
exchange energy balance and that of the magnetic anisotropy energy.

The domain structure is the result of different types of interrelations being available in
the ferromagnetic materials. For the finite size crystals the unidomain structure is energy
disadvantageous, because the demagnetization field is available. Energy advantageous is the
state, when ferromagnetic sample is divided into some areas of the simultaneous magnetization
in such a way, that the resultant magnetization of the whole sample equals zero.

In real crystals, because of the available structural defects and internal stresses, the
domain wall is located so, that the increase of the crystal free energy is minimum. That is why
the 180° ™ walls are located in the places, where the inner stresses, the values of the efficient
constant of the magnetic anisotropy and the energy surface density is minimum, instead of the
180° ™ domain wall, where the stress changes the sign corresponding the change of the axis
direction of the light magnetization in the adjacent domains.

Resulted from the outside magnetic field, the ferromagnetic demagnetized state is the
energy disadvantages, new component of magnetization appears, which is different from that
of zero, and it starts being magnetized. Such magnetization results in the increase of the

domains volume and the change of the simultaneous magnetization direction /(of some
domains during their rotation. The processes accompanying it can be reversible and irreversible
depending on the fact, what amount of energy in the form of heat is dissipated.

The heterogeneous materials are characterized by the hysteresis caused by the walls
displacement as during the motion different inclusions, mechanical loads and dislocations block
the domain walls. The detailed investigation of the magnetization curve in the area of the
domain walls displacement testified, that under smooth change of stress of the outside
remagnetized field magnetization in the sample is of jump-like nature. Such changes of
magnetization were called the Barkhausen jump (BJ) or the jumps of remagnetization (Fig. 1).

The domain wall coordinates x, is equal to the balance value of the magnetic field H . If it is

increased, the reverse displacement of the wall will last until it, being out of its balanced state,
is in the point of coordinate x,, in which the maximum of some internal pressure is obtained,

resulted from the gradient of the energy surface density of the domain wall dy/ox, and the
outside field reaches the critical value H =H,, .
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Figure 1. The mechanism of the jump-like motion of the domain walls [6]

The further motion of the domain wall can be without increasing the outside magnetic
field till the point with coordinate x,, as for the values range x, < x < x, the inside pressure is

less than that outside. As the result, the domain wall is of jump-like motion from the point x,

to the point x, and magnetization is of the jump-like nature and changes in some values. Such

process is irreversible, because if the magnetic field is decreasing further, the wall will not
return again from the point x, to the point with the coordinate x,, but will be reversibly
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transferred to the position x,. and will be in the jump-like motion to the point x,, .

Displacement of the domain boundaries caused by the outside magnetic field depends
greatly on the coordinate dependence of the surface energy density of the boundary layer:

y=(K,4la)"”, €]
where the effective constant of the magnetic anisotropy is:

K, ~aK +bho, (2)

and K — is the constant of the nature anisotropy;

A — is magnetostriction constant;

o — are the inside mechanical stresses;

a and b — are the constants of the given crystal [7].

The free energy of the ferromagnetic crystal is the minimal, if the domain boundaries
are located in the places corresponding the minimal inside forces, if the magnetic field is not
available. They include, first of all, inside stresses caused by the deformation of the crystal
lattice or different types heterogeneities, e.g. inclusions.

Thus, the Barkhausen effect (BE) is specified by the stochastic motion of the domain
walls, which is the sequence of jumps of the 1800 th domain walls, that is, is of the snow-slip
nature under slow magnetization. The jumps dynamics depends on the material microstructure,
demagnetization field, stresses, etc. [8].

Radiation of the elastic waves — MAE, caused by BE is associated with the
magnetostriction deformations in ferromagnetics, taking place in the body local areas, where
the sudden changes of the non-1800 th domain walls location, being affected by the outside
magnetic field, are noticed [9-11]. The main parameters specifying BJ are the jump duration,
the change of the remagnetization volume, resulted from one jump, and its size. The change of
magnetization Am = M AV , resulted from the single jump of the non-1800 th domain wall, 1s

called the BJ size in the ferromagnetic materials. Maximum displacements caused by the jumps
of the non-1800 th domain walls, can be estimated according to the dependence(3) [12].

M ,
U~ M—(k +2ucos’ 0)V' [(4rpc;r) , 3)

N

where A and p — are the Lame’ constants;

p — is the medium density; deformation tensor component;

c1— is the longitudinal wave velocity;

M — is magnetization;

A —1is magnitostriction constant of the ferromagnetic material;

0 — is the angle being measured from the area corresponding the longitudinal elastic wave
propagation, caused by the change of the domain structure in ferromagnetic.

It is clear from [3], that the amplitude values of the MAE signal are proportional to the
transformation deformations ( the multiplier AsM/Ms) and to the rate of change of the
remagnetization area volume V1. Effective registration of the MAE signal can be done using
the piezoelectric transformer.

Mathematic model of the MAE signal. Analysis of the mechanism for the MAE
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signals generation makes it possible to specify their main characteristics [13]: random in time
appearance of some events (random flow of impulses); time restriction (finity), energy
weakness; random amplitude. These features make possible to treat the signals within the model
of the random impulse flow [3].

In this case the signal can be presented as the impulses superposition, the shape of which
is described by the determined function F(¢) normalized in unit for maximum, here the
impulses can differ in the amplitude. The corresponding impulse flow will be presented as
follows:

X(6)= 2, AF(t=1,), “)

where 7 — is the remagnetization period;
k =1,2,... — is the period number;

t,, — is the random moment of the i " impulse appearance in the K — period (k—-1)T <t, <kT ,
i=12,..;
A,, —1s its random amplitude;
t,, — 1s the appearance moment being assumed conventionally, because it is not necessary that
F.(t—t,)=0,ift<¢,.

It is expected, that F(¢) is directed to zero very quickly, if |z|— oo, that is why

J. |F,.(t—t,)|< . The time moments ¢, can be connected with any specific point — with any

of extremums F(¢) or with any of points of transition over zero, if they are available, etc [3].
More general treatment of the random impulse flow is, that except the amplitude, the

shape of the impulses themselves is assumed to be random, which depends on the aggregate of

some finite number m parameters H= {“ ool ’”} .

X(@)= 2 A (W E(E=1,;,1) . %)

The MAE signal depends on the parameters of the remagnetized field ( the results of the
stress amplitude, frequency and the signal shape) and is sensitive to the structural changes of
the ferromagnetic material, heat treatment mode, plastic deformation, residual stresses,
hydrolisation, etc.). The material being degradated changes its domain structure, influencing
the change of the MAE parameters [14-15]. It was found experimentally, that the plastic
deformation of the material influences the strength of MAE the most, the hydrolisation factor
being less effective, depending on its concentration in the ferromagnetics [16-17].

Informative parameters of the MAE signal. Basing on the model (4) the impulse
informative parameters of the magnetoelastic emission signal can be specified. They include
the probability density of the impulse amplitude distribution p(4), the sum of the impulse

amplitudes during the k ” period of remagnetization ZA"f , the MAE signal envelopes

generated during the period of remagnetization, as well as the parameters set of the impulses

shape H={t ’"} The time informative parameters are the impulse flow intensity n(?),

q(9) — the probability density of the intervals distribution 8, =¢,,,, —¢, between the adjacent
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impulses of the flow, resultant impulses calculation during the & period of remagnetization
N, =Y H(t—t,), where H(-) —is the Havyside’s function.

The informative components of the MAE signal generally include the discontinuous and
continuous jammings, that is why the model (4) can be presented as follows:

X(1)=Y A4, F(t—t,)+Y B,G (t—t)+S(0)+y(1). ©6)

here B; —is the amplitude;
G,(t—t,) — is the function of the discontinuous jamming shape, resulted from the mechanism

operation, electric model in the electrical network, electromagnetic impulses, etc.;

S(#) = Sosinwt — is the discontinuous harmonic jamming, resulted from the frequency of the
industrial electric network (Sp— its amplitude, » — frequency);

7(¢) — is the stationary discontinuous random jamming, initiated by the effect of radio-frequency
jammings and noises of the transmission channel, which can be described within the correlation
theory with the mathematic expectation Y, dispersion Dy, the one-dimentional distribution

density f(y) and the normalization auto-correlation function ry(t) (t — the time shifting).

Jammings can sufficiently distore the results of the signal informative parameters
estimation. That is why, in order to obtain the true information for the correct engineering
diagnostics, it is worth being done properly.

Estimation of the MAE signal parameters. Some important conditions concerning the
emission signals, resulted from the influence of the mechanical, physical, chemical and other
factors on the object being investigated, are of special importance. These signals, as a rule, in
many cases do not satisfy the conditions of “good statistics”: random error of estimation the
statistical parameters of the signal can not exceed the admissible error, which guarantees to
some probability the identification of the defect or estimation of characteristics of the crack-
forming process. It is caused by the fact, that the duration of the signal implementation for a
given product or structure is limited greatly. Generation of the emission signals is not controlled
and stops, when the investigation object has been ruined. In the case of the MAE signal the
random error can be decreased in any case thanks to the increase of the remagnetization field.

The estimation of such traditional characteristics of the MAE signal as the amplitude
sum during j — implementation (Fig. 2) will look like:

Azj (Ath) = Z Aji‘(Aji>Axh) : (7)

i=1(T (j-1)<1;;<T))

. C HS....

Figure 2. The MAE signal implementation during the magnetization of a lamellar ferromagnetic
sample: the frequency of magnetization is 9 Hz, the amplitude of the induction of a magnetic field equals 0,8 T

40000
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In the expression (7) the impulse amplitudes, which are greater than the threshold value
Aij>Ath exceeding the noises level, are summarized. In order to decrease the random error,
having used the signal M implementation, for the estimation of the amplitude sum we will
obtain the expression:

1 M

AZa (Alh) = HZ Z A./i‘(Aji>Arh) ? (8)

J=U =T (=Dt <T))
and for its dispersion:

1
Do =37 Pagian ©)
The dispersion is decreased in M times as compared with that of the estimation during

one implementation D, e and, as a result, the estimation error can be as small as possible.
5 (A

Similar to the estimation of the resultant calculation during the j- implementation, the
following expression can be obtained:

Ny (4,) = > H(t-t;), (10)

i=1|((Aj;>4,,), T (j-1)<t ;<Tj)

during M — implementations:

1 M

NZa(Alh):ﬁz Z H(t_tji)’ (11)

J=U = Ay > Ay, T (=<t ,<T))

which can result in the decrease of dispersion in M times as compared with the estimation

dispersion during one implementation D, )
3 th

1
Neo(4y) M NZ/'(Axh) )

(12)

Estimation of the mean amplitude in the time range of the ;™ period T of
remagnetization is:

A Ay) = —=5 2 Ajicasay (D (13)

Nj(I) — is the number of impulses registered in the time window [(I-1)Td, 1Td];
Td - is the signal discretization interval;
[=1,2,... —1is the window number.

Thus, for the M implementation:

N; ()

M
_EZ] Z jz\(Aj,>A,h)(l)’ (14)

] i=l
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which decreases the dispersion in M times as well.
The estimation of the impulses number in the time window during the j
implementation:

N (D)

N.(1,4,)= > H(t-t,), (15)

i=1((Aj> Ay, Ty (=11, <Tyl)

and during M- implementations:

N./' ()

Na(l, th)_MZ Z H(Z_tji) : (16)

J=1 = Ay > A Ty (=)<, <Tyl)

Beside traditional parameters of the MAE signal the MAE signal envelope is of great
importance too [14, 18], the characteristics of its shape and duration in particular.

The estimation of envelope according to the algorithm of sliding mean values is found
according to the formula:

5, (k) =%]§‘Sj(k+i)‘. (17)

here | s(i)| — 1s the module of the 1 — reading of the signal;
N — is the number of the signal readings being averaged ( the width of the window averaging),
§(k) —the kth value of the envelope.

It is averaged as well according to the number of samplings M registered as the result
of the experiment:

5. =ij2%§(;\ k). (18)

The estimation of the envelope according to the algorithm of the sliding average-
quadratics is found according to the formula:

§,(k) = /%gsf(kﬂ), (19)
5 (k) —ii iNz  (k +1) (20)
s, _M 2\ & i).

here s°(i) — is the square of the signal i reading;

N — is the number of the signal readings, which are averaged (the width of the averaged
window);

§(k) —1s the kth value of the envelope estimation.

for the M samplings:
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The estimations dispersion (18) and (20) averaged according to the number of samplings
M decreases and equals:

1
D

S.0) = HD

§,(k)

When the MAE signal is treated as the impulse random process (4), it is possible to use
and estimate the statistical characteristics additionally, that is, shape, parameters, moments and
entropy of the amplitude and time distribution of the random flow of impulses.

The amplitude distribution of the MAE signal can be estimated using the multichannel
amplitude analyzer with /o the adjacent amplitude “windows” of the AA width each, or using
software according to the digitized data and the device for the signal selection. Then, the
histogram for the amplitude distribution of the MAE signal during the j — implementation will
look like:

0, A< A4

th
[()

WAL A,) =N ID NG, Ae (4, +(1-1)A4,IAA]. 1)
=1

0, A> A, +1,A4

Here the lower boundary of the dynamic range of the impulses amplitude will be
determined by the threshold value Ath, which depends on the noises level, and the upper

(4, +1,A4) — by the analyzer rank, NI — is the number of readings in the channel of number /.
The averaged histogram during the M implementations is:

. 1 & .
h: (l’ Arh) = ﬁz‘f th (lv Ath) B (22)
j=

with the estimation dispersion:

1

A HDI%;‘(LA,,,) ‘

(23)

The estimation of the first and second moments of the amplitude distribution equals
respectively:

A=A (1R (1L A,)), (24)

And
A= (MY (R0 Ay)). (25)

The histogram of the interval distribution between the adjacent impulses of the MAE
signals flow during j — implementation will look like:
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hf? (U4)= N,/ IZ::' N, (4> A4,) A (8 e(A3(-1),A31]) ’ 26)

0,9 >A9l,

and the averaged histogram during M implementation looks as follows:
h (l7 ;h Zh (l) th (27)

thus, correspondingly, the dispersion is:

1
Diowan =37 Piran M

Estimation of the first moment of the interval distribution is as follows:

§= ASZ (1R (1. 4,), (29)

and that second moment looks like:

lll

9 =(A9) 2(12 h°(14,)) . (30)

To check the hypothesis concerning the distribution law itself, the available in the
literature so-called matching criteria being divided conventionally into two classes — general
and special, can be used. General criteria can be divided into three main groups [19]:

1 — those being based on the study of the difference between the theoretical distribution
density and the empiric histogram;

2 — those being built on the estimation of the distance between the theoretical and
empiric functions of the probabilities distribution;

3 — correlation-regression criteria being based on the study of the correlation and
regression bonds between the empiric and theoretical ordinal statistics.

Comparison of the empire histogram of the random value distribution with its theoretical

2
density is the basis of criteria X , empty intervals by Barnet-Eison, etc. [19].

But it is known, that the estimation of the distribution density according to the histogram
gives the shifting error [20]. It is possible to reduce the value of shifting while narrowing the
internal A4 or AS. It will result in the increase of the dispersion of the histogram estimation,
which can be decreased by the increasing of the number of averaging implementations.

Experimental testing of the estimation parameters of the MAE signal. Thus, the
MAE signal is multiparameterous. It is very important to develop the algorithms of the statistic
estimation of the MAE signal parameters with the further determination of the correlation bonds
between them and parameters specifying the state of the investigated ferromagnetic object [18].

The experimental investigations were carried out to estimate the influence of the applied
mechanical stresses on the change of the MAE signal parameters and to determine the
corresponding correlation bonds. Equal size and shape nickel and steel samples were under the
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action of the tension stress (for nickel the tension ¢ being changed from 0 MPa till 110 MPa,
for steel — till 280 MPa), which was remagnetized with the outside field and MAE signals were
registered. According to the obtained results the dependence of the MAE signals sum on the
induction amplitude of the remagnetized field B and with the increase of the applied stresses
the decrease of the amplitudes sum for both samples is noticed. The characteristics of the
envelope shape and dependence of the MAE signals duration on the applied outside load as
well as the induction amplitude of the remagnetization field, have been investigated (Fig. 4,5).
When ¢ and B are increased, the change of the envelope shape is noticed (one sharp clear peak
is formed in the nickel sample and two peaks in the steel samples) and sufficient decrease of
the amplitude and the MAE signals duration.

ZA4;.u o ZA; w0

30 \\
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30 J \\
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2 s —
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a b

,_
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Figure 3. The dependence of amplitudes sum of the MAE signals on stresses caused by an external load:
(a) a nickel plate (B = 0,35 T); (b) 19G steel plate (B = 1,28 T)
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Figure 4. Features of the MAE envelope shape on changes of the amplitude of the magnetizing field
induction B and ¢ = 0: (@) a nickel sample (/ — 0,2 T, 2 - 0,35 T); (b) a steel sample (/ — 1,08 T, 2—-1,8 T)
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Figure 5. Features of the MAE envelope shape on changes of the amplitude of the magnetizing field
induction B: (a) a nickel sample (c =110 MPa, / — 0,2 T, 2 - 0,35 T); (b) a steel sample
(c=175MPa; I —1,08 T,2-1,8T)
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Figure 6. The dependence of the MAE signals duration on the applied stresses: (a) a nickel sample
(B=0,35T); (b) asteel sample (B=1,8T)

For the steel sample, according the proposed earlier algorithm (21) and (26), the
estimations of the impulse amplitude distributions and intervals between the adjacent impulses
of the MAE signals for different values of the applied loads, have been found (Fig. 7). The
obtained estimations have been approximated by the exponential curves and dependences of
the attenuation coefficients of the approximated exponents on the applied load have been built
(Fig. 8), which can be used as the gradation curves for the diagnostics of the residual stresses
in the ferromagnetic objects of long-term operation (Fig .8).

N_ Nﬁ
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=100 MPa | 1600 ; 0 MPa
2200 MPa.- | =100 MPa___
800 _ Hﬁ . 800 1| 2200 MPa___
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Figure 7. The estimation of a probability distribution density (histogram) of the amplitudes (a) and the intervals
between adjacent pulses (b) of the MAE signal for a steel sample at different loads
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Figure 8. The dependence of the attenuation coefficients of the approximation exponentials of the
distribution probabilities estimation of the amplitudes (a) and the intervals between adjacent pulses (b) of the
MAE signal for a steel sample at different loads

These dependences are characterized by the strength to some experimental factors

influencing the amplitude characteristics of the signal (the coefficient of strengthening of the
MAE signal, the quality of the contact of the acoustic emission transformer with the object
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surface, the transformer direction diagram), as compared with the similar dependence of the
signal amplitude sum on the value of the applied load (Fig. 3).

The outside mechanic stresses, applied to the investigated ferromagnetic samples, cause
the change of the magnetic structure. The magnetic-elastic energy under stresses is proportional
to Acsin’a, where A — is the magnetostriction constant, o — is the angle between the directions

of the magnetization vector M and the applied stresses to the control object 6. The influence

of these stresses causes the turning M parallel towards the direction ¢ for minimizing the
magnetic-elastic energy. It causes the increase of the general area of the 1800th domain walls
in the material volume due to the decrease of areas of non- 1800th ones, and the decrease of
the MAE signals amplitude [13]. Increase of the amplitude of the MAE signal, when the
induction amplitude of the remagnetization field increases, can be explained by the
improvement of intensity of the domain walls jumps. Operation of the ferromagnetic structures
at the enterprises of industry is almost impossible in real conditions without the influence of
loads and deformations on the material of the working medium.

Conclusions. Mathematic model of the MAE signal as the random impulse flow has
been proposed and interpreted. The impulse and time informative parameters of the MAE signal
have been specified and the algorithm of their estimation has been developed.

The influence of the outside force loads, applied to the lamellar samples, made of nickel
and steel 19T, on the change of the informative parameters of the MAE signals, has been
investigated. It was found, that when the applied outside stresses increase, the sum of the signal
amplitudes decreases under the constant value of the induction amplitude of the
remagnetization field, the change of the envelope shape and decrease of the MAE signals
duration take place.

For the steel sample the estimations of the impulse amplitude distributions and the
intervals between the adjacent impulse of the MAE signals under different values of the applied
loads have been found. The obtained estimations have been approximated by the exponential
curves and the dependences of the attenuation coefficients of the approximated exponents on
the applied load have been built, which can be used as the grading curves for the diagnostics of
the residual stresses of the ferromagnetic objects of long-term operation.

Generalization of the presented results makes possible to conclude, that the MAE
method is sensitive enough for the investigation of the stress-strain state of the ferromagnetic
materials. It testifies the possibility to apply this method to carry out non-fracture control of the
structural elements made of ferromagnetic materials.

The work has been carried out being funded by the budget program “Support of the
scientific investigations” (KITKBK 6541230).
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VJIK 537.63

MATEMATHYHA MOJIEJIb TA IHOOPMALIHHI
XAPAKTEPUCTHUKHU CUTHAJY MATHETOIIPY KHOI
AKYCTUYHOI EMICII

€Bren Ilouancoknii; bornan Kinum; Hatania MeabHuk

Dizuxo-mexanivnui incmumym im. I. B Kapnenka HAH YVkpainu,
JIveis, YVkpaina

Pe3tome. 3anpononosano ma OOIPYHMOBAHO MAMEMAMUYHY MOOeIb CUSHALY MASHEMONPYICHOL
axycmuunoi emicii (MAE) y 6uensioi eunadxogozo iMnyasCHO20 NOMOKY. Budinreno immynvcni ma uacogi
inghopmamueni napamempu cuenany MAE i pospobieno ancopummu ix oyinioganmus. [locniodceno eniug
306HIWHIX CUNOBUX HABAHMAICEHb, NPUKIAOEHUX 00 NIACMUHYACMUX 3PA3KI8, WO 8U20MOBIEH] 3 HIKOLY ma cmai
191, na 3miny ingpopmamusnux napamempis cuenanie MAE. Bcmanogneno, wo 3i 30inbuieHHAM NPUKIAOEHUX
308HIUHIX HANPYICEHb CYMA AMAIIMYO CUSHANIB 3MEHUYEMbCSA 34 CMAN020 3HAYEHHS aAMIIImyou iHOYKYii
NepeMazHivy8aIbHO20 NOJS, CNOCMEPI2AcmbCsl MAKONC 3MIHA opmu 006I0HOI ma CKOpOUeHHsT MpUueanlocni
cuenanie MAE. J{ns cmanvuoeo 3paska 3HAUOEHO OYIHKU po3NoOiNie amniimyo IMAYIbCIE ma IHMepeanie midxc
cymidichumu imnyabcamu cuenanie MAE 3a pisHux 3HayeHb NpuKiao0eHo20 HABAHMANCEHHS. ANpOoKCUMOBAHO
OmpuMaHi  OYiHKU  eKCNOHeHYIuHumu Kpusumu. Ilobydosano 3anexchocmi  KoepiyicHmie  3a2acaHHs.
AnpoKCUMYBANbHUX eKCNOHEeHM 6i0 NPUKIAOEHO20 HABAHMAJNCEHHS, SKI MOJCHA SUKOPUCHOBY8AMU 5K
2paoyro6anbhi Kpuei 01 O0lAeHOCMYSAHHS 3AJIULKOGUX HANPYICEHb y (hepoMacHemHux 06 ekmax mpuganol
excnayamayii. Y3azcanbHeHHs HAGeOEHUX pe3ynbmamis 0036015€ 3p0Oumu 6UCHOBOK, wo Memod MAE ¢
00CMamHb0 YYyMAUBUM 34 OOCNIONHCEHHS HANPYIHCEHO20 CMaHy (epomazHemHuux mamepianis. Lle ceiouums npo
MODICIUBICMD 3ACMOCYBANHS 0AHO20 MEMOQY 015 NPOBEOEHHs HEPYUHIBHO20 KOHMPOIO eleMEeHMi6 KOHCMPYKYILL,
Wo BUCOMOBTIEHI 3 (hepOoMAcHEeMHUX Mamepianis.

Knwowuoei cnosa: maznemonpyxicHa axKyCmMuuHa emicis, MaAmeMamuyHa MoO0eib, iHQOPpMaAmusHi
napamempu, (pepomacHemHi mamepianu.
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