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The article presents the results of studies aimed at identifying the possibility
of using piezoelectric ultrasonic oscillatory systems (USOS), used to form

cavitation effects in liquid media, as a sensor for controlling the degree of
cavitation erosion of materials for working tools and protective coatings. The
studies were carried out on the basis of the analysis of the piezoelectric

ultrasonic oscillatory systems (emitters) physical equivalent circuits, formed
from electromechanical analogues, taking into account the attached test
samples. The results obtained made it possible to confirm the possibility and
effectiveness of monitoring the ultrasonic oscillatory system parameters to
determine the degree of cavitation destruction of tools and protective
coatings, as well as to establish the sensitivity of the proposed control method.

© 2023 Published by Faculty of Engineering

1. INTRODUCTION

The relevance of the works on development of the
method and means of control of cavitation destruction
of materials and protective coatings (Hardes et al., 2019;
Lamana, Pukasiewicz, Sampath, 2018; Lin et al., 2019;
Romero, Tschiptschin, Scandian, 2019; Tudela,
Verbickas, Burmistroviene, Zhang, 2018) is caused by
the need to solve the problem of determining the
applicability of created and used materials, especially
for their exploitation in abnormal conditions of liquid
media at elevated temperatures and pressures. One of
the promising directions of solving this problem is the
development of the method of indirect control of
cavitation wear of materials and protective coatings by
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changing the electrical parameters of ultrasonic
oscillatory systems (USOS). Studies (Khmelev et al.,
2020; Khmelev et al., 2019) show the possibility of
controlling the properties of media subjected to
ultrasonic cavitation by controlling the parameters of
piezoelectric ultrasonic oscillatory systems (emitters).

However, the earlier works have not established the
dependence between the dimensions of the destructible
working tools and protective coatings and the electrical
characteristics of USOS with different design features.
Determination of the magnitude of the relationship
between the parameters of the prototype with the
electrical parameters of ultrasonic radiators and the
establishment of the sensitivity of controlling the degree
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of cavitation destruction of materials and coatings
makes the presented work relevant.

2. MAIN PART

Leave one clear line before and after a main or
secondary heading and after each paragraph. Ultrasonic
oscillatory systems designed to form ultrasonic
oscillations and introduce them into the processed
media contain a certain number of different
components, the major of which are: piezoelectric
transducer, waveguide structures (boosters),
concentrating waveguides (amplifiers of amplitude),
working tools (ends), attachment assemblies, etc.

Based on the theory of electromechanical analogies,
such an USOS with a prototype can be presented in the
form of a physical equivalent RLC substitution diagram
(figure 1).

Converter Concentrator 1

Concentrator 2

In the scheme shown in figure 1 the test sample is
considered as a part of the waveguide system of an
USOS and presents an attached half-wave test
cylindrical waveguide with or without coating, which
parameters will change in the process of its cavitation
destruction (erosion). It is obvious that the electrical
analogue of the test sample, being a part of the electrical
model of the USOS, affects its parameters and
characteristics as a whole.

Let us consider how some electrical parameters of
ultrasonic radiators change in the process of cavitation
erosion of the test sample for different variants of USOS
(radiators) assembly. Table 1 shows different variants of
USOS assemblies consisting of one transducer, different
number of waveguide elements with different
transformation coefficients and a half-wave cylindrical
test working tool (test sample). Let us consider the
influence of the cavitation wear value of the tool in the
range of 0...100 um.

Concentrator 3

Test sample

Figure 1. Electrical model of an USOS with different components

Table 1. Title (Times New Roman, 10pt, align Left, single spacing) (Kusi-Sarpong et al., 2018)

Concentrator 1
(half-wave, K; =1, 1.5, 2)

Converter
(half-wave, KC =1, 1.5, 2)

Concentrator 2 Concentrator 3 Half-wave
(half-wave, K, =1, (half-wave, Kz =1, cylindrical
15,2) 1.5,2) working tool

Figure 2 shows the dependences of impedance Z of the
USOS on the amount of wear AL of the cylindrical tip for
different versions of the assembly (the number of
waveguide elements of the same type connected in series)
of the USOS and the amplification coefficients K of its
elements.

From the curves shown in figure 2, a, it follows that
consecutive build-up of the USOS construction by half-
wave elements without gain (K = 1) has no effect on the
dependence of impedance Z on the wear value of the test
sample (the curves are almost identical). The range of
impedance change AZ when changing AL with series
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connection of half-wave elements with K = 1 does not
change.

Sensitivity of control of AZ from AL is %= 0.09

Ohm/um and does not depend on the parameters of the
current assembly.

From the curves shown in figure 2, b, it follows that t
consecutive build-up of the USOS construction by half-
wave elements with gain coefficients K = 1.5 leads to an
increase in the range of impedance change AZ when
changing AL.
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Figure 2. Dependence of impedance Z of the ultrasonic
radiator on the wear value of the cylindrical tip AL for
different variants of the USOS assembly and
amplification coefficients of its elements. 1 - converter
+ test sample; 2 - converter + 1st concentrator + test
sample; 3 - converter + 1st, 2nd concentrators + test
sample; 4 - converter + 1st, 2nd, 3rd concentrators + test
sample; 4 - converter + 1st, 2nd, 3rd concentrators + test
sample

At consecutive increasing of the construction by half-
wave elements "Concentrator 1", "Concentrator 2",
"Concentrator 3" the range of change AZ at change AL
increases by 120%, 400% and 1127%, respectively, with
respect to the assembly "Converter + Test sample".

Absolute values of the range of change AZ are 4.4 Ohm,
9.7 Ohm, 22 Ohm and 54 Ohm, respectively.

The sensitivity of the control of AZ when changing AL is

AZL_ 082N AZ2_ ¢ 19, 0N
AL pm AL pm
6Z3_ , O AZ4_, o Ohm
AL pm AL pm

From the curves shown in figure 2, c, it follows that
consecutive build-up of the USOS construction by half-
wave elements with gain coefficients K = 2 leads to a
greater increase in the range of impedance change AZ
when changing AL. At successive increasing of the
construction by half-wave elements "Concentrator 1",
"Concentrator 2", "Concentrator 3" the range of change
AZ at change AL increases by 295%, 1700% and 10000%
respectively, with respect to the assembly "Converter +
Test sample™. Absolute values of the range of change AZ
are 4 Ohm, 15 Ohm, 72 Ohm and 405 Ohm, respectively.

The sensitivity of AZ control is A—21:0.08%,
AL pm

AZ2 0316 Ohm’ AZ3 144 Ohm ’ AZ4 :8_1Ohm
AL pum AL pum AL pm

From the dependencies shown in figure 2, it follows that
two different values of AL correspond to one value of
impedance. Therefore, the obtained dependencies can be
used either in the range when AL = 0...50 or when AL =
50...100.

Figure 3 shows the dependences of the real part of
impedance Re of the ultrasonic radiator on the amount of
wear of the cylindrical tip AL for different versions of the
assembly (the number of waveguide elements of the same
type connected in series) of the USOS and the
amplification coefficient K of its elements.

From the curves shown in figure 3, a, it follows that the
consecutive build-up of the USOS construction by half-
wave elements without gain (K = 1) has no effect on the
dependence of the real part of impedance Re on the wear
value of the test sample (the curves coincide). The range
of impedance change AZ when changing AL is 0.

From the curves shown in figure 3, b, it follows that
consecutive build-up of the USOS construction with half-
wave elements with gain K = 1.5 leads to an increase in
the range of change in the real component of impedance
ARe when changing AL. If the construction is equipped
consequently with half-wave elements "Concentrator 1",
"Concentrator 2", "Concentrator 3" the range of ARe
change at AL is 0.8 Ohm, 5 Ohm and 28 Ohm,
respectively. Without the elements "Concentrator 1",
"Concentrator 2", "Concentrator 3" the range of ARe
change AL is close to zero.
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Figure 3. Dependence of the real component of the
impedance Re of the ultrasonic radiator on the wear
value of the cylindrical tip for different variants of the
USOS assembly and the amplification coefficients of its
elements. 1 - converter + test sample; 2 - converter + 1st
concentrator + test sample; 3 - converter + 1st, 2nd
concentrators + test sample; 4 - converter + 1st, 2nd, 3rd
concentrators + test sample; 4 - converter + 1st, 2nd, 3rd
concentrators + test sample

Sensitivity of control of ARe parameter by change of AL

is ARelZOOhm, ARez:O.OOBOhm,
AL pm AL pm
ARe3 005 Ohm , ARe4 _ 028 Ohm .
AL pm AL pm
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From the curves shown in figure 3, c, it follows that
consecutive increasing of the USOS construction by half-
wave elements with gain coefficients K = 2 leads to a
greater increase in the range of change of the real
component of impedance ARe when changing AL. At
consecutive increasing of the construction by half-wave
elements  "Concentrator 1", "Concentrator 2",
"Concentrator 3" the range of change ARe at change AL
increases by 1600%, 28900% and 450000% respectively,
in comparison with the assembly "Converter + Test
sample". The ranges of change ARe in absolute values for
the considered assembly variants are 0.1 Ohm, 1.7 Ohm,
29 Ohm, 459 Ohm, respectively.

Sensitivity of control of ARe by change of AL is

ARel :0.00thm, ARe?2 0017 Ohm ,
AL pm AL pm

ARe3 029 Ohm, ARe4 459 Ohm .
AL pm AL pm

With increasing the number of series-connected elements
of the ultrasonic oscillating system construction with
amplification coefficients different from 1, the
relationship between the actual impedance component Re
and the parameter AL becomes stronger.

In figure 4 the dependences of imaginary part of
impedance Im of ultrasonic radiator on the value of
cylindrical tip wear AL for different variants of USOS
assembly (number of one-type waveguide elements
connected in series) and amplification coefficients K of
its elements are shown.

From the curves in figure 4, a it follows, that consecutive
build-up of the USOS construction by half-wave
elements without gain (K = 1) has no influence on the
dependence of the imaginary part of impedance Im on the
wear of the test sample (the curves coincide). Range of
variation of imaginary part of impedance Alm for all
options under consideration is 27 Ohm. The sensitivity of
the control of the parameter Alm by the change AL is

ﬂ = O.27Oh—m and is a constant.

pm

From the curves shown in figure 4, b, it follows that
consecutive build-up of the USOS construction by half-
wave elements with gain coefficients K = 1.5 leads to an
increase in the range of change of imaginary component
of impedance Alm when changing AL. At consecutive
build-up of the USOS construction by half-wave
elements  "Concentrator 1", "Concentrator 2",
"Concentrator 3" the range of change Alm at change AL
is increased by 124%, 400% and 1000% respectively, in
comparison with the assembly "Converter + Test
sample". The ranges of Alm change in absolute values for
the considered assembly variants are 26 Ohm, 58 Ohm,
132 Ohm, 296 Ohm, respectively.
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Figure 4. Dependence of the reactive component of
impedance Im of the ultrasonic radiator on the wear
value of the cylindrical tip for different versions of the
USOS assembly and amplification coefficients of its
elements.

Sensitivity of Alm parameter to the change of AL is

Alml 0262 Ohm ’ Alm2 _ 0588 Ohm ,
AL um AL pm

Alm3 =1.30hm . Alm4 _ 2.%Ohm .
AL um AL pum

From the curves shown in figure 4, c, it follows that
consecutive build-up of the USOS construction by half-
wave elements with gain coefficients K = 2 leads to a

greater increase of the range of change of the imaginary
component of impedance Alm when changing AL.
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Figure 5. Dependence of the phase ¢ of the ultrasonic
emitter on the wear value of the cylindrical tip for
different variants of the USOS assembly and the
amplification coefficients of its elements. 1 - converter
+ test sample; 2 - converter + 1st concentrator + test
sample; 3 - converter + 1st, 2nd concentrators + test
sample; 4 - converter + 1st, 2nd, 3rd concentrators + test
sample; 4 - converter + 1st, 2nd, 3rd concentrators + test
sample
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At consecutive build-up of the USOS construction by
half-wave elements "Concentrator 1", "Concentrator 2",
"Concentrator 3" the range of change Alm when
changing AL increases by 300%, 1400% and 6000%
respectively, in comparison with the assembly "Converter
+ Test sample". The ranges of change Alm in absolute
values for the considered assembly variants are 24 Ohm,
97 Ohm, 386 Ohm, 1463 Ohm, respectively. Sensitivity
of control of Alm parameter by change of AL is

Alm1:0.2420hm’ Alm2:0.970hm,
AL pm AL um
Alm3:3.380hm, Alm4 =14.6Ohm '
AL um AL pm

Thus, when the number of series-connected elements of
USOS construction with amplification coefficients
different from 1 increases, the correlation between the
real component of impedance Im and the parameter AL
enhance.

Figure 5 shows the dependences of the piezoelectric
system phase ¢ on the wear value of the cylindrical tip
for different variants of USOS assembly and the
amplification coefficients of its elements.

From the curves shown in figure 5 it follows that
consecutive build-up of the USOS construction by half-
wave elements with different amplification coefficients
(K =1, 1.5, 2) does not influence on phase dependence ¢
of ultrasonic radiator from parameter AL (the curves for
different number of links of the USOS with different
coefficients K coincide). Nevertheless, the variation range
of parameter Ao is 60 degrees, the dependence on AL is
close to linear.

Sensitivity of parameter control A¢ when changing AL is

& =0.6 degree and is a constant.
AL pm
References:

3. CONCLUSION

As a result of the conducted research, the possibility of
using piezoelectric ultrasonic oscillatory systems
(USOS), used for formation of cavitation impact in
liquid media, as a sensor to control the degree of
cavitation erosion of working tools materials and their
protective coatings was confirmed.

The results obtained on the basis of the analysis of the
developed models allowed to identify the dependences
of the electrical parameters of ultrasonic oscillatory
systems on the degree of cavitation wear of the coupled
half-wave cylindrical working tool.

The influence of the constructional composition of
USOS and its individual components on the control
parameters has been established. This allowed to
identify the most sensitive to the value of cavitation
erosion characteristics of USOS and to establish the
sensitivity of the control of cavitation erosion of the
tools depending on the different parameters of USOS.
The most sensitive (to the degree of cavitation erosion
of the connected half-wave cylindrical working tool)
parameter of USOS is imaginary part of impedance of
USQOS, sensitivity of which strongly depends on the
number of connected half-wave elements and their
amplification factor. The phase-frequency characteristic
of USOS is also of interest, which also has a strong
correlation with the degree of cavitation wear and does
not depend on the design features of USOS.

Acknowledgement: The reported study was funded by
RFBR and ROSATOM according to the research
project Ne 20-21-00017.

Hardes, S., Pohl, F., Réttger, A., Thiele, M., Theisen, W., & Esen, C. (2019). Cavitation erosion resistance of 316L
austenitic steel processed by selective laser melting (SLM). Additive Manufacturing, 29, 100786. doi:

10.1016/j.addma.2019.100786

Khmelev, V. N., Barsukov, R. V., Golykh, R. N., Abramenko, D. S., Genne, D. V. & Tertishnikov, P. P. (2020).
Method and means of cavitation erosion tests under abnormal conditions. J. Phys.: Conf. Ser., 1679, 042041.

Khmelev, V. N., Barsukov, R. V., lichenko, E. V., Genne, D. V., Slivin A. N., & Barsukov, A. R. (2019). Control of
the impedance characteristics of the ultrasonic radiators for the study of the processes and the phenomena occurring
in fluid media. Proceedings of the 20th International Conference of Young Specialists on Micro/Nanotechnologies

And Electron
10.1109/EDM.2019.8823545

Devices, EDM (pp. 212-216). Erlagol, Russia,

IEEE Computer Society. doi:

Lamana, M. S., Pukasiewicz, G. M., & Sampath, S. (2018). Influence of cobalt content and HVOF deposition process
on the cavitation erosion resistance of WC-Co coatings. Wear, 398-399, 209-219.

Lin, J., Wang, Z., Cheng, J., Kang, M., Fu, X., & Hong, S. (2019). Evaluation of cavitation erosion resistance of arc-
sprayed Fe-based amorphous/nanocrystalline coatings in NaCl solution. Results in Physics, 12, 597-602. doi:

10.1016/j.rinp.2018.12.007

396



Proceedings on Engineering Sciences, Vol. 05, No. 3 (2023) 391-398, doi: 10.24874/PES05.03.004

Romero, M. C., Tschiptschin, A. P., & Scandian, C. (2019). Cavitation erosion resistance of a non-standard cast cobalt
alloy: Influence of solubilizing and cold working treatments. Wear, 426-427, 518-526. doi:
10.1016/j.wear.2018.12.044

Tudela, 1., Verbickas, R., Burmistroviene, G. & Zhang, Yi. (2018). Study of the cavitation resistance of Sn-based
coatings. Wear, 410-411, 232-238. doi: 10.1016/j.wear.2018.07.002

Vladimir N Khmelev Roman Barsukov Aleksandr Barsukov
Biysk Technological Institute (branch) Biysk Technological Institute (branch) Biysk Technological Institute (branch)
of the Altay State Technical University, of the Altay State Technical University, of the Altay State Technical University,

Biysk, Biysk, Biysk,

Russia Russia Russia

vnh@bti.secha.ru roman@bti.secna.ru alex_bars@u-sonic.ru

ORCID 0000-0001-7089-3578 ORCID 0000-0002-6673-9807 ORCID 0000-0003-3804-3340

397


mailto:roman@bti.secna.ru
mailto:alex_bars@u-sonic.ru

Khmelev et al., Control of the ultrasonic emitters parameters to determine the degree of tool materials and
protective coatings cavitation destruction

398



