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Abstract. Introduction of the concept of the Internet of Things in telecommunication networks has
caused a rapid number growth of new designs and technologies for manufacturing reliable sensors of
physical quantities, in particular pressure and displacement sensors. In order to determine the optimal
dimensions and rejection of unreliable working elements of membrane pressure and displacement sensors,
the frequency dependence of natural transverse oscillations of biphasic steel plates on their length is
investigated. The experimental frequencies values of plates of fixed thickness and of various lengths were
determined by the resonance method. The measurement results were processed using the Spectra PLUS
computer program. The analytical dependence of the disk natural oscillation frequency on the length for the
fixed disk thickness is expressed by the exponential function. The theoretical values of the frequencies are
well coordinated with the experimental data for plates 60-100 mm long. However, for lengths less than 30
mm, a significant discrepancy between the experimental and calculated data is observed. This can be
explained by the difficulty of obtaining stable oscillation. The plates deformation by alternating bending
decreases the disk natural oscillation frequency due to the appearance and development of residual
damages in the forms of micropores and microcracks in the disks. It is proved by the direct observation over
microstructures by means of electron-microscope investigation.

Key words: membrane sensor, elasticity, damage, oscillation, frequency, microstructure,
resonance, cyclic deformation, micropores.
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AHoTauifa. BnpoBagxeHHs B TeneKkoMmyHikauiiHi Mepexi KoHuenuii IHTepHeTy peyer BUKNUKaNo
OypxnvMBe 3pOCTaHHS YMcna HOBUX KOHCTPYKLIM i TEXHOMOriN BUIOTOBMEHHS HafilHWX y poboTi gaTyukiB
I3NYHNX BENUYUH, 30KpemMa, CEHCOpPIB TUCKY i 3MiWeHHsa. [na BU3HAYeHHA ONTUManbHUX PO3MIpIB i
BinOpaKkoBYBaHHSA HeHafiiHUX poboymx enemMeHTiB MeMOpaHHMX AaTyMKiB TUCKY | 3MillleHHs AocnigXeHa
3anexHiCTb 4acToTU BfaCHUX MoMnepevyHnx KonmBaHb MMAacTUH ABodasHoi cTani Big X OOBXUHW.
EkcnepuvMeHTanbHi  3Ha4YeHHs 4acToT NNacTuUH MIKCOBAHOI TOBLUMHW | PIi3HOI OOBXWHW BU3Ha4anu
pe3oHaHCHMM MeToAdoM. PesynbTaty BumiptoBaHb 0Bpobnsanucsa 3a 4OMOMOrol KOMM''OTEPHOI nporpamu
Spectra PLUS. AHaniTMyHa 3anexHicTb 4acTOTK KOSMMBaHb BifTbHOI NIACTUHW Bif AOBXWHU Ans ¢ikcoBaHOT
TOBLMHA MAAcTUHW BUPaXaETbCA CTYMeHeBOl yHKUie. TeopeTuyHi 3Ha4yeHHa 4YacTtoT [obpe
Y3ro4XytTbCs 3 eKCrnepuMeHTanbHUMM gaHuMn Ans nnactuH gosxuHow 60 - 100 mm. OgHak ans gOBXUH
MeHLwe 30 MM crnocTepiraeTbCs CyTTEBA PO3DKHICTbL eKCnepMMeEHTanbHNX | pO3paxyHKoBMX AaHuX. Lie moxe
OyTM MOSICHEHO TPyAHOWAMXM B OTPMMaHHi cTabinbHUX komnvBaHb. [dedopMadlis nnacTUH 3HAKO3MiHHUM
BUIMHOM 3MEHLUYE 4acTOTy BIACHWX KOMMBaHb MMAACTUH 3@ pPaxyHOK 3apOOKEHHS i pO3BMTKY B 0OCA3i
MaTepiany nnactuH 3anuwikoBmx AedyekTiB y BUMMNA4I MiKpornop i MIKpOTpiwmH. Lle AeMOHCTpytoTb npsaMi
CMOCTEPEXEHHSA MIKPOCTPYKTYP MeTo4aMu eNeKTPOHHOI MiKpOCKOnii.

KnioyoBi cnoBa: MeMOpaHHMI [aTyuk, MPYXHICTb, MOLIKOOKEHICTb, KOMMWBAHHSA, 4acTtoTa,
MIKpOCTPYKTYpa, pe3oHaHc, UukniyHa gedopmalis, Mikponopw.

AHHOTauuA. BHegpeHne B TeNeKOMMYHUKaUMOHHbIE CETU KoHuenuun WHTepHeTa Bellen Bbi3Bano
OypHBIA POCT uMCna HOBbIX KOHCTPYKUWA WM TEXHONOMMA W3roTOBIEHWs HagexXHblX B paboTe AaTynkoB
PU3NYECKMX BENUYMH, B YaCTHOCTU, CEHCOPOB AaBneHus U cMeweHusa. [na onpegeneHna onTuManbHbIX
pa3MepoB U OTOPAKOBKU HEHAAEXHbIX paboynx anemMeHTOB MeMOpaHHbIX AaTYMKOB OABMEHUSA U CMELLEHNs
uccriegoBaHa 3aBMCMMOCTb HYacTOTbl COOCTBEHHbLIX NONEPEYHbIX KonebaHui nnacTuH AByxdasHon ctanu oT
UX ONUHBI. JKCNepuMeHTanbHble 3Ha4YeHUs YacToT NMacTUH (UKCMPOBAHHOW TOMLWMHBI U Pa3fUYHON OfUHbI
onpefensnu pe3oHaHCHbIM MeTogoM. PesynbTaTel uM3mepeHuin obpabaTbiBamMcb C  MOMOLLBHO
KOMMblOTEpHOM nporpammbl Spectra PLUS. AHanuTudeckasi 3aBUCMMOCTb 4acToThl konebaHuin cBobogHON
NNacTuHbl OT ANWHBLI AN PUKCUPOBAHHOW TOMLWMHBLI MMNACTUHBI BblpaXaeTcs CTeneHHOW qYHKUUen.
TeopeTnyeckne 3HaYeHWS 4acCTOT XOPOLUO COrNacylTCsa C 3KCNepUMeHTanbHbIMWU AaHHbIMU AfS NAacTuH
anvHon 70 — 100 mm. OpgHako gns anuH MeHee 30 MM HabnogaeTcs CyLWECTBEHHOE pacxoxieHue
3KCMEePUMEHTAlNbHbIX W pacyeTHbIX [AaHHbIX. OTO MOXEeT OOBbACHATbCA TPYOAHOCTAMU B MOMyYeHUU
cTabunbHbix konebawun. [edopmaunss nnNacTMH 3HaKomepeMeHHbIM K3rMboM yMmeHbluaeT 4YacToTy
cobCTBEHHbIX KOonebaHum MnacTUH 3a CYET 3apoXOeHWs U pas3BuUTUA B oObeme Martepuana nnactuH
OCTaTOYHbIX OedeKkToB B BMAE MUKPOMOP U MUKPOTPELUMH. OTO OEMOHCTPUPYIOT NpsiMble HabnogeHus
MUKPOCTPYKTYP MeTog4amMu SNEKTPOHHON MUKPOCKONUU.

KnioueBble crnoBa: mMemOpaHHbIN [aTyuK, YNpyrocTb, MOBPEXAEHHOCTb, konebaHus, 4acTtoTa,
MUKPOCTPYKTYpa, pe30oHaHc, LmKnuyeckas aedopmauuns, MUKpOnopsl.

Introduction. When implementing the concept of the Internet of Things (IoT) in
telecommunication networks, a special role is assigned to measurement tools that fill the computing
environment with numerical information. This has caused a rapid growth in the number of new
designs and technologies of the production of reliable sensors of physical quantities. In previous
works [1, 2], we considered the construction of sensors for temperature, illumination, magnetic
field, radiation as highly economical sensors of the IoT network.

In this paper, the working elements of membrane pressure and displacement sensors are
investigated to improve their reliability and wear resistance. The main working element of such
sensors is an elastic membrane, which is made of a steel plate. Regardless of the design of the
pressure or displacement sensor, the measurement result is determined by elastic modules of its
working element. In the process of operation, the diaphragms of sensors undergo cyclic
deformations, as a result of which micropores and microcracks are formed on the surface and in the
volume of the material that significantly change their elastic properties and affect the results of
measurements.

In the Material failure theory, the process of mechanical failure of a body is divided into
three stages. This is the birth of damage at the microscopic level, the coalescence of them at the
mesolevel, the growth and spread of cracks at the macroscopic level. It is possible to observe
visually the damage at the macroscopic level. To investigate the damage at the micro level, it is
necessary to use microscopic equipment with high resolution (electron microscopy). To detect
micropores and microcracks using electron microscopy, complex preparation of samples (ion

Dyachok D. A., Lukashin V. V., Volchok N. A., Gorbachev V.E., Polyakov S.N. 13
Determination of optimal sizes of sensors membrane elements
by measuring elastic modules using the resonance method




Haykogi npaui OHA3 im. O.C. IIonosa, 2017, Ne 2

polishing) is required. In addition, all these methods are destructive. In [3] it was shown that for
viscous materials (from which membrane elements of sound equipment are usually made) with high
accuracy, it is possible to determine the level of micro damages in the volume of a material if one
analyzes the variation of elastic moduli in comparison with an intact standard. To do this, it is
necessary to measure the Young's modulus change in the process of nucleation and growth of
internal micro damages (discontinuities) with an adequate accuracy.

Young's modulus of structural materials £ is usually measured in the course of mechanical
tensile testing [4]. In this case, the loading of the sample under tension introduces a certain change
in the structure of the material under study. In addition, during the tensile tests, residual plastic
deformation always remains.

Young's modulus determines the propagation velocity of elastic waves in the material, as
well as the frequency of natural oscillations of the solid-state sample [5]. Therefore, according to
the results of measurements of the propagation velocity of elastic waves or the frequency of natural
oscillations of samples in the form of plates, rods, membranes, it is possible to obtain information
on the elastic moduli of the material and, accordingly, on changes of its structure during thermal or
other processing, and also during operation under the influence of long-term cyclic deformation.
Moduli defined in this way are called dynamic or adiabatic [6].

In practice, elastic elements of pressure sensors, bias or membrane elements of a sound
equipment are made of materials with a high Young's modulus. Usually, to eliminate structural
defects, they are subjected to heat treatment in the form of quenching and tempering. The newest
technologies allow introducing two-phase steels into the industry, the structure of which is a
mixture of plastic ferrite and durable martensite. Such materials have a complex of high strength
and plastic properties [4].

The durability of the work and the efficiency of the response to the mechanical effects of
membrane elements of the structures under constant mechanical stresses are determined not only by
the elastic properties of the material, but also by the geometric dimensions of the working element,
in particular the ratio of its longitudinal section and thickness.

The aim of the paper is to determine the optimal dimensions of flat rectangular samples of
biphasic steel by analyzing the theoretical and experimental data on the frequencies of natural
oscillations of plates after their forced cyclic deformation by alternating bending.

Dynamic elastic modulus of the plate. During the oscillations of elastic plates or
membranes, the displacement occurs in the plane which is perpendicular to their longitudinal
section or transversely to their axis. Therefore, the oscillations of such objects can be considered as
oscillations of a system of material points with one degree of freedom [5].

The state of such a system is being described by an equation with one coordinate, and the
initial condition is the equilibrium condition.

The kinetic T and the potential energy V of an elastic body for any position of a system with
one variable (displacement u) is expressed as:

| 1
T=—mu " my=—pu?. 1
5 b (1)

For transverse and longitudinal oscillations of systems, the deformation ¢ is related to the
tensile force per unit sectional area of the plate ¢ by Hooke's law: ¢ = E-g, where E — is the Young's
modulus of the plate material.

The Young's modulus, like the p density, is the main characteristics of a material of a plate
that affects the frequency of its oscillations. For a plate or a rod of the constant cross section, the
equation of the motion was obtained in the form [7]:

2 4
Q+b2xza—y:o, )
o’ ox*
where b* = ¢ / p — velocity of propagation of longitudinal waves in a rod; x’® — moment of inertia
of the plate; ® — the cross-sectional area of the plate element.
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2 3
The boundary conditions for a free plate have the form: Z—J; =0, Z—); =0.
X X
Assuming that the displacement of points of a plate of length / along the y axis is described
by the harmonic function y = ucos[yb/(ml)* -t], the solution of the equation of motion (2) will

have the form:

48n* It
E= PV, 3)
m* P d?
where m — some constant; d — plate thickness; v — oscillation frequency.
Thus, for plates of fixed dimensions, there is a unique relationship between the natural

frequency of a plate and its Young modulus.

Investigations and results. Experimental studies of the influence of heat treatment and
forced cyclic deformation by an alternating bend at the frequencies of the natural transverse
oscillations of plates of different lengths were carried out on samples of a two-phase steel sheet
DP600 of Salzgitter Flachstahl with the following impurity composition: C — 0,10 %; Si — 0,15%;
Mn - 1,4%; P — 0,007%; S — 0,008%; N — 0,009%; Al — 0,02 - 0,06%; Cr-Mo-Ni — 1%.

Cards of 100 x 100 mm in size were cut out from sheets 1 mm thick. One lot of cards was in
the original delivery condition and was not subjected to any impact. Another batch of cards was
annealed before the recrystallization process began at a temperature of 250 °C for 72 hours in an
atmosphere of the neutral gas. In Fig. 1 microstructures of DP600 steel sheets in the initial state of
delivery conditions and after annealing at various magnifications are shown.

Figure 1 — Microstructure of DP600 steel in the initial state of delivery conditions a)
and after annealing at the temperature of 250 °C for three days in the neutral atmosphere b)
at x 5000 magnification; the same samples at x 30000 magnification c) and d)
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In the photographs obtained at x 5000 magnification, the grains of ferrite and martensite are
clearly seen. However, at this magnification in the microstructure, the steels in the initial state and
after a long annealing differ little from each other. At x 30000 magnification, the significant
changes in the microstructure after annealing are already noticeable. It can be seen that martensite is
located along the boundaries of ferrite grains and in the form of small inclusions directly in the
grains. In the initial state pores that disappear or become substantially smaller after annealing can be
seen on the surface of the martensite grains. The fine grains of martensite interspersed with ferrite
appear smaller in size and in smaller quantities after annealing.

To investigate the natural frequency dependence of the transverse oscillations of annealed
samples on their length experimentally, three rectangular plates with the width of 12 mm and the
length of 100 mm were cut out from cards 100 X 100 mm in size. All samples were processed in a
package to ensure the same size. Firstly, the frequency values were measured for samples with the
length of 100 mm, then the samples were shortened by 10 mm and the measurements were repeated.
The measurements were carried out using a special measuring system consisting of a personal
computer and a resonant mechanical part, the circuit of which is shown in Fig. 2.

Principle of operation of the
measuring system. To measure the
frequency of natural oscillations, a steel
sample in the form of a plate is mounted
on two prism-supports. The vibrator
excites mechanical oscillations of the
sound frequency in the sample. With the
help of the adjusting screw, it is
necessary to achieve the position of the
plate, in which the prisms would be at the
nodes of the standing wave arising in the

Figure 2 — Scheme of the resonant part of the sample. The maximum amplitude of the
installation for measuring the frequency of the natural  oscillations corresponds to the natural
transverse oscillations of a plate: frequency. The oscillating plate excites

1 — the vibrator; 2 — the distance adjustment screw sound waves in the resonator, which are
between the sample supports; 3 — the microphone, recorded with a broadband microphone.
4 —a sample; 5 — the resonator The signal from the microphone is fed to

the computer and processed using a special program SPECTRA PLUS. The natural frequency value
of the plate corresponds to the maximum of the sound level recorded by the microphone.

Static processing of the frequency measurement results was carried out according to ASTM
E1876-09-2009 protocol, according to which the accuracy of measuring the natural frequency of
plates with the confidence probability of 0,95 is +£ 0,01 Hz.

For comparison the theoretical values of the frequencies of natural oscillations of an elastic
solid body in the form of a rectangular parallelepiped of appropriate dimensions were calculated
according to formula (3). In our paper [8], it was shown that the Young's modulus of the DP600
steel can take the value from 190 to 218 GPa, depending on the type of processing, texture and the
grain structure. The calculations were carried out for the Young's modulus of 204 GPa that
corresponds to its average value for the annealed samples.

In Fig. 3 the experimental dependence of the natural oscillations frequency of plane-shape
steel samples on their length is shown. As follows from the graph, the function v = f(/) is power-
law. In Fig. 3 the theoretical values of the natural oscillations frequencies of an elastic mechanical
solid body in the form of a rectangular parallelepiped of appropriate dimensions are also shown (3).
As can be seen from the graph, the results of experimental measurements are well agreed with
theoretical values only in the range of 70 - 90 mm. For experimental values of the natural oscillation
frequencies of samples with a length less than 40 mm, the discrepancy with the experimental data is
very significant.
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For samples of less than 30
mm of length, it was difficult to
measure the frequency with the
method described above, since it is
difficult to  achieve  stable
oscillations at this specified length
and thickness of the 1 mm sample.
Some  discrepancies in  the
frequency values for samples with
lengths greater than 90 mm may be
associated with the appearance of
more numbers of lateral harmonics
with  increasing plate  sizes.
Samples with lengths greater than
100 mm were not investigated due
to limitations in the dimensions of
the membrane elements of
industrial products.

To investigate the impact of
mechanical  effects on  the
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Figure 3 — Frequency dependence of natural
transverse oscillations of rectangular steel samples on their
length: ® — experimental, o — theoretical data

frequencies of natural transverse oscillations of plates, the selected batch of cards 100 x 100 mm in
size after annealing was tested concerning the deformation by alternating bending on a roller with
the diameter of 50 mm during one, three and twelve cycles. One cycle consisted of bending in one
direction, straightening, bending in the other direction and straightening.
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annealing and deformation
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After deformation, three rectangular
plates with the width of 12 mm and the
length of 100 mm were cut from the cards.
All samples were processed in a package to
ensure the same size. First, the natural
oscillation frequencies of the samples in the
initial state of the delivery conditions were
measured, then after annealing. After that,
the cards were tested by the action of forced
deformation by alternating bending of
varying intensity, and the frequencies of
natural oscillations were again measured.
Average values of the oscillation frequencies
of plates 100 mm long for each type of
processing are given in Fig. 4.

It can be seen from the presented
graph that annealing increases the frequency
of natural oscillations, and the deformation
by an alternating bending leads to its
decreasing. The frequency of natural
oscillations decreases sharply already with a

small number of deformation cycles by bending, but the values of the natural frequency tend to
stabilization with increasing the number of cycles.
This decreasing the frequency of the natural oscillations of the plates during deformation by
alternating bending is associated with the appearance of damages in the form of micropores,
microcracks and other structural discontinuities, both on the surface and in the plate volume.
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This fact is confirmed by a
photograph taken with the help of an
electron microscope, which shows the
surface of the longitudinal volume sec-
tion of the plate after 12 cycles of defor-
mation by alternating bending (Fig. 5).

In the photo of the microstructure
of the volume section, the micropores are
clearly visible. Such micropores were
absent in the photographs of the plates
microstructures before deformation.

Investigations of the effect of
cyclic deformation on samples of different
lengths have shown that plates of greater
length, as expected, are the most resistant
to external mechanical actions.

Conclusions:

1. The natural frequency of oscillations of a rectangular plate is determined by the value of
the Young's modulus of the material, which in turn depends on the damage level of the structure.

2. The optimum length of 1 mm thick rectangular plate for measuring the frequency of its
natural oscillations by the resonance method in the range of sound frequencies is 70 — 90 mm. The
small dimensions of the plates prevent the formation of stable free oscillations in the plates.

3. The frequency of the proper transverse oscillations of rectangular plates depends on the
number of cycles of testing the plates by deforming the samples by alternating bending. As the
number of cycles increases, the frequency value decreases and shows the tendency to stabilizing
after testing with 12 cycles of deformation.

4. The decreasing the frequency of natural oscillations of the plate as a result of an action of
cyclic deformation is caused by the generation of microdamages in the material volume in the form
of micropores and microcracks, so the deviation of the value of this frequency in comparison with
the reference sample can be used to reject the elastic elements of the membrane sensors of pressure
and displacement.

5. When having a fixed thickness and width of the steel plate, there is an optimal length of
the steel plate that provides the best response to mechanical actions with minimal intensity of
defects formation in the structure of the membrane during an operation.

W,

Figue 5 — Microstructure of DP600 steel after

12 cycles of deformation by alternating bending
at the x 30000 magnification
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