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Abstract

Based on the analysis of the works devoted to the selection of informative AE parameters for the
diagnosis of tribosystems, in a theoretical way the information frequency ranges in the AE signal frame, where
the maximum amplitudes values are observed, have been established. It has been theoretically and
experimentally established that the information frequencies depend on the following groups of factors: the
constructive; technological and operational ones. The degree of influence of the factors on the change in the
frequency range is established. The operational factors (slip speed and load) change the frequency range from
106 to 584 kHz, the technological factors (roughness of the friction surfaces) change the frequency range from
118 to 618 kHz, the constructive factors (the size of the friction area of the stationary triboelement) change the
frequency range from 140 to 530 kHz. It has been concluded that for the effective diagnosis of tribosystems, it is
necessary to previously determine the information frequency range taking into account the factors listed above.

The obtained results were confirmed experimentally with the calculation of the Fisher and Cochrane
criteria, which allows one to state about the presence of a correlation between the theoretical values of the
information frequencies generated by the tribosystem and the experimental values of the frequencies, where the
maximum amplitudes were recorded, the correlation coefficient 7 = 0,88.

The present analysis can be the basis for the development of a diagnostic method for tribosystems during
their operation, which will increase the robustness and information content of the AE method.

Key words: tribosystem; information frequencies; acoustic emission; frequency range; diagnosis;
constructive, technological, operational factors.

Introduction

One of the most effective methods for diagnosing tribosystems is the method of acoustic emission (AE).
Acoustic vibrations during friction are generated by the impact interaction of roughnesses and elastoplastic
deformation of the mating surfaces, the processes of friction bonds fracture and structural-phase reconstruction
of materials, the formation and development of cracks in the surface layers of the interacting bodies, and the
separation of wear particles [1, 2]. As it is known, the frictional interaction of two bodies does not occur over the
entire area of the contacting surfaces, but within the "actual contact spots". Due to the discrete nature of the
frictional contact of solid bodies, as well as the random nature of the distribution of the temperature and
deformation fields on the spots of the actual contact, friction and wear are of a statistical nature.

At present, acoustic emission is actually understood as a secondary process, which is a superposition of
signals from a huge number of elementary sources of AE, i.e. AE is the result of collective processes of
structural units (the defects in the structure of the material). Moreover, it is believed that this secondary process
is the result of the interference of primary acoustic waves that satisfy the coherence condition [3, 4].

Literature review
In work [5], the frequency component of the AE signal from the friction zone was analysed. The author

has found out that the AE signals, generated by the friction pair, correspond to a frequency of over 30 kHz. It is
this value that is made up by the lower cut-off frequency of the filters of the high-pass filters of the equipment.
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Studying the experimental graphs of the amplitude-frequency characteristics of the AE signals in the range of
30 kHz ... 1 MHgz, the author has found out that the maximum values of the amplitudes are in the frequency
range of 80 ... 100 kHz.

The authors of [6] have found out that the AE signal from the friction zone has two characteristic types of
frames, each of which has its own sources. The first of them is characterized by an increase in the median
frequency and amplitude in the region of 80 ... 240 kHz and is typical for the separation of wear particles. The
second is typical for the frequencies of 30 ... 40 kHz without amplitude spikes and is typical for an intense and
non-stationary plastic deformation.

In works [7-9], the frequency component of the AE signal of various alloys was analysed during plastic
deformation. The authors have established the following frequency ranges in which the maximum amplitudes
values are manifested: plastic deformation 50 ... 200 kHz; twinning processes 200 ... 500 kHz; martensitic
transformations 250 ... 400 kHz; crack jumps 250 ... 600 kHz. The authors conclude that the maximum signal
amplitudes are typical for twinning processes and jump-like growth of cracks.

In works [10 - 14], a correlation was established between the activity of acoustic emission and the
deformation rate. The authors conclude that when examining the flow of acoustic signals during plastic
deformation, it is possible to limit the upper frequency bound by 400 ... 600 kHz. The data presented in the
works indicate that the signal amplitude can characterize the density of non-random, interdependent elementary
deformation events during plastic deformation of metallic materials and correlates with the deformation rate,
dimension 1/s.

Based on the analysis of the works devoted to the selection of the informative parameters of AE for the
diagnosis of tribosystems, we can conclude that to increase the robustness of the method, the most promising
approach may be the selection of the informative frequency ranges in the AE signal frame and the determination
of the signal peak factor in this frequency range. Such an approach will allow getting information on a separate
group of processes occurring in the surface layers of the materials of the tribosystem, which will increase the
robustness of this method and the informational content of diagnosing tribosystems.

Purpose

The aim of this study is to determine the information frequency range for analysing the frame of the AE
signals from the friction zone of the tribosystem with the establishment of a correlation with the constructive,
technological and operational factors, which will allow diagnosing the processes of friction and wear.

Methods

To justify the choice of the information frequency range for the analysis of the AE signal frame from the
friction zone of the tribosystem with the division of the signal into groups of the sources of its generation, let us
use the main conclusions of the above analysis of the works.

1. The activity of acoustic emission during the operation of the tribosystem will depend on the rate of
deformation of the materials on the spots of the actual contact, dimension 1/s.

2. The total acoustic signal from the friction zone is formed as a result of interference of the primary
acoustic signals from the spots of the actual contact with the friction surface, which satisfy the coherence
condition [10 - 14]. The sources of the acoustic signal have been substantiated in works [5, 6].

Based on these conditions and limitations, one can write an expression for calculating the information
frequency that will be generated by the tribosystem during operation:

fug =ne(1+p)(1-2p), s, (1)

where f,r — the information frequency of the AE signals from the friction zone, dimension 1/s;

n — is the total number of the contact spots on the friction surface of the triboelement with a smaller area
of friction;

€ —is the value of the deformation rate on a single spot of the actual contact, dimension 1/s;

p — is the Poisson's ratio.

The number of contact spots # on the smaller friction surface of one of the triboelements F,;, will be
determined by the expression:

F

min

A

(4

n=

n, @)

where F, — is the friction area of the triboelement, which has a smaller working surface, dimension m?;
n — is the relative actual contact area, determined by the formulas that are given in work [15],
dimensionless quantity;
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A, — is the average area of a single actual contact spot, determined by the formulas that are given in work
[15], dimension m”.

The deformation rate of the material of the mobile triboelement on a single actual contact spot (ACS) is
calculated by the formula, which is presented in work [15]:

£, =75-(1+1,,)(0,86-1,05,, ) A sy 3)
m ‘dACS

for the material of the stationary triboelement:

£y =75(1+p,)(0,86—1, OSHS,)M, 1/s,
Eg-dycs

(4)

where W, and p,, — Poisson’s ration for the mobile and stationary triboelements;
64cs — the voltage on the actual contact spot, calculated by the formula presented in work [15], dimension

Pa;

v, — the slip speed in the tribosystem, m/s;

E, and E,, — the elastic modulus of the stationary and mobile material of the triboelements, Pa;

d,cs — the diameter of the single actual contact spot, calculated according to the formula given in work
[15].

If the construction of the tribosystem (the stationary and mobile triboelement) consists of materials with
different elastic moduli E and Poisson's ratio p, then expression (1) for determining the information frequency
will have the following form:

- for the mobile triboelement:

fAE(m) =ng,, (1+Mm)(1_2um)’ (%)
- for the stationary triboelement:

fAE(st) = nést (1 +Hy )(1 - 2“st ) (6)

Results

The experimental studies were carried out on a friction machine according to the kinematic “ring-ring”
scheme under the following conditions: the mobile triboelement steel 40X (45 ... 47 HRC), the stationary
triboelement Br.AZh 9-4 (90 ... 110 HB); grey cast iron SCh (HB 270); steel 40X (45 ... 47 HRC). The
lubricating medium is engine oil M - 10G,,. The mutual overlap coefficient varied from 0,2 to 0,8, therefore, the
friction area of the stationary triboelement was Fi,;, = 0,00006 m?%; 0,00015 m?; 0,00024 m>.

The block diagram of the experimental equipment for recording and processing the AE signals from the
friction zone is shown in Fig. 1.

Sensor Enchancer
GI-300

~ |

USB - oscilloscope

computer with software

</

Fig. 1. The block diagram of the experimental equipment for recording
and processing the AE signals from the friction zone

The AE signal from the friction zone is recorded by the GT300 (100 ... 800 kHz) broadband sensor,
Fig. 1, which was mounted on the stationary triboelement, was transmitted to the amplifier, then, in the analogue
form, to the USB oscilloscope PV6501, which performs the functions of the analogue-digital converter and
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spectrum frequency analyser at the same time. After being processed in the USB oscilloscope, the signal in the
digital code enters the computer, where it is processed by the special software.

The lower signal pass-band is 50 kHz, which does not allow recording signals from the test equipment
(the friction machine). The upper pass-band of the signal is 1,5 MHz. Such a frequency range was selected based
on the analysis of the works of other authors, which are devoted to acoustic emission from the friction zone [1 - 14].

The pass-band of the USB oscilloscope, Fig. 1, is 20 MHz, which is many times greater than the selected
working pass-band and signal recording. Thus, with the help of low and high frequency filters, the 4Esignal
from the friction zone in the range of 50 ... 1500 kHz was recorded and analysed in the studies.

The USB oscilloscope is in the standby mode and starts by command for the recording time of
1000 microseconds. This time was selected based on the analysis of the AE signal at the set mode with help of
the autocorrelation function.

While checking the homogeneity of the dispersions of the selected AE signal frames at the set mode of
operation of the tribosystem, as well as the reproducibility of the results from frame to frame, ISO 5725 standard
recommends the use of the Cochrane criterion. The Cochrane criterion allows one to compare the homogeneity
of dispersions of the results of the analysis of the AE signals from different frames.

The experimental studies were carried out with the following friction modes: load N = 500 ... 1500 N; slip
speed 0,2 ... 0,8 m/s. During the experiments, we recorded the information frequencies at which the maximum
amplitudes values were observed.

The experimental studies aimed to confirm the correlation between the theoretical (calculated) values of
the information frequencies, formulas (5 - 6) and the experimental values with the determination of correlation
coefficients. By information frequencies we mean the frequency range where the maximum values of the
amplitudes are observed.

The results of the experimental studies are presented in Fig. 2 - 7, which display the average values of the
information frequencies at the set mode of operation of the tribosystem (after the completion of running-in) at
various loads, as well as the calculated values of frequencies depending on various factors.
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Fig. 2. Change in the AE information frequency
of a stationary triboelement f,z, with a change
in the friction area F,;, at various loads NV

The dependences of the change in the information frequency of AE — f,p, for the tribosystem (the
mobile triboelement — steel 40X, the stationary triboelement — Br.AZh 9-4), with a change in the friction area
Fin at various loads A, are presented in Fig. 2. The analysis of the obtained dependences allows us to state about
a significant influence of the friction area on the frequency of the generated signal in the tribosystem. For
example, with F,;, = 0,00006 m?, the mutual overlap coefficient Kj,, = 0,2, the information frequency does not
change with increasing the load and is 140 kHz. With the increase of the area of friction, the information
frequency increases. With K,,, = 0,5 (Fiin = 0,00015 m ) the frequency increases to 365 kHz, and with K;,, = 0,8
(Fmin = 0,00024 m?) the frequency increases to 530 kHz.

Based on the results obtained, we can make a conclusion about the significant influence of the
constructive factor (Fy,;,) on the information frequencies generated by the tribosystem during operation.

The dependences of the change in the information frequency for the similar tribosystem with a change in
the material of the stationary triboelement, which in formula (4) is determined through the elastic modulus and
Poisson's ratio, for various loads N, are presented in Fig. 3. The analysis of the obtained dependences allows us
to state that there is an insignificant influence of the elastic modulus and Poisson's ratio of the material on the
frequency of the generated signal. The information frequency with increasing the load changes slightly and
amounts to: for the tribosystem of steel 40X + steel 40X (244 ... 363 kHz); for the tribosystem of steel
40X + Br.AZh 9-4 (265 ... 365 kHz); for the tribosystem of steel 40X + SCh (284 ... 411 kHz).
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Fig. 3. The change in the information frequency of the AE
of a fixed triboelement f; 5, with a change in the material
of a fixed triboelement at different loads NV

The similar dependences were obtained for the information frequencies that the mobile triboelement
generates when changing the material of the stationary triboelement, Fig. 4. The information frequency with
increasing the load changes slightly and amounts to: for the tribosystem of steel 40X + steel 40X (244 ... 363 kHz);
for the tribosystem of steel 40X + Br.AZh 9-4 (207 .. 285 kHz); for the tribosystem of steel
40X + SCh (230 ... 332 kHz).
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Fig. 4. The change in the information frequency of the AE
of the moving triboelement fz,, when changing the material
of the stationary triboelement at different loads NV

Comparing the data obtained by the values of the information frequencies, which are presented in Fig. 3
and 4, it can be concluded that the stationary triboelement with a smaller friction area generates higher
frequencies (1,23 ... 1,28 times higher) than the mobile one. This fact must be taken into account when
developing methods for diagnosing tribosystems in operation.

The dependences of the change in the information frequency for the tribosystem of steel 40X + Br.AZh
9 - 4 with a change in the roughness (Ra, Sm) of the mobile and stationary triboelement, at various loads N on
the tribosystem, are presented in Fig. 5 and 6. The analysis of the obtained dependences allows us to state the
significant influence of the data of the technological parameters on the information frequency.

An increase in Ra leads to a significant increase in the information frequency, for example, at Ra = 0,1
pum fygn= 168 ... 183 kHz, and at Ra = 0,4 pm fgn= 378 ... 618 kHz.

The similar dependences were obtained with a change in the average step of roughnesses Sm, Fig. 6. A
slight decrease in the step of roughnesses from Sm = 0,5 mm to Sm = 0,4 mm leads to an increase in the
information frequency from the values of fyz. = 118 ... 152 kHz to the values of £,z = 265 ... 365 kHz, i.e. by
2,24 ... 2,4 times.
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Fig. 5. Change in the information frequency of the AE
of a stationary triboelement £, with a change
in the roughness Ra of the friction surfaces at various loads N
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Fig. 6. Change in the information frequency
of the AE of a fixed triboelement £
with a change in the average step of the roughness Sm
of friction surfaces at various loads vV

Based on the results obtained, we can be make a conclusion about the significant influence of the
technological factors (Ra, Sm) on the information frequencies generated by the tribosystem during operation.

* 3H
fAE(sUJOJ z
Vg =0,8 m/s

600 -
500
/ v =0.5mls
400
300 /‘L/‘
vge =0.2mfs

200 ————

/

100

0 500 ' 1000 ' 1500 N H

Fig. 7. Change in the information frequency of the AE
of a fixed triboelement f; 5, with a change
in the sliding velocity vy at various loads vV
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The dependences of the change in the AE information frequency — fz for the tribosystem (the mobile
triboelement — steel 40X, the stationary triboelement — Br.AZh 9-4), with a change in the slip speed v, for
different loads N, are shown in Fig. 7. The analysis of the obtained dependences allows us to assert a significant
influence of the slip speed on the frequency of the generated signal in the tribosystem. At vy, = 0,2 m/s, the
information frequency with an increase in the load changes insignificantly and amounts to 106 ... 146 kHz. With
an increase in the slip speed to v, = 0,8 m/s, the information frequency increases to 424 ... 584 kHz, i.e. by
4 times.

Based on the results obtained, we can be make a conclusion about the significant influence of the
operational factors (, v) on the information frequencies generated by the tribosystem during operation.

The obtained theoretical dependences were tested experimentally with an assessment of adequacy and
reproducibility. The results of measuring the AE signals when changing the constructive, technological, and
operational factors, followed by the calculation of the Fisher and Cochrane criteria, have showed that the
information frequencies of the AE signals are adequate to the calculated ones, they are homogeneous and
reproducible.

The analysis of the obtained dependences allows stating about a correlation between the theoretical values
of the information frequencies generated by the tribosystem and the experimental values of the frequencies
where the maximum amplitudes were recorded, the correlation coefficient » = 0,88.

Analysing the presented dependences in Fig. 2 - 7, it is possible to make a conclusion that the choice of
the information frequencies of the acoustic emission signals, taking into account the constructive, technological
and operational factors, will allow increasing the robustness and information content of the AE method. The
present analysis can be the basis for the development of the method for diagnosing tribosystems during their
operation.

Conclusions

Based on the performed analysis of the works devoted to the selection of the informative parameters of
AE for the diagnosis of tribosystems, with help of a theoretical way we have established the information
frequency ranges in the frame of the AE signal, where maximum amplitudes values are observed. It has been
theoretically and experimentally established that the information frequencies depend on the following groups of
factors: the constructive; technological and operational ones. The degree of influence of factors on the change in
the frequency range has been established. The operational factors (slip speed and load) change the frequency
range from 106 to 584 kHz, the technological factors (roughness of the friction surfaces) change the frequency
range from 118 to 618 kHz, the constructive factors (the size of the friction area of the stationary triboelement)
change the frequency range from 140 to 530 kHz . This suggests that for the effective diagnosis of tribosystems,
it is necessary to determine the information frequency range in advance, taking into account the factors listed
above.

The results were confirmed experimentally with the calculation of the Fisher and Cochrane criteria, which
allows us to confirm the presence of a correlation between the theoretical values of the information frequencies
generated by the tribosystem, and the experimental value of the frequencies, where the maximum amplitudes
were recorded, the correlation coefficient = 0,88.

The present analysis can be the basis for the development of a diagnostic method for tribosystems during
their operation, which will allow increasing the robustness and information content of the AE method.
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®enenko K.A. BuznaueHnns inpopManiiHuX 4acToT B (hpeliMi CUrHANIIB aKyCTHYHOI eMicii i3 30HH TepTs
TPUOOCHCTEM.

Ha mincraBi BHKOHAHOro aHamizy poOiT, NMpHCBSYEHHX BUOOPY iHpOpMaTHBHUX mapamerpiB AE s
JlarHOCTYBaHHs TPUOOCHCTEM, TEOPETHYHMM HIISIXOM BCTAaHOBIIEHO iH(OpMaliiiHi 4acToTHI cMyru B (peiimi
curHany AE, ne crmocrepiraioTbCs MakCHMajbHI 3HAU€HHS aMILNTYA. TEOpeTHMYHO 1 eKCIepUMEHTaJIbHO
BCTaHOBJIEHO, MIO iH(OpPMALi{HI YAcTOTH 3aJekKaTh BiJ HACTYHUX TPyl (AKTOpiB: KOHCTPYKTUBHHX;
TEXHOJIOTIYHUX 1 eKCIUTyaTaliiHUX. BCTaHOBJIEHO CTYIiHL BIUIMBY (PAKTOPIB HA 3MiHY YaCTOTHOTO [Iialla3oHYy.
Excryaraniiini gaxropu (IIBUIKICTh KOB3aHHS 1 HaBaHTa)KEHHs) 3MIHIOIOTH Aiara3oH 4actoT Bix 106 mo 584
k['1, TexHosOriYHI (hakTOpH (IIOPCTKICTH MOBEPXOHB TEPTS) 3MIHIOIOTH Jiana3oH yactoT Bix 118 mo 618 kI,
KOHCTPYKTHUBHI (pakTopH (BETMUYMHA TUIOLII TEPTSI HEPYXOMOTO TpUOOeIeMeHTa) 3MIHIOIOTh Jliana30H 4acToT Bij
140 mo 530 k['m . 3pobieHO BHCHOBOK, MO Uil €(PEKTUBHOrO IiarHOCTYBaHHS TPHOOCHCTEM HEOOXiIHO
TornepeIHbO BH3HAYATH iH(OPMAIIHIIA YaCTOTHHUHN Jiania30H 3 ypaxyBaHHIM IepepaxoBaHuX BHIIE (HaKTOpiB.

OtpumMaHi pe3ynbTatd OynM MiATBEPKEHI EKCIIEPUMEHTAJIbHO 3 PO3paxyHKOM KpurepiiB ®Pimepa i
Koxpena, 110 103BOJIsIE CTBEPPKYBATH NIPO HASBHICTH KOPEJSALIHHOIO 3B'SI3Ky MK TEOPETHYHUMH 3HAUYCHHSIMHU
iH(pOPMAIIfHUX YacTOT, IO TE€HEePYIOThCS TPHOOCHUCTEMH 1 EKCIIEpUMEHTAIbHUMH 3HAUYCHHSMH YacToT, e
peecTpyBalluCs MaKCUMaIIbHI aMIUTITYaH, KoedimieHT kopemsii 7 = 0,88.

JaHuii aHaimi3 Moke OyTH OCHOBOIO JUIsi PO3POOKH METOIMKH JiarHOCTYBaHHS TPUOOCHCTEM IIifl 4ac iX
eKCILTyaTallii, o JO3BOJIHTH ITiBUIUTH POOACTHICTH 1 iHpopmaTuBHicTh MeTony AE.

Kurouoi ciioBa: tpudocuctema; iHGopMaIliiiHi 4acTOTH; aKyCTHYHA €MicCis; YaCTOTHUH Jiamna3oH; quar-
HOCTYBaHHSI; KOHCTPYKTHBHI, TEXHOJIOT'UHI, KCILTyaTaIiiHi (paKTopH.



