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The paper presents an analysis of the sound level recorded during dry sliding friction conditions. Balls with
a diameter of 6 mm placed on pins were made of 100Cr6 steel, silicon carbide (SiC), and corundum (ALO,),
while rotating discs with a height of 6 mm and a diameter of 42 mm were made of 100Cr6 steel. Each pin and
disc system was tested for two values of the relative humidity of the air (50 + 5% and 90 + 5%). Models of
the A-sound level were developed using regression trees and random forest. The paper presents an analysis
of the accuracy of the models obtained. Classifications of the six tests performed on the basis of sound level
descriptors were also carried out.

system tribologiczny, poziom dzwigku, drzewa regresji, las losowy.

W pracy przedstawiono analiz¢ poziomu dzwigku zarejestrowanego podczas tarcia technicznie suchego w ru-
chu slizgowym. Podczas szesciu testow tribologicznych stosowano probke wykonang ze stali 100Cr6 oraz
trzy przeciwprobki, wykonane ze stali 100Cr6, weglika krzemu (SiC) i korundu (ALO,), przy czym kazdy
uktad probka — przeciwprobka byt testowany dla dwoch wartosci wilgotnosci wzglednej powietrza (50 + 5%
190 £ 5%). Opracowano modele poziomu dzwigku A z uzyciem drzew regresji i lasu losowego. W pracy za-
mieszczono analiz¢ doktadnosci otrzymanych modeli. Zostata rowniez przeprowadzona klasyfikacja szesciu
wykonanych testow w oparciu o deskryptory poziomu dzwigku.

INTRODUCTION

In tribosystems, the resistance attributable to
friction is overcome by applying energy that can be
dissipated, accumulated, or transformed [L. 1]. The
phenomena that occur during friction are, among
others, acoustic emission (AE) and the emission of
sound [L. 2].

Stick-slip friction can be analysed using
acoustic emission [L. 3]. AE was also used to
detect the transition between mild and severe wear
in metal sliding [L. 4]. The acoustic emission
generated from the sliding contact of metal-metal

pairs using pin-on-disk tests was investigated in
[L. 5]. Computational intelligence methods,
including genetic algorithms and artificial neural
networks, were used in [L. 6] to classify acoustic
emission signals from journal bearings. Certain
frequencies in AE reflect friction, while others
reflect wear during ball-on-disc reciprocating
tribological tests [L. 7]. The features of the AE
signals generated during adhesive wear and
abrasive mechanical wear were examined in
[L. 8]. Experiments carried out on a pin-on-disc
tribometer with a sliding silicon nitride or M50
ball on a silicon nitride or M5ONIL steel flat disc
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showed that the RMS of the acoustic emission
signal has a good correlation with friction [L. 9].
Acoustic emission signals with a peak frequency
of around 1 MHz occur during adhesive wear and
with a peak frequency of around 0.5 MHz during
abrasive wear, which can be detected in real time
[L. 10].

Noise and vibration induced by stick-slip
friction in an instrument panel were investigated
in [L. 11]. Vibration and noise in a gear mesh
and a method of its attenuation were presented in
[L. 12]. Numerical simulations of friction noise
of two rough and dry surfaces were studied in
[L. 13]. Vibration and noise when a sphere is sliding
on a groove-textured surface were discussed (with
sound frequency analysis) in [L. 14].

METHODOLOGY AND MATERIALS

Tribological tests (Table 1) were performed on the
TRB3 ball-on-disc tribometer (Fig. 1). Balls with
a diameter of 6 mm were made of 100Cr6 steel,
silicon carbide (SiC), and corundum (ALO,), while
rotating discs with a height of 6 mm and a diameter
of 42 mm were made of 100Cr6 steel. All tests
were conducted under technically dry friction
conditions. The sliding distance was 1000 m.

Table 1. Parameters of tribological tests [L. 15]
Tabela 1. Parametry testow tribologicznych [L. 15]

Parameter Unit Value
Load N 15
Sliding rate m/s 0.07
Sliding distance m 1000
Temperature °C 25+1

Fig. 1. Ball-on-disc diagram (b) [L. 16]
Rys. 1. Schemat wezta tarcia typu ball-on-disc (b) [L. 16]

The ball and disc materials, as well as the
relative humidity of the air, are shown in Table 2.
Tests 1 and 4 were carried out for the discs and balls
made of 100Cr6 steel. Tests 2 and 5 were carried
out for the discs made of 100Cr6 steel and the balls
made of AL,O,, and Tests 3 and 6 were carried out
for the discs made of 100Cr6 steel and the balls
made of SiC.

Table 2. Materials used and conditions for tribological
tests
Tabela 2. Zastosowane materialy i warunki testow tribolo-
gicznych
Air relative | Air relative
Disc Ball humidity humidity
50 + 5% 90 £ 5%
100Cr6 steel | 100Cr6 steel Test 1 Test 4
100Cr6 steel ALO, Test 2 Test 5
100Cr6 steel SiC Test 3 Test 6

During the tests, A-, C- and Z-weighted sound
levels (as well as 1/3-octave band sound levels)
were recorded every 100 milliseconds using
a Svantek SVAN971, which is a Class 1 sound
level meter and analyser with 24-bit analogue-
to-digital converter [L. 17] and antialiasing filter.
Next, the A-weighted equivalent sound levels L pe
were calculated for each 10-second period of time
using equation (1) [L. 18]:

1 & o,
L,, :lOlog(NZIOOIL” j (1)

where N =100 and L, ; values (A-weighted) come
from 100 consecutive 100-milisecond sound
levels. During the tests, the sound was recorded
using an Olympus LS-P1 Linear PCM Recorder
in such a way that the analogue audio signal was
sampled with 44100 Hz frequency and stored in
16-bit digital linear PCM (pulse-code modulation)
format.

RESULTS AND DISCUSSION

Figures 2 and 3 present 10-second L, values as
a function of time in tribological Tests 1 to 6. For
tests conducted in 50% relative humidity (Fig. 2),
the greatest variability of the sound level occurred
in Test 1 (with the sound level gradually increasing
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test 2

test3

test 1

Fig. 2. Equivalent sound level L aeq i 10-second time intervals, for tests conducted when relative humidity equals 50 + 5%:

test 1, test 2, test 3

Rys. 2. Roéwnowazny poziom dzwicku L, . w 10-sekundowych odcinkach czasu dla testow tribologicznych przeprowadzonych

przy wilgotnosci wzglednej 50 + 5%: test 1, test 2, test 3

in the last 5000 seconds) and the smallest variability
occurred in Test 3.

The relative humidity of the air of 90%
(Fig. 3) resulted in lower sound levels in the first
800 seconds of Tests 4, 5, and 6, and in increased
sound level variability in Tests 4 and 5 in the last
5000 seconds, compared to similar tests (1, 2, and
3, respectively) made at the humidity of 50%.

Figures 4 and 5 show how relative humidity
affected the minimum, maximum, and variance of
L pe values.

Equivalent sound levels for the Tests 1 to 6
are shown in Table 3. The highest values (above
80 dB) were recorded for Tests 4 and 2, while the
lowest values (below 71 dB) were observed for
Tests 3 and 6.

test 4

test 6

test 5

Fig. 3. Equivalent sound level L acq i 10-second time intervals, for tests conducted when relative humidity equals 90 + 5%:

test 4, test 5, test 6

Rys. 3. Réwnowazny poziom dzwigku L, w 10-sekundowych odcinkach czasu, dla testow tribologicznych przeprowadzonych

przy wilgotnosci wzglednej 90 + 5%: test 4, test 5, test 6
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Fig. 4. Minimum (a), maximum (b), and variance (c) of the values of equivalent sound level L aeq i 10-second time intervals,
for tests conducted when relative humidity equals 50 £ 5% (tests 1, 2, and 3) or 90 £ 5% (tests 4, 5, and 6)

Rys. 4. Minimum (a), maksimum (b) i wariancja (c) warto$ci rownowaznego poziomu dzwigku L, w 10-sekundowych odcin-
kach czasu dla testow tribologicznych przeprowadzonych przy wilgotnosci wzglednej 50 + 5% (testy 1, 2, 3) lub 90 = 5%
(testy 4, 5, 6)

Fig. 5. The first quartile (a), the median (b), and the third quartile (c) of values of equivalent sound level L Aeq in 10-second
time intervals, for tests conducted when relative humidity equals 50 £ 5% (tests 1, 2 and 3) or 90 + 5% (tests 4, 5
and 6)

Rys. 5. Pierwszy kwartyl (a), mediana (b) i trzeci kwartyl (¢) warto$ci rtownowaznego poziomu dzwicku L, - w 10-sekundowych
odcinkach czasu dla testow tribologicznych przeprowadzonych przy wilgotnosci wzglednej 50 + 5% (testy 1, 2, 3) lub 90
+ 5% (testy 4, 5, 6)
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Table 3. Equivalentsound levels for the whole tribological
test
Tabela 3. Réwnowazny poziom dzwicku z calego testu tribo-
logicznego
Test L., for the whole test
1 78.5 dB
2 80.6 dB
3 70.9 dB
4 81.4 dB
5 71.2 dB
6 70.2 dB

MODELS OF SOUND LEVEL VARIABILITY

The L, values for 10-second intervals together
with time values formed 6 training datasets (one
for each of the 6 tribological tests). The only input
attribute was time, and the output attribute was
L eq: Then, the random forest algorithm [L. 19]

implemented in a Weka software package [L. 20]
was used separately for each of the training datasets
and produced 6 models of sound variability. The
random forest of regression trees [L. 19] belongs
to the group of computational intelligence methods
that are widely used to build models or analyse
data. The accuracies of the six models created by

Table 4. RMSE errors of the models estimated by 10-fold
cross validation
Tabela 4. Bledy RMSE modeli oszacowane za pomoca

10-krotnej walidacji krzyzowej

Test number and model number RMSE [dB]
1 1.5980
2 0.7488
3 0.4486
4 3.8384
5 1.2796
6 0.4482

Fig. 6. The 10-second L, values (actual and predicted by the model) for tribological tests at 50% relative air humidity: a)

test 1, b) test 2, ¢) test 3

Rys. 6. Wartosci 10-sekundowego L A (obliczone z wartosci zarejestrowanych podczas testu tribologicznego oraz obliczone przez
model) przy 50% wilgotnosci wzglgdnej powietrza: a) test 1, b) test 2, c) test 3
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Fig. 7. The 10-second L, values (actual and predicted by the model) for tribological tests at 90% relative air humidity:

a) test 4, b) test 5, c) test 6

Rys. 7. Wartosci 10-sekundowego L, (obliczone z wartosci zarejestrowanych podczas testu tribologicznego oraz obliczone przez
model) przy 90% wilgotnosci wzglednej powietrza: a) test 4, b) test 5, c) test 6

random forest were estimated using the 10-fold
cross validation method, and the resulting RMSE
(root mean square errors) are shown in Table 4.
The most accurate models were obtained for the
100Cr6-SiC pair (Tests 3 and 6), and quite good
models were obtained for the 100Cr6-AlO,
pair (Tests 2 and 5). Figures 6 and 7 show the
10-second L, values (experimental and modelled)
for tribological tests performed at 50% relative air
humidity (Fig. 6) and at 90% relative air humidity

(Fig. 7).

CLASSIFICATION OF TESTS BASED ON
SOUND LEVEL

Five descriptors characterizing the course of the

equivalent sound level in 10-second intervals (L Aeq)

were developed: a, and a, — respectively, minimum
and maximum of L, values in the range from 500
to 2000 seconds from the start of the test; a, and
a, — respectively, minimum and maximum of L -
values in the range from 5000 to 10,000 seconds
from the start of the test; and, a, — the variance of
LAeq values in the time range from 5000 to 10,000
seconds from the start of the test (attribute).
The values of these descriptors are presented in
Table 5.
Based on the data in Table 5, the following
classifier was created:
— if a>27.5 then the test number is 4 (100Cr6
steel on 100Cr6 steel, about 90% RH)
— if 12.3<a,< = 27.5 then the test number is 1
(100Cr6 steel on 100Cr6 steel, about 50% RH)
— ifa,<=12.3 and a,>74.0 then the test number is
2 (AL O, on 100Cr6 steel, about 50% RH)
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Table 5.

Developed descriptors of the course of 10-second L neg

Tabela 5. Opracowane deskryptory przebiegu 10-sekundowego L peq

a, [dB] a, [dB] a, [dB] a, [dB] a, [dB] Test
51.2 74.7 71.1 88.3 20.1 1
79.3 90.9 69.0 73.3 0.8 2
68.8 73.8 68.9 72.3 0.4 3
62.7 77.8 63.8 91.5 35.0 4
67.1 85.0 65.3 78.8 4.5 5
62.7 67.0 69.2 73.5 0.7 6

— ifa<=123 and a <= 74.0 and a,>81.4 then
the test number is 5 (ALO, on 100Cr6 steel,
about 90% RH)

— ifa<=123anda<=74.0and 70.4<a,<=81.4
then the test number is 3 (SiC on 100Cr6 steel,
about 50% RH)

— ifa<=123and a<=74.0 and a <= 70.4 then
the test number is 6 (SiC on 100Cr6 steel, about
90% RH)

— where RH means the relative humidity of the
air.

This classifier allows us to determine the
material pair used in the test and whether the

relative humidity was about 50% or about 90%.

CONCLUSIONS

Based on the measurements and calculations
performed, the following conclusions were
formulated:

a) The lowest variability of the sound level was
observed for the 100Cr6 — SiC pair.

b) The greatest variability of the sound level was
observed for the 100Cr6 — 100Cr6 pair.

¢) The most accurate models of sound level
variability were created for the 100Cr6 — SiC
pair (RMSE<0.45 dB).

d) The sound level variability models for the
100Cr6 — AL O, pair have quite good accuracy

(RMSE<1.28 dB).

e) The sound level variability models for the
100Cr6 — 100Cr6 pair are the least accurate due
to the very large and random variability of the
sound level over time.
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