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Frictional sound is generated whenever two surfaces slide against each other. A number of recent
investigations were undertaken to identify the surface conditions which cause uncomfortable sound like squeal
noise. In the present study the opposite problem is considered — frictional sound analysis as a means for
monitoring the contact.

It is demonstrated that analysis of the waveform of audible sound generated in friction can be used to detect a
certain type of surface damage in which material is built up into lumps higher than the original surface asperities.

Audible sound was measured in single-pass sliding of aluminium pin over aluminium flat and load was varied
in the range from 1 to 7 N. By comparing power spectral densities (PSD), it was observed that the sound
generated in sliding contact was most clearly distinguished from the background noise in the frequency range
450-1000 Hz by difference of about 30 dB. However, such difference was obscured in the time domain, because
at frequencies below 450 Hz, the background noise had about 10-15 dB higher spectral density than the one of
frictional sound in the range 450 — 1000 Hz. After frequency components below 450 Hz were filtered out from
the signal, very short duration significant rises in sound pressure amplitude termed “spikes”, became apparent. It
was found that a sound pressure spike is generated due to the build-up of a lump on the flat specimen during
sliding. This was confirmed by the matching of the interval between the spikes and the spacing between the
lumps. Spikes in the filtered sound signal give a better indication of the lumps build-up, than the leaf spring strain
caused by fluctuating friction and normal forces.

The present findings suggest that frictional sound has a potential for use in contact and surface condition

monitoring applications.

1. INTRODUCTION

Sound is generated whenever two surfaces slide
against each other. Such sound is termed “frictional
sound” and it is generated as a response of the sys-
tem with a certain sound radiation property [1] to ex-
citation at the contact.

Frictional sound can be observed in systems as di-
verse as the wheel/rail system, the brake system, the
gramophone or the violin. In many cases of interest
to engineers this sound is not desired and is often de-
scribed as ‘noise’. There is a large body of research
on the reduction or elimination of brake squeal noise
[2-4], wheel/rail squeal noise [5-7] and tyre noise [8-
10].

A number of recent investigations were under-
taken to identify the contact conditions which cause
squeal noise generation [2-3,11-13]. In those studies,
the general approach was to observe the surface

damage after a number of sliding cycles and relate it
to long-time averaged sound pressure level or to the
presence or lack of squeal.

But the opposite problem of using frictional sound
as a means for monitoring the contact is rarely con-
sidered. A rare example is the tool proposed by Oth-
man et al. [14] for quick approximate measurements
of average surface roughness by using dry friction
noise.

At present there appear to be no studies on monit-
oring and diagnosing surface damage based on aud-
ible sound.

The present study demonstrates how analysis of
the waveform of audible sound generated in friction
can be used to detect a certain type of surface dam-
age in which material is built up into lumps higher
than the original surface asperities.



2. EXPERIMENTAL
PROCEDURE

APPARATUS  AND

Experiments were conducted on the apparatus
shown in (Fig.1), in which frictional sound was gen-
erated by the contact of a pin on a flat bar, attached
to a moving stage.

The specimens used in the test were made of alu-
minium alloy JIS-5052 (ANSI analogue Aluminium
5052-H34), having Young's modulus E = 70 GPa,
tensile yield stress Y = 216 MPa and Poisson's ratio
v = 0.33. Pin specimens with tip radius 4 mm were
polished to RMS surface roughness in the range of
Rq = 30 — 40 nm, while the flat specimen had RMS
roughness Rq = 0.86 um. The profile of the flat spe-
cimen was measured over a length of 95 mm before
the test and after test along the wear scar. Long
wavelength characteristics of the profile were re-
moved in both cases by a Gaussian filter as specified
in the ISO11562:1996 standard [15], having cut-off
wavelength of 8 mm. The initial surface profile is
shown in Fig. 2.
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Figure 1. Experimental apparatus: a) overview; b)
close-up on the specimens.
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Figure 2. Profile of the flat specimen before test.

On each new test, new pins were used on a fresh
portion of the flat specimen. Before testing the speci-
mens were thoroughly cleaned with ethanol, de-
greased with acetone, and then again cleaned with
ethanol. Finally, they were wiped dry with lint-free
tissue paper.

The pin-holder was supported by crossed leaf
springs bending in normal and in tangential direction
respectively. Normal load was applied by the elastic
deformation of the normal leaf spring when the XZ-
stage was lowered down. The forces in the leaf
springs were measured by pairs of strain gauges.

The sound was measured by a free-field micro-
phone, placed at about 8.5 cm from the centre of the
pin-holder. Antialiasing low-pass filter with cut-off
frequency set to 6000 Hz was placed before the A-D
converter used to acquire the signals into a personal
computer.

To reduce the background noise levels, the motor
was placed in a separate sound insulated compart-
ment and magnetic screws were used to move the
stage on which the flat specimen was mounted. The
test chamber was covered with sound-absorbing ma-
terial on the inside to eliminate sound reflections and
create free field conditions.

All experiments were done in air at room temper-
ature and relative humidity 30-60 %.

A series of tests were carried out for sliding
speeds of 20 mm/s and load setting from 1 to7 N in-
cremented in steps of 1 N. For the selected material
and pin radius, based on criteria commonly accepted
for Hertz contact [16], the onset of plastic deforma-
tion under static load was determined to occur at
1.82 N, and fully plastic deformation - at 40.0 N.
The average load values observed in the experiment



differ slightly from the pre-set values. The following
section shows only some representative data.

3. RESULTS

Some representative signals during sliding are
shown in Fig.3. The force in the tangential leaf
spring fluctuates in pattern similar to stick-slip and
as the contact load is increased, the fluctuations also
increase. The sound data looks very noisy and it is
difficult to distinguish specific features, but it can be
seen that increase of contact load also resulted in in-
crease in sound pressure amplitude.

When the recorded sound signals were played
back, some characteristic pulses could be distin-
guished by hearing, which were not obvious from
visual inspection of the sound data (Fig. 3). This
suggested that the sound from the contact was
masked by large amplitude noise.

Fig. 4 is a plot of the power spectral density (PSD)
functions of sound generated by the stage motion
when the specimens are not in contact and under av-
erage contact load of 0.9, 3.0 and 4.9 N. The fre-
quency range in which the difference between stage
noise and sound from the contact is largest (about 30
dB), and possibly contains most information about
the contact is from about 450 Hz to about 1000 Hz.
At higher frequencies above 5500 Hz, the power
spectral density reduction is due to the anti-aliasing
analogue filter in the data-acquisition system. At fre-
quencies lower than 450 Hz, the PSD of background
noise was about 10-15 dB higher than the PSD of
frictional sound in the range 450 - 1000Hz, thus
making the difference indistinguishable in the plots
of sound pressure as a function of time.

In order to remove such low frequency noise the
raw data were filtered by cutting out the frequencies
below 447 Hz (lower limit of the 27th 1/3 octave fre-
quency band). The designed filter was a Chebyshev
type 11, high-pass filter with pass-band starting at
447 Hz, transition-band was 400 - 447 Hz, attenu-
ation in the stop-band 30 dB and pass-band ripple 1
dB.

The filtered sound data is shown in Fig. 5. There
are clearly defined spikes, which are very short dura-
tion (10-20 ms) significant rises in sound pressure
amplitude (several times to more than 100 times
larger than the average sound amplitude). As the
contact load increased the height of the spikes also
increased.

0.15 T T T " )
& oaf i
¢ 005y )
73
8 o
5
5-0.05 i
5
3 o1t i
0 1 2 3 4 5
Time, s
s[— i I N ]
z Tangential Load 0.9N
g4 |
s
=3[
£
a2r
g1
-
0 . :
0 1 2 3 5
Time, s
a)
©
o
s
5
0
0
[
5
el
c
=
[}
w
0 1 2 3 4 5
Time, s
5 I on| 1
z Load 3.0 N
G4 )
]
o
a2r
2
ERL
-
0 .
0 1 2 3 4 5
Time, s

Sound pressure, Pa

25} e
S
S4r
S, vy
2 Load 49N
2 ]
Tl — Tangential
= Normal
o L L |
0 1 2 3 4 5
Time, s
¢

Figure 3. Frictional sound and leaf spring forces un-
der average load of: a) 0.9 N, b) 3.0 N and c) 4.9 N.
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Figure 5. High-pass filtered sound pressure.
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Figure 6. Zoomed-up portion of sound pressure
signal at 3.0 N together with wear scar profile, scar

photograph and strain-gauge measured elastic forces.
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Figure 7. Surface damage on pin and flat. Arrows
show counterface sliding direction.

Fig. 6 shows a short portion of the signals recor-
ded during sliding under average load of 3.0 N, the
corresponding profile of the wear scar and photo-
graphs of the surface as observed by optical micro-
scope. The recorded signals are plotted as a function
of sliding distance calculated from time and sliding
speed. The short distance during which the stage ac-
celerates in the beginning of sliding is ignored.

From the figure it is seen that sound pressure
spikes correspond to the highest portions of the pro-
file of the wear scar. Almost all such portions pro-
trude above the level containing 99.99% of the origi-
nal profile heights, which means that they were built-
up during sliding. From the photograph of the wear
scar it is seen that such built-up material has the
shape of a lump. Fig. 7 shows lumps on the flat spec-
imen and the corresponding pin tip damage after
sliding at average loads of 0.9, 3.0 and 4.9 N.

When the filtered sound signal is compared to the
signals measured by the strain gauges on the leaf
springs (Fig. 6) it is seen that sound contains higher
detail and is more easily correlated to the surface
damage.

When the correspondence of sound spikes and
built-up lumps is considered, ideally, we would like
to match every lump on the surface with a particular
spike in the sound pressure. However, over a longer
sliding distance, the number of lumps and spikes be-
comes very large and this creates a difficulty in do-
ing the match manually.

This is why we considered only spikes defined by
sound pressure amplitude larger than 95% of the
measured sound pressure data during the whole slid-
ing, and lumps with height larger than 95% of the
wear scar profile height data. The lines marking



these levels are shown in the figure (Fig. 8).

The spikes and lumps selected in this way match
very well for the length of 65 mm. This confirms that
the spikes are generated due to the build-up of lumps
on the surface.

Distance x = (20, mm/s )x(1, s) +X,, mm

e
=
=]

30 40 50 60 70 80 90
® Matching O Not matching

o

=}

&
T

14

=]

&
T

Sound pressure, Pa
o

1 |
‘ 95% of sound pressure amplitudes interval ‘
1 I Y T T T T TTTTTy |

‘ 95% level of profile heights after test ‘
T

<
o

[*2]
o

N
o
T

Height, um
N
o
—
o
-

(=]

99.99% level of profile heights before test

N
(=]

30 40 50 60 70 80 90
Distance on surface, mm

RS
o

Figure 8. Matching of sound pressure spikes and
built-up lumps.

4. DISCUSSION

During sliding of the pin over the flat specimen
surface, a wedge is formed on the pin tip (Fig. 9). As
the sliding continues, the wedge grows and at certain
point suddenly sticks to the flat specimen surface. At
that time a sudden impulse acts on the pin and on the
flat specimen, exciting the pin-holder and the sliding
stage into vibration, which is perceived as a sound
pressure spike. This is confirmed by measurements
of pin-holder acceleration in normal and tangential
direction (Fig. 10).
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Figure 9. Pin tip after test at 3.0 N.
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Figure 10. Pin-holder acceleration and sound pres-
sure.

5. CONCLUSIONS

Audible sound was measured in single-pass slid-
ing of aluminium pin (tip radius 4 mm) over alumini-
um flat with sliding speed of 20 mm/s and load var-
ied in the range from 1 to 7 N.

The sound pressure signals were filtered to re-
move the high amplitude (30-50 dB) low frequency
(<450 Hz) noise which obscured the low amplitude
(20-30 dB) sound from the contact, having frequen-
cies between 450 and 1000 Hz. After such filtering,
very short duration (10-20 ms) significant rises in
amplitude (several times to more than 100 times lar-
ger than the average sound amplitude), termed
“spikes” became obvious in the sound pressure sig-
nal.

1. It was found that a sound pressure spike is gen-
erated during sliding due to the build up at the con-
tact interface of a lump, which has height above the
original pre-test profile maximum asperity height.
This was confirmed by the matching of the interval
between the spikes and the spacing between the
lumps.

2. Spikes in the filtered sound signal give a better
indication of the lumps build-up than the leaf spring
strain caused by fluctuating friction and normal
forces.

The present findings show that frictional sound is
very well correlated to surface damage and sliding
conditions and has a potential for application in ad-
vanced surface and contact condition monitoring sys-
tems.
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