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This paper presents an experimental study of the friction noise, between two rough and dry flat surfaces.
The domain of interest is the dry contact under light pressure where the roughness is the dominant cause
of noise. The results show that, for sliding rough surfaces under light load, the fundamental mechanism
of radiated noise is the presence of shocks occurring between antagonist asperities of sliding surfaces.
The radiated roughness noise is controlled simultaneously by the detailed topography of the surfaces in
contact, the sliding speed and the dynamics of the surfaces. In terms of topography and sliding speed, it
was shown that the roughness noise is simultaneously an increasing linear function of the logarithm of
the surface roughness and the sliding speed. In terms of dynamics, the roughness noise is generated for
light dynamical coupling. Hence, the natural modes of samples are stiffer than the contact and therefore
the resulting vibrations are not affected by the additional rigidity. The deformation of surfaces during
contact is very light and its magnitude is negligible compared to the surface roughness.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The dynamics of rough contact can be tackled by three differ-
ent approaches: the tribological approach, the structural dynamics
approach and the acoustical approach. The tribological approach
generally focuses on the surface topography and its role on the
determination of the tribological behaviour of the surfaces [1-4].
The structural dynamics approach has an interest in the study
of friction-induced vibrations and its consequence on the friction
itself[5-9]. The acoustical approach is reserved to the friction noise
study [10-21].

Friction noise may be classified in two categories according to
the contact pressure level between the sliding solids [20]. When the
contact pressure is high, the friction noise stems from mechanical
instabilities such as sprag-slip, stick-slip. Some examples of such a
noise are break squeal or squeak of doors. These instabilities can
emerge even with perfectly flat surfaces. The physical condition
to generate instabilities is generally related with a kinetic friction
coefficient at a lower level than the static friction coefficient. On
the other hand, when the contact pressure is low, the friction noise
is called roughness noise [20] meaning that roughness plays a cru-
cial role. The coupling between the two solids in contact is weak
and the eigenfrequencies of isolated solids are not affected by the
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contact. Under these conditions, the radiated noise is attributed to
the numerous impacts between the antagonist asperities of sliding
surfaces.

In the literature, the noise due to the mechanical instabilities
was largely studied. But, the roughness noise has not received a so
great attention, and its phenomenology is not yet fully explained.
Some experimental studies have proposed a relationship between
the sound pressure level Lp (dB) and the friction parameters such
as the surface roughness and the sliding speed. It is to be noted
that all these studies were realized either at a constant sliding
speed or a constant surface roughness. Unfortunately, the obtained
results vary from a study to another. Thus, Takahashi [10] found,
for a cylinder-flat contact, and a constant sliding speed, that the
sound pressure level Lp (dB) is an increasing function of the surface
roughness according to the following logarithmic law:

Lp (dB)~20log;o Ra" (1)

with n=1. Nakai and Yokoi [15] have shown that 0.8 <n < 1.2 for
the same relationship and for a pin-flat contact and constant sliding
speed. But, using a stylus-flat contact, Othman et al. [17,18] have
found that 0.25 < n < 0.64 which is lower than the previous values.

The flat-flat contact was studied for the first time by Stoimenov
et al. [21]. They observe that the evolution of the sound pres-
sure level versus surface roughness is in agreement with previous
observations on concentrated contacts. Lp (dB) verifies Eq. (1) with
0.7<n<0.85.

Concerning the dependence of Lp (dB) with the sliding speed,
Nakai and Yokoi [15] showed that Lp (dB) is also a logarithmic
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function
Lp(dB)~201log;o V™ (2)

where the slope m varies between 0.6 and 1.1.

In this paper, we consider the empirical laws for a flat-flat
contact of the sound pressure level Lp (dB) by considering simul-
taneously surface roughness and sliding speed to extent previous
results. In particular, one of objectives is to clarify if the sound
pressure level may be put into the following relationship:

Lp (dB)~20logo Ra"V™ 3)

with n and m are two independent exponents.

This paper is organized as follows. Following this section, in
Section 2 is presented the experimental set-up. In Section 3 is
presented the experimental results. Discussion and comments are
presented in Section 4. Finally in Section 5, this paper is concluded.

2. Experimental test set-up

The experiment consists to rub two samples with rough surfaces
and to record the friction noise radiated in a quasi-anechoic cham-
ber. Rubbing tests were carried out for dry contact, under light load
and with a well controlled sliding speed.

2.1. Mechanical device

The mechanical device is displayed in Fig. 1. It permits a fric-
tion configuration, which consists of two rough plane surfaces in
contact. The contact system is maintained by a sample holder. This
sample holder is placed on a small aperture (170 mm x 68 mm) on
the face of a small quasi-anechoic chamber. It is decoupled from the
chamber by an elastomeric joint. It allows the fixing of the lower
sample (designated as fixed sample) and the horizontal guidance of
the higher one (designated as moving sample). The sample holder
is made of polyamide 6.

Rough/ Rough contact

Table 1
Material properties.

Steel S235 JRG2 Aluminum AU4G Brass

Elastic modulus, E (GPa) 210 70 110
Poisson’s ratio v 0.3 0.34 0.35
Density (kg/m3) 7800 2700 8800
Mass (g) 165 57 186

The moving sample is pulled against the fixed one, with a string,
by a quiet DC-motor (type escap 22N28).

The parallelepipedic quasi-anechoic chamber (700 mm x
580 mm x 570 mm) is built in wood panels, which have 18 mm
thickness, covered inside by an absorptive material (rock wool)
to eliminate acoustical reflections. The thickness of the used
absorptive material is 100 mm. To break the symmetry of the
interior of the quasi-anechoic chamber, many diffractants panels
which have various shapes was added to the inner faces.

2.2. Description of the samples

The rough samples are rectangular plates with size
120mm x 22 mm. Its thickness is 8 mm. They are made of
steel S235JRG2, brass 65 Cu-35 Zn and aluminum AU4G. Table 1
outlines the mechanical characteristics of these materials.

In order to get rough surfaces, the sample surfaces have been
prepared by two different techniques, i.e., sandblasting and elec-
trical discharge machining (EDM). Both sandblasting and EDM
processes produce random surface roughness.

These measurements have been obtained with a 3D optical
profilometer. Fig. 2 shows 3D-surface topography of the samples
obtained by sandblasting and by EDM. The topography measure-
ment surface is 2.44 mm x 1.86 mm. The measurement steps are
3.32 wm x 3.87 pm.

In Fig. 3, is shown the height distribution of asperities sam-
ples. Table 2 gives the classical surface topography parameters, i.e.,

P=m'g
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Fig. 1. Experimental apparatus for flat-flat contact.
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Fig. 2. 3D-surface topography; sandblasting: (a) R; =1 wm, (b) Ry =4 um, (c) R; =5 pum. EDM: (d) R;=1 um, (e) R, =4.5 wm, (f) R, =10 wm, (g) R, =20 pm, (h) R, =26 pm.

the arithmetic surface roughness R,, the skewness of topography 2.3. Instrumentation and acquisition
height distribution Sk and the kurtosis of topography height dis-

tribution Ek. Furthermore, the asperities spacing Rsm, the average An optical coder, type Renishaw RGH22 D30D00 measures the
radius of the peaks Rpoy, the standard deviation of the asperities displacement of the driven sample. The optical head is mounted
heights distribution o and the peaks’ number N by 4.53 mm?Z. on the sample holder and the scale is sticked on the moving sam-
Table 2

Surface roughness and topography parameters obtained by profilometer for sandblasting and EDM. R, is the arithmetic surface roughness, Sk and Ek are respectively the
Skewness and the Kurtosis of the topography height distribution, Rsm is the asperities spacing, Rnoy is the average radius of the peaks, o is the standard deviation of the
asperities heights distribution, N is the peaks number by 4.53 mm?.

Sandblasting EDM
Rq (um) 1 4 5 1 4.5 10 20 26
Sk -1.1 -0.41 -0.53 —0.07 —-0.03 0.17 0.25 0
Ek 5.7 3.55 3.19 3.1 3.15 2.96 29 2.83
Rsm (pm) 79 160 173 92 150 276 410 516
Rmoy (um) 119 45 40 64 57 52 30 12
o (nm) 1.83 6.45 7.74 1.1 4.1 10 13 8.62

N 3792 2845 2380 6559 2079 1974 1000 934
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Fig. 3. Distribution heights of asperities; sandblasting: (a) R;=1um, (b) R;=4 wm, (c) R;=5pum. EDM: (d) R;=1pm, (e) R;=4.5 pm, (f) R,=10um, (g) R =20 wm, (h)

Rq=26 um.

ple. The coder sensitivity is 5 wm. The sliding speed is obtained
by a numerical derivative of the displacement (finite difference
method). The friction noise inside the quasi-anechoic chamber is
recorded by a B&K %2 in. microphone type 4189-L-001. The micro-
phone sensitivity is 46.9 mV/Pa, and its frequency ranges from 6 Hz
to 20 kHz. The microphone is placed at about 670 mm below the
rubbed samples. AB&K 1/4 in. microphone having a large frequency
range (6 Hz-100kHz) is used to measure the total friction noise
signal.

A B&K accelerometer type 4517-C-001 is mounted on the lower
face of the fixed sample to measure the vibrational acceleration.
The accelerometer sensitivity is 0.1974 pcms~2 and the frequency
band is 5 Hz-20 kHz. Its weight is 103 kg.

All these signals are acquired simultaneously on a computer, by
a digital I/O board PCI-DAS-6013 16 bits.

As we are only interested in audible noise, all measurements of
this study were confined into the audio band 20 Hz-20 kHz by using
an anti-aliasing filter. The sampling frequency is 48 kHz. Power
spectrum densities are obtained with 4096 lines and a Hanning
time window.

2.4. Dynamical characteristics of the samples

In order to determine the modal properties of the samples a
numerical dynamic model based on the finite element method is
built. The volume is meshed by 6325 tetrahedral volume elements,
4 nodes per element, resulting in 10,581 nodes. The behaviour law
of the elements is the classical linear elasticity. Free boundary con-
ditions are chosen for the finite element model.

The obtained first eigenfrequencies are given in Table 3.
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Table 3
Numerical eigenfrequencies (Hz) of the samples.

Table 5
Experimental eigenfrequencies and modal damping factors of the sample holder.

f1 2 f3 f4 f5 6 7

Exp. eigenfrequencies (Hz) Exp. modal damping factor

Num. value (Hz) 2920 7354 7854 8086 14902 16351 17649

Fig. 4. Eigenmodes of the isolated samples by finite element method. (1) First
flexural mode (2920 Hz). (2) First transverse flexural mode (7354 Hz). (3) Second
flexural mode (7854 Hz). (4) First torsional mode (8086 Hz). (5) Third flexural mode
(14902 Hz). (6) Second torsional mode (16351 Hz). (7) Second transverse flexural
mode (17649 Hz).

As we can see, only seven eigenmodes take place on the fre-
quency audio band. The associated eigenvectors are shown in Fig. 4.
We can observe five modes which can radiate noise in the quasi-
anechoic chamber, i.e., three modes associated to flexural motion
(nos. 1,3 and 5), and two modes associated to torsional motion (no.
4 and 6). The other two eigenmodes (no. 2 and 7) are characterized
by in plane motion.

To validate the numerical results, frequency response function
(FRF) is performed. For this, sample is suspended and excited by a
shaker. The measured experimental eigenfrequencies and the cor-
responding modal damping factors are given in Table 4. As one can
see, numerical eigenfrequencies agree with well the experimental
ones.

Table 4
Experimental eigenfrequencies and modal damping factors of the samples.

Exp. eigenfrequencies (Hz) Exp. modal damping factor

f1 2900 0.02

f2 7400 0.005
f3 7900 0.004
f4 8100 0.004
f5 14500 0.009
f6 16500 0.009
7 17500 0.004

f1 850 0.016
2 1975 0.01
f3 4050 0.013
f4 5300 0.01
f5 16190 0.01
Table 6
Numerical eigenfrequencies of the sample holder.
f1 2 f3 f4 5
Num. value (Hz) 843 2000 3850 5376 16111

The same analysis is performed for the sample holder with
free boundary conditions. The experimental eigenfrequencies are
shown in Table 5. From a finite element model (45,554 tetrahedral
volume elements and 9884 nodes), we have found several modes
which confirm these experimental ones (Table 6).

As the eigenmodes of the samples and the sample holder are in
the same range of frequency, we have uncoupled the fixed sam-
ple from the sample holder by adding a soft synthetic rubber joint
between them.

2.5. Contact stiffness and its effects on the modal properties of
samples

In the case of the two rough plane surfaces, the contact stiffness
can be estimated from the Greenwood and Williamson model [22].
It is considered that the two nominally flat surfaces, in contact,
are respectively covered with a large number of spherically tipped
asperities with same radius 8; and f,, and randomly distributed
heights described by a probability density function @ (z). From this
model, the expected load W is expressed by

4 00 3/2
W= §1\15//31/2 / (z—d) ¢(z)dz (4)
d
where N is the number of the all surface asperities, E’ is the reduced
elasticity modulus suchas 1/E' = (1 — v3)/E; + (1 — v2)/E, Bisthe
equivalent radius such as 1/8=1/81 +1/8-, z is the asperity height
and d is the separation between the two sliding surfaces in contact.

As an example, Fig. 5 shows the evolution of the load versus
the relative displacement for the case of the EDM sample with
Rq=26 um.

15} 1

Normal load (N)

05 .

0 1 1
0 0.5 1 15

Deformation (um)

Fig. 5. Variation of the normal load versus the relative deformation for R, =26 pm.
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Table 7

Contact stiffness Kegw (N/um) estimated from Greenwood and Williamson mod-
elling, expected number of contact (N.) and real contact area (mm?) for R, =1 pwm,
4.5 pm, 10 wm, 20 wm and 26 wm and under 1.62 N applied normal load.

Rq (pm) (by EDM)

1 45 10 20 26
Ko (N/um) 6 3.6 3 25 1.92
N, 1689 324 165 59 3

Ar (mm?) 406 72 35 9 0.24

The normal contact stiffness Ksgw is defined by linearising Eq.
(4) around the static load Ws:

o0 1/2
Kosw = | = 2NE 112 / (z-d) @)z (5)
d

where §=z—d.

In this study, Wi corresponds to the weight of the driven sample
and it is equal to 1.62 N. The estimated contact stiffness versus sur-
face roughness, for this static load is given in Table 7. It is given also
in Table 6 the number of contact points N, and the real contact area
Ar. It is to be noted here that, in view of the asperities heights dis-
tribution, only one contact point is observed for R, = 26 p.m. But, for
two solids to be in equilibrium, at least three contact points should
be considered (Table 7).

From this table, is clearly seen that the contact stiffness is neg-
ligible compared to the elastic properties of the used samples.
The number of contact points and the real contact area decrease
when the surface roughness increases. It means that the coupling
between the two samples is light and that the samples behave like
being totally uncoupled.

2.6. Acoustic properties of the quasi-anechoic chamber

The sound insulation of the quasi-anechoic chamber was mea-
sured by generated Gaussian noise. The sound pressure level Lp (dB)
is measured outside and inside the small quasi-anechoic cham-
ber. In both cases, the position and the distance between the
microphone acquisition and the noise source are the same. The dis-
tance is fixed at 1 m. The sound pressure level outside (Lp1 (dB))
and inside (Lp2 (dB)) the quasi-anechoic chamber is 70.3dB and
39.6 dB, respectively. The sound insulation D (dB) is then equal to
Lp1 —Lp2=30.7 dB.

The acoustical eigenmodes of the quasi-anechoic chamber are
identified in an experimental way. Fig. 6 shows the frequency
response function (FRF) between the acoustical pressure measured
with a microphone and a voltage across a loudspeaker. Both micro-
phone and loudspeaker are positioned inside the quasi-anechoic
chamber. This FRF is realized with a white noise excitation within
the audio band. The corresponding transfer function coherence is
shown in Fig. 7. Five main eigenmodes have been observed in the
audio band. The experimental eigenfrequencies are given in Table 8.

Table 8
Experimental acoustical modes of the quasi-anechoic chamber.

Exp. eigenfrequencies (Hz) Exp. modal damping factor

f1 1300 0.23
f2 2088 0.10
f3 3900 0.03
f4 5100 0.04
5 5600 0.03

1 T T T T T T T T
09 .
08r 2
07r .
06 .
05 .

0.4F .

03F 1

0.2 B

Transfer Function Magnitude

1 1
0 2 4 6 8 10 12 14 16 18 20
Frequency (kHz)

Fig. 6. Measured transfer function between a pressure (Pa) and a voltage (V) with
a white noise excitation of the anechoic chamber.

2.7. Experimental protocol

Rubbing tests were carried out for samples having same surface
roughnesses obtained by the same machining process. Before tests,
samples are carefully degreased with acetone. Each friction test is
repeated five times. The test is run in ambient atmosphere (relative
humidity varied from 73 to 76% and room temperature from 23
to 25°C). The loading force is just the actual weight of the driven
sample (1.62 N). The sliding speed is constant during friction tests
and can be varied from 2 to 12 cm/s.

3. Experimental results
3.1. Sound pressure histories and associated spectra
From microphone and accelerometer measurements, we can

calculate respectively two physical quantities Lp (dB) and Lv (dB).
The sound pressure level Lp (dB) and the vibratory level Lv (dB) are

1 T T
08 r

08 .

07 .

06 1

05 1

04 i

03 i

02}) .

Transfer Function Coherence

01F .

UU 2 4 6 8 10 12 14 16 18 20

Frequency (kHz)

Fig. 7. Transfer function coherence corresponding to the transfer function plotted
in Fig. 6.
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Fig. 8. Spectrum of the roughness noise measured with a 1/4in. microphone with
limiting frequency 70 kHz, sample frequency 200 kHz, R, = 26 pm obtained by EDM.

obtained from the following relationships:

Lp (dB) =20logo @
Po (6)
Vegr
Lv (dB) =20 loglo _—
Vo
where, Py =2 x 107> Pa, Vg =1078 m/s, P and Vs are respectively
the mean square pressure and the mean square vibratory speed.

The measured friction noise has a very large band spectrum.
In Fig. 8, is shown the signal spectrum measured with a 1/4in.
microphone and a high sample frequency (fe =200 kHz). The noise
spectrum is found to extend up to 45 kHz. Beyond this limit, the
friction noise level is comparable to the background noise level
although the actual friction noise spectrum is certainly wider than
it can be measured. As we are only interested in audible roughness
noise, all measurements of this study were confined into the audio
band 20 Hz-20 kHz by using an anti-aliasing filter.

Our preliminary measurements show that accelerometer or
microphone does not modify the variation of the radiated rough-
ness noise versus surface roughness R, and sliding speed V. In both
cases, Lp (dB) and Lv (dB) are linear increasing functions of the log-
arithm of R; and V with the same slopes (Fig. 9). The only difference
is the offset in the y-axis between Lp (dB) and Lv (dB).

......... Lv (dB), n = 0.9 1120
Lp (dB), n=0.91 g )
P S

e O i, . {100

120 o V=175cmis
*  V=47cm/s

Lp (dB)

40 L . : B : 40
100 101 20 30

Ra (um)

Fig.9. Comparison between microphone and accelerometer measurements of radi-
ated roughness sound.

However, the accelerometer measurement depends largely on
the fixation point of accelerometer on the sample. The vibration is
measured in the point where the accelerometer is mounted. There-
fore, it is not possible to obtain simultaneously the all eigenmodes
of the sample using accelerometer. But, microphone measures the
radiated sound through the all sample surface regardless of the
excited eigenmodes.

For this reason, only the results obtained by microphone mea-
surements will be presented in this study.

3.2. Sound pressure level versus surface roughness and sliding
speed

A typical variation of the sound pressure level Lp (dB) versus
the surface roughness and the sliding speed for various materi-
als (steel, brass and aluminum), in the audio band [20 Hz, 20 kHz],
is respectively plotted in Figs. 10 and 11. From these figures, it is
clearly seen that regardless of the material under investigation, the
sound pressure level is an increasing function of the surface rough-
ness and the sliding speed in agreement with Eqgs. (1) and (2). It is
to be noted here that sound pressure levels at a particular surface
roughness or sliding speed are highest for steel, somewhat lower
for brass, and lowest for aluminum (Fig. 12). It is interesting to
note that steel is stiffer than brass and aluminum is the less stiff
one.

The exponents for the laws described in Eqs. (1) and (2) are
respectively: 0.7<n<0.96 and 0.9 <m <1.16. These results are
in agreement with the observations of Stoimenov et al. [21] for
flat-flat contact, but also with the previous studies on concentrated
contacts [10-18].

Thus, Stoimenov et al. [21] show, for plate on plate contact,
that 0.7 <n <0.85. Takahashi [10], for a cylinder-flat contact, found
that n=1. Nakai and Yokoi [15] have respectively shown that
0.8 <n<1.2 and 0.6 <m < 1.1 for a pin-flat contact.

From our results and the previous studies, it is clear that the vari-
ation of the sound pressure level Lp (dB) versus surface roughness
and sliding speed is independent of the contact geometry.

The simultaneously variation of the sound pressure level ver-
sus surface roughness and sliding speed for sandblasting and EDM
machining process, in the case of steel/steel contact, is shown in
Fig. 13. In this figure, is also plotted the fitted data with a lin-
ear interpolation. The mean gap between the fitted map and the
experimental data is 2.8%.

From these results it is clearly seen that, independently of the
samples machining process, Lp (dB) is simultaneously a linear func-
tion of the logarithm of the surface roughness and the sliding speed
in agreement with Eq. (3). The exponents n and m are independents
and they are respectively: 0.71 <n<0.84and 0.8 <m <1.1.

3.3. Contact stiffness

The power spectrum density of friction noise has been mea-
sured for different loading forces, roughnesses and sliding speeds.
Results are respectively shown in Figs. 14-16. The vertical thick
lines point out the position of eigenfrequencies of uncoupled sam-
ples computed by finite element method. We first remark that the
eigenfrequencies computed by finite element method well match
with the peaks of power spectrum density especially for low load-
ing force, high roughness and high sliding speed. It means that the
coupling between the two metal pieces is light and that the pieces
behave like being totally uncoupled. But when the loading force
increases (Fig. 14), when the roughness decreases (Fig. 15) or when
the sliding speed decreases (Fig. 16), the coupling become more
important and the first eigenfrequency is shifted towards high fre-
quencies. This phenomenon has been pointed out in Ref. [21]. The
authors [21] have observed that the peak frequency shifts from
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Fig. 10. Variation of the sound pressure level Lp (dB) versus the surface roughness,
obtained by EDM, for various sliding speeds and different materials. (a) Steel/steel,
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various surface roughness obtained by EDM and different materials. (a) Steel/steel,
(b) brass/brass, and (c) aluminum/aluminum.
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Table 9
Frequency shift of the first eigenmode, experimental contact stiffness Kex, (N/m)
and deformation F, /K (pum) for R; =1 pm, 4.5 pm, 10 pm, 20 wm and 26 pm (EDM).

Table 10
Impact duration estimated from the roughness noise spectrum (Fig. 15) for different
surface roughness.

R, (m) (by EDM) Rq (pom)

1 45 10 20 26 1 45 10 20 26
Aolo 0.37 0.22 0.21 0.1 0.02 7 (ms) 0.25 0.281 0.283 0311 0.336
Kexp (N/p.m) 22 13 12 6 2
Maw? (N/um) 112 112 112 112 112
Fa/K (pm) 0.06 0.11 0.12 0.25 0.75

2.4kHz at R,=12.4 pm to 5.4kHz at R, =0.8 wm. But, they do not
give an explication for the origin of the shift.

Othman et al. [18] conclude that the filtered sound signal have
a peak at a specific frequency (“dominating frequency”) which
depends on the material under investigation regardless of the sur-
face roughness and the contact load.

Nakai and Yokoi [15] found that the largest peak of the frictional
sound spectrum coincides with the fundamental natural frequency
of pin. But, they do not observed any shift of peak frequencies in
function of surface roughness or sliding speed.

In order to understand the shift of eigenfrequency, let consider
that the interaction may be modelled as a single contact stiffness
localized in the centre of the pieces. The presence of this addi-
tional stiffness acts as a constraint and then results in an increase
of eigenfrequency.

Mode 1 is more dependant on the coupling strength than modes
2, 3 (which are almost one in Figs. 14-16), 4, 5, 6 and 7. This phe-
nomenon can be explained from the numerical modal analysis.
Mode 1 is a flexural one and has a maximum of vibration at the
centre of the sample. This eigenfrequency therefore depends on
the contact stiffness. On the other hand, all the other modes (2, 3,
4, 5,6 and 7) have a node of vibration at the centre of the piece in
normal direction. They are thus unaffected by the application of an
additional rigidity (contact stiffness) at this point.

This explains why these eigenfrequencies are not dependant
on the contact condition. It is apparent from Figs. 14-16 that the
contact stiffness increases with the static normal load, with the
reciprocal of roughness and with the reciprocal of sliding speed.

The frequency shift of the first eigenmode Aw/w and the con-
tact stiffness Kexp (N/m) for the various roughnesses are shown in
Table 9.

4. Discussion and comments

Consider two identical and rough solids B; and Bs, in sliding
contact with arelative sliding speed V. Aq and A; are respectively the
apparent and the real contact area. F,; and F; are the applied normal
load and the tangential friction force. m; and m, are respectively
the masses of the solids B; and B,. When the rough surfaces are
rubbed together, under light load, a roughness noise is radiated.
Contrary to the noise due to mechanical instabilities such as squeal,
attributed to stick-slip, sprag-slip, negative friction-velocity slope,
modal coupling mechanisms [23], plowing and adhesion between
two sliding surfaces [24,25], roughness noise generation may be
attributed to the multiples impacts between antagonist asperities.

During impacts, the contact loads in interface deform elastically
the asperities in contact. After impact, the deformed asperities turn
back to their stable positions. The jumps among metastable posi-
tions generate vibrations in the two solids in contact whose a share
is radiated in the acoustic energy form. Three fundamental steps
are involved in roughness noise phenomenon.

e Step 1 (tribology): the vibrations are generated by the variations
of the contact loads and amplified by the elastic deformation of
the antagonist asperities.

e Step 2 (dynamics): waves propagate through the solids. This phe-
nomenon is driven by eigenmodes and damping of the solids.

e Step 3 (acoustics): the sound is radiated by the solid surfaces and
then propagates through air to ears.

It should be understood that the level Lp (dB) of the rough-
ness noise is controlled simultaneously by the detailed topography
of the surfaces in contact and the sliding speed, but also by the
dynamics of the surfaces.

Thus, in terms of topography and sliding speed, it is shown that
the sound pressure level Lp (dB) is simultaneously proportional to
the surface roughness and the sliding speed (Fig. 13) regardless
of the material under investigation, the contact geometry and the
samples machining process.

In terms of dynamics, when the rough surfaces are rubbed
together, the contact has its own stiffness K which results from the
superposition of all contact spots. This contact stiffness depends on
all contact conditions and, in particular it is an increasing function
of the contact pressure [22] which is low in the case of roughness
noise.

This condition makes that the contact stiffness K is low, and as
a result the coupling between the two samples is light and they
behave like being totally uncoupled (Table 9):

K < Mw? (7)

where M is the mass of solids and w; (rad/s) are the eigenfrequencies
of isolated solids. This shows that the natural modes are stiffer than
the contact. This explains why the modes of isolated solids are not
significantly affected by the application of an additional rigidity
(contact stiffness). But when the roughness decreases (Fig. 15), the
coupling become more important and the first eigenfrequency is
shifted towards high frequencies (Table 9).

It is known that for very rough surfaces, sliding contact causes
a deformation of asperities surfaces [22,26]. However, in the case
of roughness noise, the deformation of surfaces during contact is
very light and its magnitude is negligible compared to the surface
roughness (Table 9).

§= %” < Rq (8)

Therefore, the contact appears on the tops of asperities surfaces.
The underlying physics involves the so-called multi-contact inter-
faces [22,26,27]. In this configuration, the real contact area Ay is a
small part of the apparent contact area A,.

The duration 7 of impacts occurring between the antagonist
asperities surfaces, during sliding contact, can be estimated from
the frequencies spectrum of roughness noise (Fig. 15):

1

T 2 9)
where f; (Hz) is the natural frequency of the first eigenmode.
Table 10 shows the impact duration estimated from the rough-
ness noise spectrum presented in Fig. 15. It is clear that the impact
duration is an increasing function of the surface roughness. This
can be explained by the peak shift in the roughness noise spectrum
towards high frequencies when the surface roughness decreases.
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5. Conclusion

It is concluded that for sliding rough surfaces under light load
the fundamental mechanism of radiated noise, called roughness
noise, is attributed to the multiples impacts between antagonist
asperities of sliding surfaces. The jumps between metastable posi-
tions of surface asperities are the most important source of energy
dissipation whose a share is radiated in the acoustic energy form.

Three fundamental steps are involved in roughness noise phe-
nomenon: tribology (vibrations are generated by the variations of
the contact loads in the interface), dynamics (propagation of the
vibrations in the solids in contact) and acoustics (roughness noise
is radiated by the solid surfaces).

Itis shown that the sound pressure level Lp (dB) of the roughness
noise is controlled simultaneously by the detailed topography of
the surfaces in contact, the sliding speed and the dynamics of the
surfaces.

In terms of topography and sliding speed, it was shown that
the roughness noise is simultaneously an increasing linear function
of the logarithm of the surface roughness and the sliding speed.
The exponents n and m are independents and they are respectively
0.7<n<0.96and 0.8 <m<1.16.

In terms of dynamics, it was shown that, roughness noise is
generated for light dynamical coupling. Under this condition, the
natural modes of samples are stiffer than the contact and therefore
the resulting vibrations are not affected by the additional rigid-
ity. The deformation of surfaces during contact is very light and its
magnitude is negligible compared to the surface roughness.
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