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Abstract

Frictional vibration and noise usually cause machining error and noise pollution. Stick—slip plays an important role in gen-
erating frictional vibration and noise. This study characterized frictional vibration and noise during the stick—slip of a SizN,
ceramic/metal friction by using an acoustic emission method. Experimental results showed that frictional vibration and
noise mostly occurred during the slip process. The impacts of the rough peaks between metal disk and ceramic ball during
sliding induced the vibration to irradiate noises. The superposition among the frictional vibrations caused the multiplica-
tion of vibrational frequency. The major vibrational frequency slowly shifted to a higher frequency as the increase in sliding
speed. The vibrational accelerations and their major vibrational frequency increased with the increase in the external load.
The knowledge gained herein provides a more comprehensive understanding of stick—slip friction, frictional vibration, and
noise, and offers a guidance for controlling or minimizing stick—slip, frictional vibration, and noise.
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1 Introduction

Friction usually causes wear and vibration at the contact
interface. Frictional vibration is a phenomenon that has
been an important concern for many centuries through-
out a broad interesting area from daily activities, general
machines, various manufacturing techniques, automobiles,
water and underwater vehicles, and aerospace applications
[1-5]. This phenomenon generally causes machining error
and noise pollution. Several comprehensive reviews [1-7]
have reported research on frictional vibration and noise of
over 70-year studies. Numerous studies have been conducted
to reveal the possible generating mechanisms of frictional
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noise. Theories have been proposed in several classes, such
as stick—slip, hammering excitation, and mode coupling
of structures [8—13]. In addition, time delay [14], moving
load [15], and positive friction—velocity characteristics [16]
have also been proposed as possible causes of friction noise.
These mechanisms are useful for a thorough understanding
of the origin of friction noise. However, analyzing the vibra-
tion and noise by in situ measurement is difficult. Frictional
vibration and noise are usually caused by multiple physical
processes, but an effective decoupling method for resolving
different influence factors from the coupling process remains
lacking [17-20].

Stick—slip, a key phenomenon in friction, has been exten-
sively studied to explore the friction mechanism and guide
various applications [21-24]. Factors, such as velocity, load,
and temperature, can significantly affect the energy accu-
mulation in the stick process and the energy releasing in
the slipping process, thereby causing the tribological system
to be unstable instantaneously and inducing vibration and
noise [25-28]. Numerous experimental studies have been
conducted to study frictional vibration noise during the
stick—slip motion [29-31]. Popp found that the stick—slip
motion can induce self-sustained oscillations to result in a
robust limit cycle and eventually radiate frictional vibration
and noise [32]. Charles found that friction between rubbing
pairs produce stick—slip behavior at intermediate shear rates
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and eventually cause frictional noise, even if the material
is strengthened at large rates [33]. Johnson reported that
acoustic emission (AE) and shear microfailure (microslip)
phenomena exhibit an exponential increase in occurrence
rate during the stick—slip process, and caused frictional noise
increases evidently [34].

However, few studies have been conducted on the fric-
tional noise during stick—slip processes. The present study
investigated the frictional vibration and noise using the AE
method and examined the shearing or impacting signals
between rubbing pairs to disclose the mechanisms of fric-
tional vibration. This study aimed to understand the mecha-
nisms of frictional vibration and noise behaviors comprehen-
sively and provide guidance for controlling and minimizing
frictional vibration and noise behaviors.

2 Methods and Experiments
2.1 Materials and Test Setup

Si;N, ceramic balls with a diameter of 7 mm were selected
as test parts. A 304 stainless steel was converted into disk
specimens as the counterpart with a diameter of 100 mm,
a height of 10 mm, and a mean surface roughness Sa of
0.2+0.05 pm.

All friction tests were performed on a commercial ball-
on-disk friction testing machine (UMT-3 tribotester, Center
for Tribology, Inc.), as illustrated in Fig. 1. The upper Si;N,
ceramic ball specimen was brought into contact with the
lower 304 stainless steel disk specimen by a carriage. The
ball specimen was kept stationary during the test, whereas
the disk specimen was driven with a constant rotating speed.
The tests were performed under dry friction condition. Addi-
tional detailed information on the setup can be found in our
previous works [35, 36].

In the tests, the applied nominal load was 49 N, and the
diameter of the rotating sliding was 80 mm. The rotating

Fig.1 Schematic of the test
system used in this study
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speeds were set to 1, 4, 10, 15, and 30 rpm, corresponding to
sliding velocities of 4.2, 16.75, 41.8, 62.8, and 125.6 mm/s,
respectively. Loads of 19.6, 29.4, 39.2, 49, 58.8, 68.6, 78.4,
and 88.2 N were applied to investigate the load effect at the
same sliding velocity of 16.75 mm/s. The duration of each
test was 3 min. All the tests were repeated several times to
verify the repeatability of the experiments. New ball and
disk specimens were used for different test conditions. The
frictional force was measured every 0.01 s during the tests.

2.2 Measurement Techniques and Procedures

A real-time sound pressure spectrum analysis system
(CRY2120U, CRY Sound Co., Ltd, China) was used to
collect frictional noise at a frequency of 32,000 Hz. The
deformational displacements of the ceramic ball holder
were measured using a noncontact laser Doppler vibro-
meter (LDV) (OFV-506, Polytec GmbH, Germany) with
30,000 Hz. The laser beam was perpendicular to the holder
and parallel to the frictional direction, as depicted in Fig. 1.
An AE measuring instrument (DS5-16B, Beijing Softland
Times Scientific & Technology Co., Ltd, China) was used to
collect the AE signals on the holder surface (Fig. 1).

3 Results
3.1 Typical Frictional Vibration and Noise Behaviors

The frictional force curve in Fig. 2a depicts a typical
stick—slip behavior during the Si;N, ceramic/metal fric-
tion process. Figure 2b demonstrates the detail of the fric-
tional force curve within 1 s. The frictional force showed
the obvious time dependence. The rubbing pairs were rela-
tively static during the sticking process [37]. The frictional
force dropped abruptly and fluctuated violently for approxi-
mately 0.1 s during the slipping process. Figure 2c exhib-
its that the fluctuation of the vibrational displacement of

Load

LDV

Side view

Stainless steel



Tribology Letters (2019) 67:103

Page 3 of 12

103

H
o

o
L

Friction force /N
N w
o

(b)

M

Friction force

10 A
0 T T T T T T
425 4.50 4.75 5.00 525
Time /s
60.0
£ 500 {(d) =P
E 400 | BeY
£ 300 |
= ] 10600
5200 1 14200
£ 100 1
0.0 D
0 2500 5000 7500 10000 12500 15000
Vibration frequency /Hz
0.04
w
S 0.03
(]
$0.02
£
o001
0.00
0 2500 5000 7500 10000 12500 15000
Frequency /Hz
120
2 100 1 (h) 5300
P ]
E 801
2 60 10600
= ]
= 40 14200
g 2;
0 r / y v ;
0 2500 5000 7500 10000 12500 15000

40 —
- (a) Friction force
o 30 -
e
(o]
=20 -
S
B 10 |
L=
KL
0 T T T T T T T T T T T
0 1 2 3 4 5 6
Time /s
100 2000
E o [4CL 1500 g
380 E
60 [ 1000 2
= L 500 8
o 40 ©
2 0 s
220 - -500 8
0 ; ; . ; -1000 <
0 02 04 06 08 1
Time /s
20
15 { yl€
1.0
i 0.5 1 Noise
€ 00 ]
< 05 1
1.0
15 — . . .
0 0.2 0.4 0.6 0.8 1
Time /s
100 2000
E 4
L 1500
=280 g
£ ] L 1000 ¢
S
£ 60 - 500 %
?8i40 - 03
@ 7 o 3]
3 500 2
20 -1000
0.02 006 008 01
Tlme Is

Fig.2 Typical frictional vibration and noise during the stick—slip
process between the Si;N, ceramic/metal friction (49 N, 16.7 mm/s).
a Typical stick—slip behavior; b detail of the frictional force curve
within 1 s; ¢ vibrational displacement and acceleration and d their

the ceramic ball holder was consistent with the frictional
force curve displayed in Fig. 2b. The frictional forces were
obtained by measuring the deformational displacements of
the ceramic ball holder along the sliding direction and were
proportional to the displacements. The collection frequency
(30 kHz) was much higher in deformational displacements
than in frictional force (100 Hz). The deformational dis-
placements of the ball holder were presented in the frictional
force curve to characterize the stick—slip behavior in the sub-
sequent sections. Figure 2c¢ illustrates that the vibrational
acceleration of the ceramic ball holder during the sticking
process had a small wave, verifying the ball and disk were

Vibration frequency /Hz

frequency-domain spectrum of the ceramic ball holder during stick—
slip process; e frictional noise and f its frequency-domain spectrum;
g details of the vibrational displacement and acceleration and h their
frequency-domain spectrum

under a relatively static state. The vibrational acceleration
changed sharply during the slipping process, indicating a
relative movement occurred between the rubbing pairs. Its
frequency-domain spectrum was achieved with a fast Fourier
transform (FFT) analysis. The vibration mainly occurred at
frequencies of approximately 5300, 10,600 (2 x 5300), and
14,000 Hz, as plotted in Fig. 2d, which presents a typical
frequency doubling phenomenon. The frictional noise was
radiated at the slipping stage, as depicted in Fig. 2e, and
had excellent correspondence with the vibrational accelera-
tion of the deformational displacement. Its main frequencies
satisfied the major vibrational frequencies of the holder and

@ Springer



103 Page4of12

Tribology Letters (2019) 67:103

occurred at approximately 5300, 10,600, and 14,000 Hz.
These test data directly disclosed that the frictional noise
was radiated through severe frictional vibrations during
the slipping processes. Thus, for convenience, the noise
behaviors could be characterized by using the vibrational
accelerations of the ceramic ball holder in the next sections.
Figure 2g demonstrates the details of the displacement and
vibrational acceleration in one stick—slip period. The dis-
placement fluctuated frequently, although its amplitude was
small at the initial stage during the slipping process. The
vibrational acceleration increased gradually and lasted for
nearly 0.07 s. The displacement fluctuations and their vibra-
tional accelerations decreased gradually when the ceramic
ball and steel disk contacted with each other again, and the
vibrational accelerations presented a spindle-shaped change
trend. Figure 2i exhibits that its major vibrational frequen-
cies were consistent with the multiple vibrational accelera-
tions displayed in Fig. 2d.

3.2 Influence of Speed on Frictional Vibration
Behaviors During Stick-Slip Processes

Figure 3 displays the influence of speed on frictional vibra-
tion during the stick—slip process. The stick—slip periods
and fluctuations were visible at low speeds, as presented
in Fig. 3a, and were weakened as the increase in sliding
speed (41.8 mm/s), as illustrated in Fig. 3c. These results
were consistent with Dong’s report [38]. The vibrational
accelerations increased abruptly during the slipping process.
All the severe vibration processes sustained approximately
0.07 s. However, the stick—slip periods and fluctuations
were unclear at the high speed of 62.8 mm/s, as depicted in
Fig. 3e. Frictional vibration also occurred during the sticking
process. The vibrational acceleration presented a superposi-
tion phenomenon between two near-vibration waveforms.
When the speed increased to 125.6 mm/s, the severe vibra-
tions covered the whole sliding process, as demonstrated in
Fig. 3g. The frequency-domain spectrum showed different
characteristics as the increase in speed. At low speeds (4.2
and 41.8 mm/s), the vibrations mainly occurred at approxi-
mately 5300 Hz. With the increase in speed (62.8 mm/s),
all vibrational frequencies were at approximately 5300,
10,600, and 14,000 Hz, higher than those at low speeds.
At high speed (125.6 mm/s), the amplitude of vibration at
10,600 Hz was higher than that at approximately 5300 Hz.
Moreover, the vibration at approximately 14,000 Hz was
also evident, as exhibited in Fig. 3h, j. COFs at the end of
tests and their fluctuating amplitudes increased as a function
of velocity as shown in Fig. 3i and showed the same rule
as major vibrational frequencies. High velocities worsened
the wear process, and the frictional forces increased, which
resulted in enhancing the vibrational displacements and their
vibrational accelerations. In all, frictional vibration generally
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becomes apparent with the increase in speed, and the main
vibrational frequency slowly shifts to a high frequency.

3.3 Influence of Load on Frictional Vibration
Behaviors During Stick-Slip Processes

Figure 4 displays the influence of load on stick—slip and
frictional vibration. Figure 4a, c, and e presents that the
load had no significant effect on the stick—slip periods, but
caused a considerable increase in the stick—slip fluctuations.
A larger load not only enhanced the vibrational displacement
of the ceramic ball holder, but also increased the vibrational
acceleration, as illustrated in Fig. 4a, c, and e. Consequently,
the amplitudes of all major vibrational frequencies at 5300,
10,600, and 14,000 Hz also increased, as depicted in Fig. 4b,
d, f, and h. Because the COF was the ratio between frictional
force and load, COF behaviors under different loads showed
the similar behavior as shown in Fig. 4g. It is difficult to
establish the relationships between the COF behaviors at the
end of tests and vibrations.

4 Discussion

4.1 Mechanism of Frictional Vibration and Noise
Generation

An excitation hammer was used to impact the ceramic ball
holder and thus excited the natural vibration modes of the
friction system. The vibrational displacement was measured
using the LDV. The natural vibration frequencies, when the
ceramic ball did not contact with the disk, were approxi-
mately 1800, 2700, 5150, 9000, and 12,600 Hz, as plotted
in Fig. 5a. When the ceramic ball contacted with the disk at
a load of 60 N, the holder was also impacted by the incen-
tive hammer (the hammering point was close to the contact
surface). The vibrational displacement, acceleration, and
frequency-domain spectrum were measured, as demon-
strated in Fig. 5b, c. The vibrational noise was generated
when the ceramic ball holder was at the maximum defor-
mation, as exhibited in Fig. 5b. The noise lasted at approxi-
mately 0.003 s. The vibrational frequency was at 5200 Hz,
and close to the natural vibration frequency of the holder
(5150 Hz). This value was also consistent with the frictional
vibration frequency of 5300 Hz during slipping processes,
as displayed in Figs. 2, 3, and 4. These phenomena were
consistent with Mottershead’s and Rhee’s works [39, 40].

4.2 Mechanisms of Frictional Vibration
Fractures, deformations, scratches, and other behaviors

of materials would occur during the contact shearing and
impacts in wear processes and induced several types of
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Fig. 3 Influence of speed on stick—slip and frictional vibration behav-
iors (dry friction and 49 N). a Vibrational displacement and accel-
eration and b their frequency-domain spectrum at 4.2 mm/s; ¢ vibra-
tional displacement and acceleration and d their frequency-domain
spectrum at 41.8 mm/s; e vibrational displacement and acceleration

elastic waves, which resulted in AE [41-43], as presented
in Fig. 6. Therefore, AE events could be used to represent
the shearing or impacting conditions between the rough
peaks on rubbing interfaces. Figure 7 illustrates the AE
events and their number under different loads during the
stick—slip process. Figure 7a depicts a typical AE event
between the ball and disk during the slipping process with
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and f their frequency-domain spectrum at 62.8 mm/s; g vibrational
displacement and acceleration and h their frequency-domain spec-
trum at 125.6 mm/s; i COF behaviors at the end of tests under dif-
ferent velocities; j amplitudes of the major vibrational frequencies at
different velocities

typical frequencies from 100,000 to 500,000 Hz (Fig. 7b).
This AE event lasted about 0.0002 s [44]. The entire AE
event set during a frictional vibration process is demon-
strated in Fig. 7c. The event exhibited a spindle shape,
which started at the initial stage of the slipping process
and ended at the initial stage of the sticking process. It
was consistent with the vibrational acceleration curve in
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Fig. 2c. The AE event presented that contact shearing or
impacting actions occurred during the slipping process,
but not during the sticking process. Its main frequencies
were in the range of 100,000-500,000 Hz, as exhibited in
Fig. 7d. Every shearing or impacting action could force a
ceramic ball holder to deform and vibrate [45]. The AE
events were rapid and short but could be clearly calcu-
lated, as presented in Fig. 7e. These phenomena showed
that the rough peaks on the disk wear surface sheared or
impacted the rough peaks on the ceramic ball wear surface
shortly and hurriedly. Figure 7f displays the number of

@ Springer

0
8 {(b)  49N-16.7 mm/s
w
& 60
IS
(0]
E 40 1
£
E 20 A
0 ] . , . "L , A
0 2500 5000 7500 10000 12500 15000
Vibration frequency /Hz
80 (d)  68.6N-16.7 mm/s
w
L 60 -
()]
g 40
£
E 20
S S W W
0 2500 5000 7500 10000 12500 15000
Vibration frequency /Hz
80
w 1 88.2 N-16.7 mm/s
NE 60 :
(O]
E 40 A
<%‘20 -
0 ] . . . / . . . #k " . . 4
0 2500 5000 7500 10000 12500 15000
Vibration frequency /Hz
70 1(h) @5300 Fz
0 801 = 10600 Hz
& 50 1 014000 Hz, .=
g 40 A \
2 30
G 20 A
g 10 1
0 — o
68.6
Load (N)

spectrum at 68.6 N; e vibrational displacement and acceleration and
f their frequency-domain spectrum at 88.2 N; g COF behaviors at the
end of tests under different loads; h amplitudes of the main vibra-
tional frequencies at different loads

AE events during the slipping processes under different
loads, approximately 5500 per second, close to the main
frequency of frictional vibrational acceleration (approxi-
mately 5300 Hz). The number of shearing and impact-
ing actions was nearly equal to the forced vibrational fre-
quency. When the number was close to a natural frequency
of the frictional system, the frictional vibration and noise
were enhanced, as described in Subsection 4.1. Frictional
vibration may be attributed to the shearing or impacting
actions of a rough contact between friction pairs during a
slipping process [46].
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Fig.6 Contact shearing or impacting actions
peaks

between small rough

4.3 Discussion on the Frequency-Multiplying
Phenomenon of Frictional Vibration

Frictional vibration also occurred at 10,600 (2 x 5300 Hz)
and 14,100 Hz. The typical vibrational displacement and
acceleration during the slipping process are illustrated in
Fig. 8a. Figure 8c, e, and g plots the generation, develop-
ment, and decay stages of the frictional vibration, cor-
respondingly. In the generation stage, the vibration dis-
placement increased gradually and therefore also increased
the vibration acceleration gradually. The main vibrational
frequencies at 5300 and 10,600 were at high amplitudes,
as depicted in Fig. 8d. When the frictional vibration devel-
oped further, the fluctuation amplitude of the vibrational
displacement and acceleration increased and became larger

tional displacement, acceleration, and ¢ frequency-domain spectrum
of the holder when the ceramic ball contacted with the disk

than that in the generation stage. However, the main vibra-
tional frequencies were comparatively singleness (Fig. 8f),
and the vibration at approximately 5300 Hz was mark-
edly enhanced, whereas the vibrations at approximately
10,600 and 14,200 Hz were considerably weakened. In the
decay stage, the main vibrations presented diversification.
In addition to the 5300 Hz, the vibration at frequency of
10,600 Hz evidently increased again as shown in Fig. 8h.

Figure 9a plots a superposition process of two adja-
cent frictional vibration waveforms to disclose frequency-
multiplying phenomenon of the frictional vibration. The
frictional vibrations occurred at frequencies of 5300 and
10,600 Hz, although the amplitude at 10,600 Hz was non-
significant. The frictional vibrations of the front waveform
and post-waveform (Fig. 9c, g) mainly occurred at 5300 Hz,
as demonstrated in Fig. 9d, h. However, when the first vibra-
tion waveform in the decay stage met the second frictional
vibration waveform in the generation stage, a superposition
effect occurred. When the phases of two frictional vibra-
tion waveforms were different, they affected each other, as
exhibited in Fig. 9e [47, 48]. Two vibrational waveforms
were reinforcing slightly, and the vibration at 10,600 Hz was
enhanced considerably, as displayed in Fig. 9f. This formed
the frequency-multiplying phenomenon. The superposition
phenomena between the two adjacent frictional vibrations
could explain the frequency-multiplying phenomenon and
the reinforcements of the high vibrational frequencies under
the high velocities as presented in Fig. 3f, g.
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5 Conclusions

Frictional vibration and noise during a stick—slip process
between Si;N, ceramic/metal were studied. The results
showed that frictional vibration and noise occur during
the slipping process. In this process, the AE signals were
obtained to confirm whether shearing or impacting actions
between rough peaks on the rubbing pairs satisfy the main
vibrational frequency of the frictional vibration acceleration.
Thus, frictional vibration and noise might be attributed to
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tion process; e details of the AE events during the slipping process;
f number of AE events and the main frequency during the slipping
process under different loads

the shearing or impacting action of a rough contact between
the frictional pairs during the slipping process. A forced
vibrational frequency is equal to the number of shearing
or impacting actions. The main vibrational frequency rose
slowly to a high frequency with the increase in speed. The
vibrational accelerations and their main vibrational fre-
quency increased with the increase in load. The superposi-
tion of frictional vibrations caused the multiplication of the
frequency and the increase in the noise frequency shift.
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