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Abstract: Squeal refers to a sustained high-intensity noise resulting from friction-induced
vibrations. Although it is known that it originates from mode coupling, the conditions
under which it occurs are still unclear, especially regarding the contact conditions. In this
paper, pin-on-disc experimental tests are conducted in order to investigate the conditions of
squeal occurrence. The tests are highly instrumented: they involve in particular a detailed
measurement of near-surface temperature evolution in the pin using 16 thermocouples
and a discrete monitoring of the evolution of surface profiles. As expected, the squealing
frequency is closely related to the temperature level. However, the mean temperature level
alone is not sufficient to predict the occurrence of squeal, especially at low temperatures.
The study of local temperature elevations over the pin surface coupled with surface obser-
vations allows for assessing the evolution of macroscopic contact localization during tests
at low temperatures. The contact localization is shown to be related to squeal episodes: at
low temperatures, the contact is localized near the corners of the pin surface, and squeal
is found to occur only in situations where the contact is evenly balanced over the corners,
which is highly influenced by the initial pin surface profile. This shows that the conditions
of squeal occurrence are driven in a significant extent by thermomechanical processes.

Keywords: braking; friction-induced vibrations; tribology; experimental tests;
thermomechanical effects

1. Introduction
The braking function on land vehicles is still achieved, at least partially, through

friction. Indeed, although alternative systems exist, such as regenerative braking on electric
vehicles, they cannot encompass all the situations and traditional frictional braking systems
are required as a complement and in emergency situations. Frictional braking systems
dissipate the kinetic energy of the vehicle through the contact of friction pads onto a rotating
disc. In doing so, they involve high-energy sliding contacts, which raises a number of issues.
For instance, brake pad–disc systems operate repeatedly under severe thermomechanical
conditions, which can be the source of significant surface damage and generate wear,
affecting the braking performances [1]. The ejection of wear particles out of the contact
interface also leads to important particulate matter emissions, which causes major public
health issues [2]. Moreover, frictional brake systems may undergo high-intensity vibratory
responses and generate troublesome noise.
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In this paper, the focus is on brake squeal, which is generally defined as a sustained,
high-frequency noise—usually above 1 kHz [3]. Brake squeal is seen as a major economic
issue for manufacturers due to high warranty costs from customer claims [4]. Squeal
noise is the acoustic consequence of friction-induced vibrations, which are described in
the literature as the result of a stick–slip phenomenon or of a coupling between structural
modes, depending on the sliding velocity [4,5]. Such friction-induced instabilities may be
easily understood through very simple minimal models composed of just a few degrees of
freedom [6,7]. However, it has been established that global parameters are not sufficient
to characterize the dynamical stability of the frictional system. It appears that the sole
consideration of the loading parameters does not allow to predict its vibrational response [8].
It has also been shown that the stability of the frictional system cannot be assessed based
on the coefficient of friction alone [9].

As a result, experimental approaches often rely on simplified systems, such as pin-
on-disc configurations, to unveil more intricate source mechanisms [10]. In particular, it
has been widely established that the surface conditions play a great role in the squeal
behavior, both on a macroscopic scale [11] and on a microscopic scale [12,13]. In particular,
thermomechanical effects such as thermal expansion and wear affect the contact conditions
on a macroscopic scale [14], while contact on a microscopic scale is rather dependent on
tribological considerations.

The influence of the tribological and thermomechanical contact conditions on the
squeal behavior is not straightforward at all. Indeed, the contact conditions are affected
by the important temperature variations [15], the evolution of surface topography due
to wear [15,16], and the evolution of the third body layer driven by the tribological
circuit [17,18]. As a consequence, it is believed that research efforts should still be made
to unravel the intricate tribological and thermomechanical mechanisms likely to induce
friction-induced high-frequency vibrations [19,20]. The fact that the contact information are
not directly accessible to measurements represents the main challenge and requires finding
proxy measures to assess the contact conditions.

In addition to experimental approaches, numerical studies may provide insights
into the source mechanisms of squeal. They often rely on the finite element method and
aim at assessing the dynamic stability of the system in different configurations, either
through complex eigenvalue analyses or transient nonlinear simulations [21–23]. Physical
enrichment, such as surface defects or forced contact localization on a macroscopic or
microscopic scale, were introduced using these methods, which allowed for refining the
understanding of the relations between contact conditions and squeal behavior [24,25].
In particular, it was outlined that the macroscopic contact localization is predominant in the
determination of the squeal frequency and that temperature fields may provide a reliable
indicator of the contact pressure distribution [26]. However, no numerical model is still
able to accurately predict the occurrence of squeal.

More recently, machine learning approaches were proposed to predict squeal, taking
advantage of the amount of experimental data available. Stender et al. used a recurrent
neural network method to predict the occurrence of squeal and obtained satisfactory
results [8], highlighting the need for highly instrumented experimental tests in order to
achieve a better understanding of squeal phenomena.

In the present paper, the objective is to study the conditions of occurrence of squeal
with a focus on thermomechanical considerations, based on multi-instrumented pin-on-disc
experimental tests. In particular, the instrumentation includes a very rich near-surface
temperature measurement in the pin, using 16 thermocouples. The idea is to consider
the detailed measurement of the near-surface temperature field as a certain indicator of
the frictional contact conditions, giving access to valuable information on the contact
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macroscopic localization. The investigations conducted on temperature data are combined
with additional analyses based on a discrete surface monitoring, which provides support
for the assessment of the evolution of contact localization. Beyond the understanding of
the way the loading history influences the evolution of the macroscopic load-bearing area,
this allows to investigate the dependency of squeal occurrences on the contact localization.

The experimental test campaign, which is similar to what was presented in [27], is
introduced in Section 2. Then, a first global analysis of the results is presented in Section 3,
highlighting the need for detailed investigations of the conditions of occurrence of squeal
which are presented in Section 4. This in-depth investigation is conducted based on local
temperature evolution in the pin coupled with the analysis of the pin surface evolution.

2. Experimental Tests
2.1. Materials

The experimental friction tests are conducted on a laboratory pin-on-disc tribometer
already presented in previous studies [26,27]. The disc is made of cast iron, and the pin is
extracted from an industrial friction brake pad designed for railway applications. It is made
of a commercial low-met material with an organic matrix composed of resin and rubber.
Figure 1 shows an optical image and a Scanning Electron Microscope (SEM) observation
of the initial pin surface, allowing for the identification of the steel fibers from the matrix,
visible in lighter gray on backscattered electron (BSE) images.

500 µm

(a) Optical image

500 µm

(b) SEM image (BSE)

500 µm

(c) Fe atomic map

Figure 1. (a) Optical image and (b) SEM image of the pin material before any friction test, showing
the same surface zone. The atomic map of iron (c) shows that the areas in lighter gray on the BSE
image are steel fibers.

2.2. Experimental Setup

The tribometer used in this study is represented in Figure 2. The idea is that the system
considered here is highly simplified compared to a real friction brake system, which helps
with focusing on the impact of tribological and thermomechanical contact conditions on its
dynamical behavior. The normal displacement of the brake actuator is controlled by a rigid
stand (Figure 2b), and its dynamical behavior, reduced to that of the blade and the pin, is
well known. The dimensions of the system are reduced which allows for easier monitoring
of the surfaces. The cast iron disc has a diameter of 265 mm. The pin has a square surface
with 20 mm sides, and a height of 10 mm. The pin is mounted on an aluminum blade,
whose normal displacement is prescribed on its extremities, in order to reach the desired
normal contact force. The applied normal load is obtained through the measurement of
the deflection of the blade, whose stiffness is known. The center of the contact surface is
located 100 mm away from the center of rotation.
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(a) Pin-on-disc contact with various sensors, showing the surface imaging and test configurations.
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(b) Photograph of the pin-on-disc contact.
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(c) Thermocouples’ layout in the pin. The black
dots represent thermocouples located 2 mm below
the surface, and the gray dots represent thermocou-
ples located 6 mm below the surface.

Figure 2. Instrumentation used in the experimental tests, showing (a) a schematic representation of the
pin-on-disc contact with the position of different sensors in two configurations: test configuration and
surface imaging configuration; (b) a photograph of the test rig; (c) the layout of the 16 thermocouples
in the pin subsurface; only those numbered from 0 to 11 are considered in the investigation because
they are closer to the surface.

2.3. Instrumentation and Measurements

The experimental tests carried out are highly instrumented in order to characterize
in details the emissions and the thermomechanical and vibratory response of the system.
The noise emissions are recorded using a 50 kHz microphone located approximately 1 m
away from the test bench.

Moreover, the near-surface temperature fields evolution is monitored using 16 ther-
mocouples located within the pin. These thermocouples are located in depth near the
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surface, providing a detailed overview of the thermal phenomena occurring within the
contact interface. Among the 16 thermocouples near the pin surface, 12 are located 2 mm
beneath the surface, the other four are deeper; thus, only those 12 are considered for the
investigation related in this paper. The layout of the thermocouples in the pin is illustrated
in Figure 2c. The sampling frequency is 90 Hz.

In addition, the mechanical loading is tracked using three eddy-current sensors on the
back of the pin, allowing for the measurement of the normal displacement and rotations of
the pin. They are used in particular for the normal load enforcement, using the measured
blade deflection and knowing its stiffness. The sensors have a sampling frequency of
50 kHz, allowing to capture the vibrational behavior of the system. The rotational velocity
of the disc and the applied torque are measured as well. The instrumentation is illustrated
in Figure 2a.

Finally, a discrete monitoring of the pin surface is carried out. After each test sequence,
the system is left at rest to allow it to cool down completely. Then, a profilometry is
performed using a focus-variation-based device (PortableRL, Alicona). The obtained
surface profiles are processed in order to extract the macroscopic profile shape. This shape
is obtained by fitting a degree-three polynomial over a centered 17 mm × 17 mm frame
from the 20 mm × 20 mm surface. When removing this macroscopic shape, the remainder
of the surface profile is referred to as the roughness profile. In addition to the surface
profiles, optical images of the surface are made at the same time, providing a means of
observation of the surface composition.

These measurements are completed by Scanning Electron Microscope (SEM) observa-
tions of the pin surface at the end of the test campaign.

2.4. Test Campaign

For the most part, the conducted tests consist of repeated short friction tests at a
fixed disc rotational velocity. For each short friction test, the contact is maintained for
30 s, followed by a 10 s pause before the next contact. The initial normal load of each
test is prescribed by adjusting the displacement of the blade extremities, then the normal
displacement is maintained at its initial value throughout the test, allowing the normal force
to vary slightly, mainly due to thermal expansion or wear. A sequence of 20 friction tests is
performed under identical conditions (same rotational velocity and normal force), then the
system is allowed to cool down completely. Thereafter, another test sequence is performed
with a different rotational velocity. The process is depicted in Figure 3. The sequence 21
makes an exception: this specific sequence consists of a single contact maintained for 1200 s,
able to reach high temperatures never seen before. During this individual contact, the disc
rotational velocity is varied: it was fixed at 600 rpm for the first part of the contact, then
shifted to 800 rpm for the second part of the contact. Overall, the test campaign consists
of 28 sequences, of which 27 are composed of 20 short friction tests and one consists of a
long-lasting contact.

The test conditions applied for each sequence are shown in Figure 3. Throughout the
campaign, the initial normal load is Fn = 200 N and the disc rotational velocity is varied
between ω = 200 and ω = 1000 rotations per minute (rpm). The first seven sequences
correspond to the running-in of the contact. Then, the successive sequences consist of
low-velocity sequences followed by sequences of progressively higher rotational velocity.
This way, the system undergoes increasingly higher loading levels. This pattern, with a
progressive increase in the rotational velocity, is repeated several times.

The experimental tests conducted in this study are not strictly speaking braking
tests, as the rotational velocity is maintained at a constant. However, the use of a pin-
on-disc system that includes an actual brake disc and a pin machined from a commercial
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brake pad helps replicate the dynamical and tribological phenomena encountered in
braking applications.
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Figure 3. Evolution of the test conditions, representing the enforced disc rotational velocity and
initial normal contact force for each friction test. The number of contacts within each sequence is
indicated: except sequence 21 which consists of a maintained 1200 s contact, every sequence is made
of 20 contacts of 30 s, with a 10 s pause between each.

3. Global Results Analysis
The objective in this section is to provide a broad overview of the test results and to

present a very global analysis of squeal events. The possible correlations between squeal
occurrences and different global parameters (loading, coefficient of friction, temperature
level) are also investigated. More detailed analyses of the results are conducted in Section 4.

3.1. Analysis of Squeal Events

In order to characterize the squeal episodes occurring during the test campaign,
the sound recordings are analyzed. For that, a short-time Fourier transform is used on the
recorded sound time series to obtain sound spectrograms. The short-time Fourier transform
is applied using a moving window with a Hann smoothing containing 1024 sampling
points—corresponding to a 0.02 s window. This leads to the spectrogram representation
showing the time and frequency evolution of the sound pressure level, in dB. The frequency
content spans a range from 1 kHz to 25 kHz, the lower frequencies corresponding to the test
bench noise being removed. An example of the sound pressure recorded by the microphone
and the corresponding spectrogram is given in Figure 4.

This representation allows for clearly identifying two distinct squeal modes occurring
during the campaign: the first one has a fundamental frequency around 2.8 kHz with
few visible harmonics, the other has a fundamental frequency around 3.2 kHz with much
more harmonics. A classification of the different squeal behaviors is then performed. Each
friction test is decomposed into short time intervals of approximately 3 to 4 s, and each
short time interval is assigned to a squeal class. The squeal classes aim at grouping together
time intervals showing a similar squeal behavior.

The classification is carried out through a clustering technique using a k-means algo-
rithm [28]. This unsupervised method aims at partitioning a set of data points, represented
as vectors, into a given number k of subsets. The partition seeks to minimize the distance
between the data points and the centroid of the cluster they belong to.
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(a) Acoustic pressure recorded by the microphone. (b) Corresponding spectrogram.

Figure 4. Example of the acoustic pressure evolution recorded during a 4 s time interval, and the
corresponding spectrogram.

As the k-means algorithm relies on the L2 norm to evaluate the proximity between
two data points, a pre-processing of the spectrograms is required. Indeed, a point-by-point
comparison of two spectrograms gives little to no information about the actual similarity
of the squeal behaviors: such a comparison would label two similar spectrograms with
only a slight difference in squealing frequency as completely different. As a consequence,
the spectrogram’s pre-processing step is performed in order to correct this. First, a sound
pressure level threshold is applied: every value below 70 dB is set to 0. Then, a Gaussian
filter with a kernel size of 11 × 11 is used. Finally, a max-pooling downsampling yields a
coarser spectrogram with a final size of 60 × 60, such that the k-means algorithm searches
for clusters in a 3600-dimensional space (Figure 5). This way, the point-by-point comparison
performed by the k-means algorithm would detect a close similarity between data with a
reasonably close squealing frequency.

(a) Raw spectrogram (b) Pre-processed spectrogram

Figure 5. Example of a spectrogram pre-processing before using a k-means clustering algorithm.

This squeal clustering process based on spectrograms is performed over the test
campaign. As a rapid observation of the spectrograms throughout the campaign allows to
identify three different squeal behaviors (absence of squeal, squeal at a 2.8 kHz frequency
and squeal at a 3.2 kHz frequency), the k-means algorithm is used with k = 3 clusters.

This results in a first cluster containing 4344 time intervals (74.7% of the 5818 data
points) and representing the squeal-free situation (cluster 1), a second cluster with 922 time
intervals (15.8%) corresponding to a 2.8 kHz squeal (cluster 2), and a third cluster with
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552 time intervals (9.49%) with a 3.2 kHz squeal (cluster 3). The results are summarized in
Table 1, and Figure 6b illustrates the clustering results on test sequence 15 as an example.

Table 1. Results of the squeal clustering.

Cluster Number of Time Intervals Corresponding Squeal Mode

Cluster 1 4344 (74.7%) No squeal
Cluster 2 922 (15.8%) 2.8 kHz
Cluster 3 552 (9.49%) 3.2 kHz

(a) Spectrogram

0 100 200 300 400 500 600
Time (s)

Cluster 1
Cluster 2
Cluster 3

(b) Associated squeal clusters

Figure 6. Acoustic spectrograms and associated squeal clusters obtained for test sequence 15. The ver-
tical dashed white lines delimitate the distinct friction tests. In this figure, the 10 s resting time
between each friction test is omitted. At the start of the braking sequence, 2.8 kHz squeal (cluster 2)
occurs during the first four friction tests. Then squeal stops (cluster 1). During the last two friction
tests, 3.2 kHz squeal occurs (cluster 3).

The time evolution of squeal clusters over the whole campaign is represented in
Figure 7 together with the evolution of the coefficient of friction (evaluated from the
torque and the normal force measurements considering a friction radius of 100 mm) and in
Figure 8 along with the evolution of the measured temperatures below the pin surface.
The figures also show the disc rotational velocity. The temperature evolution distinctly
shows the sequence division: during each braking sequence, the measured temperatures
rise progressively from the room temperature to higher levels, then return to the room
level before the next sequence starts. Within each sequence, temperatures increase during
each 30 s friction test, then decrease slightly upon the 10 s rest between each friction test,
with every sequence, except sequence 21, being composed of 20 friction tests. As expected,
the highest temperature levels are reached at the end of the sequences with the highest
rotational velocity and of sequence 21 consisting of a maintained contact.
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Figure 7. Time evolution over the campaign of the squeal cluster, represented by a background color,
disc rotational velocity ω, and coefficient of friction µ.
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Figure 8. Time evolution over the campaign of the squeal cluster, represented by a background color,
disc rotational velocity ω, and temperature level Ti measured by each thermocouple in the pin.
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3.2. Relation Between Squeal and Loading

From Figures 7 and 8, it can be concluded that the occurrences of 2.8 kHz and
3.2 kHz squeal episodes show no clear and direct correlation with the loading severity.
Although 2.8 kHz (represented by cluster 2, in blue in the figures) and 3.2 kHz (represented
by cluster 3, in red in the figures) squeal seem to occur more frequently at, respectively,
low and high velocities, the sole consideration of the operating conditions does not allow
for determining whether squeal occurs and, if so, at which frequency. For instance, it can
be noticed that for sequence 12 (ω = 600 rpm) and sequence 15 (ω = 800 rpm), all three
situations are met: no squeal, squeal at 2.8 kHz, and squeal at 3.2 kHz.

3.3. Relation Between Squeal and Friction

Figure 7 shows that the coefficient of friction µ, which is calculated based on the
measurements of the normal force and of the engine torque, presents a different behavior
depending on the rotational velocity. It is indeed higher when the rotational velocity is
lower: µ varies between 0.6 and 0.9 for ω = 200 rpm, while it comprises between 0.6 and 0.7
for higher rotational velocities. However, no clear correlation with squeal can be observed:
both 2.8 kHz squeal and 3.2 kHz squeal may be found in a large range of coefficient of
friction values over the campaign. This can be seen from the histogram of the coefficient of
friction value, showing the three different squeal clusters (Figure 9a).

0.4 0.6 0.8 1.0
µ

0

500

1000

1500
Cluster 1
Cluster 2
Cluster 3

(a) Coefficient of friction.

0 100 200
Tmean (°C)

0

200
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Cluster 1
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(b) Mean temperature in the pin.

Figure 9. Histograms of (a) coefficient of friction and (b) mean temperature level in the pin, showing
the three squeal clusters.

3.4. Relation Between Squeal and Temperature

In the temperature evolutions depicted in Figure 8, it is clear that the occurrences of
2.8 kHz squeal (corresponding to cluster 2) and 3.2 kHz squeal (corresponding to cluster 3)
are closely related to the temperature level. The squeal mode with a 2.8 kHz frequency is
exclusively detected when the temperature level is low: that is, rather at the start of the test
sequences and/or with a moderate rotational velocity; whereas the squeal mode with a
3.2 kHz frequency occurs solely at high temperature levels (see, for example, sequences
12, 16, and 25). This first observation on the relation between the occurrence and nature
of squeal and the level of temperature is consistent with the results obtained by [27].
A difference may however be observed in Figure 8 between the low-temperature 2.8 kHz
and the high-temperature 3.2 kHz squeal: while 3.2 kHz squeal seems to always appear as
a certain temperature level is reached, 2.8 kHz squeal seems more unpredictable. As an
example, it can be observed that no squeal occurs during the low-temperature sequences 17
and 26, whereas 2.8 kHz squeal occurs during sequences 13 and 22. This suggests that the
squeal response is also subjected to a dependency on the history of the system loading,
especially at low temperatures.
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Figure 9b shows the histograms of the mean measured temperature for the data in
each of the three clusters. While cluster 1, corresponding to the absence of squeal, spans
the whole range of temperatures, it can clearly be seen that cluster 2 occurs only for low
temperatures unlike cluster 3 that occurs only at high temperatures. The two clusters are
fully disjoint in terms of temperature level. As a conclusion, the mean temperature level is
indeed, in the present case, a sufficient parameter to discriminate between clusters 2 and
3. In this respect, it provides a first-order indicator of the squeal response of the system,
which is consistent with the results obtained in [27]. However, it does not enable a complete
determination of the squeal response, as the squeal-free situation may be found for all
temperatures. This is particularly true for the lowest temperature levels: at low temperature,
the squeal-free situation is at least as frequent as 2.8 kHz squeal, while oppositely, the
occurrence of 3.2 kHz squeal is much more likely beyond a certain temperature. The few
data over 200 °C which have no squeal (Figure 9b) make an exception, but are related to
very specific test conditions: they correspond to the end of sequence 21 with a maintained
contact and occurred right after the rotational velocity had been increased (see Figure 8).
This rotational velocity change resulted in a rapid vanishing of squeal.

3.5. Surface Evolution

The observation of the pin surface between each test sequence shows that sequences
with a high velocity produce very different surfaces from sequences with a low velocity.
As an illustration, the evolution of the pin surface observed through optical images, and the
evolution of the surface profile shape, is shown in Figure 10 over sequences 16 and 17.
The surface profile shape is obtained as a degree-three polynomial over a 17 mm × 17 mm
centered frame. The edges are not taken into account to suppress side effects in the polyno-
mial fitting process which do not significantly affect the macroscopic shape. The surface
edges are however accounted for in the squeal event analyses conducted in the next section.
This example shows a typical transition from a high-velocity sequence to a low-velocity se-
quence, which is repeated several times throughout the campaign: sequence 16, with a high
disc rotational velocity (ω = 1000 rpm) is followed by sequence 17 with a low rotational
velocity (ω = 200 rpm).

The observation of the optical images shows that both high- and low-velocity se-
quences noticeably affect the surface. At the end of sequence 16, the steel fibers are very
visible and very little powder is present on the surface. On the opposite, the comparison
between the end and the start of sequence 17 shows that the low-velocity sequence has
led to a large amount of powdery material on the surface, which is visible as the darker
homogeneous areas, mostly in the center of the pin surface. The observation of the surface
shape, which is obtained through a degree-three polynomial fit, is also very insightful. First,
it can be noticed that the surface has a hollow shape: the center of the surface is deeper
than the edges. This global shape, measured when the pin has cooled down, does not
change with the sequence. However, its magnitude changes significantly: high-velocity
sequence 16 produces a much more hollow surface than initially. Oppositely, low-velocity
sequence 17 has flattened the surface: the shape magnitude is much lower after than before
the sequence. The overall surface shape has however not changed: the surface still presents
a hollow shape, but its magnitude is lower.

The fact that high-temperature sequences produce very hollow surfaces on the pin
may be understood based on thermomechanical considerations. The local temperature
elevations measured on the thermocouples in the pin are represented for different instants
of sequence 16 in Figure 11. It shows that the temperature elevation is very localized in the
center of the pin surface, suggesting a very localized contact. It can therefore be assumed
that due to the high rotational velocity and the high temperature levels, the pin is thermally
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deformed, producing significant wear in the center of the surface where the contact is
localized. This process is schematically depicted in Figure 12: the initial surface is hollow,
but due to the severe temperature increase, the contact readily occurs mostly in the center
of the pin surface, producing an even more hollow surface shape when the pin has cooled
down due to wear.

(a) Before sequence 16
(ω = 1000 rpm)

(b) After seq. 16 (ω = 1000 rpm),
before seq. 17 (ω = 200 rpm)

(c) After sequence 17
(ω = 200 rpm)

Height (m)
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(d) Before sequence 16
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(e) After seq. 16 (ω = 1000 rpm),
before seq. 17 (ω = 200 rpm)
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(f) After sequence 17
(ω = 200 rpm)

Figure 10. Optical images and profile shape (approximated as a degree-three polynomial) of
the pin surface before and after sequences 16 and 17. Sequence 16 has a high rotational veloc-
ity (ω = 1000 rpm), and sequence 17 has a low rotational velocity (ω = 200 rpm). The orange dashed
lines delimitate the zone over which the profile is shown.
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(a) Seq. 16, t1
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(b) Seq. 16, t2
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(c) Seq. 16, t3

Figure 11. Maps of temperature elevation on the twelve thermocouples, as positioned underneath
the pin surface, for high-velocity sequence 16 at three different instants. The temperature elevation is
very localized in the center.
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(b) During the sequence

Disc
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(a) Before the sequence

Disc

Pin

(c) After the sequence

Localized heating,
thermal expansion

Wear and
cooling

Figure 12. Schematic representation of the pin-on-disc contact showing the shape of the pin surface
during a high-temperature sequence, (a) before the sequence, (b) during the sequence, and (c) after
the sequence. The initial pin surface shape is hollow, but due to the high temperatures and thermal
deformation the contact is very localized in the center during the sequence, producing significant
wear. After the sequence, when the pin has cooled down, the surface shape is even more hollow.

3.6. Postmortem Surface Analysis

SEM analysis of the pin surface is conducted at the end of the test campaign. The ob-
jective is to try to identify indicators of the tribological contact conditions. The aim of the
SEM analysis is to help interpret the observations made on optical images of the surface
taken throughout the campaign. The SEM observations are summarized in Figure 13. This
analysis was carried out just after a test with a maintained contact, during which high
temperature levels were reached. On this surface, three different zones are identified.

The first zone covers most of the surface and shows secondary load-bearing plateaus
located on the steel fibers or nearby them. Chemical composition analyses allow for
distinguishing uncovered steel fibers, which are mostly made of iron and visible in lighter
gray on backscattered electron (BSE) images, from the secondary plateaus in darker gray
on BSE images, made of oxidized iron and additional elements. The chemical composition
of secondary plateaus is similar to the composition of loose third body particles, indicating
that these plateaus are formed from compacted third body particles, coming either from the
pin or from the disc. Secondary electron (SE) images allow for seeing the surface topography
more clearly and show sliding tracks on the secondary plateaus. These observations led to
the conclusion that this wide first zone was the location of high contact pressures, and that
on a microscopic scale, the contact is localized on the steel fibers.

A second zone, located outward, is identified in which the surface is covered with
a powdery material bed. In this zone, the contact pressure was lower, and third body
particles had not been compacted. No load-bearing plateaus were found in this area.

The third zone is located at the rear, where coarser particles are found. These particles
were stuck within the contact and were not able to be ejected due to their sizes.

The observations made based on the SEM analysis mainly allowed for concluding that
on a microscopic scale, the contact occurs on the steel fibers. This observation is used in the
following when analyzing the optical images of the pin surface between each sequence.
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Figure 13. SEM analysis of the pin surface at the end of the campaign. Three zones are identified on
the surface: a central zone (1) where secondary load-bearing plateaus have been created on and near
the steel fibers, an outward zone (2) with powder beds resulting from a low contact pressure, and a
trailing zone (3) where coarse particles are found. Chemical composition analyses are shown on
different locations: steel fibers, in lighter gray, show pure iron whereas secondary plateaus, in darker
gray, are made of oxidized material.

4. Focus on Squeal at Low Temperature
From the global analysis of the results, it appears that the conditions of occurrence

of 2.8 kHz squeal require further investigation in order to be elucidated, in comparison
with 3.2 kHz which always occurs as a certain temperature level is reached. Consequently,
in the remainder of the paper, the focus is set on the low-temperature 2.8 kHz squeal.
The investigation on the conditions of its occurrence is based on several sequences at low
rotational velocities, namely sequences 13, 17, 22, and 26. All these sequences, albeit with
the same loading level and disc rotational velocity, show a very different squeal response:
while 2.8 kHz squeal occurs during sequences 13 and 22, this is not the case for sequences 17
and 26.

4.1. Detailed Surface Analysis

As a first step, a more detailed comparison of the pin surfaces before and after the low-
velocity sequences is conducted. For instance, this comparison is presented for sequence 17,
but similar conclusions are drawn for the other low-velocity sequences investigated. The op-
tical images and profile shapes of the pin surface are shown in Figure 10 for the start and
end of sequence 17.
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A zoom in on the center of the surface is shown in Figure 14. It can be observed that
this area is different after the sequence from before the sequence: it is covered with large,
darker and more homogeneous zones, which are identified as powder beds. However,
the steel fibers, located by the small lighter shapes, display a very similar layout. In order
to visualize it, a detection of the fibers boundaries is performed on the surface image at the
end of the sequence, and the obtained contours are reported on the initial surface image
(green contours in the figure). It can be seen that the steel fibers have not been altered over
the sequence in this central surface zone: all the steel fibers detected on the surface image
after the sequence were already present before the sequence. On the opposite, some initially
visible fibers are not retrieved at the end. They are likely covered by the large powder beds.
As it is known from the SEM analysis (Section 3.6) that the contact is mainly established
on the steel fibers on a microscopic scale, it can be inferred that over this test sequence,
the contact has locally barely occurred in the center of the surface as the fibers seem intact.

Center zoom:

(a) Surface zone zoomed in

1 mm

(b) Before sequence 17

1 mm

(c) After sequence 17

Figure 14. Optical images of the pin surface before and after sequence 17, zoomed in on the center.
The green contours identify the steel fibers on the final surface (right) and are reported on the initial
surface (left). The resulting surface contains a large amount of third body particles and displays a
similar steel fiber layout with the initial surface.

Conversely, the observation of the external zones of the surface shows a much greater
alteration of the steel fibers. For instance, Figure 15 shows a zoom in on a surface corner,
located near the outward and leading edges. This time, the steel fibers detected at the end
cannot be found on the initial surface and, conversely, the fibers that were initially present
on the surface cannot for the most part be retrieved at the end of the sequence. A similar
observation is made on all corners of the surface. This suggests that over this sequence,
the sides and corners of the surface have carried contact load, contrarily to the center of
the surface.

As it was observed in Section 3.5 on the pin surface profile shape evolution, the result-
ing surface after sequence 17 is much flatter than before the sequence, where the surface
is very hollow due to the preceding severe loading. The fact that the center of the surface
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is covered with powdery material at the end of the sequence can partly explain why the
surface at the end is flatter than before, in addition to wear on the edges and corners of
the surface.

Outward-leading edge zoom:

(a) Surface zone zoomed in

1 mm

(b) Before sequence 17

1 mm

(c) After sequence 17

Figure 15. Optical images of the pin surface before and after sequence 17, zoomed in on the inward-
trailing edge. The green contours identify the steel fibers on the final surface (right) and are reported
on the initial surface (left). The resulting surface contains some third body particles and displays a
dissimilar steel fiber layout with the initial surface.

The surface observation presented here for sequence 17 was also conducted for the
low-velocity sequences 13, 22, and 26, which showed very similar features: the central part
of the surface contains a significant amount of third body particles, and shows no trace
of contact localization; the steel fibers seem almost intact. On the opposite, the external
parts show an alteration of the steel fibers over the sequence, indicating zones over which
contact was established. This is consistent with the surface shapes, which are initially very
hollow before these sequences, leading to a localized contact on the edges and corners.
After the sequences, the surface shape is much flatter, which is likely the result of wear on
the edges combined with the accumulation of trapped third body particles in the center
of the surface. These observations are common for all low-velocity sequences and do not
allow for differentiating sequences during which squeal occurred from sequences during
which it did not.

4.2. Evolution of Local Temperature Elevation

In order to support the analysis based on the surface observation, a detailed study of
the temperature evolution in the pin is performed. Using the 12 thermocouples located
2 mm beneath the surface allows for obtaining a detailed mapping of the local distribu-
tion of temperature evolution, which gives information about the surface localization of
energy dissipation.
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In order to study the distribution of temperature increase during each contact, we
consider the local temperature elevation ∆Ti over 30 s friction tests, for each thermocouple
i ∈ {0, . . . , 11}:

∆Ti(t) = Ti(t)− Ti,0 for i ∈ {0, . . . , 11} (1)

where Ti,0 is the temperature measured by the ith thermocouple at the start of the current
contact. The temperature elevation is used as an indicator instead of the temperature
level, as it allows for better capturing where the contact is mostly localized during each
single friction test. This indicator starts from zero at the beginning of each friction test,
then increases progressively during the contact and is set to zero again at the start of the
next contact.

The evolution of local temperature elevations is depicted in Figure 16 for low-velocity
sequences 13 (during which squeal occurs, as represented in the figure) and 17 (during
which no squeal occurs). It can be seen that the highest temperature elevations are mostly
localized on the thermocouples located near the four edges (thermocouples 0, 2, 9, and 11).
As discussed in the previous section, the initial surface profile for these sequences is always
very hollow: the center of the surface is much deeper than the edges (see Figures 10 and 12).
This explains why these sequences have a contact which is initially localized on the corners.
On the opposite, the temperature elevation measured near the surface center (thermocou-
ples 4 and 7) is significantly lower. This confirms the conclusions drawn from the surface
analysis: during these low-velocity sequences, no contact is established in the center of
the surface. This localization on the surface corners of temperature increase holds for the
whole duration of the sequence. This can suggest that the loading is not severe enough to
generate sufficient wear and thermal expansion for the contact to change its localization.
In addition, it can also be seen in Figure 16 that the temperature elevation during each 30 s
contact progressively increases from the start of the sequence to the end.

This corner contact localization can also be visualized on temperature elevation maps
shown at snapshots t1, t2, and t3 as defined in Figure 16 and shown in Figure 17. This
representation makes clearly visible the high temperature increase on the edges, which
contrasts with the surface center where the temperature elevation is very limited. In this
figure, while the corner localization can be observed for both sequences 13 and 17, it
appears that the distribution of temperature elevation over the four corners seems to be
more balanced for sequence 13 (during which squeal occurs) than for sequence 17 (during
which no squeal occurs).

This difference in the distribution of temperature elevation over the four corners
between situations with squeal and the situations without squeal is repeated for all low-
velocity sequences. In order to illustrate this, the center of gravity of temperature elevation
over the four corners is considered as an indicator of the balance of temperature elevation.
The x and y coordinates of this center of gravity are calculated as follows:

x∆T =
x0∆T0 + x2∆T2 + x9∆T9 + x11∆T11

∆T0 + ∆T2 + ∆T9 + ∆T11
(2)

y∆T =
y0∆T0 + y2∆T2 + y9∆T9 + y11∆T11

∆T0 + ∆T2 + ∆T9 + ∆T11
(3)

with the thermocouples on the four corners numbered 0, 2, 9, and 11. This way, values of
x∆T and y∆T close to zero indicate that the contact is well balanced over the four corners,
while higher values indicate an imbalance. This indicator is represented for different low-
velocity sequences in Figure 18, which represents two-dimensional histograms (heatmaps)
of x∆T and y∆T . They are built by considering one point every 0.5 s. For sequences 13 and 22,
the center of gravity values is gathered around zero when squeal occurs, indicating that the
four corner thermocouples measure a very close temperature elevation value. Oppositely,
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for all the sequences, the histogram is more spread in both x and y directions when squeal
does not occur. This indicates that the temperature elevation measured by the four corner
thermocouples are quite different: a higher x value refers to a contact localization closer
to the trailing edge, while a higher y value refers to a contact localization closer to the
outward edge. This observation confirms that when 2.8 kHz squeal occurs, the temperature
elevation is always evenly balanced over the four corners, which is not the case in the
absence of squeal.
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(b) Sequence 17

Figure 16. The evolution of temperature elevation (temperature increase from each start of contact)
on the twelve thermocouples, for sequences 13 and 17. For each sequence, three different snapshots
are taken at times t1, t2, and t3. The squeal events are represented as well.
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(a) Seq. 13, t1 (squeal)

−10 −5 0 5 10
x position (mm)

−10

−5

0

5

10

y
po

si
ti

on
(m

m
)

4

6

8

10

12

Te
m

pe
ra

tu
re

el
ev

at
io

n
(°

C
)

(b) Seq. 13, t2 (squeal)
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(c) Seq. 13, t3 (squeal)
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(d) Seq. 17, t1 (no squeal)
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(e) Seq. 17, t2 (no squeal)
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(f) Seq. 17, t3 (no squeal)

Figure 17. Maps of temperature elevation on the twelve thermocouples, as positioned underneath
the pin surface, for low-velocity sequences 13 and 17 at snapshots t1, t2, and t3. In both cases,
the temperature elevation is localized on the corners. During sequence 13, the temperature elevation
on the four edges seems to be more balanced than during sequence 17.
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Figure 18. Histograms of the x and y coordinates of the center of gravity of temperature elevation,
calculated with the four values from the corner thermocouples. For sequences 13 and 22, only the
moments when squeal occurs are considered in the histograms.

Another illustration of this is provided by the evolution of the standard deviation of
the temperature elevation, depicted in Figure 19. The standard deviation is calculated from
the temperature elevation values measured on the four corner thermocouples. The times
at which squeal occurs are represented as well. It can be observed that squeal occurs only
when the standard deviation of the temperature elevation does not exceed 1 °C. Conversely,
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when standard deviation values are greater, squeal never occurs. This representation allows
for seeing the time evolution: for sequence 22, squeal does not occur at the start when the
temperature elevation is not well balanced over the corners. Then, from the middle of the
sequence, the standard deviation decreases meaning that the four temperature elevation
values are close, and squeal appears. This confirms that 2.8 kHz squeal is correlated with a
rather uniformly distributed temperature elevation over the pin surface corners.
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(a) Sequence 13
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(b) Sequence 17
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(d) Sequence 26

Figure 19. The evolution of the standard deviation of temperature elevation over the four corners for
sequences 13, 17, 22, and 26.

This difference in the balance of contact localization over the corners is likely related
to different surface shapes. Figure 20 shows the initial surface profile shapes before se-
quences 13, 17, 22, and 26, approximated as degree-three polynomials. For sequences 13
and 22, during which squeal occurs, it can be seen that the profile has a very regular and
symmetric shape: it is deeper in the center and more elevated towards the edges and
corners with a similar progression in all directions. On the opposite, for sequence 17 and,
to a lesser extent, sequence 26, during which squeal did not occur, the initial surface shape
is not symmetric. Both show indeed an opening on one of the side edges: for sequence 17,
the inward edge (bottom of the image) is much deeper than the rest, while the outward
edge (top of the image) is deeper for sequence 26. This observation corroborates the dif-
ferences highlighted on the temperature elevations between these four sequences: squeal
occurs during sequences that have a more balanced temperature elevation over the corners,
related to a more evenly distributed contact, which is consistent with more symmetric
initial surface profiles.
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Figure 20. Initial pin surface shapes (fitted polynomial of degree three) before sequences 13, 17, 22
and 26.

4.3. Discussion

The combined analysis of temperature elevation distribution and the evolution of
surface composition and shapes provides corroborating evidences suggesting that the
contact conditions on a macroscopic scale drive the occurrences of squeal. The two squeal
modes identified are found to occur under specific contact localizations, and regarding
the low-temperature 2.8 kHz squeal, the evolution of the macroscopic load-bearing area is
found to affect the squeal propensity. Based on these observations, it is possible to infer the
influence of the loading level on the macroscopic contact conditions and squeal.

It is observed that 3.2 kHz squeal always occurs when a certain temperature level is
reached and is therefore easier to predict. This can be understood considering that thermal
expansion and wear are prevalent features during tests at a severe loading and govern the
evolution of the load-bearing area. Thus, the system evolution during the contact is likely
to prevail over the initial conditions, which have a limited influence on the occurrences of
squeal as they are rapidly erased by the contact evolution. On the opposite, it is observed
that during low-velocity tests, the occurrence of 2.8 kHz squeal is more unpredictable: it
may or may not occur during tests with the same loading. The analysis of this squeal mode
shows that its occurrence is dependent on the initial conditions, especially regarding the
macroscopic pin surface profile shape. This dependency can be interpreted by the fact that
thermal expansion and wear arguably have a much lower or slower impact in this case.
As a consequence, the contact localization is very stable: it holds on the edges and corners
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for almost the whole duration of a sequence, and the initial contact state has therefore a
key role.

This is furthermore consistent with the fact that 2.8 kHz squeal can more briefly
occur at the beginning of high-velocity sequences and then quickly cease (see, for instance,
sequence 12 at ω = 800 rpm, or sequence 15 at ω = 600 rpm, Figure 8). The initial
conditions before these sequences may favor the occurrence of 2.8 kHz squeal, which is
triggered at the start of the sequence but rapidly stops due to the severe loading, which
quickly affects the contact conditions.

5. Conclusions
The pin-on-disc experimental tests conducted in this study enabled a precise inves-

tigation of the conditions of brake squeal occurrence. Two different squeal modes are
observed during the tests: one at a 2.8 kHz frequency and the other at a 3.2 kHz frequency.
The thermal measurements show that the mean temperature level in the vicinity of the pin
surface provides a first-order indicator of the squeal mode: whereas 2.8 kHz squeal is solely
obtained for low temperatures, 3.2 kHz squeal occurs exclusively at high temperatures.
However, regarding the low-temperature 2.8 kHz squeal, it appears that sequences showing
a similar global temperature evolution could lead to different squeal responses.

An in-depth analysis of the evolution of macroscopic contact localization provides
valuable insights into the contact conditions leading to the occurrence of 2.8 kHz squeal.
The combined analysis of surfaces and temperature evolutions allows for tracking the
evolution of the macroscopic contact localization, which is shown to be closely related
to squeal episodes. It appears that during the low-velocity sequences, the contact is very
localized on the corners, due to the initially very hollow surface. As there is limited wear
and thermal expansion during these low-velocity sequences, the contact holds on the
corners for the whole duration of the sequences. As a result, the occurrences of 2.8 kHz
squeal are closely related to the initial macroscopic surface conditions. The analyses also
allow to relate this initial surface conditions to the history of past loading: high-velocity
sequences produce very hollow surfaces, while low-velocity sequences tend to flatten
the surface. The evolution of the pin surface initial shape thus appears to depend on
the thermomechanical and tribological processes that took place during the previous
friction tests.

In order to understand in more detail the thermomechanical effects that govern the
evolution of macroscopic load-bearing area, ongoing work is devoted to the development
of numerical models accounting for thermal effects and wear. This will allow for studying
the evolution of contact localization based on the loading history in greater detail.
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