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Abstract: The clutch facing is a complex organic matrix composite in dry clutch systems. When the
clutch engages, there is a sliding contact between the clutch facing and the mating surfaces, resulting
in temperature increases of up to 300 °C. These thermal cycles activate several mechanisms that can
have consequences on such material: cracking and, more generally, the ageing of the polymer. The
thermomechanical properties of the material therefore evolve according to the number of thermal
cycles. This study focused on investigating the local and average evolution of the coefficients of
thermal expansion (CTE) of clutch facing as a function of thermal cycles. Several techniques were
employed, including image stereocorrelation for determining the CTE, Dynamic Mechanical Analysis
(DMA) tests for monitoring the ageing of the material and acoustic emission for highlighting the
damage. The results showed that the average CTE decreased as a function of the temperature and the
number of loading cycles, while locally, it increased in some areas and decreased in others. These
differences appear to be the result of material heterogeneity (actual yarn tracing, etc.) and interaction
between cracking and ageing mechanisms in the polymer matrix. Indeed, thermal cycling led to
cracking and additional crosslinking, which is influenced by ageing conditions.

Keywords: composite material; thermal fatigue; polymer ageing; coefficients of thermal expansion;
digital image correlation (DIC); acoustic emission (AE); DMA

1. Introduction

In vehicles, the dry clutch is used to connect or disconnect the gearbox from the engine,
allowing the driver to change gears. In most cars with a manual gearbox, the dry clutch is
located between the engine flywheel and the gearbox input shaft. A dry clutch operates
by friction. When engaged, torque is transmitted by squeezing the clutch disc (with
two clutch facings) between the engine flywheel and the pressure plate connected to the
gearbox (Figure 1a). When the clutch pedal is depressed, the clutch is disengaged and the
engine power is temporarily disconnected from the gearbox.

When dry clutch engages, there is a sliding contact between the clutch facing and
mating surfaces, dissipating kinetic energy and generating heat. The temperature variation
of the clutch facing can be divided into two stages [1-3]: a very fast rise in temperature,
which can reach 250 or 300 °C in the case of repeated engagements for less than a second
(Figure 1b), followed by cooling. A clutch facing is therefore subjected to different types of
loads: tribological and thermomechanical stresses during clutch engagement (slipping with
a temperature rise), followed by mechanical stresses (contact pressure and a centrifugal
effect due to the speed of rotation at the engine output).
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Figure 1. (a) Schematic diagram of a clutch; (b) simulated temperature variation of a clutch facing
under successive engagements [4].

A clutch facing therefore needs to have a number of different properties to work
effectively, including a high coefficient of friction, a good wear resistance, a high
thermal stability, a low density and good mechanical properties. To achieve the best
compromise, the materials used today are polymer matrix composites [5]. The matrix
is made up of a mixture of several incompatible thermosetting polymers, generally
toughened using rubber and various fillers. The reinforcements are in the form of
yarns composed of different materials [5]. The choice of materials that make up the
composite largely depends on the application (car, truck, racing, etc.), but in all cases,
the matrix and the reinforcements play a role in the thermal, mechanical and tribological
properties [3,5-7]. The orientation of the reinforcements must enable them to withstand
stresses in all directions, and, due to the manufacturing process, the tracing is three-
dimensional with variable angles of intersection [7,8] (Figure 2). All this makes it a
material that can be considered complex in terms of the composition and organisation of
the reinforcements.

The majority of studies on the behaviour of clutch facings have been numerical and
focused on the engagement phase. This phase is critical, as it can generate temperatures
and stresses higher than the material can withstand, ultimately leading to thermal failure.
Numerous studies have been carried out to solve the problem of the thermoelastic effect
in a sliding contact as a function of parameters such as the sliding speed and contact
pressure [9-15] or to the transient response during the engagement phase [16-19]. In
the latter case, the difficulty arises from the fact that the engagement is very short, so
the system does not reach a stabilised state. Many authors have used these numerical
methods to perform numerical simulations of clutch facings to determine the surface
temperature [20-24], mechanical stress [5,25,26] and wear rate [27,28]. For instance, it
has been observed that the highest temperature occurred at the midpoint of the sliding
period, and its peak value was observed at the outer radius [29]. The sliding speed [1,30]
or repeated engagements [4,31,32] have a significant effect on the thermal behaviour of dry
friction clutches, and surface roughness can lead to very high localised temperatures [33].
In terms of materials, other studies have shown that a small clutch facing thickness has
a significant effect on the temperature and contact pressure [34] or that it is possible
to optimise the thermal properties of the clutch facing by the judicious choice of yarn
tracing parameters [7].

Experimental studies focus mainly on the tribological behaviour of new friction mate-
rials [35-39] such as non-woven fabrics [40] or environmentally friendly friction materi-
als [41], which have interesting properties. The tests are carried out on standard laboratory
devices [6] or real tests in the automotive industry [3] and show, for example, the influence
of the sliding speed on the coefficient of friction [42]. The mechanical or thermomechanical



Materials 2023, 16, 5833

30f29

properties depend on the manufacturing process [43] and are generally obtained by mea-
surements during tests performed on samples cut from clutch facings and on as-received
materials [5]. Although the materials used for clutch facings are subjected to repeated
thermal stresses, little research has been carried out on their evolution and damage un-
der thermal fatigue loading [44]. As mentioned above, the clutch facing is made up of
a continuous fibre composite material in the form of a ring with an organic matrix. The
thermal fatigue of polymer matrix composites involves many phenomena that can modify
the thermomechanical properties of these materials.

In the case of continuous fibre-reinforced polymer matrix composites, thermal
fatigue can lead to matrix cracking, fibre/matrix debondings and delaminations, de-
pending on the composite components and the orientation of reinforcements [45]. These
damages are mainly due to the difference in the coefficient of thermal expansion (CTE)
between the fibres and the resin. Physical (reversible) and chemical (irreversible) changes
in the polymer matrix can occur when the composites are exposed to high temperatures.
When exposed to a temperature just below the glass transition temperature (Ty), a glassy
polymer undergoes physical ageing, corresponding to a slow structural relaxation of
the material that tends to converge towards a metastable state of thermodynamic equi-
librium [46,47]. It is manifested by a gradual loss of free volume within the material,
resulting in a restriction of molecular motions. From a mechanical properties point of
view, this ageing process can be either favourable or detrimental to polymer applications.
The material becomes stiffer and more resistant to creep [48,49] but shows a drop in
ultimate strength and toughness [50]. These changes in properties are thermoreversible
and can be removed after heating above Tj.

Unlike physical ageing, thermal cycling can lead to irreversible modifications of
polymers due to different chemical reactions that can take place at high temperatures,
particularly in an oxidative environment (air). Thermosetting polymers consist of a set of
covalent bonds (cross-links) connected across the polymer (three-dimensional network)
formed during the curing process. Curing conditions (time, temperature) can lead to an
incomplete cross-linking network in the matrix, notably due to the onset of vitrification,
the transition from the rubbery to the glassy state [51] during polymerisation. Above
vitrification, the cure mechanism is controlled by the molecular diffusivity and does
not come to end. In the case of under-cured thermosetting resin, post-curing can occur.
Such phenomena were observed in [52] on carbon-reinforced bismaleimide (BMI) resins
subjected to thermal loading or in [53] on E-glass-reinforced epoxy subjected to self-
heating associated with cyclic loading at a frequency of 30 Hz. Besides postcuring, which
is mostly the dominant phenomenon, at the very early stages of exposure to thermal
stress [51], thermosets may undergo degradation by oxidation as chain scissions and
volatile releases. Lafarie-Frenot et al. prepared fully cured epoxy resins (DGEBA-DDS)
(in order to avoid the occurrence of post-curing) which were subjected to thermal ageing
(up to 5 days under 2 bars of oxygen at 150 °C) [54,55]. Using dynamic mechanical
analysis (DMA), the authors pointed out a decrease in the main relaxation associated
with the glass transition T, of the aged materials as compared to the neat resin, which
was attributed to chain scissions. Wang et al. showed using FTIR and mass loss mea-
surements that oxidation induces chain scissions in the bismaleimide (BMI) matrix of a
T700 carbon fibre-reinforced BMI composite aged up to 1000 h at 200 °C and the removal
of volatiles [56]. These phenomena (including post-curing, chain scissions and volatile
releases) cause the shrinking of the matrix, which initiates the cracking of the composite
matrix and the weakening of fibre/matrix interfaces, which adversely affects the use
properties of composites.

The oxidation of composites occurs first on the surface and is controlled by the dif-
fusion and reaction rate, which depend on the composite components and reinforcement
architecture. Thermoset networks offer a wide range of thermal ageing performances,
depending on the resin formulation and structure [51,57]. For example, Wang et al. have
shown on phenolic networks that the higher the crosslinking rate, the higher the thermal
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oxidative stability, as the free volume, and therefore oxygen diffusivity, decreases [58].
Concerning the reinforcements, human-made engineering fibres such as carbon or glass
have better thermal performance in air than lignocellulosic fibres. Carbon fibres are almost
unaffected by temperatures in air below 400-500 °C [59,60]. E-glass fibres do not show any
mass loss during high-temperature exposure but show strength degradation when exposed
to temperatures above 350 °C due to the growth of surface defects [61]. When natural
fibres are exposed to temperatures above 250 °C, they start degrading, mainly due to the
presence of lignin [62,63]. The influence of the fibre orientation and stacking sequence on
thermal ageing has been investigated by different authors [55,64-68]. All these authors
have shown that the presence of fibres crossing the surface reduces the oxidation resistance
of composites, as oxygen diffusion is higher along the fibres. In addition, microcracks in
the matrix provide permeation pathways through which oxygen can penetrate the bulk of
the composite [67,69-71].

In the case of isothermal thermal ageing, degradation is generally confined to the
near-surface region of the composite (around 100 micrometres, depending on the polymers),
whereas the propagation of matrix cracks from the surface to the bulk of the composite is
accelerated by the coupling between oxidation and repeated thermal loading [72,73].

Disperse rubber particles in the matrix are often used to improve the toughness
and fracture behaviour of thermosetting matrices by reducing their cracking suscep-
tibility. The rubbers used are of several kinds: for example, carboxyl-terminated
polybutadiene/acrylo-nitrile (CTBN), which gives the best results with epoxy
resins [51,74] and diene elastomers such as styrene-butadiene rubber (SBR) or nitrile-
butadiene rubber (NBR) [75], often used with phenolic-based systems, [76,77]. When
subjected to heat under oxygen, even at medium temperatures (around 100 °C), rubbers
can degrade. Sulphur-bonded (sulphur-vulcanised) rubbers have a higher mechanical
strength than carbon-to-carbon bonded rubbers but are more susceptible to thermal
ageing. Depending on the chemical composition of the rubber, chain scissions leading
to the softening of the material, or a crosslinking reaction with the stiffening of the
rubber, which becomes brittle, are observed [78]. In the case of diene rubber, hardening
associated with crosslinking is observed in the case of NBR, while SBR undergoes a
combination of chain scissions and crosslinking. However, the cross-linking mechanism
predominates, so SBR hardens over time as NBR [79,80]. This effect may significantly
reduce the influence of rubber particles on the toughness of rubber-thermoset blends
with the ageing time.

The main objective of this study is to investigate how thermal cycling impacts the
thermomechanical properties of automotive clutch facings made from a matrix based on a
mixture of three components: melamine resin, phenolic resin and a diene rubber (styrene-
butadiene rubber (SBR)). The inclusion of phenolic resin is related to its high chemical
resistance, good heat resistance, dimensional stability and high mechanical strength. The
melamine resin improves the mechanical, frictional and wear properties of phenolic-based
friction materials [81]. The addition of SBR improves the flexibility and the toughness of
the thermoset mixture [77,82].

In this study, the clutch facings were subjected to thermal fatigue tests in air at various
temperature levels (200 °C, 250 °C and 300 °C) and for different numbers of temperature
cycles, with in situ measurements of the coefficient of thermal expansion (CTE). Various
experimental techniques are available for the measurement of thermal expansion, such
as optical diffraction, dilatometers and strain gauges. However, these techniques require
specific samples, and the manufacturing process of the studied composite makes it difficult
to define an elementary representative volume. Therefore, an experimental setup was
designed to perform tests on the whole specimen [8]. Digital Image Stereo Correlation
(DISC) is one of the most popular full-field measurement techniques. It is a contactless
optical experimental technique that measures full-field displacement with an accuracy of
less than the size of a pixel. This technique is used to assess the mechanical and thermal
properties of a wide range of materials, such as the coefficients of thermal expansion of
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polymers [83,84] or composites [8], the thermomechanical deformations of photovoltaic
laminates cells [85] or the mechanical properties of composite materials [86,87]. This
technique is therefore an interesting means of analysing local thermal behaviour. As the
clutch facing alone was non-planar, since it was not held flat by the clutch system, it was
necessary to use a stereo vision system, which allows for the study of non-planar specimens
and out-of-plane displacement.

As previously mentioned, the thermomechanical behaviour of organic matrix com-
posites can be modified by post-polymerisation reactions and resin oxidation under the
influence of the thermal environment. After thermal fatigue cycles, various tests were
carried out to characterise changes in the fatigued composite material. Dynamic mechanical
analysis (DMA), which provides knowledge about the molecular motions of polymers, was
used to obtain information on the chemical and mechanical changes associated with matrix
ageing [52,55]. Information on the release of volatile products was obtained by measuring
weight loss. The optical microscopy of the sample surface provided a detailed description
of the cracking process [88]. Finally, tensile tests were performed on fatigued specimens
using acoustic emission, which allows for the monitoring of damage within the material
volume and provides a wide range of information on the latter. Indeed, when a composite
material is subjected to an external load, very-high-frequency acoustic waves are emitted,
and it is possible, for example, to correlate the amplitude of the acoustic emission signal
with the damage mechanisms [89] to measure the extent of damage in composites [90] or to
associate the number of acoustic events with the material damage mechanisms activated at
different load levels [91].

Finally, the objectives of this study were twofold: measuring the effects of thermal
cycles on the coefficients of the thermal expansion of a complex composite material used
as a clutch facing and understanding the phenomena involved. Thermal cycling was
performed in a climatic chamber specially adapted for this study, and the strain fields were
measured using the DISC technique. At each measurement point, the coefficient of thermal
expansion (CTE) was then defined as the local fractional increase in length per unit rise in
temperature. To characterise the effects of ageing on the material, several complementary
analyses were carried out: surface crack observation, weight loss, DMA and tensile tests
coupled with acoustic emission.

The first part of the paper describes the clutch facing material, the experimental
techniques and the procedures. The second part presents the CTE results, the complemen-
tary analysis of the material after ageing and discussions. Finally, the paper ends with
a conclusion.

2. Materials and Methods
2.1. Clutch Facing Material

The studied organic clutch facing is an annular-shaped continuous fibre composite
that transmits rotary motion from the engine to the gear box. It had an inner and outer
diameter of 240 and 160 mm, respectively, and was 2.5 mm thick (Figure 2a).

The matrix is mainly composed of phenolic (Novolac, between 19 and 24 wt%) and
melamine thermosetting resins (between 8 and 27 wt%) with sulphur-vulcanised styrene-
butadiene rubber (SBR, between 20 and 34 wt%) [92]. The contribution of the phenolic
and melamine resins as well as the SBR to the clutch facing properties has already been
mentioned in the introduction. The matrix also contains carbon black (between 7 and
11 %wt) and barium sulphate (between 13 and 19%). Carbon black and barium sulphate
are added to increase the heat resistance, wear resistance and coefficient of friction. Carbon
black is also widely used for the reinforcement of rubber.
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Figure 2. (a) Clutch facing and tomographic images of the composite material, (b) schematic preform
and (c) X-ray tomographic view of a clutch facing with the copper path.
The reinforcement is a continuous yarn made of twisted E glass fibres (preferably one
to three textured yarns from 600 to 5000 tex [92], depending on the model), polyacrylonitrile
(PAN) fibres and copper filaments. The volume fraction of reinforcements is about 60%.
Table 1 shows the mechanical properties of the constituent materials used in the composite.
Reinforcing fibres influence tribological properties (friction and wear) [93]. PAN ensures
good wear properties and a stable coefficient of friction, and copper has been found to
enhance all major properties of friction [94].
Table 1. Mechanical properties of the main constituent materials used in the composite.
Material CTE (x10-¢ K-1) Young's Modulus E (GPa) Ultimate Tensile Strength (MPa)
PAN 80-90 17-19 200420
E glass fibre 49-51 73 2000-2500
Copper fibre 17 122-128 300-400
Phenolic/Melamine 120-125 24 30-60
SBR + Carbon Black 160-180 0.004-0.006 16-26

Figure 2a,c show tomographic images of a clutch facing specimen. The images
were acquired using X-ray tomography at the ESRF (European Synchrotron Radiation
Facility, beamline: BM05) in Grenoble, France. The spatial resolution of the images was

12 x 12 x 12 um?3. For more details, please refer to [8].
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The manufacturing process is well documented in [5,6,43]. Clutch facings are manu-
factured in the following steps (temperature and pressure data depend on the end use and
geometry of the product):

e Impregnation: twisted fibres are impregnated with the resin mixture. Once impreg-
nated, the yarns pass through an oven to release the solvents.

e  Preforming: a weighed quantity of pre-impregnated wire is taken from the spool and
fed to a vertically translating nozzle which projects the wire onto a rotating plate.

e  Hot-pressing: the formed parts are placed in moulds, grooved to the required dimen-
sions and then pressure-baked at a temperature of 190 °C for a few minutes.

e  Curing: the material is overbaked up to two times at temperatures of 250 °C for at
least 4 h.

e  Machining: the clutch facings are ground, marked and drilled.

Ungrooved and undrilled specimens were studied to gain a better understanding
of the behaviour of the structure. As mentioned above, during the preforming process,
a machine uses a combination of uniform rotation and radial translation to guide the
impregnated fibres. Each movement has a different frequency, resulting in a specific fibre
arrangement illustrated in Figure 2b. This is described in Cartesian coordinates by:

X(0) = |Ro+ %sin(@ x Ly)| cos(8)

Ao o : @

Y(6) = |Ro + %2 sin(f x Ly) | sin(f)
where Ry is the Mean radius of the clutch facing, Ag = (Dout — D) /2 is the track width
with D,y and D, being the outer and inner diameters and Ly, is the preforming ratio, which
is the number of sin waves per 27t phase angle.

The actual arrangement of the clutch facing’s fibres is generally more heterogeneous,
as certain movements might take place during the preforming and curing steps, leading
to alterations in the pattern of the impregnated yarn. The copper path can be seen in the
tomographic image of a quarter of a specimen shown in Figure 2¢c. From X-ray tomography
measurements, previous work [8] has shown that at the scale of the clutch facing, the
actual organisation of the fibres was quite close to that obtained from Equation (1). The
differences were more localised. The plot shown in Figure 2b can therefore be used as a
first step towards understanding the behaviour of the material. This fibre organisation
allows for assuming that the behaviour of the composite material used for the clutch facing
is orthotropic.

Microstructural analysis was carried out using scanning electron microscopy (SEM)
(TESCA MIRA 3, TESCAN FRANCE, Fuveau, France) equipped with energy dispersive
spectroscopy (EDS) (OXFORD Instruments SAS, Les Ulis, France) on tangential cross-
sections to gain access to the micromorphology of the composites. Prior to SEM analysis, a
thin layer of gold is deposited on the composite cross-section to prevent sample charging.
The EDS technique is used to obtain elemental distribution maps. The SEM image of the
radial section of the composite in backscattered electron detection (BSE) mode and the
corresponding EDS analyses are shown in Figure 3a. The BSE scanning mode can be used
to distinguish areas of different chemical compositions, particularly if the atomic numbers
are sufficiently distinct. Combined with energy dispersive X-ray spectroscopy (EDS), it is
possible to obtain compositional maps of the chemical elements present in a material [95,96].
Carbon (C) is uniformly present in the organic matrix and PAN fibres. Oxygen (O), silicon
(5i), aluminium (Al), calcium (Ca) and magnesium (Mg) maps indicate the location of
glass fibres, which consist mainly of silicon, aluminium, calcium and magnesium oxides.
Nitrogen (N) shows the PAN fibre position. The copper (Cu) map shows the location of
copper filaments. The sulphur (S) distribution is fairly homogeneous in the matrix region
except around the copper filaments, where higher sulphur concentrations are observed
(higher colour intensity).
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Figure 3. (a) SEM picture performed on a clutch facing radial cross-section in BSE mode (BSE) and
corresponding EDS elemental maps of carbon (C), silicon (Si), oxygen (O), aluminium (Al), calcium
(Ca), magnesium (Mg), nitrogen (N), copper (Cu) and sulphur (S); (b) magnified view around the
cross-section of a copper wire I bSE mode (BSE) and corresponding EDS elemental maps of carbon
(C), oxygen (O), Barium (Ba), copper (Cu) and sulphur (S).

These observations show (i) a good distribution of SBR particles (sulphur cross-linking
bridges present in the elastomer) in the thermoset phases and (ii) that it can be assumed
that a Cu-sulphide interphase structure was created between the copper filaments and
the rubber [97]. This phenomenon is highlighted by the magnified view around the cross-
section of a copper wire (Figure 3b). This picture also shows the composition of the yarn
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made of E-glass fibres (O), PAN fibres (N) and copper filaments (Cu) and the presence of
the barium sulphate particles (Ba) and (S) as well.

2.2. Experimental Set-Up and Post-Processing for Measuring CTE Fields Evolutions
2.2.1. Experimental Set-Up

Thermal tests were performed using a XU112 climatic chamber specially adapted by
the manufacturer France Etuves (Chelles, France). To determine the actual temperature, a
thermocouple was placed on the surface of the disc. Before the tests, a calibration procedure
was carried out by comparing the core and surface temperatures of the clutch facing. The
specimen was placed horizontally in the climatic chamber without any restraint. The
composite clutch facing samples were not perfectly flat, exhibiting wave amplitudes of
up to 1 mm. The strain fields were therefore measured using the Digital Image Stereo-
Correlation (DISC) technique, an optical method that provides displacement fields and
3D shapes of deformed surfaces (Figure 4d). Figure 4a shows a photo of the experimental
setup, highlighting the climatic chamber with a window at the top for optical access to
the specimen.

Cameras

White lights

Climate chamber

(a)

Camera 1 Camera 2 Displacement field and 3D profile

\/

Window Displacement
. - vectors
Specimen with Reference

speckle pattern images

'/ » 3D profiles

subset

Deformed

Reference

Deformed

100
Camera 1 Camera 2 .
\ K)) 0
< -100
<> spatial and temporal 100 e Y\Omr“\
correlation
(b) (c) (d)

Figure 4. (a) Photo of the experimental set-up and principle of the Digital Image Stereo-Correlation
(DISC) technique: (b) definition of the ROI, (c) subset tracking and (d) measured displacement field
and shape of the deformed surface.
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The DISC technique uses pairs of simultaneous images captured at different camera
angles to determine 3D displacement fields on non-planar surfaces. Correlation only works
with randomly textured surfaces. To achieve a sufficiently contrasting speckle pattern, the
sample was sprayed in white and black. The principle of image correlation is as follows.
On the surface of the sample, a specific region of interest (ROI) is selected and further
sub-divided into smaller regions or subsets (Figure 4b). The DIC algorithm tracks these
subsets to determine the corresponding reference subset positions in the deformed image
(Figure 4c). The algorithm analyses the grey level of individual pixels within each subset
to compare the deformed and reference subset. Optimised criteria for pattern matching
have been formulated, and in this study, the Zero Normalised Sum of Square Difference
correlation criterion was chosen [98]. Once the subsets are matched, the displacement
vector of the centre of each subset between the reference image and the deformed image
can be determined (Figure 4d). DISC combines temporal and stereoscopic matching.

To establish a correlation between stereoscopic images (Figure 4c), the correlation
algorithm relies on information about the orientation and position of the cameras but
also on their intrinsic parameters (distortions induced by the lens, etc.). Calibrating the
stereo vision setup with specific pattern target images provides these parameters. The
DISC method therefore makes it possible to distinguish between in-plane and out-of-plane
displacements while providing access to 3D profiles (Figure 4d). The software used in this
study is Vic 3D v7, developed by Correlated Solutions (Irmo, SC, USA).

The imaging setup consisted of two CCD cameras (AVT Pike F-421B) with a resolution
of 2048 x 2048 pixels, producing monochromatic images with a 14-bit dynamic range.
These 14-bit images were converted to 8-bit by the software. The cameras had a field of
view of 250 x 250 mm?, resulting in each pixel on the CCD sensor corresponding to a
square of 0.12 x 0.12 mm? on the specimen. During calibration, the algorithm took into
account the distortion present in the optical path [99]. High-temperature measurements
can be affected by distortion caused by the climate chamber window and changes in the
refractive index of the heated air [100]. To mitigate the effects of these two sources of error,
the stereo system was calibrated through the window, allowing the additional distortion to
be properly accounted for.

For this study, the size of the subset was 31 x 31 pixels, resulting in a spatial resolution
of the displacement of 3.7 mm. The step size was seven pixels (distance between two points
where displacements are measured). With these parameters, the device is equivalent to
1570 strain gauges. The Lagrange strain tensor was computed using the VIC 3D v7 DISC
software. Strains were then obtained from the filtered displacement field using a filter box
size of 15 calculated points. To reduce the effect of noise, several images were taken in a
stabilised state at each temperature, and the strain tensors were calculated using averaged
images. The strain error is temperature-dependent, and the maximum value was estimated
tobe 0.4 x 1073 at 300 °C [8]. The normed radial and tangential strain fields (eg and eT)
for a thermal loading AT = 220 °C are shown in Figure 5 (AT = T — Ty with Ty = 30 °C).

AT =220°C
gg/max(eg) ] & /max(eg)
;- P N X
A
Y05
i : - 0.2

0

Figure 5. Radial and tangential strain fields (eg and e1) measured for AT =220 °C (T =250 °C).
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2.2.2. Coefficients of Thermal Expansion

The expansion of a material in response to a change in temperature is described by
its coefficient of thermal expansion (CTE). It is generally defined as the fractional length
increase per unit temperature increase (known as the linear CTE). For small deformations,
the fractional length increase corresponds to the strain tensor (¢), and the coefficient of the
thermal expansion tensor can be expressed as follows:

len
1R

AT ()

where ¢ is the strain tensor, AT is the temperature variation and « is the coefficient of the
thermal expansion tensor.

Over a limited temperature range, the thermal expansion as a function of temperature
is defined in its linear form, and the CTE is then constant. For certain materials and wider
temperature ranges, it is temperature-dependent. In this study, the temperature range was
30 °C to 300 °C. Previous investigations have confirmed the orthotropic behaviour of the
annular clutch facing and the fact that thermal strains increase linearly with temperature
variation [8]. Finally, the equation below was used to determine the coefficients of thermal
expansion in this study:

CTER 0 0 1 ER 0 0
0 CTEr 0 | =510 er 0 (3)
0 0 CTE, 0 0 e

where e, er and €, (respectively, CTEr, CTET and CTE;) are the tangential, radial and z
components of the strain (coefficient of thermal expansion); see Figure 2b.

In this work, only the radial and tangential components of the coefficient of the thermal
expansion tensor were calculated.

2.2.3. Experimental Procedure and Post-Processing for CTE Measurements

In order to measure the strain due to free thermal expansion, a reference state of the
specimen was defined by taking image pairs at room temperature. The temperature was
then gradually increased, and image pairs were taken every 25 °C from 50 °C to 300 °C,
when the temperature of the specimen had stabilised (Figure 6a).

Normed strain (& / max(&g))

Climate chamber 1 ER
CTE
0.71 R
Surface ér
0.43
CTE;
0.14
0 50 . 100 ) 150 200 0 0 50 1‘00 1l50 éOO é50
Time (min) AT =T-T,(°C)

(a) (b)

Figure 6. Cont.
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CTEg/mean(CTEy) CTE /mean(CTEyR)

o)

Figure 6. (a) Measured temperature versus time; (b) Normed strain versus AT (five identical clutch
facings); (c¢) Example of fields of normed CTEg and CTET,

For noise reduction, twelve pairs of images were taken at each stabilisation tempera-
ture step, and the strain field was calculated from the averaged images. The strain resolution
varied from 0.01% to 0.05% depending on the temperature [8,101]. Finally, Equation (2) was
used to determine the coefficients of thermal expansion from the strain fields calculated
at each temperature. The experimental device was validated with known materials (pure
aluminium, aluminium oxide and unidirectional carbon-fibre-reinforced bismaleimide)
before being applied to the clutch facing [8]. Figure 6b shows examples of the evolution
of the mean radial (eg) and tangential (er) strain as a function of the temperature. In the
30-250 °C temperature range, the composite showed linear behaviour, and two CTE were
then calculated (CTEg ~ 5 x 107> K~ and CTE7 ~ CTEg/2). The experimental setup
provides access to strain fields versus temperature, and CTE fields can then be identified.
Examples of normed CTER and CTET maps for an as-received specimen are shown in
Figure 6¢. As shown in [8]:

e  The CTER essentially depends on the radius R (Figure 2b), being maximum at the ends
of the track and minimum in the centre,

e The CTET is close to an average value, despite some inhomogeneities due to material
heterogeneity, which will be discussed later.

The purpose of this study was not to validate this method of measuring CTE fields or
to explain their distribution (local organisation of the fibres). Readers interested in these
topics should read [8]. The aim here was to follow the average and local evolution of the
CTE as a function of the number of thermal cycles in order to obtain important information
about the evolution of the material.

2.2.4. Thermal Cycling Procedure

To study the effects of thermal fatigue on the coefficients of thermal expansion of the
composite, the specimens were subjected to thermal cycling at a constant maximal value
(Tiax), as shown in Figure 7. Three maximum temperature values were chosen: 200 °C,
250 °C and 300 °C. For each of these three temperatures, the coefficients of thermal expan-
sion were measured after 6, 25, 50, 75 and 100 cycles. The time taken for the temperature
to rise and the duration of the plateau were chosen in order to stabilise the temperature
within the material (very insulating material).
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Figure 7. Thermal cycles.

A homogeneous temperature in the volume was chosen mainly to study the ageing
and damage of the material in the volume, with the CTE measurement also allowing
for the in situ measurement of the evolution of the material on the entire clutch facing
(shape/behaviour interaction). In the real application, the clutch lining is subjected to
temperature gradients, but performing such tests makes in situ measurements and the
analysis of the results more difficult. The next step would be to model the evolution of the
material based on these homogeneous tests and then compare the numerical results with
the temperature gradient tests.

2.3. Material and Damage Characterisations

This section describes the techniques that were used to quantify the effects of thermal
ageing on clutch facing materials (damage and matrix changes).

2.3.1. Surface Crack Measurement and Weight Loss

The cracking process was studied by observing the surfaces of the specimens. As
the clutch facings were painted for DIC measurements, cracks were observed on specific
specimens cut from a reference clutch facing and polished by metallographic methods
before being tested. They were placed in the same climatic chamber as the entire clutch
facing in order to be subjected to the same thermal cycles. After each test, an area of
12 x 12 mm? was observed using a binocular microscope with an optical zoom from 0.67
to 4.5 (Olympus 5261, Tokyo, Japan). These measurements provide a trend rather than a
quantitative measurement. Weight loss measurements were also carried out on the same
specimen using a precision balance with a resolution of 0.01 mg (SHIMADZU AUW220D,
Kyoto, Japan).

2.3.2. Dynamic Mechanical Analysis

Dynamical mechanical analysis (DMA) tests were carried out to highlight the even-
tual changes in the material, according to the thermal cycling. DMA is a convenient and
sensitive technique for measuring the thermomechanical properties of polymers or re-
inforced polymers as a function of frequency and temperature. During a DMA test, a
low-amplitude sinusoidal force is applied to a material and the displacement is measured,
or a displacement is applied and the force is measured. Due to the viscoelastic properties
of polymers, the displacement lags behind the force by a phase angle  [102]. In the case
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of a tensile/compressive load on a specimen of known dimensions, it is then possible to
determine the complex modulus E” and the loss or damping factor tan 6 of the material:

E* = E' +iE" 4)
E//
tand = N (5)

where E’ is the storage modulus and E” is the loss modulus.

This method is especially well suited for analysing the relaxation processes ((main or
«) and sub-Ty) of polymer-based materials [103-105]. DMA tests were carried out using
a DMAS5O0 of 01 dB METRAVIB (Limonest, France) on rectangular specimens cut into the
clutch facing (size 40 x 12 x 2.5 mm?; see Figure 9a). Measurements were performed in the
tension—compression mode with controlled dynamic displacement (+5 um) in the linear
viscoelasticity domain within a temperature range of —100 °C up to 350 °C at a heating rate
of 1 K/min. The measuring frequency was from 1 Hz to 30 Hz. A typical plot of the storage
modulus E’ and the loss factor tan 6 versus temperature and frequency for the as-received
material is shown in Figure 8.
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&
iy 01 5
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oh B
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/5]
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-100 0 100 200 300
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Figure 8. Storage modulus at 1 Hz and loss factor (1, 3, 10 and 30 Hz) of the as-received material
vs. temperature.

Under thermomechanical loading, the as-received behaviour of the material in the
temperature range studied is characterised by three frequency-dependent transitions,
each with a peak in the tan ¢ spectra and a concomitant drop in the storage modulus.
In ascending order of temperature and by considering the frequency of 1 Hz, a small
peak is observed, centred around —68 °C (T7) and associated with a slight drop in E’
(AE" = 170 MPa), followed by another maximum at 36 °C (T,) with a sharp decrease in E’
by about 1000 MPa, and the last peak occurs around 320 °C (T3) with a decrease in E’ by a
factor of 4.

The relaxation centred around —68 °C (T) is probably related to local motions in the
phenolic resin (micro-motions of the phenolic rings around the methylene bridges). Assum-
ing, as a first approximation, that the relaxation phenomenon is governed by Arrhenius’
law (small frequency range (~2.5 decades)), the activation energy was determined [106].
The low activation energy found (=70 kJ /mol) seems to confirm the hypothesis that this
relaxation was associated with the 3-relaxation of the phenolic resin, which is weaker
and more spread out in temperature than the main relaxation associated with the glass
transition. The matrix also contained an elastomer, styrene-butadiene rubber (SBR). SBR is
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a non-polar elastomer. As phenolic (PF) and melamine (MF) resins are highly polar due
to the presence of hydroxyl (OH) groups, the elastomer phase is dispersed in thermosets
(see EDS analysis in Section 2.1) (incompatible mixture). The glass transition of SBR is
around —40 °C [76]. There is no obvious peak associated with SBR in the DMA results.
This may be explained by the partial solubility of phenolic resin in SBR observed by various
authors [76,77]. The phenolic resin may participate in the SBR cross-linking network by the
cross-linking of rubber chains via methylene bridges in addition to sulphur cross-links. This
leads to a dense network with limited motion of the rubber segments between junctions
and, consequently, a low amplitude of tan é. This may be supported by the fact that the
[-relaxation of the phenolic resin appears to be quite broad, which could mean the overlap
of several contributions.

The T3 peak is quite wide, which could indicate the superposition of different contribu-
tions. It is probably associated with glass transitions, i.e., long-range molecular movements
of phenolic and melamine resins (main relaxations). The shape of the loss factor varies
according to the frequency tested. At low frequencies (1 Hz), the peak appears to be split.
The probable reason is that the activation energies of the phenomena associated with each
resin are different.

The activation energy of the T, relaxation is approximately 230 kJ/mol, suggesting
a large-scale cooperative motion of the main polymer chains. This relaxation could be
related to the possible compatibility between phenolic resin and SBR, as mentioned above.
Some authors [107] have highlighted a single tan J peak at 40 °C on the DMA scan as a
function of temperature on certain Novolac phenolic resin/NBR (nitrile-butadiene rubber)
blends and attribute this result to the compatibility between NBR and phenolic resin. In
the matrix of this study, the elastomeric phase is dispersed in the thermosets, and the
tan 0 peaks associated with thermosets are observed above 300 °C, but it is possible that
compatibility between the rubber and thermoset may occur in some domains at the interface
rubber/thermoset resin [77], resulting in the tan J peak at T,, even though the compatibility
of SBR with phenolic resin is a priori weaker than that of NBR, which is slightly polar.

This relaxation, as will be shown below, is highly dependent on material ageing and
will be used as a marker for the latter. It will hereinafter be referred to as T, at 1 Hz. In fact,
the T peak is not affected by thermal cycling, and some degradation may occur during the
DMA test in the T3 temperature range.

In order to monitor the effect of ageing, several material properties (Figure 8) were
extracted from the DMA sweeps at 1 Hz for each fatigue state (number of cycles and load
temperature), and the results are presented in Section 3.2.2:

the relaxation temperature: T,
the storage moduli at fixed temperatures below and above T, (—50 °C and —150 °C):
E'_s0oc and E'1500c

e the storage modulus difference: AE'= E' _50oc — E'150°C

2.3.3. Damage Measurements with Acoustic Emission

Tensile tests coupled with acoustic emission (AE) measurements were carried out on
as-received and fatigued materials to obtain information on the damage in the volume of
the material that had undergone different thermal cycles [108] (Figure 9).

When damage occurs or propagates in a material under stress, some elastic energy is
released, which propagates through the material. This phenomenon is known as Acoustic
Emission (AE). In composites, AE signals are generated in bursts associated with individual
emission events occurring within the material such as matrix cracking, delamination or
fibre failure. The signals are picked up by piezoelectric sensors coupled directly to the
surface of the part [109,110]. AE behaviour can be characterised by the cumulative number
of AE signals or events as a function of time and/or by analysing the parameters associated
with the hit signature associated with the onset or growth of damage [111].
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Figure 9. Principle (a) and picture of the tensile test (b).

AE testing does not detect pre-existing defects in the material but rather their growth
as they occur, the creation of new defects and their propagation. The Acoustic Emission
(AE) monitoring is therefore an effective technique for investigating the behaviour of
materials under stress in relation to their initial damage state. Specimens were then cut
into the clutch facing in the tangential direction (size 118 x 20 x 1.8 mm?, Figure 9a) and
subjected to tensile loading performed at an imposed displacement rate of 1 mm/min until
the complete failure of the specimen. The load, the strain field and the AE signals were
recorded during the test.

The testing machine used was an INSTRON model 3345 (Norwood, MA, USA) with a
maximum capacity of 5 kN. Digital image stereo correlation (DISC) was used to determine
the strain field (Section 2.2.1).

Acoustic emission (AE) signals were acquired and analysed using a Mistras AEwin
system from Physical Acoustics Corporation (Princeton Junction, NJ, USA). Two piezo-
electric sensors (type R15, Physical Acoustic Corporation) were used to detect the signals
during the tests. These sensors were firmly attached to the sample using silicone grease
and clips. The two sensors were positioned 70 mm apart at opposite ends of the specimen
(Figure 9b). The threshold of the AE system was set at 35 dB; any event with a lower
amplitude would not be detected. This study focused on the AE rate (number of events
per second).

3. Results and Discussion
3.1. CTE Evolution

CTE fields were measured after different numbers of thermal cycles and for the three
maximum cycle temperatures to assess the effect of thermal cycling on the material. For
each condition, three clutch facings were tested. The following damage variable was
defined to quantify the effect of thermal cycling on CTE:

b, _ CTE(N) - CTE;(0)

P CTE;(0) ©)

where i = R or T and N is the number of thermal cycles.

The quantity D and Dt were then calculated on the disc surface as the difference
between the CTE field after N cycles and the initial field, as shown in Figure 10 after
100 cycles at Ty, = 300 °C.
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Figure 10. Maps of CTE after different cycles at T}, = 300 °C for the same clutch facing: (a) initial
map of CTER, (b) map of CTER after 100 cycles at Tyux = 300 °C and (c) map of Dy after 100 cycles at
Tinax = 300 °C.

The evolutions of Dr and Dr as a function of the number of thermal cycles are shown
in Figure 11a,b for three maximum temperature levels (200, 250 and 300 °C). As the number
of cycles increases, the material shows a reduced expansion compared to its initial state.
The extent of this evolution is also influenced by the maximum temperature of the cycles:
the reduction in CTEg is approximately 50% for the 300 °C cycles, 15% for the 250 °C
cycles and less than 6% for the 200 °C cycles. The thermal cycling has a greater effect on
CTER than on CTEr. CTET seems not to be affected by the thermal cycles for a maximum
temperature below 250 °C, whereas it decreases by about 25% for the 300 °C cycles. The
results also show that for cycles at 300 °C, CTET and CTER converge to the same value.
Indeed, initially on the material in the received state, the CTER is twice as large as the CTET
(CTET (0) = CTER (0)/2), and after 100 cycles at 300 °C, the CTER decreases by about 50%,
while the CTET decreases by just over 20%. Thus, after 100 cycles at 300 °C, the radial and
tangential CTE converge to the same value.

The strain fields and thus the local information on the evolution of the CTE were
accessible through the experimental setup. The inhomogeneous evolution of the CTE
with thermal cycling was revealed by detailed analysis of the strain fields. Figure 11c
shows the evolution of the CTE fields as a function of the number of cycles for three
specimens subjected to 200 °C, 250 °C and 300 °C cycles, respectively (each temperature
level corresponds to one clutch facing). In some areas, the CTE increased, while in others, it
decreased. For a same sample, this evolution is heterogeneous, but the distribution remains
the same over cycles. The results also show that although 200 or 250 °C cycles appear to
have little effect on the average material behaviour at a clutch face scale, local variations in
CTE of up to 60% are possible.

In order to quantify the areas affected by thermal cycles, a threshold depending on
the strain resolution is set, and the CTE is considered modified if | D;| > 7%. Figure 12
shows the areas affected by changes in CTE for the three maximum temperatures. As
expected, there were more areas where the CTE decreased than where the CTE increased.
This phenomenon was more significant for the CTEg. This analysis also reveals a new
result: the radial and tangential CTE increased significantly in large areas (representing
8 to 30% of the total area), especially during the first cycles of thermal loading. In the case
of cycles at 200 °C or 250 °C, the area of these zones quickly reached a plateau, whereas it
decreased when the material was subjected to cycles at 300 °C. Regarding the CTE7, for
cycles at 200 °C or 250 °C, the size of the zones where the CTEt increased or decreased is
of the same order of magnitude. This explains why thermal cycling had no effect on the
average CTET for temperatures below 250 °C (Figure 11b).
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Figure 11. (a,b): Average evolution of Dr and Dr (error bars represent maximum and minimum
change over three tests); (c) Local evolution of Dy for each maximal temperature after 6, 50 and
100 cycles.

Local increases and decreases in the CTE can indicate competing changes and degra-
dation mechanisms during the thermal cycling of the material:

e the difference in the thermal expansion of the fibres and the matrix can lead to
crack initiation;
thermo-chemical reactions in the matrix can lead to the changes in the mechanical

properties of the matrix but also to cracking.

In general, the presence of cracks or microvoids causes a reduction in the averaged
value of the CTE [112]. However, the effect of the cracks or microvoids depends on their
shape, orientation, angle with the fibres and density but also on the fibre orientation, the
properties of the reinforcement and the matrix [112-115]. In this case, the CTE of the fibres
is about two times lower than the CTE of the matrix (Table 1), and the manufacturing tem-
perature is about 250 °C. Thus, the residual thermal stresses developed during manufacture
place the fibre in compression and the matrix in tension along the fibre axis and inversely
in the perpendicular direction. Differences in CTE between the different elements of the
yarn and the matrix lead to cyclic thermal shear stress at the matrix/fibre interface, which
in turn leads to decohesion and cracking. Cracks along the fibre axis make the thermal
expansion of the matrix free and could locally increase the CTE of the material as long as
the resin is not degraded.

The inhomogeneity of the CTE evolution at the surface of the material would be related
to the heterogeneous distribution of fibres. Indeed, their orientation and density depend
on the radius of the clutch facing (Figure 2b,c). Three-dimensional yarn tracing during
the preforming process determines the behaviour of the clutch facing. However, certain
deformations that occur during the manufacturing process can lead to irregularities, which
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affect the overall yarn tracing. Previous work has shown that this can have an effect on the
CTE field [8]. These irregularities can therefore influence the local evolution of the CTE.
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Figure 12. (a)b) Areas with increasing and decreasing CTER; (c,d) areas with increasing and decreasing CTET.

Resin ageing may also explain the average and local evolution of CTE, but further
analyses were carried out to highlight this. The results are presented in the following
section to help understand these phenomena.

3.2. Root Causes of the CTE Evolution

A non-homogeneous evolution of the material behaviour was revealed by thermal
expansion measurements for different maximum temperatures. Further analysis was
carried out to understand the causes of these effects. The aim was to analyse the effects of
composite ageing and its impact on the CTE.

3.2.1. Surface Cracking

First, the crack process was investigated by optical measurement (see Section 2.3.1).
The number and length of cracks were measured on 12 x 12 mm? surfaces (Figure 13a—c),
and Figure 13d shows their evolution as a function of the number of thermal cycles.
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Figure 13. Optical observation after 100 cycles with a maximal temperature of 200 °C (a), 250 °C (b)
and 300 °C (c) (visible surface cracks are surrounded by yellow ellipses); (d) Cumulated crack length;
(e) Mass loss versus the number of cycles; (f) TGA results obtained on a received clutch facing in air.

No cracks were observed in the sample that was cycled at temperatures up to
200 °C (Figure 13a). After 100 cycles, the cumulative crack length reached 50 mm for
the specimen cycled at 300 °C. This was twice that of the sample cycled at 250 °C. Cracks
developed mainly along the interface between the fibre bundle and the matrix, as shown in
Figure 13b,c. Crack coalescence can be observed after cycles at up to 300 °C (Figure 13c).
As mentioned previously, the difference in the CTE between the glass fibre (approximately
5 x 107% K~1) and the thermosetting resin-based matrix (approximately 120 x 107¢ K~1;
Table 1) can lead to thermal stress in the composite, which can cause matrix cracking and
weakening at the fibre/matrix interface as a result of thermal cycling.

This analysis confirmed the presence of cracks in the material induced by thermal
cycling, which can affect the CTE. As mentioned in the introduction, this is not the only
phenomenon involved in thermal ageing. Changes to the matrix (loss of volatile substances,
shrinkage due to chemical processes) are also factors to be taken into account.

3.2.2. Weight Loss and DMA Analysis

A study of the mass loss of the aged materials was carried out (see Section 2.3.1) and
is shown in Figure 13e. After 100 cycles, the mass loss was less 1% for 250 °C cycles, while
for 300 °C cycles, the mass loss reached 8%.

Thermogravimetric analysis (TGA) performed on the clutch facing between 30 °C
and 500 °C in air showed that there was no apparent weight loss below 300 °C (approx.
2.2%), at which temperature a sharp decrease is observed (Figure 13f). Various studies have
shown that phenolic resins exhibit a relatively high resistance to thermal ageing [81]. The
degradation of phenolic resins remains low (1-2 %) up to about 300 °C. A small percent of
volatile species are emitted, consisting mainly of entrapped unreacted monomers (phenol
and formaldehyde) and water, which is a by-product of further condensation reaction. It is
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at around 300 °C that the rate of degradation reaction increases, with the release of volatiles
such as CO CO,, and Hj; in addition to the previous compounds.

The TGA results and literature studies explain the difference in weight loss observed
between aged samples. The sharp increase in weight loss during thermal fatigue at 300 °C
is related to the coupling between oxidation and repeated thermal loading.

In order to analyse the thermal ageing of the matrix, Dynamic Mechanical Analy-
sis (DMA) tests were carried out (see Section 2.3.2) on materials after different ageing
treatments (number of cycles and load temperature Ty). Figure 14 shows the evolu-
tion of the relaxation temperature T;, the storage modulus at —50 °C E’_5poc and the
modulus difference AE'= E'_5poc — E'1500c as a function of the number of cycles and for
three load temperatures.
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Figure 14. Evolution of T, (a), storage modulus E’ (for T=—50°C) (c) and AE' (b).

When the specimen is cycled at 200 °C, Ty and E’ _5pec are slightly affected compared
to those at load temperatures of 250 or 300 °C. At cycling temperatures above 200 °C, T,
increases with the number of cycles and tends to plateau (Figure 14a). The formation of
additional cross-links with thermal ageing due to reactions of unreacted monomers may be
responsible for this increase. This is confirmed by the decrease in AE’ with the number of
thermal cycles (Figure 14c¢). In addition to post-curing [51], the increase may be linked to
oxidative crosslinking, as cited previously. The post-crosslinking processes under heating
in the presence of oxygen have already been demonstrated on diene elastomers used in
brake pad formulations [107]. Other authors have shown that degradation phenomena
are accelerated by the presence of heavy metals, such as copper, for these types of elas-
tomer [116]. However, E' _5oc decreases when samples are subjected to 250 °C or 300 °C
cycling (Figure 14b). As mentioned above, this could be due to the presence of cracks
that form during thermal cycling. The ageing kinetics are much greater at 300 °C than at
250 °C, where the material seems to reach a stabilised state (constant values of E' _5p-c and
AE"). Damage at 300 °C appears to be fast and very significant, with the storage modulus
decreasing very drastically.

In conclusion, resin transformation and, probably, additional cross-linking due to
the thermal ageing of the matrix can be observed. This modification of the resin could
contribute to a reduction in the CTE of the material due to the molecular mobility limited
by additional cross-linking. The inhomogeneity of the CTE evolution at the surface of the
material would then be related to a heterogeneous evolution of the resin but also to the fibre
distribution and orientation. The ageing of the mixture could be accelerated by the copper.
The degradation is certainly not homogeneous in depth and on the surface. Furthermore,
crack initiation can have two origins: (i) the difference in the thermal expansion of the
glass fibre and the matrix; (ii) the thermo-chemical reaction in the matrix. Cracking and the
evolution of CTE were observed on the surface of clutch facings, but the effects of thermal
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cycling within the thickness have not been quantified. The influence of the thermal cycling
within the volume is presented in the next section using tensile tests coupled with acoustic
emission measurements. The latter allowed us to highlight the presence of damage caused
by thermal cycling, as well as changes in mechanical properties.

3.2.3. Highlighting of Volume Damage: Ageing, Cracking and Mechanical Properties

The analyses presented so far (CTE evolution, DMA, mass loss and surface cracking)
suggest that the material evolves little when cycled at 200 °C and much more when cycled
at 300 °C. To verify this, tensile tests coupled with acoustic emission (see Section 2.3.3) were
carried out to provide indirect evidence of the volume evolution of the material. This also
complemented the analysis of the crack observation, which was only carried out on the
surface. Three types of specimens were considered: as-received, after six cycles at 200 °C
and after six cycles at 300 °C. For each type, three specimens were tested under monotonic
tensile tests, and the results are reproducible. In the following, only information relevant to
the understanding of the observed phenomena is exposed. The interested reader can find
more information in [108].

For the three states, the time evolutions of the stress-to-the-ultimate strength ratio and
the AE emission rate are shown in Figure 15.
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Figure 15. Stress and AE rate versus time for: (a) as-received specimen; (b) after six 200 °C cycles
and (c) after six 300 °C cycles.

Figure 15a shows the results obtained on an as-received specimen, and it is possible to
identify three phases from the evolution of the acoustic emission (AE) rate as a function
of time. The first phase, during which the acoustic emission rate (AE) increases signifi-
cantly, indicates uncontrolled defect growth [117]. This phase ends when the load reaches
47% of the maximum stress. The second phase, in which the acoustic emission rate sud-
denly decreases and stabilises at around 100 events per second, indicates controlled defect
growth [117]. In the third phase, the AE emission rate reaches a peak for the second time,
and failure of the specimen occurs. Figure 15b,c show the AE signals for the two specimens
subjected to six thermal cycles at 200 °C and 300 °C, respectively. The three phases were
identified using the same criteria based on the AE rate. The results show that the higher
the stress temperature, the more the boundary between the first two phases occurs at lower
stress levels. Indeed, in the case of cycling at 200 °C, while stress evolution appears to be
unaffected by thermal cycling, phase change occurs at a stress equivalent to 25% of the
maximum stress of the as-received material. For cycling at 300 °C, this phase change occurs
at 17% of this maximum stress. These results indicate the presence of pre-existing damage
prior to the tensile tests, which is due to the thermal cycling and which increases with
the load temperature. Even samples cycled at 200 °C are affected by thermal cycling and
show signs of damage after a small number of cycles. The use of AE signals as a damage
monitoring technique therefore provides additional information on degradation in the
volume, complementing the results discussed in the previous sections.
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To quantify the effect of thermal cycling on the material’s mechanical properties,
additional tensile tests were carried out. Figure 16a shows the evolution of the Ultimate
Tensile Strength (UTS) as a function of the number of cycles at 250 °C and after six cycles at
200 °C or 300 °C. The UTS is defined as the maximum stress reached during the tensile test,
and the error bars represent the maximum and minimum UTS for three specimens. These
measurements were made difficult by the fact that the rectangular samples were not flat
after thermal cycling. Indeed, as the thermal cycling was performed without mechanical
stress, the samples were twisted (internal stress release, cracking). For this reason, the test
campaign was not complete. Considering the scatter of the results, thermal cycling seems
to have little effect on the mechanical strength of the specimen cycled at 200 °C. The UTS
decreases slightly by about 20-30% after loading at 250 °C. However, after six cycles at
300 °C, the thermal cycling had a greater effect on mechanical strength. The significant
damage above 300 °C is therefore confirmed by these tensile tests. However, it is important
to note that the imposed thermal cycling is particularly severe, as heating is uniform
throughout the part. In reality, the heating is limited in the thickness of the material due to
its insulating nature and the time over which it is subjected to the temperature increase.
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Figure 16. Evolution of UTS (a), Young’s modulus E (b) and Poisson’s ratio v (c).

Figure 16b,c show the evolutions of the elastic properties of the material (Young’s
Module and Poisson’s ratio) as a function of the number of thermal cycles. These results
seem to confirm those obtained with DMA. After six cycles, the higher the temperature, the
greater the increase in stiffness. When the material is cycled at 250 °C, the elastic properties
quickly reach asymptotic values. This increase in Young’s modulus is in line with the
observed decrease in CTE.

The results presented in this section therefore confirm the analyses and hypotheses
made previously: thermal cycling leads to an evolution of the matrix and volume damage,
even at the lowest temperatures. This ageing leads to changes in mechanical properties,
i.e., areduction in the CTE and ultimate tensile strength, plus an increase in Young’s modulus.

3.2.4. Summary

Three mechanisms have been identified that may explain the change in the coefficient
of thermal expansion. The first is the cracking of the matrix associated with the difference
in the coefficient of expansion, which is the only one that can explain the local increase
in CTE. The other two are subjected to the ageing of the matrix: cracking induced by its
retraction and a change in mechanical properties induced by additional cross-linking. The
results of Figures 11c and 12 seem to indicate that the first mechanism occurs rapidly, after
only a few cycles, and that the evolution of the thermal expansion coefficient is then linked
to the other two. At 200 °C, the first mechanism appears to be predominant, whereas at
300 °C, the ageing of the matrix is rapidly imposed, which explains this large drop in the
coefficient of thermal expansion. At 250 °C, ageing is more gradual, which implies this
intermediate evolution. Finally, the heterogeneous evolution of the CTE seems to be related
to the fibre distribution and orientation. The ageing of the resin could be accelerated by the
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copper, and the cracking process depends directly on the mechanical interaction between
the matrix and fibre.

4. Conclusions

The objectives of this study were twofold: first, to evaluate the effects of thermal
cycling on the coefficients of the thermal expansion distribution of a clutch facing using
an original experimental technique and, second, to analyse the results by characterising
the effects of ageing on the material. The results show that: the greater the number or
the maximal temperature of cycles is, the greater the drop in the averaged coefficients of
thermal expansion. Regarding the thermal expansion coefficient fields, some areas show
an increase while others show a decrease. Additional analyses were carried out in order
to understand these results. On the one hand, the presence of cracks in the matrix caused
by differential expansion can be observed. On the other hand, resin transformation and,
probably, additional cross-linking due to the thermal ageing of the matrix induce further
cracks and the evolution of thermo-mechanical properties. The interaction of these complex
thermal degradation mechanisms between them and the fibres leads to a non-homogenous
evolution of the CTE. The actual fibre organisation is very heterogeneous. Ageing seems
to be activated at a temperature between 200 and 250 °C. At 200 °C, only the cracking
induced by the coefficient of thermal expansion differences seems to occur. At 250 °C, the
ultimate tensile strength of the material is reduced by 20-30% after 100 cycles. Finally, it
is important to stress the fact that the imposed thermal cycling is very severe due to the
homogeneous heating of the part. In reality, the clutch facing is submitted to a high but
very short increase in the temperature and only on the sliding surface. The next steps in
this work would be to develop a constitutive model of the thermal fatigue of this material
and to perform tests where only the surface of the clutch is heated.
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Abbreviations

The following abbreviations are used in this manuscript.
o Coefficient of the thermal expansion tensor
AT Temperature variation

AE' Drop in storage modulus

€ Strain

e, er  Tangential and radial strains

v Poisson’s ratio

0 Polar angle in the polar coordinate system
Ag Track width (clutch facing)

AE Acoustic Emission

BSE Backscattered Electron Detection
CTE Coefficients of thermal expansion



Materials 2023, 16, 5833

25 of 29

CTER, CTEr Radial and tangential coefficients of thermal expansion
D; Damage variable
Dg, Dt Radial and tangential damage variable
DIC Digital image correlation
DISC Digital Image Stereo-Correlation
DMA Dynamical mechanical analysis
Dout, Diy, Outer and inner diameters (clutch facing)
EDS Energy Dispersive Spectroscopy
E* Complex Young modulus
E Storage Young Modulus
E" Loss Young Modulus
Ly Preforming ratio (clutch facing)
N Number of cycles
NBR Nitrile Butadiene Rubber
Ro Mean radius of the clutch facing
ROI Region of interest
SBR Styrene Butadiene Rubber
SEM Scanning Electron Microscope
tan ¢ Loss modulus
Ty Glass transition temperature
Ti Relaxation temperature
TGA Thermogravimetric analysis
UTS Ultimate Tensile Strength
u,, U; Radial and tangential strain directions
References
1. Abdullah, O.L; Schlattmann, J.; Senatore, A.; Sabri, L.A.; Al-Sahb, W.S.A. Effect of Sliding Speed on the Thermal Stresses of
Single-Disk Friction Clutches. J. Fail. Anal. Prev. 2020, 20, 1534-1540. [CrossRef]
2. Faidh-Allah, M.H. Numerical and Finite Element Contact Temperature Analysis of Friction Material’s Type Effect on a Thermal
Transient Behavior of a Single-Disc Dry Clutch. Tribologia 2017, 271, 35-43. [CrossRef]
3. Biczd, R.; Kalacska, G.; Mankovits, T. Effects of Automotive Test Parameters on Dry Friction Fiber-Reinforced Clutch Facing
Surface Microgeometry and Wear. Polymers 2021, 13, 3896. [CrossRef] [PubMed]
4. Faidh-Allah, M.H. The Temperature Distribution in Friction Clutch Disc under Successive Engagements. Tribol. Ind. 2018, 40, 92.
[CrossRef]
5. Biczo, R,; Kalacska, G.; Mankovits, T. Micromechanical Model and Thermal Properties of Dry-Friction Hybrid Polymer Composite
Clutch Facings. Materials 2020, 13, 4508. [CrossRef] [PubMed]
6.  Bezzazi, M.; Khamlichi, A.; Jabbouri, A.; Reis, P.; Davim, ].P. Experimental Characterization of Frictional Behaviour of Clutch
Facings Using Pin-on-Disk Machine. Mater. Des. 2007, 28, 2148-2153. [CrossRef]
7. Khamlichi, A.; Bezzazi, M.; Parrén Vera, M.A. Optimizing the Thermal Properties of Clutch Facings. J. Mater. Process. Technol.
2003, 142, 634-642. [CrossRef]
8.  Flament, C.; Berthel, B.; Salvia, M.; Grosland, G.; Alix, I. Characterization of the Thermal Behavior of a Complex Composite
(Clutch Facing) Combining Digital Image Stereo Correlation and Numerical Approach. Materials 2022, 15, 2582. [CrossRef]
9.  Gkinis, T.; Rahmani, R.; Rahnejat, H.; O’'Mahony, M. Heat Generation and Transfer in Automotive Dry Clutch Engagement. J.
Zhejiang Univ. Sci. A 2018, 19, 175-188. [CrossRef]
10. Cakmak, T.; Kilic, M. Estimation of Friction Surface Temperature of a Dry Clutch. Int. J. Heavy Veh. Syst. 2020, 27, 683-702.
[CrossRef]
11. Gkinis, T.; Rahmani, R.; Rahnejat, H. Integrated Thermal and Dynamic Analysis of Dry Automotive Clutch Linings. Appl. Sci.
2019, 9, 4287. [CrossRef]
12. Yu, L.;Ma, B,; Chen, M,; Li, H.; Zhang, H.; Liu, J. Thermodynamic Differences of Different Friction Pairs in a Multidisc Clutch
Caused by Spline Friction: Numerical Simulation and Experimental Verification. Tribol. Trans. 2019, 62, 724-736. [CrossRef]
13.  Stojanovic, N.; Abdullah, O.1,; Rakisheva, Z.B.; Lattieff, F.A.; Hashim, E.T. The Effect of Applied Pressure Function on Thermo-
Elastic Problem in the Dry Friction Clutches. J. Fail. Anal. Prev. 2020, 20, 2145-2152. [CrossRef]
14. Majeed, M.H.; Kadhim, D.E.; Abdullah, O.I,; Schlattmann, J. Numerical Analysis of Thermal Problem in Dry Friction Clutches
Based on the Interactive Design Approach. Int. ]. Interact. Des. Manuf. 2020, 14, 1091-1101. [CrossRef]
15. Wu, G;; Li, P. Thermo-Mechanical Coupling Characteristics of Dry Clutch Under Different Automotive Starting Modes. In

Proceedings of the International Design Engineering Technical Conferences and Computers and Information in Engineering
Conference; American Society of Mechanical Engineers, Boston, MA, USA, 20—23 August 2020; Volume 83938, p. V004T04A027.


https://doi.org/10.1007/s11668-020-00945-3
https://doi.org/10.5604/01.3001.0010.6361
https://doi.org/10.3390/polym13223896
https://www.ncbi.nlm.nih.gov/pubmed/34833195
https://doi.org/10.24874/ti.2018.40.01.08
https://doi.org/10.3390/ma13204508
https://www.ncbi.nlm.nih.gov/pubmed/33053686
https://doi.org/10.1016/j.matdes.2006.07.001
https://doi.org/10.1016/S0924-0136(03)00683-6
https://doi.org/10.3390/ma15072582
https://doi.org/10.1631/jzus.A1700481
https://doi.org/10.1504/IJHVS.2020.111259
https://doi.org/10.3390/app9204287
https://doi.org/10.1080/10402004.2019.1610533
https://doi.org/10.1007/s11668-020-01031-4
https://doi.org/10.1007/s12008-020-00660-1

Materials 2023, 16, 5833 26 of 29

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Wang, Y.; Li, Y.;; Li, N,; Sun, H.,; Wu, C.; Zhang, T. Time-Varying Friction Thermal Characteristics Research on a Dry Clutch. Proc.
Inst. Mech. Eng. Part D ]. Automob. Eng. 2014, 228, 510-517. [CrossRef]

Pisaturo, M.; Senatore, A. Simulation of Engagement Control in Automotive Dry-Clutch and Temperature Field Analysis through
Finite Element Model. Appl. Therm. Eng. 2016, 93, 958-966. [CrossRef]

Jin, Y;; Chen, L.; Cheng, C. Transient Thermal Behavior of Dry Clutch under Non-Uniform Pressure Condition; SAE Technical Paper;
SAE International: Pittsburgh, PA, USA, 2020.

Zagrodzki, P. Thermoelastic Instability in Friction Clutches and Brakes-Transient Modal Analysis Revealing Mechanisms of
Excitation of Unstable Modes. Int. J. Solids Struct. 2009, 46, 2463-2476. [CrossRef]

Pica, G.; Cervone, C.; Senatore, A.; Lupo, M.; Vasca, F. Dry Dual Clutch Torque Model with Temperature and Slip Speed Effects.
Intell. Ind. Syst. 2016, 2, 133-147. [CrossRef]

Awrejcewicz, J.; Grzelczyk, D. Modeling and Analysis of Thermal Processes in Mechanical Friction Clutch—Numerical and
Experimental Investigations. Int. J. Struct. Stab. Dyn. 2013, 13, 1340004. [CrossRef]

Rahul, R.; Pugazhenthi, R.; Antony, E.]J.; Viswanath, B.; Selvan, A. Mathematical Modelling of Temperature Rise in Clutch and
Design, Analysis and Fabrication of Cooling System for Clutch. Int. . Sci. Eng. Res. 2015, 6, 603.

Abdullah, O.I; Schlattmann, J.; Majeed, M.H.; Sabri, L.A. The Distribution of Frictional Heat Generated between the Contacting
Surfaces of the Friction Clutch System. Int. |. Interact. Des. Manuf. 2019, 13, 487—498. [CrossRef]

Abdullah, O.L; Schlattmann, J. The Correction Factor for Rate of Energy Generated in the Friction Clutches under Uniform
Pressure Condition. . Adv. Theor. Appl. Mech. 2012, 5, 277-290.

Al-Shabibi, A.M. The Thermo-Mechanical Behavior in Automotive Brake and Clutch Systems. In New Trends and Developments in
Automotive System Engineering; IntechOpen: London, UK, 2011; ISBN 9533075171.

Abdullah, O.I; Abd Al-Sahb, W.; Al-Shabibi, A.M. Thermoelastic Analysis of Multi-Disc Clutches Using Finite Element Method.
Q. Tribol. 2014, 257, 9-24.

Kulkarni, A.; Mahale, R.; Kannan, C. Wear Based Lifetime Estimation of a Clutch Facing Using Coupled Field Analysis. Int. ].
Automot. Mech. Eng. 2021, 18, 9292-9304. [CrossRef]

Abdullah, O.I.; Schlattmann, J. Thermal Behavior of Friction Clutch Disc Based on Uniform Pressure and Uniform Wear
Assumptions. Friction 2016, 4, 228-237. [CrossRef]

Sherza, ].S.; Hussain, 1.Y.; Abdullah, O.I. Finite Element Simulation of Thermal Behavior of Dry Friction Clutch System during the
Slipping Period. . Mech. Contin. Math. Sci. 2019, 14, 41-58. [CrossRef]

Al-Zubaidi, S.; Senatore, A.; Abdullah, O.I1.; Scuotto, N. Effect of Sliding Speed on the Thermal Fields and Frictional Behaviours of
Asbestos-Free Frictional Materials Used for Dry Clutch System. In IOP Conference Series: Materials Science and Engineering; IOP
Publishing: Bristol, UK, 2020; Volume 881, p. 12086.

Pisaturo, M.; Senatore, A. Thermal Compensation Control Strategy in Automated Dry Clutch Engagement Dynamics and Launch
Manoeuvre. Int. |. Automot. Technol. 2019, 20, 1089-1101. [CrossRef]

Abdullah, O.I; Sabri, L.A.; Al-Sahb, W.A. Finite Element Analysis of the Thermal Behaviour of Single-Disc Clutches during
Repeated Engagements. Tribologia 2016, 2, 9-24. [CrossRef]

Abdullah, O.I; Schlattmann, J.; Lytkin, M. Effect of Surface Roughness on the Thermoelastic Behaviour of Friction Clutches. FME
Trans. 2015, 43, 241-248.

Abdullah, O.I; Rasham, A.M.; Jobair, H.K. The Influence of Frictional Facing Thickness on the Contact Pressure Distribution of
Multi-Disc Dry Clutches. FME Trans. 2018, 46, 33-38. [CrossRef]

Basavarajappa, S.; Ellangovan, S. Dry Sliding Wear Characteristics of Glass-Epoxy Composite Filled with Silicon Carbide and
Graphite Particles. Wear 2012, 296, 491-496. [CrossRef]

Chang, L.; Zhang, Z.; Ye, L.; Friedrich, K. Tribological Properties of High Temperature Resistant Polymer Composites with Fine
Particles. Tribol. Int. 2007, 40, 1170-1178. [CrossRef]

Olifirov, L.K,; Stepashkin, A.A.; Sherif, G.; Tcherdyntsev, V.V. Tribological, Mechanical and Thermal Properties of Fluorinated
Ethylene Propylene Filled with Al-Cu-Cr Quasicrystals, Polytetrafluoroethylene, Synthetic Graphite and Carbon Black. Polymers
2021, 13, 781. [CrossRef]

Rangaswamy, H.; Chandrashekarappa, M.P.G.; Pimenov, D.Y.; Giasin, K.; Wojciechowski, S. Experimental Investigation and Opti-
mization of Compression Moulding Parameters for MWCNT /Glass/Kevlar/Epoxy Composites on Mechanical and Tribological
Properties. ]. Mater. Res. Technol. 2021, 15, 327-341. [CrossRef]

Bajpai, A.; Saxena, P.; Kunze, K. Tribo-Mechanical Characterization of Carbon Fiber-Reinforced Cyanate Ester Resins Modified
With Fillers. Polymers 2020, 12, 1725. [CrossRef]

Fu, Y,; Zhou, L.; Yin, T.; Luo, Z.; Li, H.; Qi, L. A New Kind of Resin-Based Wet Friction Material: Non-Woven Fabrics with
Isotropic Fiber Networks as Preforms. Friction 2021, 9, 92-103. [CrossRef]

Bakry, M.; Mousa, M.O.; Ali, W.Y. Friction and Wear of Friction Composites Reinforced by Natural Fibres. Materwiss. Werksttech.
2013, 44, 21-28. [CrossRef]

Koranteng, K.; Shaahu, J.-S.; Chengnan, M.; Li, H.; Yi, Y.-B. The Performance of Cu-Based Friction Material in Dry Clutch
Engagement. Proc. Inst. Mech. Eng. Part | J. Eng. Tribol. 2021, 235, 1114-1123. [CrossRef]

Senthil Gavaskar, S.; Karthick, K.; Bibin, C. Statistical Analysis on Hardness of Clutch Facing at Various Stages in Clutch Face
Manufacturing. Mater. Today Proc. 2021, 46, 3730-3734. [CrossRef]


https://doi.org/10.1177/0954407013516434
https://doi.org/10.1016/j.applthermaleng.2015.10.068
https://doi.org/10.1016/j.ijsolstr.2009.01.033
https://doi.org/10.1007/s40903-016-0049-6
https://doi.org/10.1142/S021945541340004X
https://doi.org/10.1007/s12008-018-0480-x
https://doi.org/10.15282/ijame.18.4.2021.12.0715
https://doi.org/10.1007/s40544-016-0120-z
https://doi.org/10.26782/jmcms.2019.08.00004
https://doi.org/10.1007/s12239-019-0102-z
https://doi.org/10.5604/01.3001.0010.7559
https://doi.org/10.5937/fmet1801033A
https://doi.org/10.1016/j.wear.2012.08.001
https://doi.org/10.1016/j.triboint.2006.12.002
https://doi.org/10.3390/polym13050781
https://doi.org/10.1016/j.jmrt.2021.08.037
https://doi.org/10.3390/polym12081725
https://doi.org/10.1007/s40544-019-0326-y
https://doi.org/10.1002/mawe.201300962
https://doi.org/10.1177/1350650120944281
https://doi.org/10.1016/j.matpr.2021.01.860

Materials 2023, 16, 5833 27 of 29

44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Jabbar, N.A.; Hussain, 1.Y.; Abdullah, O.I. Thermal and Thermoelastic Problems in Dry Friction Clutch: A Comprehensive Review.
Heat Transf. 2021, 50, 7855-7878. [CrossRef]

Forsyth, D.S.; Kasap, S.O.; Wacker, I; Yannacopoulos, S. Thermal Fatigue of Composites: Ultrasonic and SEM Evaluations. J. Eng.
Mater. Technol. 1994, 116, 113-120. [CrossRef]

Odegard, G.M.; Bandyopadhyay, A. Physical Aging of Epoxy Polymers and Their Composites. ]. Polym. Sci. Part B Polym. Phys.
2011, 49, 1695-1716. [CrossRef]

Struik, L.C.E. Physical Aging in Plastics and Other Glassy Materials. Polym. Eng. Sci. 1977, 17, 165-173. [CrossRef]

Hu, H.W. Physical Aging in Long Term Creep of Polymeric Composite Laminates. J. Mech. 2007, 23, 245-252. [CrossRef]
Sullivan, J.L. Creep and Physical Aging of Composites. Compos. Sci. Technol. 1990, 39, 207-232. [CrossRef]

Kong, E.S.W.; Lee, S.M.; Nelson, H.G. Physical Aging in Graphite/Epoxy Composites. Polym. Compos. 1982, 3, 29-33. [CrossRef]
Pascault, J.-P.; Sautereau, H.; Verdu, J.; Williams, R.].J. Thermosetting Polymers, 1st ed.; CRC Press: Boca Raton, FL, USA, 2002.
Yu, Q.; Chen, P; Gao, Y.; Mu, J.; Chen, Y.; Lu, C,; Liu, D. Effects of Vacuum Thermal Cycling on Mechanical and Physical Properties
of High Performance Carbon/Bismaleimide Composite. Mater. Chem. Phys. 2011, 130, 1046-1053. [CrossRef]

Katunin, A. Thermal Fatigue of Polymeric Composites under Repeated Loading. J. Reinf. Plast. Compos. 2012, 31, 1037-1044.
[CrossRef]

Rasoldier, N.; Colin, X.; Verdu, J.; Bocquet, M.; Olivier, L.; Chocinski-Arnault, L.; Lafarie-Frenot, M.C. Model Systems for
Thermo-Oxidised Epoxy Composite Matrices. Compos. Part A Appl. Sci. Manuf. 2008, 39, 1522-1529. [CrossRef]

Lafarie-Frenot, M.C.; Grandidier, ]J.C.; Gigliotti, M.; Olivier, L.; Colin, X.; Verdu, J.; Cinquin, ]J. Thermo-Oxidation Behaviour of
Composite Materials at High Temperatures: A Review of Research Activities Carried out within the COMEDI Program. Polym.
Degrad. Stab. 2010, 95, 965-974. [CrossRef]

Shaoquan, W.; Shangli, D.; Yu, G.; Yungang, S. Thermal Ageing Effects on Mechanical Properties and Barely Visible Impact
Damage Behavior of a Carbon Fiber Reinforced Bismaleimide Composite. Mater. Des. 2017, 115, 213-223. [CrossRef]

Musto, P.; Ragosta, G.; Russo, P.; Mascia, L. Thermal-Oxidative Degradation of Epoxy and Epoxy-Bismaleimide Networks:
Kinetics and Mechanism. Macromol. Chem. Phys. 2001, 202, 3445-3458. [CrossRef]

Wang, Y.; Wang, S.; Bian, C.; Zhong, Y.; Jing, X. Effect of Chemical Structure and Cross-Link Density on the Heat Resistance of
Phenolic Resin. Polym. Degrad. Stab. 2015, 111, 239-246. [CrossRef]

Zavatta, N.; Rondina, F.; Falaschetti, M.P,; Donati, L. Effect of Thermal Ageing on the Mechanical Strength of Carbon Fibre
Reinforced Epoxy Composites. Polymers 2021, 13, 2006. [CrossRef]

Li, C; Xian, G. Experimental Investigation of the Microstructures and Tensile Properties of Polyacrylonitrile-Based Carbon Fibers
Exposed to Elevated Temperatures in Air. J. Eng. Fiber. Fabr. 2019, 14, 1558925019850010. [CrossRef]

Feih, S.; Manatpon, K.; Mathys, Z.; Gibson, A.G.; Mouritz, A.P. Strength Degradation of Glass Fibers at High Temperatures. J.
Mater. Sci. 2009, 44, 392-400. [CrossRef]

Neto, ].S.S.; de Queiroz, HEM.; Aguiar, R.A.A.; Banea, M.D. A Review on the Thermal Characterisation of Natural and Hybrid
Fiber Composites. Polymers 2021, 13, 4425. [CrossRef]

Sai Shravan Kumar, P.; Viswanath Allamraju, K. A Review Of Natural Fiber Composites [Jute, Sisal, Kenaf]. Mater. Today Proc.
2019, 18, 2556-2562. [CrossRef]

Scola, D.A. A Study of the Thermo-Oxidative Process and Stability of Graphite and Glass/PMF Polyimide Composites BT. In The
Role of the Polymeric Matrix in the Processing and Structural Properties Composite Materials; Seferis, ].C., Nicolais, L., Eds.; Springer
US: Boston, MA, USA, 1983; pp. 159-169. ISBN 978-1-4615-9293-8.

Pochiraju, K.; Tandon, G.P. Interaction of Oxidation and Damage in High Temperature Polymeric Matrix Composites. Compos.
Part A Appl. Sci. Manuf. 2009, 40, 1931-1940. [CrossRef]

Chung, K,; Seferis, ].C.; Nam, J.-D. Investigation of Thermal Degradation Behavior of Polymeric Composites: Prediction of
Thermal Cycling Effect from Isothermal Data. Compos. Part A Appl. Sci. Manuf. 2000, 31, 945-957. [CrossRef]

Schoeppner, G.A.; Tandon, G.P; Ripberger, E.R. Anisotropic Oxidation and Weight Loss in PMR-15 Composites. Compos. Part A
Appl. Sci. Manuf. 2007, 38, 890-904. [CrossRef]

Vu, D.Q.; Gigliotti, M.; Lafarie-Frenot, M.C. The Effect of Thermo-Oxidation on Matrix Cracking of Cross-Ply [0/90]s composite
Laminates. Compos. Part A Appl. Sci. Manuf. 2013, 44, 114-121. [CrossRef]

Colin, X.; Mavel, A.; Marais, C.; Verdu, J. Interaction between Cracking and Oxidation in Organic Matrix Composites. ]. Compos.
Mater. 2005, 39, 1371-1389. [CrossRef]

Awaja, F.; Zhang, S.; Tripathi, M.; Nikiforov, A.; Pugno, N. Cracks, Microcracks and Fracture in Polymer Structures: Formation,
Detection, Autonomic Repair. Prog. Mater. Sci. 2016, 83, 536-573. [CrossRef]

Khajeh, A.; Mustapha, F; Sultan, M.T.H.; Banhegyi, G.; Kardcsony, Z.; Baranyai, V. The Effect of Thermooxidative Aging on the
Durability of Glass Fiber-Reinforced Epoxy. Adv. Mater. Sci. Eng. 2015, 2015, 372354. [CrossRef]

Lafarie-Frenot, M.C.; Rouquié, S.; Ho, N.Q.; Bellenger, V. Comparison of Damage Development in C/Epoxy Laminates during
Isothermal Ageing or Thermal Cycling. Compos. Part A Appl. Sci. Manuf. 2006, 37, 662-671. [CrossRef]

Zrida, H; Fernberg, P; Ayadi, Z.; Varna, J. Microcracking in Thermally Cycled and Aged Carbon Fibre/Polyimide Laminates. Int.
J. Fatigue 2017, 94, 121-130. [CrossRef]

Ratna, D.; Banthia, A.K. Rubber Toughened Epoxy. Macromol. Res. 2004, 12, 11-21. [CrossRef]


https://doi.org/10.1002/htj.22257
https://doi.org/10.1115/1.2904246
https://doi.org/10.1002/polb.22384
https://doi.org/10.1002/pen.760170305
https://doi.org/10.1017/S1727719100001283
https://doi.org/10.1016/0266-3538(90)90042-4
https://doi.org/10.1002/pc.750030106
https://doi.org/10.1016/j.matchemphys.2011.08.033
https://doi.org/10.1177/0731684412452679
https://doi.org/10.1016/j.compositesa.2008.05.016
https://doi.org/10.1016/j.polymdegradstab.2010.03.019
https://doi.org/10.1016/j.matdes.2016.11.062
https://doi.org/10.1002/1521-3935(20011201)202:18&lt;3445::AID-MACP3445&gt;3.0.CO;2-N
https://doi.org/10.1016/j.polymdegradstab.2014.11.016
https://doi.org/10.3390/polym13122006
https://doi.org/10.1177/1558925019850010
https://doi.org/10.1007/s10853-008-3140-x
https://doi.org/10.3390/polym13244425
https://doi.org/10.1016/j.matpr.2019.07.113
https://doi.org/10.1016/j.compositesa.2009.03.010
https://doi.org/10.1016/S1359-835X(00)00043-9
https://doi.org/10.1016/j.compositesa.2006.07.006
https://doi.org/10.1016/j.compositesa.2012.08.013
https://doi.org/10.1177/0021998305050430
https://doi.org/10.1016/j.pmatsci.2016.07.007
https://doi.org/10.1155/2015/372354
https://doi.org/10.1016/j.compositesa.2005.05.002
https://doi.org/10.1016/j.ijfatigue.2016.09.017
https://doi.org/10.1007/BF03218989

Materials 2023, 16, 5833 28 of 29

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Soares, B.G.; Livi, S. Novel Techniques for the Preparation of Different Epoxy/Rubber Blends BT. In Handbook of Epoxy Blends;
Parameswaranpillai, J., Hameed, N., Pionteck, J., Woo, E.M., Eds.; Springer International Publishing: Cham, Switzerland, 2017;
pp. 29-67. ISBN 978-3-319-40043-3.

Derakhshandeh, B.; Shojaei, A.; Faghihi, M. Effects of Rubber Curing Ingredients and Phenolic-Resin on Mechanical, Thermal,
and Morphological Characteristics of Rubber/Phenolic-Resin Blends. J. Appl. Polym. Sci. 2008, 108, 3808-3821. [CrossRef]

Liu, W.-W.; Ma, ].-J].; Zhan, M.-S.; Wang, K. The Toughening Effect and Mechanism of Styrene-Butadiene Rubber Nanoparticles
for Novolac Resin. J. Appl. Polym. Sci. 2015, 132, 41533. [CrossRef]

Zaghdoudi, M.; Kommling, A.; Jaunich, M.; Wolff, D. Scission, Cross-Linking, and Physical Relaxation during Thermal Degrada-
tion of Elastomers. Polymers 2019, 11, 1280. [CrossRef]

Rezig, N.; Bellahcene, T.; Aberkane, M.; Nait Abdelaziz, M. Thermo-Oxidative Ageing of a SBR Rubber: Effects on Mechanical
and Chemical Properties. J. Polym. Res. 2020, 27, 339. [CrossRef]

Choi, S.-S.; Kim, J.-C. Lifetime Prediction and Thermal Aging Behaviors of SBR and NBR Composites Using Crosslink Density
Changes. |. Ind. Eng. Chem. 2012, 18, 1166-1170. [CrossRef]

Gardziella, A ; Pilato, L.A.; Knop, A. Phenolic Resins: Chemistry, Applications, Standardization, Safety and Ecology; Springer Science &
Business Media: Berlin/Heidelberg, Germany, 2013; ISBN 3662041014.

Saffar, A.; Shojaei, A. Effect of Rubber Component on the Performance of Brake Friction Materials. Wear 2012, 274-275, 286-297.
[CrossRef]

Lee, T.I; Kim, M.S.; Kim, T.S. Contact-Free Thermal Expansion Measurement of Very Soft Elastomers Using Digital Image
Correlation. Polym. Test. 2016, 51, 181-189. [CrossRef]

Bing, P; Hui-min, X.; Tao, H.; Asundi, A. Measurement of Coefficient of Thermal Expansion of Films Using Digital Image
Correlation Method. Polym. Test. 2009, 28, 75-83. [CrossRef]

Eitner, U.; Kontges, M.; Brendel, R. Use of Digital Image Correlation Technique to Determine Thermomechanical Deformations in
Photovoltaic Laminates: Measurements and Accuracy. Sol. Energy Mater. Sol. Cells 2010, 94, 1346-1351. [CrossRef]

Grédiac, M. The Use of Full-Field Measurement Methods in Composite Material Characterization: Interest and Limitations.
Compos. Part A Appl. Sci. Manuf. 2004, 35, 751-761. [CrossRef]

Robert, L.; Nazaret, F.; Cutard, T.; Orteu, ]J.-J. Use of 3-D Digital Image Correlation to Characterize the Mechanical Behavior of a
Fiber Reinforced Refractory Castable. Exp. Mech. 2007, 47, 761-773. [CrossRef]

Shi, Z.; Zou, C.; Zhou, F,; Zhao, ]. Analysis of the Mechanical Properties and Damage Mechanism of Carbon Fiber/Epoxy
Composites under UV Aging. Materials 2022, 15, 2919. [CrossRef]

Barré, S.; Benzeggagh, M.L. On the Use of Acoustic Emission to Investigate Damage Mechanisms in Glass-Fibre-Reinforced
Polypropylene. Compos. Sci. Technol. 1994, 52, 369-376. [CrossRef]

Quispitupa, A.; Shafiq, B.; Just, E; Serrano, D. Acoustic Emission Based Tensile Characteristics of Sandwich Composites. Compos.
Part B Eng. 2004, 35, 563-571. [CrossRef]

Loutas, T.H.; Kostopoulos, V. Health Monitoring of Carbon/Carbon, Woven Reinforced Composites. Damage Assessment by
Using Advanced Signal Processing Techniques. Part I: Acoustic Emission Monitoring and Damage Mechanisms Evolution.
Compos. Sci. Technol. 2009, 69, 265-272. [CrossRef]

Biot, C. Method of Fabrication of a Friction Material and in Particular of a Friction Ring for a Friction Disc of a Clutch and Friction
Ring of a Clutch. Patent EP0965770B1, 17 June 1998.

Zhang, X.; Li, K.-Z.; Li, H.-]; Fu, Y.-W.; Fei, J. Tribological and Mechanical Properties of Glass Fiber Reinforced Paper-Based
Composite Friction Material. Tribol. Int. 2014, 69, 156-167. [CrossRef]

Kumar, M.; Bijwe, J. Non-Asbestos Organic (NAO) Friction Composites: Role of Copper; Its Shape and Amount. Wear 2011, 270,
269-280. [CrossRef]

Wassilkowska, A.; Czaplicka-Kotas, A.; Bielski, A.; Zielina, M. An Analysis of the Elemental Composition of Micro-Samples
Using EDS Technique. Czas. Tech. 2014, 2014, 133-148.

Imiela, M.; Anyszka, R ; Bieliriski, D.M.; Lipiiska, M.; Rybiniski, P; Syrek, B. Synergistic Effect of Mica, Glass Frit, and Melamine
Cyanurate for Improving Fire Resistance of Styrene-Butadiene Rubber Composites Destined for Ceramizable Coatings. Coatings
2019, 9, 170. [CrossRef]

Banerjee, A.; Dutta, M.; Bhowmick, A.K.; Laha, T. Effect of Sn on the Adhesion between Cu-Sn Alloy Coated Steel and Styrene
Butadiene Based Rubber. ISI] Int. 2014, 54, 671-676. [CrossRef]

Sutton, M.; Orteu, J.; Schreier, H. Image Correlation for Shape, Motion and Deformation Measurements, 1st ed.; Springer US: Boston,
MA, USA, 2009; ISBN 978-0-387-78746-6.

Garcia, D. Mesure de Formes et de Champs de Déplacements Tridimensionnels Par Stéréo-Corrélation D’Images; Ecole des Mines d’Albi:
Toulouse, France, 2001.

Lyons, ].S.; Liy, J.; Sutton, M.A. High-Temperature Deformation Measurements Using Digital-Image Correlation. Exp. Mech. 1996,
36, 64-70. [CrossRef]

Flament, C.; Salvia, M.; Berthel, B.; Crosland, G. Digital Image Correlation Applied to Thermal Expansion of Composites. In
Proceedings of the 19th International Conference on Composite Materials ICCM-19), Montreal, QC, Canada, 28 July-2 August
2013; Van Hoa, S., Hubert, P., Eds.; IEEE: Montreal, QC, Canada, 2013; pp. 5235-5243.

Ferry, ].D. Viscoelastic Properties of Polymers; John Wiley & Sons: Hoboken, NJ, USA, 1980; ISBN 0471048941.


https://doi.org/10.1002/app.28034
https://doi.org/10.1002/app.41533
https://doi.org/10.3390/polym11081280
https://doi.org/10.1007/s10965-020-02330-y
https://doi.org/10.1016/j.jiec.2012.01.011
https://doi.org/10.1016/j.wear.2011.09.012
https://doi.org/10.1016/j.polymertesting.2016.03.014
https://doi.org/10.1016/j.polymertesting.2008.11.004
https://doi.org/10.1016/j.solmat.2010.03.028
https://doi.org/10.1016/j.compositesa.2004.01.019
https://doi.org/10.1007/s11340-007-9062-8
https://doi.org/10.3390/ma15082919
https://doi.org/10.1016/0266-3538(94)90171-6
https://doi.org/10.1016/j.compositesb.2003.11.012
https://doi.org/10.1016/j.compscitech.2008.07.020
https://doi.org/10.1016/j.triboint.2013.08.003
https://doi.org/10.1016/j.wear.2010.10.068
https://doi.org/10.3390/coatings9030170
https://doi.org/10.2355/isijinternational.54.671
https://doi.org/10.1007/BF02328699

Materials 2023, 16, 5833 29 of 29

103.

104.

105.

106.

107.

108.

109.

110.
111.

112.

113.

114.

115.

116.

117.

Kechaou, B; Salvia, M.; Benzarti, K; Turki, C.; Fakhfakh, Z.; Tréheux, D. Role of Fiber/Matrix Interphases on Dielectric, Friction,
and Mechanical Properties of Glass Fiber-Reinforced Epoxy Composites. ]. Compos. Mater. 2011, 46, 131-144. [CrossRef]
Kechaou, B.; Salvia, M.; Beaugiraud, B.; Juvé, D.; Fakhfakh, Z.; Treheux, D. Mechanical and Dielectric Characterization of Hemp
Fibre Reinforced Polypropylene (HFRPP) by Dry Impregnation Process. eXPRESS Polym. Lett. 2010, 4, 171-182. [CrossRef]
Emirkhanian, R.; Salvia, M.; Ferreira, J.; Jaffrezic, N.; Chazeau, L.; Mazzoldi, A. Characterisation of Thermal Relaxations of
Polyaniline Fibers by Dynamic Mechanical Thermal Analysis. Mater. Sci. Eng. C 2006, 26, 227-231. [CrossRef]

Roche, N.; Ichchou, M.N; Salvia, M.; Chettah, A. Dynamic Damping Properties of Thermoplastic Elastomers Based on EVA and
Recycled Ground Tire Rubber. J. Elastomers Plast. 2011, 43, 317-340. [CrossRef]

Camino, G.; Alba, E.; Buonfico, P,; Vikoulov, K. Thermal Behavior of Elastomer—Resin Mixtures Used as Friction Materials. J.
Appl. Polym. Sci. 2001, 82, 1346-1351. [CrossRef]

Flament, C.; Salvia, M.; Berthel, B.; Crosland, G. Local Strain and Damage Measurements on a Composite with Digital Image
Correlation and Acoustic Emission. J. Compos. Mater. 2015, 50, 1989-1996. [CrossRef]

Mechraoui, S.E.; Laksimi, A.; Benmedakhene, S. Reliability of Damage Mechanism Localisation by Acoustic Emission on
Glass/Epoxy Composite Material Plate. Compos. Struct. 2012, 94, 1483-1494. [CrossRef]

Pollock, A.A. Acoustic Emission—2. Acoustic Emission Amplitudes. Non-Destr. Test. 1973, 6, 264-269. [CrossRef]

Morscher, G.N.; Godin, N. Use of Acoustic Emission for Ceramic Matrix Composites. Ceram. Matrix Compos. 2014, 569-590.
[CrossRef]

Hatta, H.; Takei, T.; Taya, M. Effects of Dispersed Microvoids on Thermal Expansion Behavior of Composite Materials. Mater. Sci.
Eng. A 2000, 285, 99-110. [CrossRef]

Fellah, M; Tounsi, A.; Amara, K.H.; Adda Bedia, E.A. Effect of Transverse Cracks on the Effective Thermal Expansion Coefficient
of Aged Angle-Ply Composites Laminates. Theor. Appl. Fract. Mech. 2007, 48, 32—-40. [CrossRef]

Lu, TJ.; Hutchinson, J.W. Effect of Matrix Cracking and Interface Sliding on the Thermal Expansion of Fibre-Reinforced
Composites. Composites 1995, 26, 403—414. [CrossRef]

Bowles, D.E. Effect of Microcracks on the Thermal Expansion of Composite Laminates. J. Compos. Mater. 1984, 18, 173-187.
[CrossRef]

Barbin, WW.; Rodgers, M.B. 9—The Science of Rubber Compounding. In Science and Technology of Rubber, 3rd ed.; Mark, J.E.,
Erman, B., Eirich, ER., Eds.; Elsevier: Amsterdam, The Netherlands, 1994; Volume 11, pp. 419-469. ISBN 978-0-08-051667-7.
Beattie, A.G. Acoustic Emission Non-Destructive Testing of Structures Using Source Location Techniques; Sandia National Laboratories:
Livermore, CA, USA, 2013.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1177/0021998311410485
https://doi.org/10.3144/expresspolymlett.2010.22
https://doi.org/10.1016/j.msec.2005.10.058
https://doi.org/10.1177/0095244311398631
https://doi.org/10.1002/app.1970
https://doi.org/10.1177/0021998315597993
https://doi.org/10.1016/j.compstruct.2011.11.037
https://doi.org/10.1016/0029-1021(73)90074-1
https://doi.org/10.1002/9781118832998.ch20
https://doi.org/10.1016/S0921-5093(00)00721-8
https://doi.org/10.1016/j.tafmec.2007.04.007
https://doi.org/10.1016/0010-4361(95)90913-K
https://doi.org/10.1177/002199838401800206

	Introduction 
	Materials and Methods 
	Clutch Facing Material 
	Experimental Set-Up and Post-Processing for Measuring CTE Fields Evolutions 
	Experimental Set-Up 
	Coefficients of Thermal Expansion 
	Experimental Procedure and Post-Processing for CTE Measurements 
	Thermal Cycling Procedure 

	Material and Damage Characterisations 
	Surface Crack Measurement and Weight Loss 
	Dynamic Mechanical Analysis 
	Damage Measurements with Acoustic Emission 


	Results and Discussion 
	CTE Evolution 
	Root Causes of the CTE Evolution 
	Surface Cracking 
	Weight Loss and DMA Analysis 
	Highlighting of Volume Damage: Ageing, Cracking and Mechanical Properties 
	Summary 


	Conclusions 
	References

