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Abstract

Nowadays, researchers are making intense efforts to develop biomass-based industrial products. This study developed low-
metallic and asbestos-free samples based on Cortaderia selloana (12—-15% and 18% ratios), a natural species, to contribute
to the brake pad field. The developed samples’ friction coefficient and wear rate experiments were carried out on a brake
pad test device with a load of 1 MPa and a disk rotation speed of 6 m/s, according to the TS555 standard. Scanning electron
microscopy and electron-dispersive x-ray analysis were performed on the worn surfaces of the samples. According to the
results obtained, the wear rate increased while the average friction coefficient decreased in the brake pad samples using
18% Cortaderia selloana content in the sample content. In scanning electron microscopy analysis, primary and secondary
plateau formations were observed on the worn surfaces of all samples. At the same time, samples containing 15% and 18%
Cortaderia selloana also showed signs of abrasive wear. High friction coefficient and low wear rate are expected for brake
pads to be used in automobiles. In general, the friction of brake pads must be within the range, and it is always necessary to
balance the friction to avoid driver discomfort. However, except for some racing applications, a high coefficient of friction is
only sometimes desirable, which can cause rotor wear problems. As a result of this research, a consistent friction coefficient
and low wear rate for the brake pads with the brake pad sample containing 12% Cortaderia selloana.
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1 Introduction

Regarding traffic safety, brake systems are recognized as
the most crucial ones in a car [1]. Brake pads also protect
human life by enabling safe movement for cars [2]. With
the increasing importance in vehicle safety, requirements
have arisen for the materials that make up the brake pads
to provide friction performance stability [3]. The demand
for manufacturing brake pads used in cars are rising as
technology advances daily. In addition to the studies on
high-performance brake pads, it has gained importance in
studies sensitive to economic, environmental, and human
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[7]. In addition to being affordable, the brake pads should
also be safe for people and the environment, have a constant
friction coefficient, and have a low wear rate (WR) [8, 9].

Brake pads used in the automotive industry have a het-
erogeneous structure. It is obtained by mixing and pressing
powder materials that undertake tasks such as brake pad
binder, reinforcing, friction modifier, and filler. Many new
materials are tried in varying ratios and combinations to
provide properties with desired performance [10—12]. Under
mechanical and thermal loads, binding agents made from
substances with the necessary performance characteristics
guard the brake pad’s structural integrity. Reinforcers pro-
vide mechanical reinforcement of the matrix. In addition
to reducing the cost, the filling materials fill the volumet-
ric structure, while friction modifiers work synergistically
by balancing the friction coefficient and the WR. While a
commercially produced brake pad consists of 20 to 30 com-
ponents, creating such a formulation makes good dynamic
analysis difficult. For this reason, brake pads with reduced
formulation are being developed by researchers [13, 14].
This study employed a comparable methodology as well.

The development of environmentally friendly and, at the
same time, cost-effective composites is inevitable for engi-
neering applications [15]. The materials in the ideal brake
pad composite content, which are widely used today, com-
pensate for the performance defects of the materials used
alone. In addition, brake pads should provide the driver feel
comfortable during breaking a stable friction coefficient
independent of pressure and other environmental factor
changes, and low WRs [16-18]. Regarding cost and effi-
ciency, the brake pads used in vehicles provide a suitable
wear value, and less wear of the brake disc during braking
is desirable [19]. Changing one of the materials used in the
composite, for example, using an environmentally friendly
material instead of a toxic substance, should not be over-
looked [20].

It has been established that materials similar to asbes-
tos harm people’s respiratory systems and cause cancer
and mesothelioma. For this reason, the differences in envi-
ronmentally friendly materials in the industrial sense have
increased the interest in natural fibers because they pro-
vide better mechanical properties [21, 22]. In all industrial
and domestic applications, words such as environmentally
friendly and sustainability are seen as essential criteria in the
development of products. Products called environmentally
friendly and sustainable are given importance in product
development studies regarding economic, environmental,
and social aspects. These environmentally friendly products
are called green composites, and the materials contained
in the composite are entirely biodegradable and renew-
able [23]. Types in which compatible natural materials are
used in addition to synthetic materials are known as hybrid
composites and provide superior properties compared to
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traditional composites. The higher recyclability percent-
age of hybrid composite materials compared to traditional
composite materials has enabled the use of these materials
in areas such as the defense industry, automotive industry,
aviation, construction, and wind turbines. Selecting compat-
ible fibers is essential in terms of design and production [24,
25]. Natural fibers are used to reinforce brake pad friction
materials. Natural fibers are also considered an environmen-
tally friendly and sustainable resource. Different fibers may
have varied effects on brake pads’ mechanical or tribological
characteristics when incorporated into the friction material
[26-30]. Despite the developing technologies day by day, the
burden of environmentalists on technology has increased.
For these reasons, there is a need to develop environmentally
friendly technologies with biodegradability [31]. These envi-
ronmental concerns have led researchers to develop biopoly-
mer-based wear materials [32]. The development of natural
fiber-reinforced composites, which are called sustainable,
has become more critical compared to conventional materi-
als due to their rich behavioral properties [33].

Biomass-based composites containing coconut fiber [22],
pinus roxburghii natural fiber [21], abaca fiber and kevlar
fibers [29], sisal fiber [34], ramie-kenaf fibers [35], hemp
fiber [36], cupressus arizona cone [37], and coconut shell
[38] were suggested in some studies by researchers. The
emerging trends in friction materials have made it necessary
to develop environmentally friendly, high-performance com-
posites with stable friction properties [39]. US and European
automobile regulations have forced manufacturers operating
in the brake pad industry and researchers working on this
subject to focus on environmentally friendly pads. Although
there are many studies on natural fibers in the literature, a
detailed study on the Cortaderia selloana material, which
has a naturally fibrous structure in brake pad friction materi-
als for automobiles, still needs to be completed.

Cortaderia selloana, commonly known as pampas grass,
is a flowering species native to the South American region
and has approximately 25 species. Its bluish-green or sil-
very-gray leaves are long and thin, growing in grass piles
that can reach up to 3 m in height. This plant is 1-2-m high
and 1-cm wide and has sharp edges [40]. The Cortaderia
selloana plant has a feature that grows and spreads very
quickly in water ponds in every region. For this reason,
with the current study, environmentally friendly asbestos
can provide the desired brake performance conditions for
automobiles. Brake pad composites (BPCs) containing Cor-
taderia selloana in three different mixing ratios, which do
not contain substances harmful to health, were developed.
This study provided the preparation and applicability of Cor-
taderia selloana—based brake lining composites for brak-
ing performance properties. It will also guide to expand the
sustainability and green environmental characteristics of the
natural fiber—based plant Cortaderia selloana.
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Fig. 1 Cortaderia selloana
SEM and EDX analysis

Element|  Carbon Silicon
wt. (%) 46.52 53.48
Table 1 Materials and weight Resin  Alumina  Graphite  Tire dust Cashew  Brass powder Barite  Corta-
percentages used in BPC deria
content selloana
CDS12 23 15 4 5 6 30 12
CDS15 27 15
CDS18 i 18

2 Materials and methods
2.1 Development of brake pad friction materials

This study used 12-15% and 18% Cortaderia selloana mate-
rial. Brake pad friction materials formed with Cortaderia
selloana material used in varying proportions are coded
CDS12, CDS15, and CDS18. The numbers next to the letters
indicate the amount of Cortaderia selloana in the sample
content as a percentage by weight. In the BPC, Cortaderia
selloana and barite were used in variable proportions and all
other materials used in a fixed ratio. Powder novolac resin,
used industrially in brake pads, was used as the binder.

Cashew, used as a friction regulator, maintains braking
efficiency and absorbs the heat generated by friction. In this
study, cashew material was used in powder form as a creep
regulator [41]. Cortaderia selloana material is collected
from agricultural areas in Turkey, cleaned and dried, then
extracted, etc. It was chopped into 2-mm pieces without
being subjected to any chemical treatment. Brass powder
was used at a rate of 6% to dissipate the heat generated by
friction efficiently. Scanning electron microscopy (SEM)
and energy-dispersive X-ray (EDX) images of Cortaderia
selloana are shown in Fig. 1. In EDX analysis, it was deter-
mined that Cortaderia selloana contains 46.52% carbon and
53.48% silicon elements.

Using an electronic balance with a precision of 0.001 g,
the raw ingredients utilized in the fabrication of Cortaderia
selloana—based brake pad friction samples were weighed
per the percentage rate shown in Table 1. The weighed raw

Table 2 Brake pad friction materials production process and proce-
dure

BPC production process Production procedure

Mixing stage The raw materials specified in
Table 1 were mixed in a 60 1/min
kinetic-type three-dimensional

mixer for 15 min

The mixed materials were molded
by hot pressing method at 35 MPa
pressure, 150 °C temperature for
20 min

Molding stage

materials were manufactured according to the production
process and procedure specified in Table 2.

In the literature, brake pad production has been carried
out in 15-20 min with pressures ranging from 15 to 40 MPa
and a pressing temperature of 150 °C [9, 42]. The most
suitable molding stage method for the material used in this
study was determined, as stated in Table 2, and production
was carried out. In order to eliminate the residual stress that
may arise in the developed samples, the sample was cured
in the mold at a constant temperature of 150 °C for 20 min
without a breathing cycle.

2.2 Tribological performance of the BPC
Friction and wear properties of brake pads are among the

features considered in braking performance. These proper-
ties are calculated depending on the pressure and shear rate
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in test devices with different properties. Friction and wear
properties depend on the system acting on the interface of
the disc and brake friction materials in contact, the applied
load, the speed during sliding, the test environment, and the
temperature resulting from friction [43]. The BPC friction
and wear characteristics were assessed in the brake pad
tester. Figure 2 displays a schematic representation of the
brake pad and disc employed in the brake pad device.

During the test, the BPC were loaded with 1 MPa (+ 0.02),
and the friction disk speed was 6 m/s [44]. Experiments were
carried out on two samples for each developed composite. BPC
are 25 mm in diameter and approximately 11-mm high. The
brake disc was prepared for the test by being sanded with 320-
grit sandpaper before each trial. The loads applied to the fric-
tion disc of the brake pad tester, the friction force, and the tem-
perature values taken using a non-contact temperature meter
were all immediately recorded during the 30-min test under dry
sliding conditions. The friction coefficient [44] was calculated
as the ratio of the measured friction force to the applied load.
In order to calculate the WR, sample weights were weighed
on a balance with a precision of 0.001 g before and after the
test. According to the Archimedes principle, the mass WR is
determined by the quantity of mass that is worn out, the sliding
distance, the applied stress, and the lining density.

25mm 54

Fig.2 Brake pad tester disc and brake pad schematic display

2.3 Hardness of BPC and their water and oil
absorption properties

The hardness of BPC was determined by Shore D device in
ASTM D2240-15 [45] standard. Hardness was calculated
by applying a load between O and 44.5 N to the samples
and taking the average values from five points. The samples
were subjected to water and oil absorption tests in ASTM
D570-22 [46] standard. Brake pads are exposed to work-
ing in different environmental conditions, so one of the fea-
tures that should be considered is the hardness changes that
occur when exposed to different liquid environments [47].
Water and oil absorption tests are based on Shore D hardness
measurements, size measurements with a micrometer with a
precision of 0.001, and weight measurements with a balance
with a precision of 0.001 before and after the BPC are kept
in water and oil for 24 hours.

2.4 Analysis of friction and wear mechanisms
of BPC

Before SEM analysis of Cortaderia selloana—based BPC,
carbon coating was applied with BAL-TEK SCD005 brand
device. EDX analyses were carried out with the LEO 1430
VP brand SEM device and RONTEC QX2 brand detector
on the carbon-coated samples. SEM analyses of BPC were
performed with 1000x magnification after measurements
were made on the brake pad testing device.

3 Results and discussion
3.1 Characterization of BPC

The characteristic properties of the developed BPC such as
density, hardness, volume, and weight, percentage differ-
ences, and hardness when kept in water and oil, are given
in Table 3.

The mechanical qualities of the materials and a few
other elements affect wear in brake friction materials in

Table 3 Characteristics of BPC

Characteristic Sample code
CDS12 CDS15 CDS18

Density (g/cm?) 2.031 + 0.004 1.975 + 0.009 1.909 + 0.020
Hardness (Shore D) 93.65 + 1.811 93.65 +2.028 93.20 + 2.573
Oil absorption (Shore D) 88.90 + 5.447 87.90 £ 4.174 85.40 + 4.159
Water absorption (Shore D) 83.90 + 1.850 82.20 + 1.037 82.10 +2.302
Oil absorption (volumetric) % 0.08 0.11 0.17

Oil absorption (weighted) % 0.06 0.07 0.08

Water absorption (volumetric) % 1.32 1.61 1.78

Water absorption (weighted) % 0.03 0.05 0.06
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addition to the binder resin’s thermal resistance [48].
Another factor is that wear resistance increases with
increasing hardness. This characteristic does not happen,
but it might happen in specific circumstances [49, 50].
The study determined that the hardness value decreased
due to the increase in the amount of Cortaderia selloana
in the CDS18 sample. As a result of the decrease in hard-
ness value, the WR of the CDS18 brake pad composite
also increased.

The moisture absorption capacity of the brake pads dur-
ing parking or braking in different road conditions affects
performance characteristics such as noise during braking,
especially the friction coefficient and WR. In addition, stud-
ies in the literature determined that the moisture absorbed by
the brake pads also affects the WR [51]. During the move-
ment of vehicles, external substances such as oil may also
occur, except in cases involving only water. Absorbed fluid
may cause changes in the hardness properties of brake pad
materials and in size. As seen in Table 3, the volume and
weight values increased in all of the BPC kept in water and
oil environments. This increase was more in the samples
kept in the aquatic environment.

Comparable cases have been discovered in studies car-
ried out by other researchers in the literature [52]. Hardness
values decreased by 4.75 to 7.80 Shore D in samples kept in
an oil environment and by 9.75 to 11.45 Shore D in samples
kept in the water environment. Factors such as different vis-
cosity values of oil and water, different recipes in which the
samples are created, and product development conditions

change the hardness values of samples exposed to the liquid
environment.

3.2 The tribological properties of BPC

Tribologically, natural transitions result from the time-
dependent response of chemical, mechanical, thermal, and
other environmental factors and external elements to mate-
rials. When we say running-in, we can express the natu-
ral transition of a new component from an old stage to a
new stage in response to external elements in the system
[53]. In Fig. 3, the time-dependent friction coefficient and
WR values of BPC are given. In all of the friction coeffi-
cient graphs, it was determined that the friction coefficients
increased during the first 2 to 3 min of operation. The reason
for the increase in the friction coefficients may be due to the
running-in transition.

The frictional heat produced during braking impacts the
material’s oxidation, thermal strength, and flexibility, chang-
ing the surface structure and triggering a phase transition.
The brake pad’s dry friction behavior is impacted by this
alteration in how the brake pad and disc interact [39]. Defor-
mation, adhesion, and temperature conditions all impact how
well brake pads work [49]. Figure 3 illustrates how, as the
temperature rises, the friction coefficient in each created
BPC initially rises and subsequently falls. The breakdown
of the binder resin brought on by the rise in temperature is
the primary cause of the decrease in friction coefficient. By
functioning as a lubricant at the interface of the dissolved
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Fig.3 Temperature and friction coefficient graphs of BPC
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resin brake pad and disc, it actively contributes to fading
performance [54]. The thermal degradation of the compo-
nents, also known as the “fade phenomenon,” is the result of
heat buildup due to friction on the surface where the brake
pad and disc engage when braking. On the disc surface, the
disintegrated material creates a glaze layer. With the reduc-
tion in the coefficient of friction (p), this sticky glazing layer
becomes crucial for wear performance [12, 55].

Ideally, it is desired that the brake pads can brake at the
desired level of the driver and provide a constant friction
coefficient and less WR regardless of environmental condi-
tions and changes in speed and pressure phenomena [49].
At the same time, sensitivity analysis of friction coefficient
according to pressure and speed is made in performance tests
on brake pads. Ideally, distortion should be minimal, and the
p constant for comfortable braking, reliability, and repeat-
ability [12]. After 7 to 8 minutes of operation, the friction
coefficient values in all the developed samples give ideal
friction coefficient results at a constant value with the above-
mentioned feature. This result depends on the temperature
being constant at around 150 °C. Because thermal stability
causes less degradation. In particular, the stabilization of the
p values was because the binding resin did not deteriorate,
as well as the organic material, Cortaderia selloana fibers.
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Fig.4 Friction coefficients of BPC

Studies in the literature have shown that as fiber weight
increases, the average friction coefficient decreases [38]. The
friction coefficient values for BPC are shown in Fig. 4. The
average friction coefficient values should be high for the
best performance of the friction coefficient. From the results
obtained, the average friction coefficient was obtained as
0.30 in the CDS12 and CDS15 samples, the highest. The
results were similar to the studies in the literature, and the
friction coefficient of the CDS18 sample with increased fiber
content was obtained as 0.28 less than the other samples.
This may be because the use of Cortaderia selloana natural
fiber in high proportions in the material reduces the binding
property between other materials.

3.3 Wear rate (WR) of BPC

The fibers remaining on the surface due to wear carry
most of the loads resulting from friction. If the fiber con-
tent is too high, worse dispersion of the fibers in the brake
pad matrix will result in defects in the composite, sepa-
rating interfacial bonding forces. Afterwards, the trans-
fer film formed on the surface of the composites may
be destroyed, and the tribological surface of the material
may be affected [34]. High temperatures, however, cause
sticky wear that leads to broader and deeper grooves
and pits on the wear surface [56]. Theoretically, a high
amount of wear means that the pad-disc contact surface
is perfect and prevents the formation of high-temperature
areas. Excessive wear build-up results in heat removal,
which results in a lower disc surface temperature [57].
Figure 5 shows the wear behavior of BPC. Fatigue wear,
adhesive, and abrasive wear mechanisms were determined
on the worn surfaces. The amount of wear in the CDS18
sample is higher than in the other samples. At the same
time, as seen in Figure 3, the disc temperature value is
lower in this sample compared to other samples. It is seen
in the SEM analyses in Table 4 that the increase in the
amount of wear causes the contact surfaces to increase
as well. The increase in the WR may be due to the rapid
deformation of the surface that occurs with the increase in

Fig.5 Wear behavior of BPC 045 045
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Table 4 SEM micrographs and EDX analyses of worn surfaces
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the amount of Cortaderia selloana in the sample content
and the resulting excess wear residue.

Generally, wear particles resulting from energy, heat,
fracture, and deformation in different tribo systems with
the same friction coefficients can be divided differently
and cause varying WRs [53]. Although the average fric-
tion coefficients of the CDS12 and CDS15 samples were
the same, the WRs were not the same for both samples
due to the different energy.

3.4 SEM and EDX analyses of BPC

Four different wear mechanisms may occur in BPC steady-
state and break-in periods. These wear mechanisms are
called adhesive, abrasive, fatigue, cracks and corrosion
wear. By altering of various parameters and circumstances,
these processes might result in various wear mechanisms.
Adhesive wear happens when surface roughness causes
plastic deformation in the contact area and is linked to

@ Springer



5300

Biomass Conversion and Biorefinery (2025) 15:5293-5302

relatively high pressures. Material transfer from one sur-
face to another is made possible by the local sliding of
materials that have been worn due to plastic deformation.
The cause of abrasive wear is that the hard particles from
the external environment scratch and damage the contact-
ing surfaces. Surface fatigue is a type of wear caused by
tangential shear stresses that cause crack formation on the
contacting surfaces of BPC [53].

While some hard particles that break off from the lin-
ing surface under pressure are ejected to the outside, some
are embedded in the surface and create an abrasive effect.
During the rotation of the disc, the roughness is constantly
cut and broken. This situation profound a serious material
loss and a slight increase in the friction coefficient [58,
59]. Abrasive wear traces are shown in SEM images of
CDS15 and CDS18 samples in Table 4. Abrasive wear
marks were seen as the detachment of hard particles from
the surface and deep scratches formed by these ruptured
parts sinking into the surface again.

Retransfer of less stable and organic components that
deteriorate during braking results in retransfer patches
formed during friction. Back transfer patches are primar-
ily caused by hot regions on the bond surface or adhe-
sion during the fading cycle, resulting in more wear than
other types [49]. The dense, fine-grained areas are next to
the primary plateaus are called secondary plateaus. They
show a lower tensile strength because the stacking of the
so-called secondary plateau is loose. Over time, the tem-
perature and pressure increase during friction leads to the
compression of wear residues [60]. The lighter-colored
parts at the edges of the primary plateaus shown in SEM
analyses in Table 4 show the retransfer patches. These
back-transfer patches are deposits that stick to the edges
due to adhesive wear from surfaces designated as second-
ary plateaus.

The primary and secondary contact plateaus are the two
main components of the contact plateaus on the friction
surface of the brake pad on the worn surface. The central
plateau is the initial surface of the brake pad to form, which
causes the elimination of wear-resistant and mechanically
stable components to proceed more slowly. Primary plateaus
are necessary for BPC to work as intended [34]. Primary
plateaus for all BPC are shown in Table 4. Primary plateaus
are contact surfaces and structures formed by load-bearing
components such as friction modifiers [49]. The develop-
ment of these contact plateaus is related to the brake pads’
ability to withstand wear. Wear deposits are produced on the
lining contact surface due to the trapping of particles that
have broken free from the interface, adding to wear resist-
ance [61].

EDX analysis results of BPC are shown on the sides of
SEM analyses in Table 4. From the EDX analysis, the com-
ponents in the sample are homogeneously distributed. The
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presence of iron content in EDX analyses is due to particu-
late residues from the worn disc.

4 Conclusion

This study evaluates the mechanical and tribological proper-
ties of Cortaderia selloana fiber-based hybrid natural com-
posites as a sustainable green resource. The innovative and
asbestos-free brake friction material contains 12%, 15%, and
18% Cortaderia selloana material by weight. A laboratory-
scale brake pad tester was used to test the created brake
pairs’ braking capabilities. The hardness and distinctive
qualities of the samples preserved in various liquid condi-
tions, such as water and oil, were also determined in addition
to the braking performance. SEM and EDX analyses of the
BPC worn surfaces were used to examine wear mechanisms.
The obtained results can be summarized as follows:

(i) The average friction coefficient of CDS12 and
CDS15, BPC’s, was 0.30, and the maximum was
obtained. On the other hand, the CDS12 sample
yielded the lowest WR. High p and low WR are
expected features for brake pads to be used for auto-
mobiles. The most suitable BPC for these features is
the CDS12 sample.

(ii)) In SEM and EDX analyses, primary and secondary
contact surfaces in all samples and abrasive wear
marks on CDS15 and CDS18 samples were deter-
mined. The WR of the abrasive wear marks samples
was also higher than the CDS12 sample. The light-
colored parts on the margins of the primary contact
surfaces have emerged due to adhesive wear that
broke off from the secondary plateaus.

(iii) Volume and weight increased in the samples kept in
oil and water liquid medium. Depending on the liquid
absorption, the hardness values slightly decreased.
The liquid penetration into the sample was higher
in the samples kept in the water environment. More
volume, weight increase, and hardness reduction
were observed compared to the samples kept in the
oil environment.

(iv) This study determined that brake pads could be
improved with Cortaderia Selloana, a natural, sus-
tainable material and that their braking performance
was at the desired level.
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