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Abstract

Currently, most design solutions are disc brake systems, in which, during braking, the
rotating disc, along with the wheel, rubs against stationary brake pads, converting kinetic
energy into thermal energy released into the atmosphere. Brake pads are made of composite
materials. One of the key components is copper. Its presence is crucial and plays a crucial
role in friction materials. In this work, an attempt was made to replace copper, which is
unfortunately harmful to both the environment and humans, with aluminum powder and
polytetrafluoroethylene powder. Samples of the proposed prototype friction materials were
manufactured, and their thermal and tribological properties were determined (research
described in the previous work). Knowledge of the materials” properties allowed for
simulation studies. Calculations were prepared for three different scenarios. The results
showed that the heating process using the proposed materials during braking is very similar
to that of materials with a conventional composition. Of the materials tested, composition
where copper was replaced by polytetrafluoroethylene and aluminum in a 4:1 ratio gave
the most promising results. In tests, this material had the lowest maximum brake pad
temperature values, which contributes to a reduced risk of fading. Also, by “pushing”
thermal energy into the brake disc, it contributes to the fastest dissipation of this energy.
This suggests that the materials can be used in real-world braking systems.
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1. Introduction

Brakes are extremely important devices. This applies primarily to vehicles, where their
main task is to reduce speed, but also to bring the vehicle to a complete stop or maintain
it stationary [1,2]. The correct operation and effectiveness of the braking system have a
significant impact on road traffic safety [3,4]. Therefore, considerable attention is paid to
friction materials and their properties.

Disc brakes are most often used in passenger cars, where brake pads mounted in a
caliper rub against a disc rotating with the wheel [5]. The friction force generated depends
on the brake fluid pressure in the system, which in turn depends on the driver’s pressure
on the brake pedal. Brakes therefore act as a converter of mechanical and kinematic energy
resulting from the vehicle’s motion into thermal energy, which is then dissipated to the
environment [6,7]. To facilitate this, many manufacturers now use air ducts through which
centrifugal force forces a flow, significantly improving convective heat transfer [8-10]. All
tribological parameters related to the braking process are closely dependent on the friction
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pair materials. For the disc, gray cast iron is usually the choice. It is a good material,
characterized by high mechanical properties, sufficient thermal conductivity, and is not
expensive [11,12]. The brake pad material is a much more significant problem. Composite
materials of various compositions and proportions are most commonly used [13,14]. Nu-
merous studies show that a very wide range of components are used, from waste, e.g., from
food production [15,16], through animal materials, e.g., hair or fur [17,18], combustion prod-
ucts, e.g., fly ash [19-21], to various types of metals [22,23] and ceramic components, e.g.,
silicon-based [24-26]. Generally, depending on the function performed in the composite
friction material, components can be divided into several groups [27,28]:

e  Reinforcement—a fibrous material primarily responsible for the mechanical strength
of the final product;

e  Matrix—most often resin, serves as the binder for the composite material;

e  Fillers—components whose function is to fill the voids between other materials;

e And friction modifiers, which play a decisive role in determining the coefficient
of friction.

One of the key friction modifiers currently used is copper. This material, thanks to its
properties, is an almost mandatory component of brake pads. During friction braking, it is
smeared across the disc surface, creating a thin lubricating film. This feature is important
because it prevents accelerated wear, for example, due to adhesion. Furthermore, this
lowers the coefficient of friction, thereby reducing the thermal load on the friction pair.
Copper is also an excellent conductor. This feature also reduces thermal load, as heat is more
quickly dissipated from the friction zone. Unfortunately, despite the above advantages,
copper has a significant drawback: it is a harmful metal. Aquatic organisms are particularly
sensitive to it, but it can also cause multi-organ diseases in humans. For this reason,
the maximum copper content in brake pads is regularly reduced. The Euro 7 standard,
scheduled for introduction in 2035, is intended to significantly reduce pollutant emissions
from brake pads, in part by reducing copper content [29]. So-called non-exhaust emissions
constitute a growing proportion of total emissions and now exceed exhaust emissions
in many countries. Non-exhaust particulate emissions arise mainly from brake and tire
abrasion, but also from road surface wear, and the re-dispersal of road dust [30]. This
type of pollution may even result from the wear and tear of vehicle components, e.g., the
engine [31,32].

Limiting the copper content in friction materials poses a serious problem and necessi-
tates significant changes in brake pad design. Gilardi et al. used three types of graphite as a
copper substitute. They used it as a solid lubricant in brake pads [33]. Six groups of samples
were prepared—one without graphite, and one containing graphite in various forms and
concentrations. Graphite proved to provide good lubrication properties. This helped, for
example, reduce undesirable noise during braking. It also improved thermal conductivity.
Mabhale et al. took a slightly different approach. They decided to replace copper with
stainless steel chips (SSS) [34]. They used their friction modifier proposal to develop a
series of samples. Although the samples showed promising anti-adhesive properties, they
unfortunately exhibited lower resistance to a key brake problem—fading. Different SSS
concentrations also yielded different tribological properties—increasing the concentration
resulted in an increase in the friction coefficient. Zheng et al. proposed a more ecological
approach. A friction material was developed in which copper was replaced by using the
properties of fly ash microspheres [35]. This significantly improved selected properties,
such as thermal stability, hardness, and impact strength, reduced the density of the final
product, effectively increased the coefficient of friction at medium and high temperatures,
and improved the resistance of brake materials to fading. During the collaboration, the
formation of a thin lubricating film on friction surfaces was also observed. Amit et al.
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used aluminum as a substitute for copper [36]. Four groups of samples were prepared,
differing in the content of this element (0-15%). Both physical properties, such as mechani-
cal strength and hardness, and tribological properties, were tested using a tribotester. A
decrease in density and coefficient of friction was demonstrated with increasing aluminum
concentration. Almost the same hardness, tensile strength, bending strength, and com-
pressive strength were obtained, along with better stability in relation to the coefficient
of friction. A similar idea was also developed by Strojny-Nedza et al. [37]. Four types of
materials were developed with different percentages of aluminum and ceramic fraction.
Their studies did not take into account tribological properties, focusing primarily on the
porosity and hardness of the material.

Testing the working components of braking systems can be performed in many ways,
using various tools. Simulation tests are most commonly used. They allow for the rep-
resentation of very complex operating conditions, and such tests have a low overall cost.
Computer simulations in the study of friction materials for brake pads enable in-depth
analysis of mechanical and chemical processes at various scales—from the molecular to the
macroscopic. These simulations enable prediction of material behavior under real-world
conditions (often impossible or very difficult and costly), optimization of composition and
structure, and resolution of problems related to issues such as durability and pollutant
emissions. Modern models increasingly consider the impact of material degradation not
only on tribological properties but also on dust generation and harmful emissions, which is
crucial from the perspective of environmental regulations. Simulation studies increasingly
combine molecular and microstructural simulations with macroscopic models of stress
and wear analysis. This approach allows for understanding the relationships between the
microstructural properties of a material and its behavior during real braking, enabling
precise optimization of brake pad composition and structure. Current trends also focus on
tribochemistry. Such models help predict how frictional properties change during operation
and how to stabilize the coefficient of friction under varying conditions. It is also common
practice to combine mechanical analyses with airflow simulations around and through
the braking system, enabling better prediction of temperature distribution and cooling of
friction elements. Such models support the design of systems that prevent overheating and
material degradation.

Studies aimed at determining the frictional heating process are particularly popular. To
reduce calculation errors, the method described by Stevens et al. [38], which uses first-order
differential equations, can be used. You et al. found that different materials require different
testing methods. They implemented their theory in studies of materials with different
microstructures [39]. Esfe et al. demonstrated that, in addition to chemical composition, the
frictional heating process is also influenced by the Reynolds number or particle size of the
components used in production [40]. Similar studies were conducted by Kumar et al. [41].
They demonstrated a clear relationship between convective heat flow and the Reynolds
number. It also appears that there is a relationship between the Nusselt number, the
Reynolds number, and the disc-to-wheel diameter ratio, as investigated by Zhang et al. [42].
Ghandouri et al., in theoretical simulation studies, determined the effect of geometric
features on the brake heating process. They used new types of ribs, which improved heat
transfer coefficients [43]. Song et al. also introduced holes in the ribs, demonstrating a
positive effect on the heat release rate [44].

Previous studies [45] have determined how replacing copper with polytetrafluoroethy-
lene and aluminum powder affects the tribological properties of the proposed friction
material. The literature contains studies on the use of aluminum in friction materials. Awe
et al. [46] describe the use of aluminum in friction materials and its effect on the thermal
conductivity and wear resistance of brake materials. The results indicate that aluminum
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improves heat dissipation, which reduces the risk of overheating and pad cracking, while
stabilizing the friction coefficient. Pacino et al. [47] also demonstrated that the addition of
aluminum allows for a reduction in component weight while maintaining good durability
and braking efficiency, which is particularly attractive in electric vehicles. The aim of
this study is to continue this research by determining the friction heating process of the
proposed composite containing both aluminum and polytetrafluoroethylene. A virtual
environment will be used for this purpose, and the necessary input data will be determined
experimentally using material samples.

2. Materials and Methods

The research described in this article is purely theoretical. The simulation input
parameters were based on laboratory tests of real composite friction materials. The object
of the study was an actual passenger car braking system.

The idea is to reduce, or ideally eliminate, copper (which in our study consisted of a
powder with a purity of >99% and a grain size of <60 um) from the composition of this
material. Polytetrafluoroethylene powder (CF2CF2]n, grain size 20-70 um) and aluminum
powder (Al, grain size ~65 um) were chosen.

Aluminum was chosen for its excellent thermal conductivity and density. Low density
allows for weight reduction, which is particularly important in vehicles, as it directly affects
inertia and thus contributes to both improved acceleration and deceleration. Aluminum
also has a low Young’s modulus (approximately 40% compared to copper), making it more
malleable. This facilitates the shaping of the final product. Aluminum’s anti-corrosion
properties are also important, positively impacting the service life of the braking system.

Polytetrafluoroethylene (Teflon) also possesses many desirable properties in braking
systems. Primarily, it has excellent lubricating properties. This property contributes to a
reduction in the coefficient of friction, which in turn positively impacts the thermal load
on the brake components. Another important characteristic is its resistance to the vast
majority of known solvents. Teflon is unaffected by changes in UV radiation intensity and
is also resistant to high temperatures, remaining unchanged up to 250-300 °C. It is also
environmentally friendly, being odorless, tasteless, and non-toxic. In addition to the above
key components, the following materials were used in the study: ground steel with a grain
size of 0.5-1.0 mm, aramid fibers (thickness <0.1 mm, length ~5 mm), polyester resin, fly
ash (grain 1-200 pm), and gray cast iron powder (EN-GJS-400-12, grain <200 um). All
materials were manufactured by SYNTHETIKA SP.Z.0.0, L6dz, Poland.

Four types of samples (S1-54) were prepared for the study. The main differences
between the groups are as follows:

e Sl samples had a fairly conventional composition, with 20% copper as the lubricant
and heat-dissipating component;

e In the 52 samples, copper was eliminated, and its properties were replaced by alu-
minum powder for thermal conductivity and Teflon powder for lubrication;

e Inthe S3 group, copper was also eliminated, but the aluminum powder content was
increased at the expense of polytetrafluoroethylene powder;

e 5S4 samples had the highest aluminum content and the lowest tetrafluoroethylene
content of all the samples tested; copper was also omitted in this case.

The proportions (Table 1) were measured using a Steinberg SBS-LW-300A laboratory
scale (accuracy 1073 g, Steinberg, Hamburg, Germany). Dedicated containers were used
for weighing, which were washed and dried before each measurement to improve mea-
surement precision. Techniplast 400 epoxy resin was used to prepare the samples (product
data sheet available on the manufacturer’s website).
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Table 1. Compositions of samples S1-54.

Component S1 (wt.%) S2 (wt.%) S3 (wt.%) S4 (wt.%)
Copper 20 0 0 0
Aluminum 0 4 10 16
Polytetrafluoroethylene 0 16 10 4

Steel (0.18% C, 0.5% Si, 1.65% Mn,

0.05% P, 0.02% S, 0.08% Mo) 1 1 1 n
Aramid fiber 18 18 18 18
Resin 19 19 19 19
Fly ash, grain 1-200 um 23 23 23 23
Cast iron powder 9 9 9 9

To ensure the highest possible homogeneity of the sample material, an additive mix-
ing device was used (Figure 1). The material was left in the mixing chamber for one
hour. A stepper motor set the speed to 50 RPM (by external Arduino driver), which, com-
bined with internal ribs, allowed for thorough mixing and thus even distribution of the
individual components.

1 2 3 4 5 6

Figure 1. 3d printed mixing device for composite raw materials: 1—stepper motor, 2—base,
3—bearing, 4—mixing tube, 5—connecting screw, and 6—Ilid.

The prepared material was placed in molds. A hydraulic press was then used to apply
20 MPa of pressure to the material. After full curing, the samples were demolded and
heated at 55-60 °C for 24 h. The purpose of this was to evaporate residual chemicals, such
as solvents used for cleaning containers, and to finally cure the resin. Two versions of the
samples were prepared:

e  Cylindrical with a diameter of 1” (25.4 mm) and a height of 10 mm, which were used
for tribological testing;
e  And cuboidal with a side length of 20 mm, used for testing thermal and physical properties.

The first stage of the research, aimed primarily at determining the coefficients of
friction for individual sample groups, was performed using a T-20 laboratory stand (ball-
disc friction pair, Figure 2).

The experimental Taguchi multiparameter process optimization method was used to
develop the research plan. This method assumes the adoption of an orthogonal table based
on a number of variables (in this case, three: sample contact force, friction path, and friction
velocity), and based on this table, preliminary tests are conducted. These tests allow for the
determination of input parameter values for the main experiment, which provides the best
repeatability of results, i.e., the smallest relative error. After selecting the optimal input
parameters, the main experiment was conducted, in which multiple repetitions allowed for
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the determination of mean friction coefficient values along with standard deviation values.
The detailed research procedure is described in a previous publication [45]. The obtained
results are summarized in Table 2.

3 4721 56

Figure 2. T-20 test stand used in experiment: 1—sample, 2—counter sample, 3—control unit, 4—PC,
5—motor, 6—load, 7—lever with counterweight.

Table 2. Average coefficient of friction values.

Group No Average COF Standard Deviation
S1 0.384 +0.0124
S2 0.237 +0.0324
S3 0.312 +0.0157
S4 0.353 +0.0144

Each simulation study requires input parameters. Their number may vary depending
on the complexity of the mathematical model, but the essential parameters that directly
influence the friction heating process include density, thermal conductivity, and thermal
capacity [48,49]. These parameters were determined by an external company, and the
results are presented in Table 3.

Table 3. Physical and thermal data of friction materials.

Parameter S1 S2 S3 S4 Disk
Thermal conductivity [W/m-K] 119 123 126 129 45
Density [kg/m?] 2970 2935 2905 2880 7850
Heat capacity at constant pressure [J/kg-K] 1248 1176 1141 1110 460

To determine the course of the friction heating process, it was necessary to develop
a mathematical model. Vehicle speed is closely dependent on the rotational speed of the
wheels, while the torque required to ensure adequate braking can be expressed as:
dew(t)
Me(t)=—I—/-,t <t < t 1
£(t) G o stsh 1
where wt is the wheel rotational speed, I is the torque of inertia taking into account the
energy Ei(t). The moment of inertia was calculated after the transformation:

,Hh <t < b )
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where 7, is the average radius of engagement of the disc and brake pad. It is determined by

the relationship:
27T o 2(r3 —19)
r redr s ST S 3
c A 3(1’% T%) 1 =7 = "2 ()

where r is the minimum contact radius of the disc and pad, and r; is the maximum. The
instantaneous kinetic energy of the vehicle moving at speed v is determined as follows:

Ex(t) = —Hoohstsh (4)

The braking torque can also be written using the formula:
My(t) = fpAre, 1 <t <, (5)

where f—coefficient of friction between the disc and the pad determined experimentally,
p—contact pressure, A—contact surface area of the disc and the pad. By transformation,
the contact pressure can be determined:

plo) = 5

S St S b (6)
The contact surface area is determined by the formula:

AZZ(%(Q*H))(Q*H) 7)

where a; is the contact angle of the pad on the friction surface. The friction power, in turn,
could be determined from the relationship:

P(t) = prV(i’), tl S t S tz, (8)

where V is the linear velocity of the friction pair at the central point of contact. This velocity
can also be written as follows:

V(t) =w(t)re, 1 St < b, 9)

Finally, taking into account the above equations, the power can be determined by
the equation:
P(t) = fpw(t)re, t1 <t <ty (10)

During braking, heat is generated at the expense of reducing the vehicle’s kinetic
energy. At time f;, i.e., when the vehicle comes to a complete stop, the loss of kinetic energy
is equal to the work done by the braking system, i.e.,

Ec(t) = —AU, 1, < t, (11)

where AU is the work done by the braking system to bring the vehicle to a complete stop.
In the case under study, the following equation was developed using the Fourier-Kiechhoff
law to determine the heat distribution in the friction materials:

PT 19T 1PT PT_ 19T aT
o2 ror r20o2  9z2 kot 0’ (12)
h<t<itrn<r<r,aa<a,z<z< 21
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The following initial and boundary conditions were assumed in the considerations:

or =0, <t<t, rn<r<mn a<a<a,z=2 (13)

0z 2=20
d%—z . =hT(z,a,t) —T,], h <t <ty z0<z<1z1, 00 << (14)
d%—z - =hT,—T(z,a,t)], h <t <ty z0<z<z, 00 << (15)
Kd% . =qa(t,r,a), 1 <t <ty 1 <r<r, a<a<m (16)
Kdaa—z . =h[T,—T(r,a,b)], h <t <t rn<r<r, a<a<a 17)

where T—temperature, T,—ambient temperature, h—thermal conductivity coefficient,
K;—thermal conductivity of the disc, and g;—heat flow intensity in the disc, which was
determined as follows:

qa=vf(T)p(HHV (1), (18)

where 7 is defined by the proportionality factor. Taking into account the fact that the disc
performs a rotational motion, the linear friction velocity can be written as the product of
the rotational velocity and the mean radius of engagement, obtaining:

qa = 7f(T)p(t)w(t)re. (19)

The proportionality coefficient of heat distribution in the friction pair is described by
the Charron’s equation which takes the following form [50-52]:

v Kapaca (20)

— VEKapaca + /Kpppey

where K,—thermal conductivity of the pad, K;—thermal conductivity of the disc,

i

pp—density of the pad material, p;—density of the disc material, C, and C;—heat ca-
pacity of the pad and the disc.

The tests performed and described in this paper are comparative in nature. The same
initial braking conditions were assumed for all tested samples (51-54), i.e., three cases:

(a) emergency braking in urban traffic from an initial speed of 50 km/h,
(b) emergency braking in intercity traffic from an initial speed of 90 km/h,
(c) emergency braking on a highway from an initial speed of 140 km/h.

Due to the limitations of the adopted test method, it was necessary to adopt a number
of simplifying assumptions. These included:

e Constant contact pressure of the friction pair;

e The pad surface is perfectly flat and friction occurs across the entire surface of the
brake pad;

e A constant ambient/initial temperature of 293.15 K (20 °C),

e  Braking occurs without wheel slippage, and the braking deceleration is constant and
equal to the acceleration of gravity (dry road, the coefficient of friction between the
tire and the road is 1);

e  The disc and pad materials are homogeneous;

e  Braking occurs without the influence of external factors such as road irregularities,
gusts of wind, or hills;
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e Thermal contact was assumed to be perfect—all friction energy was converted
into heat;

e  The coefficient of friction of the working brake elements is not temperature-sensitive
and is constant throughout the braking process; in real conditions, the friction coef-
ficient changes significantly and can drop to almost zero, but these studies are of a
comparative nature, so the above simplification was considered justified.

The geometry of the research model, i.e., the dimensions of the brake disc and brake
pad, was based on a popular European passenger car. The vehicle’s curb weight was
also assumed in the calculations. The 3D model was developed in the SolidWorks 2025
environment and then implemented in Comsol Multiphysics 5.6 software (Figure 3).

Figure 3. 3d model of brake disc and pad.

To reduce testing time, the model used in the study was slightly modified compared to
the original parts: roundings, chamfers, and mounting holes were removed. Additionally,
the brake pad guides that position it in the brake caliper were removed. Due to their
characteristics and intended use, these changes allowed for a balance between the quality
of results and the effectiveness of the tests. This prepared test object allows for a focus
on frictional heating and the factors that have the greatest impact on the results, and also
enables faster testing of various material variants and operating conditions.

The characteristic geometric quantities used in the calculations are summarized in
Table 4.

Table 4. Geometrical data used for calculations.

Parameter Value
Minimum friction radius, rq 235 mm
Maximum friction radius, 7, 150 mm

Brake pad thickness, z 10 mm

The angle between the edges of the brake pad, « 45 deg
Vehicle mass, m 1200 kg

3. Results and Discussion

A series of numerical studies using the finite element method was performed. The
simulations were based on a developed mathematical model of the process and the adopted
simplifying assumptions. The studies were performed on four groups of prototype sam-
ples, each in three different scenarios. The 3D test object, prepared in the COMSOL 5.6
environment, with an applied mesh, had nearly 30,000 degrees of freedom (DoF’s). In each
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355

case, the first 10 s from the start of braking were simulated. Temperature measurements
were taken at the geometric center of the interacting surfaces, 0.05 mm below the surface in
both materials. Figures 4 and 5 present the results of numerical calculations of frictional
heating during braking from an initial speed of 50 km/h.
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Figure 4. FEM calculation results of brake pad friction heating—initial speed 50 km /h.
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Figure 5. FEM calculation results of brake disc friction heating—initial speed 50 km/h.

The highest brake pad temperature observed was for sample 51, just over 351.5 K.
This was reached after only 0.6 s from the start of braking. Interestingly, for the same
sample, the disc temperature was the lowest of all measured, reaching just under 319 K.
The coolest brake pad was found with sample S2 material. The difference compared
to S1 was only about 1 K, so it can be assumed that it will not significantly impact the
driver’s experience. A similar difference was noted for the brake disc. Importantly, it is
clear that sample S2 material better transfers thermal energy to the disc—the brake pad
temperature at the moment of complete stopping (change in the graph direction) was the
lowest. Figures 6 and 7 present the calculation results for an initial speed of 90 km/h, i.e.,
in rural conditions.
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Figure 6. FEM calculation results of brake pad friction heating—initial speed 90 km /h.
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Figure 7. FEM calculation results of brake disc friction heating—initial speed 90 km/h.

At a higher initial speed, the vehicle had significantly more kinetic energy, which the
braking system had to dissipate [53]. Therefore, the final temperatures, particularly of the
brake pad, were higher. In this case, sample S1 also heated up the most. Interestingly,
sample 54 reached the same temperature. They differed only in the slope of the heating
curve—sample S1 reached its maximum temperature slightly faster. Later in the testing
process, the temperature curves for S1 and S4 almost overlap. The difference becomes
visible after braking, where the 54 material releases heat more quickly. However, significant
differences are visible in the brake disc. When working with S1, the disc heated to 361.37 K,
while with 54, it reached 363.21 K. This difference is insignificant (approximately 1%), but
noticeable in the graphs.

As with the lower speed, the brake pad made from sample S2 also showed the lowest
maximum temperature, reaching 404.49 K. The temperature profile of the disc clearly shows
that the thermal energy was absorbed by the disc, which in this test heated to a temperature
of 363.53 K. The results of further increasing the speed to the motorway speed limit of
140 km/h are presented in Figures 8 and 9.
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Figure 8. FEM calculation results of brake pad friction heating—initial speed 140 km/h.
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Figure 9. FEM calculation results of brake disc friction heating—initial speed 140 km/h.

In the latter case, the pad made of sample S1 also heated up the most, reaching as
much as 520.73 K. Unfortunately, this is a very high temperature and in many cases carries
a serious risk of fading. The pad made of material S4 heated up slightly slower and, as
a result, less intensely. Its maximum temperature was 519.9 K. As in previous studies,
the pads made of material S2 also achieved the lowest temperature, reaching 497.92 K.
Regarding the brake disc, the temperature curves for materials 52-54 were almost identical.
Only minor deviations were observed, which had no significant impact on the vehicle’s
braking process. However, a clearly noticeable deviation in the temperature profile of the
brake disc when working with material S1 was slightly over 3 K.

It's worth noting that the friction process between brake pads and discs involves
complex mechanical, thermal, and chemical phenomena. The high temperature generated
at the contact point causes changes in the microstructure of the materials and can trigger
tribochemical reactions, leading to the formation of thin layers on the friction surfaces.
Furthermore, during braking, microscopic material adhesion and detachment occur (so-
called adhesion and abrasion phenomena), generating microdust and affecting the service
life of the components. Consequently, the friction process is a dynamic interaction of contact

https://doi.org/10.3390/mal9132756


https://doi.org/10.3390/ma19132756

Materials 2026, 19, 2756 13 of 15

mechanics, heat transfer, and chemical reactions, which determine the effectiveness and
durability of the braking system. The theoretical research conducted by the author does
not take these facts into account.

4. Conclusions

This article presents the results of temperature simulation tests on a friction pair
consisting of a brake disc and pad. Actual prototype materials were used as the pad
materials to determine their tribotechnical properties. These materials are an innovative
attempt to replace copper with polytetrafluoroethylene and aluminum powder. FEM
calculations were performed for three scenarios with different initial speeds. The study
determined that:

1. All materials exhibit promising properties, suggesting they could be successfully used
in brake pad production.

2. Polytetrafluoroethylene and aluminum, under current thermal simulation and partial
experimental conditions, may become a candidate solution as a copper replacement
in friction materials. Their use has no significant impact on the heating process of the
friction pair.

3. Of the materials tested, material S2 performed best, where copper was replaced
by polytetrafluoroethylene and aluminum in a 4:1 ratio. This resulted in the lowest
maximum brake pad temperature values, which contribute to a reduced risk of fading.

4. The S2 material, by “pushing” thermal energy into the brake disc, contributes to the
fastest dissipation of this energy. Mechanical testing of the proposed materials is
planned for the next stage, which will provide information on their resistance to loads
occurring in vehicle braking systems.

Funding: This research was partially financed through a subsidy of the Ministry of Science and
Higher Education of Poland for the discipline of mechanical engineering at the Faculty of Mechanical
Engineering, Bialystok University of Technology WZ/WM-IIM/3/2026.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article; further inquiries can be directed to the author.

Conflicts of Interest: The author declares no conflicts of interest.

References

1.  Della Monica, U.; Munjal, K.-A.; Tamas, M.P; Boi, B.; Esposito, C.; Khondoker, R. Threat Analysis and Risk Assessment (TARA)
Analysis of an Autonomous Emergency Braking (AEB) System. Appl. Sci. 2025, 15, 1400. [CrossRef]

2. Ji, Q. Zheng, L.; Bi, Y.; Pang, H. Review of Brake-by-Wire Technology for Low-Speed and Autonomous Vehicles. World Electr. Veh.
J. 2024, 15, 581. [CrossRef]

3. Luo, S.; Zhang, B.; Ma, J.; Zheng, X. Research on a Hierarchical Control Strategy for Anti-Lock Braking Systems Based on Active
Disturbance Rejection Control (ADRC). Appl. Sci. 2025, 15, 1294. [CrossRef]

4. Liu, W, Yang, H.; Zhou, Y.; Zhou, T.; Xie, H. Study on the Influence Mechanism of Surface Morphology on Wear and Thermal
Fatigue Performance of Laser-Treated Bionic Brake Drum. Metals 2025, 15, 124. [CrossRef]

5. Hrabovsky, L.; Molnér, V.; Fedorko, G.; Mikusova, N.; Blata, ].; Fries, J.; Jachowicz, T. Signal Detection by Sensors and
Determination of Friction Coefficient During Brake Lining Movement. Sensors 2024, 24, 8078. [CrossRef] [PubMed]

6. Guo, L; Zhang, J.; Zhu, T,; Xiao, S.; Liu, Y.; Li, B. Study on the Influence of Collision Scene on the Energy Dissipation Process for
Train Collision. Appl. Sci. 2025, 15, 84. [CrossRef]

7. Dabrowski, F; Grzejszczyk, Z.; Rzymkowski, C.; Wisniewski, P. Frontal Impact Energy Absorbers for Passenger Cars. Sensors
2024, 24, 6563. [CrossRef] [PubMed]

8. Elakhame, Z.U.; Olotu, O.O.; Abiodun, Y.O.; Akubueze, E.U.; Akinsanya, O.O.; Kaffo, P.O.; Oladele, O.O. Production of Asbestos
Free Brake Pad Using Periwinkle Shell as Filler Material. Int. J. Sci. Eng. Res. 2017, 8, 1728-1735.

9.  Talati, F; Jalalifar, S. Analysis of heat conduction in a disk brake system. Heat Mass Transf. 2009, 45, 1047-1059. [CrossRef]

https://doi.org/10.3390/mal9132756


https://doi.org/10.3390/app15031400
https://doi.org/10.3390/wevj15120581
https://doi.org/10.3390/app15031294
https://doi.org/10.3390/met15020124
https://doi.org/10.3390/s24248078
https://www.ncbi.nlm.nih.gov/pubmed/39771813
https://doi.org/10.3390/app15010084
https://doi.org/10.3390/s24206563
https://www.ncbi.nlm.nih.gov/pubmed/39460044
https://doi.org/10.1007/s00231-009-0476-y
https://doi.org/10.3390/ma19132756

Materials 2026, 19, 2756 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Kulikowski, K.; Szpica, D. Determination of directional stiffnesses of vehicels’ tires under a static load operation. Maint. Reliab.
2014, 16, 66-72.

Li, W,; Yang, X.; Wang, S.; Xiao, J.; Hou, Q. Research and Prospect of Ceramics for Automotive Disc-Brakes. Ceram. Int. 2021, 47,
10442-10463. [CrossRef]

Stephens, A.W.; Ie, A.S.E. Aerodynamic Cooling of Automotive Disc Brakes. RMIT University. Aerospace, Mechanical and
Manufacturing Engineering. 2006. Available online: http://adt.lib.rmit.edu.au/adt/public/adt-VIT20070108.121737 (accessed
on 29 January 2025).

Borawski, A.; Szpica, D.; Mieczkowski, G.; Borawska, E.; Awad, M.M.; Shalaby, R.M.; Sallah, M. Theoretical Analysis of the
Motorcycle Front Brake Heating Process during High Initial Speed Emergency Braking. . Appl. Comput. Mech. 2020, 6, 1431-1437.
[CrossRef]

Borawski, A.; Mieczkowski, G.; Szpica, D. Composites in Vehicles Brake Systems-Selected Issues and Areas of Development.
Materials 2023, 16, 2264. [CrossRef] [PubMed]

Someya, S.; Yoshiki, Y.; Okubo, K. Antioxidant compounds from bananas (Musa Cavendish). Food Chem. 2002, 79, 351-354.
[CrossRef]

Lee, E.-H.; Yeom, H.-].; Ha, M.-S.; Bae, D.-H. Development of banana peel jelly and its antioxidant and textural properties. Food
Sci. Biotechnol. 2010, 19, 449-455. [CrossRef]

Miissig, J.; Karus, M.; Franck, R.R. Bast and leaf fibre composite materials. In Bast and Other Plant Fibres; Elsevier: Amsterdam,
The Netherlands, 2005; pp. 345-376. [CrossRef]

Borawski, A.; Borawska, E.; Obidzinski, S.; Tarasiuk, W. Effect of the chemical composition of the friction material used in brakes
on its physicochemical properties. Laboratory tests. Przemyst Chem. 2020, 99, 767-770.

Malhotra, V.M.; Valimbe, P.S.; Wright, M.A. Effects of fly ash and bottom ash on the frictional behavior of composites. Fuel 2002,
81,235-244. [CrossRef]

Dadkar, N.; Tomar, B.S.; Satapathy, B.K. Evaluation of flyash-filled and aramid fibre reinforced hybrid polymer matrix composites
(PMC) for friction braking applications. Mater. Des. 2009, 30, 4369-4376. [CrossRef]

Mohanty, S.; Chugh, Y.P. Development of fly ash-based automotive brake lining. Tribol. Int. 2007, 40, 1217-1224. [CrossRef]
Kumar, M.; Bijwe, J. Role of different metallic fillers in non-asbestos organic (NAO) friction composites for controlling sensitivity
of coefficient of friction to load and speed. Tribol. Int. 2010, 43, 965-974. [CrossRef]

Borawski, A. Study of the Influence of the Copper Component’s Shape on the Properties of the Friction Material Used in
Brakes—Part One, Tribological Properties. Materials 2023, 16, 749. [CrossRef] [PubMed]

Crosa, G.; Baumvol, L].R. Tribology of Polymer Composites Used as Frictional Materials. In Advances in Composite Tribology;
Elsevier: Amsterdam, The Netherlands, 1993; pp. 583-626. [CrossRef]

Krenkel, W.; Renz, R. CMCs for Friction Applications. In Ceramic Matrix Composites; Wiley-VCH Verlag GmbH & Co. KGaA:
Weinheim, Germany, 2008; pp. 385-407. [CrossRef]

Langhof, N.; Rabenstein, M.; Rosenltcher, J.; Hackenschmidt, R.; Krenkel, W.; Rieg, F. Full-ceramic brake systems for high
performance friction applications. J. Eur. Ceram. Soc. 2016, 36, 3823-3832. [CrossRef]

Xiao, X.; Yin, Y,; Bao, J.; Lu, L.; Feng, X. Review on the friction and wear of brake materials. Adv. Mech. Eng. 2016,
8, 168781401664730. [CrossRef]

Chan, D.; Stachowiak, G.W. Review of automotive brake friction materials. Proc. Inst. Mech. Eng. Part D |. Automob. Eng. 2004,
218, 953-966. [CrossRef]

Official Journal of the European Union. Available online: https://eur-lex.europa.eu/legal-content/EN/TXT/PDFE/?uri=0J:
L_202401257 (accessed on 20 October 2025).

Harrison, R.M.; Allan, J.; Carruthers, D.; Heal, M.R.; Lewis, A.C.; Marner, B.; Murrells, T.; Williams, A. Non-exhaust vehicle
emissions of particulate matter and VOC from road traffic: A review. Atmos. Environ. 2021, 262, 118592. [CrossRef]

Milojevi¢, S.; DZuni¢, D.; Mari¢, D.; Skrtcany, T.; Mitrovi¢, S.; Pesi¢, R. Tribological Assessment of Aluminum Cylinder Material
for Piston Compressors in Trucks and Buses Brake Systems. Teh. Vjesn. 2021, 28, 1268-1276. [CrossRef]

Borawski, A. Effects of initial speed and load of universal semitrailer on braking systems friction pair heating. Heat Transf. Res.
2020, 51, 1417-1428. [CrossRef]

Gilardi, R.; Alzati, L.; Thiam, M.; Brunel, J.-F,; Desplanques, Y.; Dufrénoy, P.; Sharma, S.; Bijwe, ]. Copper Substitution and Noise
Reduction in Brake Pads: Graphite Type Selection. Materials 2012, 5, 2258-2269. [CrossRef]

Mahale, V.; Bijwe, J.; Sinha, S. A Step Towards Replacing Copper in Brake-Pads by Using Stainless Steel Swarf. Wear 2019, 424-425,
133-142. [CrossRef]

Zheng, K,; Lin, Y; You, S.; Ren, Z.; Huang, ]. Copper-Free Resin-Based Braking Materials: A New Approach for Substituting
Copper with Fly-Ash Cenospheres in Composites. Chin. . Mech. Eng. 2024, 37, 28. [CrossRef]

Amit, K.C.; Ramakumar, P.; Balasubramanian, M. Effect of aluminum/copper as a metal filler in non-asbestos organic (NAO)
brake composites materials for medium duty application. . Tribol. 2023, 37, 113-127.

https://doi.org/10.3390/mal9132756


https://doi.org/10.1016/j.ceramint.2020.12.206
http://adt.lib.rmit.edu.au/adt/public/adt-VIT20070108.121737
https://doi.org/10.22055/jacm.2020.35533.2679
https://doi.org/10.3390/ma16062264
https://www.ncbi.nlm.nih.gov/pubmed/36984144
https://doi.org/10.1016/s0308-8146(02)00186-3
https://doi.org/10.1007/s10068-010-0063-5
https://doi.org/10.1533/9781845690618.345
https://doi.org/10.1016/s0016-2361(01)00126-0
https://doi.org/10.1016/j.matdes.2009.04.007
https://doi.org/10.1016/j.triboint.2007.01.005
https://doi.org/10.1016/j.triboint.2009.12.062
https://doi.org/10.3390/ma16020749
https://www.ncbi.nlm.nih.gov/pubmed/36676492
https://doi.org/10.1016/b978-0-444-89079-5.50020-9
https://doi.org/10.1002/9783527622412.ch16
https://doi.org/10.1016/j.jeurceramsoc.2016.04.040
https://doi.org/10.1177/1687814016647300
https://doi.org/10.1243/0954407041856773
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=OJ:L_202401257
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=OJ:L_202401257
https://doi.org/10.1016/j.atmosenv.2021.118592
https://doi.org/10.17559/TV-20200915110030
https://doi.org/10.1615/heattransres.2020035553
https://doi.org/10.3390/ma5112258
https://doi.org/10.1016/j.wear.2019.02.019
https://doi.org/10.1186/s10033-024-01010-y
https://doi.org/10.3390/ma19132756

Materials 2026, 19, 2756 15 of 15

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

Strojny-Nedza, A.; Pietrzak, K.; Gili, F.; Chmielewski, M. FGM based on copper—alumina composites for brake disc applications.
Arch. Civ. Mech. Eng. 2020, 20, 83. [CrossRef]

Stevens, K.; Tirovic, M. Heat dissipation from a stationary brake disc, Part 1: Analytical modelling and experimental investigations.
Proc. Inst. Mech. Eng. Part C . Mech. Eng. Sci. 2018, 232, 1707-1733.

You, Y.X,; Zhang, B.B,; Tao, S.L.; Liang, Z.H.; Tang, B.; Zhou, R.; Yuan, D. Effect of Surface Microstructure on the Heat Dissipation
Performance of Heat Sinks Used in Electronic Devices. Micromachines 2021, 12, 265. [CrossRef] [PubMed]

Esfe, M.H.; Akbari, M.; Toghraie, D.; Karimipour, A.; Afrand, M. Effect of nanofluid variable properties on mixed convection
flow and heat transfer in an inclined two-sided lid-driven cavity with sinusoidal heating on sidewalls. Heat Transf. Res. 2014, 45,
409-432. [CrossRef]

Kumar, S.; Rajagopal, T.K.R. Effect of Reynold’s number on effective heat transfer dissipation of braking system. Mater. Today
Proc. 2021, 46, 8455-8460. [CrossRef]

Zhang, Y.H,; Jin, X.; He, M.; Wang, L.; Wang, Q.W.; Wang, L.B.; Wu, Y. The convective heat transfer characteristics on outside
surface of vehicle brake disc. Int. J. Therm. Sci. 2017, 120, 366-376. [CrossRef]

Ghandouri, LE.; Maakoul, A.E.; Saadeddine, S.; Meziane, M. Thermal performance of a corrugated heat dissipation fin design: A
natural convection numerical analysis. Int. ]. Heat Mass Transf. 2021, 180, 121763. [CrossRef]

Song, G.H.; Kim, D.H.; Song, D.H.; Sung, ].B.; Yook, S.J. Heat-dissipation performance of cylindrical heat sink with perforated
fins. Int. J. Therm. Sci. 2021, 170, 107132. [CrossRef]

Borawski, A.; Szpica, D.; Mieczkowski, G. Polytetrafluoroethylene and Aluminum Powder as an Alternative to Copper in Car
Brakes Composite Friction Materials. Materials 2025, 18, 589. [CrossRef] [PubMed]

Awe, S.A.; Lattanzi, L. Comparative Evaluation of the Tribological Performance of AI-MMC and GCI Brake Rotors Through AK
Master Dynamometer Testing. Lubricants 2025, 13, 380. [CrossRef]

Pacino, A.; La Rocca, A.; Brookes, H.I.; Haffner-Staton, E.; Fay, M.W. Comparative Study of the Morphology and Chemical
Composition of Airborne Brake Particulate Matter from a Light-Duty Automotive and a Rail Sample. Atmosphere 2026, 17, 34.
[CrossRef]

Yevtushenko, A.; Topczewska, K.; Zamojski, P. The Mutual Influence of Thermal Contact Conductivity and Convective Cooling
on the Temperature Field in a Tribosystem with a Functionally Graded Strip. Materials 2023, 16, 7126. [CrossRef]

Yevtushenko, A.; Kuciej, M.; Topczewska, K.; Zamojski, P. Effect of Convective Cooling on the Temperature in a Friction System
with Functionally Graded Strip. Materials 2023, 16, 5228. [CrossRef] [PubMed]

Borawski, A.; Szpica, D.; Mieczkowski, G.; Awad, M.M.; Shalaby, R.M.; Sallah, M. Simulation study of the vehicle braking process
with temperature dependent coefficient of friction between brake pad and disc. Heat Transf. Res. 2021, 52, 1-11. [CrossRef]
Oday, I.; Abdullaha, J.S.; Mahir, H.; Majeedc, L.; Sabrid, A. The Temperatures Distributions of a Single-Disc Clutches Using Heat
Partitioning and Total Heat Generated Approaches. Case Stud. Therm. Eng. 2020, 11, 43-54. [CrossRef]

Charron, E; Pierre, V. Partage de la Chaleur Entre Deux Corps Frottants; Blondel La Rougery: Paris, France, 1939.

Borawska, E.; Borawski, A. Influence of the initial speed of the agricultural tractor on the brakes heating process during emergency
braking. Heat Transf. Res. 2020, 51, 967-974. [CrossRef]

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/10.3390/mal9132756


https://doi.org/10.1007/s43452-020-00079-1
https://doi.org/10.3390/mi12030265
https://www.ncbi.nlm.nih.gov/pubmed/33806561
https://doi.org/10.1615/heattransres.2013007127
https://doi.org/10.1016/j.matpr.2021.03.488
https://doi.org/10.1016/j.ijthermalsci.2017.06.020
https://doi.org/10.1016/j.ijheatmasstransfer.2021.121763
https://doi.org/10.1016/j.ijthermalsci.2021.107132
https://doi.org/10.3390/ma18030589
https://www.ncbi.nlm.nih.gov/pubmed/39942256
https://doi.org/10.3390/lubricants13090380
https://doi.org/10.3390/atmos17010034
https://doi.org/10.3390/ma16227126
https://doi.org/10.3390/ma16155228
https://www.ncbi.nlm.nih.gov/pubmed/37569929
https://doi.org/10.1615/heattransres.2020036668
https://doi.org/10.1016/j.csite.2017.12.003
https://doi.org/10.1615/heattransres.2020032024
https://doi.org/10.3390/ma19132756

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

