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A B S T R A C T

Introduction: this study examines research and development efforts aimed at developing non-asbestos brake 
friction composites (BFCs) to improve the safety and performance of automotive brake systems. The evolution 
of BFCs from asbestos-based materials to safer alternatives is studied, and an analysis is performed to develop 
alternative material combinations. The critical roles of key components — fibers, binders, friction modifiers and 
fillers — in creating durable brake friction composites for brake systems is emphasized. A composite material based 
on basalt fiber with calcium carbonate filler is compared to a composite material based on aramid fiber with barium 
sulfate filler through pin-on-disc tribological testing. Based on the test results, it is determined that the alternative 
composite materials show promise for application in brake systems. This work also provides a foundation for further 
development of eco-friendly brake friction composites by selecting optimal formulations. The present work defines 
an approach for subsequent research aimed at varying the components and their ratios in the creation of composite 
materials. This research will further improve the functionality of automotive brake systems. Purpose of the work: this 
research is focused on the development of non-asbestos brake friction composites (BFCs) with the goal of improving 
the safety and performance of automotive brake systems. Eco-friendly alternatives to asbestos are investigated, and 
the roles of fibers, binders, friction modifiers, and fillers are analyzed. The objective of the research is to identify 
optimal formulations for creating durable, sustainable brake materials, paving the way for further implementation 
of innovative solutions in practice. Methods of investigation: a pin-on-disc tribological method is used to evaluate 
wear, friction, and durability, as well as to assess the suitability of the developed materials for use in brake systems. 
This research is dedicated to analyzing the influence of components (fibers, binders, friction modifiers, and fillers) 
on the properties of friction composites for brake systems. Two compositions were experimentally studied: basalt 
fiber with calcium carbonate and aramid fiber with barium sulfate. Results and discussion: the results of the 
research demonstrate the effectiveness of using basalt fiber with calcium carbonate and aramid fiber with barium 
sulfate as components in friction composites for brake systems. It is shown that these materials provide high levels 
of wear resistance and friction performance. The potential for further optimization of compositions to improve 
eco-friendliness and enhance the operational properties of braking systems is emphasized. The obtained results 
also highlight the importance of component selection for the development of safe and sustainable brake friction 
composites.
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pp. 29–42. DOI: 10.17212/1994-6309-2025-27.2-29-42. (In Russian).
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Introduction

Braking systems are a critical element of automotive safety, ensuring vehicle stopping and safe handling. 
Their efficiency is critical to ensure the safety of passengers and other road members. In disc braking systems, 
braking efficiency is determined by the friction between the brake pad and the disc mechanism. Therefore, 
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the selection of suitable materials for friction composites of brake pads is a decisive factor in achieving high 
braking performance [1]. Brake friction composites consist of fibers, binders, friction modifiers, and fillers, 
which determine their crucial tribological properties [2–3]. Careful selection of materials is necessary to 
prevent excessive wear and degradation of friction characteristics [4–5].

Evolution of Non-Asbestos Brake Friction Composites

Asbestos, due to its excellent friction and wear-resistant properties, has traditionally been used as the 
main component of brake composites materials. However, due to serious health hazards, its use has been 
restricted [6–7]. In recent years, alternative materials have been actively developed to replace asbestos 
[8–10].

Based on the use of metallic fillers, Kumar and Bijwe [11] investigated the influence of operating 
parameters on friction in brake friction composite. The study analyzed the friction characteristics of a 
non-asbestos organic composite under dynamically varying pressure and speed. It was found that copper 
powder effectively reduces the sensitivity of friction properties to changes in operating parameters. 
Further studies have shown the importance of understanding the dependence of friction properties on 
composite composition and have identified ways to improve the efficiency and durability of friction 
materials [12]. Bhanudas Bachchhav et al. [13] studied the wear performance of non-asbestos friction 
materials when sliding against a gray cast iron disc. The results of the study provided information on 
the wear rate of materials and facilitated the selection of suitable friction materials for braking systems 
[10–13].

Reinforcing Components in Brake Friction Composites

The addition of reinforcing components improves the mechanical and tribological properties of brake 
friction composites [1]. Prabhu et al. investigated the effect of reinforcement with bimodal particles. 
Composites reinforced with mullite demonstrated higher performance than composites with silica  
filler [14].

Abrasives in Brake Friction Composites

The selection of abrasive components plays a crucial role in determining the wear resistance of 
brake composites. Tej Singh and Amar Patnaik [15] investigated the effect of various abrasives on the 
performance of non-asbestos brake friction materials. It was experimentally established that friction 
composites containing aluminum oxide have higher performance characteristics. The results of the study 
provide valuable insights for the selection of abrasive components in the development of high-performance 
non-asbestos brake friction composite materials [3–5].

Novel Materials for Brake Friction Composites

Recent studies demonstrate the benefits of incorporating novel materials into the composition of 
brake composites [10–13]. Vlastimil Matějka [16] evaluated the influence of g-C3N4 on the formation 
of copper-free friction composites of brake pads. Extensive research has been conducted to develop 
effective non-asbestos materials [15–19]. The introduction of high-strength components and optimized 
abrasives demonstrates the prospect of improving tribological properties [20–22]. The use of innovative 
materials, such as graphitic carbon nitride (g-C3N4), opens up opportunities for the development of 
eco-friendly and high-performance brake pad materials [3–17]. Pin-on-disk tribological tests allow 
evaluating wear, friction, and durability, determining the suitability of materials for use in braking 
systems [23–25].

The presented research contributes to the expanding knowledge base regarding brake friction composites 
by analyzing existing literature, focusing on their tribological properties and wear resistance, and proposing 
alternative composite solutions for braking systems. The results also outline future research directions in 
the area of optimized selection of friction materials for braking system applications.
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Composition of Brake Friction Materials

Automotive brake friction materials are complex mixtures consisting of numerous components designed 
to provide the required frictional properties and wear resistance. They can be classified into four main 
groups:

– Binders provide cohesion for all other ingredients.
– Reinforcing fibers enhance the strength of the composite matrix.
– Friction modifiers provide the required level of lubrication, stabilize the coefficient of friction, and 

regulate the formation of tribological films on the contact surface.
–Fillers are primarily used to reduce the cost of the composite and partially modify the characteristics 

of the friction material [2, 3].
Fig. 1 schematically presents the key functions of the main components of a brake friction composite. 

The selection of each ingredient is determined by the need for its properties to meet the required functional 
requirements.

Fig. 1. Key roles of crucial components of brake friction composites

Fibers
Fibers play a crucial role in the composition of brake friction materials, providing the necessary 

strength and durability under the high loads that occur during braking. The introduction of reinforcing 
fibers contributes to increasing the overall strength of the material [3]. When selecting fibers for brake 
pad composites, characteristics such as high strength, friction stabilization, wear resistance, low thermal 
conductivity, noise absorption, and compatibility with binders are taken into account [7]. Aramid and basalt 
fibers can be used as reinforcing fibers in brake pad compositions. Aramid fibers, providing high strength 
and wear resistance, are optimal for heavy-duty braking conditions. Basalt fibers, due to their exceptional 
heat resistance, are recommended for high-temperature braking modes [9–10].

Fillers
Fillers are important components of brake friction composites, contributing to the reduction of noise 

and vibration, as well as increasing wear resistance. The introduction of fillers improves the performance 
characteristics of brake pads friction composites. The most common inorganic fillers include calcium 
carbonate, exfoliated vermiculite, mica, barium sulfate, kaolin clay, cashew dust, and alkali metal titanates. 
Calcium carbonate (CaCO₃) allows reducing cost and increasing wear resistance, which extends the service 
life and durability of brake pads. The use of this filler reduces material loss during braking and increases 
overall wear resistance. Barium sulfate (BaSO₄), which has high thermal stability, is often used as a filler 
because it can withstand extremely high temperatures generated during braking [5–11].
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Binders
The main function of binders is to provide cohesion of the composite components and adhesion to 

other structural elements. Binders provide the necessary structural integrity of the brake pad material when 
exposed to thermal and mechanical loads. The binder should have good flowability during pressing and 
curing to ensure uniform distribution and bonding of components. Friction composites are characterized 
by good adhesion and high heat resistance, which are provided by the use of polymer binders. The choice 
of polymer binder type is essential for the effective operation of the braking system in a wide range of 
operating conditions [2–10].

Friction Modifier
Friction modifiers are additives that affect the friction and wear characteristics of brake pads. They play 

an important role in regulating frictional properties such as noise level, brake pedal feel, and abrasiveness 
(aggressiveness) towards the counterface. To ensure the efficient operation of the braking system, it is 
necessary to maintain an optimal ratio of lubricating and abrasive components in the friction material 
[2–10].

Graphite plays an important role in reducing wear in brake friction materials. It increases the stability of 
the coefficient of friction over a wide temperature range, minimizes noise, and prevents stick-slip behavior, 
ensuring smoother braking [3–6].

Selection of Suitable Combinations of Ingredients 
Fig. 2 presents the expected properties of components, determining their suitability for use in brake 

friction composites.

Fig. 2. Expected properties of components in brake friction composites

The selection of optimal combinations of components for brake friction composites is based on the 
following criteria:

– High braking efficiency: providing the necessary braking force, minimizing noise, and reducing dust 
and particulate emissions.

– High operational reliability (durability): resistance to wear, high temperatures, and other environmental 
factors.

Composites based on aramid fibers with copper filler exhibit good operational reliability (durability) 
due to the high wear resistance of copper and the strength of aramid fiber. This combination provides high 
braking efficiency, as well as reduces noise and dust emissions [7]. The use of basalt fiber with calcium 
carbonate filler provides an acceptable level of operational reliability (durability) due to the high heat 
resistance of basalt and the wear resistance of calcium carbonate [8].

Figs. 3, a and 3, b show samples of aramid and basalt fibers, respectively. The mechanical properties of 
aramid and basalt fibers are presented in Table 1 [9].
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                                      a                                                                                            b 
Fig. 3. Aramid Fiber (a); Basalt Fiber (b) Sheets

T a b l e  1

Mechanical Properties of Aramid and Basalt [22]

Properties Aramid Basalt

Tensile strength (GPa) 2.9–3.4 3.0–4.84

Elastic modulus (GPa) 70–112 79.3–93.1

Density (g/cm³) 1.43 2.90

Methods

Based on the analysis of literature data, and considering the role and properties of components, two 
compositions of brake friction composites were proposed for experimental wear tests. The tribological tests 
of materials for friction and wear were implemented using the pin-on-disk kinematic scheme. The selected 
compositions were developed taking into account the unique properties of each component, which allows 
creating a strong, durable, heat-resistant, and cost-effective friction material. Each component plays an 
important role in ensuring the necessary characteristics of the braking system.

Material Preparation

1. BFC1: basalt fiber, calcium carbonate filler, polymer binder, graphite friction modifier, and balancing 
ingredients. The proposed composition is based on previous research and includes:

– Basalt: 30 wt. %;
– Calcium carbonate: 30 wt. %;
– Phenolic resin: 20 wt. %;
– Graphite: 10 wt. %;
– Other fillers – alumina: 5 wt. %, copper: 5 wt. %.
2. BFC2: aramid fiber, barium sulfate filler, polymer binder, graphite friction modifier, and balancing 

ingredients. The proposed composition based on previous research and includes:
– Aramid: 30 wt. %;
– Barium sulfate: 30 wt. %;
– Phenolic resin: 20 wt. %;
– Graphite: 10 wt. %;
– Other fillers – aluminum oxide: 5 wt. %, copper: 5 wt. %.
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Wear Testing Methodology (Pin-on-Disk Scheme)

Pin-on-disk tribological tests are widely used to evaluate the wear resistance of materials used in braking 
systems [6, 10, 18]. The essence of the method is to measure the wear of a specimen (pin) when sliding on 
the surface of a rotating disk under laboratory conditions.

Fig. 4 shows a schematic diagram of the pin-on-disk setup provided by Ducom Instruments Pvt. Ltd. 
The main elements of the setup are: a cylindrical pin pressed perpendicularly against a flat rotating disk,  
a lever mechanism for applying load to the pin, a linear variable differential transducer (LVDT) for measuring 
wear, and a force sensor for measuring friction force. The linear variable differential transducer and the 
force sensor are mounted on the lever [18].

Fig. 4. Pin on Disc Test Setup in Laboratory

During the tests, the normal load (L) on the pin was changed stepwise: 10, 50, and 100 N (standard 
test conditions). The dimensions of the pin specimens were: length – 32 mm, diameter – 10 mm. To ensure 
comparability of results, the same values of the sliding distance (d) and test duration (t) were set for both 
compositions BFC1 and BFC2.

The following parameters were recorded during the tests: friction force (F), wear, and other required 
parameters. The obtained data were used for further calculation of the tribological characteristics of the 
materials.

The coefficient of friction can be calculated using the following equation:

	 F
L

=µ ,
	

(1)

where µ is the coefficient of friction of the specimen material; F is the friction force; L is the applied load.
The volume of the cylindrical pin material is calculated using the following equation:
Volume of the material in the cylindrical pin is calculated by the following equation:

	 = π 2V r h ,	 (2)

where V is the volume of the pin; r is the radius of the pin; h is the height of the pin.
The wear rate can be calculated using the following simplified equation:

	 i−
= fv v

w
d

	 (3)
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where Vf is the final volume of the pin after the test; Vi is the initial volume of the pin before the test; d is 
the sliding distance.

These equations allow evaluating the wear behavior of the materials under investigation and offer 
alternative options for brake friction materials.

Results and Discussions

Following extensive research on the selection of optimal components for the brake friction material 
compositions, two key combinations were selected for further testing and evaluation. The influence of these 
components on the wear behavior of composites was investigated using the pin-on-disk friction and wear 
testing method.

Fig. 5 shows the main components of the brake friction composite 1 (BFC1), and fig. 6 shows the main 
components of the brake friction composite 2 (BFC2).

Fig. 5. Major Ingredients of BFC1

Fig. 6. Major Ingredients of BFC2

To evaluate the performance characteristics of the developed composites, the test results of the coefficient 
of friction µ at various applied loads were used. The evaluation of brake friction composites was carried out 
at three different loads: 10, 50, and 100 N.

Table 2 presents the test results of the average coefficient of friction µ for BFC1 and BFC2, and Table 3 
presents the test results of the average weight loss (g) for BFC1 and BFC2.

T a b l e  2

Test Results for Average Coefficient of Friction of the BFC1 and BFC2

Composition Load (N) Н Mean Coefficient of Friction Average Coefficient of Friction µ

BFC1
10 0.38

0.4250 0.43
100 0.46

BFC2
10 0.44

0.4850 0.47
100 0.52
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Fig. 7. Coefficient of Friction for the BFC1  
and BFC2

Fig. 8. Weight Loss of Samples for the BFC1  
and BFC2

T a b l e  3

Test Results for Average Weight Loss of the BFC1 and BFC2

Composition Load (N) Н Mean Weight loss (g) Average Weight Loss (g)

BFC1
10 0.042

0.084 50 0.091
100 0.118

BFC2
10 0.006

0.01150 0.010
100 0.018

Fig. 7 displays the coefficient of friction for the BFC1 and BFC2, while Fig. 8 displays the weight loss 
(g) for the BFC1 and BFC2.

The overall average coefficient of friction µ for all applied loads was 0.42 for composite BFC1 and 0.48 
for composite BFC2, which corresponds to acceptable values according to engineering standards [19, 20]. 
For each composite, increasing the applied load resulted in an increase in the coefficient of friction µ.

For comparative evaluation of the proposed brake friction composites, the values of the coefficient of 
friction and mass loss are presented in Table 4.

The higher coefficient of friction of material BFC2, revealed by the comparison, indicates its greater 
effectiveness in braking systems. The greater mass loss during the testing of material BFC1 in wear tests 
indicates its lower wear resistance compared to BFC2. A higher coefficient of friction contributes to 

T a b l e  4

Comparison of Properties for the Brake Friction Composites

Properties Composition BFC1 Composition BFC2
Friction coefficient µ 0.42 0.48

Weight loss (g) 0.084 0.011
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improved braking performance, and a lower wear rate contributes to increased durability of brake friction 
composites.

Widely used ceramic and brass fiber-based brake friction composites were previously tested as a 
benchmark. In this reference study, the ceramic fiber-based brake friction composite showed better results 
than the brass fiber-based friction composite. In the current work, the average coefficients of friction 
for materials BFC1 (0.42) and BFC2 (0.48) were higher than that of the benchmark ceramic fiber-based 
composite (0.38). BFC2 also demonstrated a lower wear rate compared to the benchmark ceramic fiber-
based brake friction composite.

Aramid fibers are used in friction materials due to their high strength and wear resistance. It has been 
found that the interaction of aramid fibers with barium sulfate-based fillers increases the abrasiveness 
of the material. It is known that fillers such as calcium carbonate enhance adhesive interaction with the 
counterface, which increases friction, but can also increase wear [23]. The use of aramid fibers also 
contributes to reducing the overall mass of braking systems due to their low density, which leads to increased 
fuel efficiency [7, 10, 19].

The addition of graphite particles as a friction modifier provides stable friction properties and  
high wear resistance [3, 19]. The polymer binder plays an important role ensuring proper adhesion  
of various components, as well as possessing high heat resistance, which is necessary for effective 
braking [20, 21].

Conclusion

Highly efficient friction composite materials with enhanced performance characteristics are used to 
ensure the durability and safety of automotive braking systems. Achieving these characteristics is ensured 
by the optimal selection and combination of components in the brake friction composite materials.

The proposed BFC1 composition was obtained by mixing and pressing the following key 
components: basalt fiber, calcium carbonate-based filler, phenolic resin binder and graphite friction 
modifier. The proposed BFC2 composition mainly consisted of a mixture of aramid fiber, barium 
sulfate-based filler, phenolic resin binder and graphite friction modifier. Tribological tests of these 
compositions were carried out on a setup implementing the pin-on-disk scheme. Comparative analysis 
based on the values of the friction coefficient and wear rate allowed formulating the following key 
conclusions:

– BFC2 composite containing aramid fibers demonstrated higher frictional properties compared to 
BFC1, which is due to the higher coefficient of friction provided by aramid fibers.

– BFC2, containing aramid fibers (providing high tensile strength and wear resistance) and barium 
sulfate-based filler (increasing stiffness and load-bearing capacity), demonstrated less weight loss during 
friction and, as a result, a lower wear rate compared to BFC1, which positively affects the operational 
reliability (durability) of the composite material.

– The results of tribological tests performed within the framework of this study allow recommending 
aramid and basalt fiber-based composites as eco-friendly alternatives to traditional friction composite 
materials used in automotive braking systems.

– The results of this study can be used for further improvement of automotive braking systems.
Promising directions for further research are the optimization of composite material compositions to 

improve the overall performance of brake friction composite materials. The use of the results of this study 
will allow braking system manufacturers to make informed decisions when choosing optimal components 
for friction composite materials.

The obtained results also confirm that the development of friction composite materials is a dynamically 
developing field that requires continuous research and the implementation of innovative solutions to ensure 
sustainable safety and reliability of automotive braking systems.
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