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A B S T R A C T

Particle pollution poses a significant threat to public health. Despite the strong reduction in exhaust emissions, 
particles remain a concern due to the substantial contribution from non-exhaust sources including the abrasion of 
vehicle components such as the brakes. This study focuses on the physical and chemical characterization of 
particles emitted from a brake through laboratory experiments. A test chamber was designed to isolate the brake 
and allow accurate measurement of particle size distribution. An in-depth analysis of the chemical composition 
and morphology of brake wear was carried out. On-line physical investigation revealed particles ranging from 90 
nm to 0.4 μm. Thermogravimetric analysis showed that the particles are composed of approximately 15% organic 
material (volatile compounds and solid carbon) and 85% inorganic substances. Elemental analysis identified 
iron, oxygen, and carbon as the predominant elements, with minor traces of copper, titanium, and barium. 
Further characterization using Raman spectroscopy and X-ray diffraction confirmed the coexistence of disor
dered carbon structures and iron oxides along with crystalline phases such as magnetite and hematite. These 
findings underline the chemical heterogeneity of brake wear particles, underscoring their potential for persis
tence and environmental toxicity.

1. Introduction

More than 70% of European people live in areas with significant 
environmental pollution caused by high population density and intense 
economic activity (European Environmental Agency, 2025). Degrada
tion of atmospheric air condition is a critical health concern and par
ticulate matter (PM) is one of the main causes. It is well documented that 
inhalation of particle emissions significantly increases the risk of car
diovascular, respiratory, and metabolic diseases (Pope and Dockery, 
2006). A causal relationship exists between air quality and road traffic 
particularly in city centers where vehicular congestion contributes to 
higher emissions (Chang and Park, 2023).

In recent years, efforts have been made to reduce vehicle particle 
emissions by targeting the propulsion systems (Ravi et al., 2023). With 
the progressive reduction of exhaust particle emissions, increased 
concern was drawn by non-exhaust emissions that are caused by brake 
and tire wear, road erosion, resuspended dust, and volatile organic 

compounds from fuels and solvents (Harrison et al., 2021). Brake wear 
represents a significant source of non-exhaust particles especially in the 
urban area characterized by high traffic density and frequent braking, 
contributing to 55% by mass to non-exhaust PM10 emissions and up to 
21% by mass to total traffic PM10 emissions (Grigoratos and Martini, 
2015). As a consequence, with the aim of minimizing total vehicle 
emissions and enhancing air quality, the forthcoming EURO7 regulation 
will include limitations also on brake particle emissions (European 
Commission, 2022).

The brake system allows to slow or stop the vehicle through the 
pressure applied by the brake pads against the moving part, typically a 
rotor. This process induces wear on the rotor and pads, leading to the 
release of particles spanning from ultrafine to coarse size ranges 
(Straffelini and Gialanella, 2021). These emissions can be classified as 
airborne particles, which are emitted into the air and carried away from 
roadside, and non-airborne particles, which deposit on vehicle compo
nents, brake systems, or road surfaces (Kukutschová et al., 2011). Brake 
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wear particles (BWPs) represent an important component of road dust 
whose resuspension is a complex process depending on road dust load, 
road surface macro texture, and humidity, traffic density, composition, 
and vehicle speed (Fussell et al., 2022). Songkitti et al. (Songkitti et al., 
2025) analyzed the impact of drivetrain, vehicle weight, and payload on 
road dust resuspension emissions from both internal combustion engine 
and electric vehicles. They concluded that the latter significantly 
increased road dust resuspension due to the higher torque/weight thus 
requiring an effort from manufacturers for improving the vehicle design 
to make them greener.

The physicochemical properties of BWPs are determined by the pad 
materials, whose components are fillers, binders, abrasives, lubricants, 
and fibers, properly chosen to provide specific brake performance 
(Grigoratos and Martini, 2014). Studies in literature (Gerlofs-Nijland 
et al., 2019) explored the toxic potential of PM2.5 emitted from brake 
wear with respect to other sources observing that their hazardous na
ture, based on for example pulmonary inflammation, varies depending 
on their origin. The harmful impact associated with BWPs stem not only 
from their size but also significantly from their chemical composition. 
Toxic effects can, in fact, be attributed to the high metal content 
responsible for oxidative stress and inflammatory responses (Gasser 
et al., 2009). In a recent study, Parkin et al. (Parkin et al., 2025) high
lighted the greater chemical heterogeneity of non-exhaust particles with 
respect to the exhaust ones suggesting that they can induce different 
biological effects depending on their source materials. They also 
observed that BWPs can be more toxic than diesel exhaust PM. In 
addition, a very recent comprehensive review (Christou et al., 2025) 
showed that non-exhaust particles can induce relevant oxidative stress 
and pro-inflammatory responses in mammalian, aquatic and terrestrial 
models, with a toxic potential comparable to or even exceeding that of 
other major PM sources. This underscores a critical knowledge gap and 
the need for an extensive investigation into the characteristics of BWP. A 
detailed understanding of the characteristics of brake derived particles, 
encompassing their size distribution, chemical composition, 
morphology, and emission rates under different driving conditions is 
essential for developing effective control measures. Alves et al. (Alves 
et al., 2021) observed that most of studies on BWPs focus on their 
metallic composition while they presented a first attempt on an organic 
characterization of the thoracic fraction of wear particles from different 
brake pads. They concluded that only a small fraction of the organic 
content of BWPs can be chromatographically resolved, suggesting the 
implementation of a combination of techniques to increase the range of 
identified and quantified compounds.

In this context, this research focuses on the particles generated by the 
wear of a commercially available brake for passenger cars. A custom- 
designed experimental setup was realized consisting of a sealed cham
ber with filtered air circulation to isolate and measure brake wear 
emissions. Physical particle characterization covering a wide diameter 
range was conducted using two complementary instruments, the Engine 
Exhaust Particle Sizer (EEPS), from 5.6 to 560 nm, and the Optical 

Particle Sizer (OPS), from 0.3 to 10 μm. The chemical composition and 
morphology of the BWPs was studied. To this purpose, the debris 
deposited on the chamber surface after braking tests was collected and 
subjected to multi-technique analysis including spectroscopic charac
terization, thermogravimetric analysis (TGA), microscopy, and 
morphological/elemental analysis. The sample can be considered as 
representative of the dust deposited on the roadside soil and then 
resuspended into the atmosphere.

2. Materials and methods

2.1. Experimental setup

The characterization of the particles generated during braking was 
carried out under laboratory conditions on a brake dynamometer. A 
proper experimental layout was designed, as shown in Fig. 1-a, to ensure 
accurate and reliable measurement of BWPs.

It consists of a sealed chamber where the brake system is enclosed to 
isolate it from external contamination. The box has a circular geometry 
to avoid dead volumes, and it is characterized by a diameter of 
approximately 500 mm and a depth of 350 mm. 750 mm long inlet and 
2000 mm outlet ducts, both with an internal diameter of 146 mm are 
connected to the chamber via conical transitions to promote stable and 
efficient airflow. The airflow through the chamber is guaranteed by a 
blower mounted at the end of the outlet line and which allows the flow 
to be regulated between 100 and 400 kg/h at negative pressure.

A thermal mass flowmeter ABB Sensyflow (0–720 kg/h, uncertainty 
±2%) fitted on the inlet pipe measures the air flow. Clean air is supplied 
to the chamber through a high-efficiency particulate air filter (HEPA 
H13) installed on the inlet air duct to reduce contamination due to the 
ambient air.

Particles emitted by brake wear are evacuated in the direction of 
brake rotation toward the outlet tunnel where isokinetic probes are 
placed to collect a flow sample to be sent to the spectrometers.

A commercially available braking assembly is used to generate 
BWPs. It includes a cast iron disc with a diameter of 280 mm equipped 
with a caliper and a low-steel pad pair. The brake assembly was bedded 
before starting the tests.

The drive system consists of an asynchronous dynamometer, used to 
deliver the desired torque and shaft speed to the rotor, coupled to a 
speed-reducing gearbox.

Braking is applied via a lever connected to the cylinder of the hy
draulic brake circuit derived from typical vehicle brakes. It generates 
pressure in the brake fluid that moves the piston inside the cylinder of 
brake caliper pushing on the back side of the brake pads to press them 
against the disc.

The hydraulic pressure near the caliper inlet is measured through a 
pressure transmitter characterized by an end of scale value of 120 bar. A 
high-speed linear actuator powered by a vacuum servo allows to boost 
the braking force applied by the hydraulic system.

Fig. 1. a) Schematic of the experimental setup; b) Real image of the experimental setup without the front panel.
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To regulate the intensity of the braking events, a closed loop control 
system involving a feedback mechanism on the torque was imple
mented. An open-loop control system was also adopted where the 
actuator position, from 0 to 100%, directly determines the braking force 
applied to the rotor.

A specific application was developed in LabVIEW environment to 
manage the brake dynamometer. It allows data acquisition from various 
I/O channels, such as rotating speed, shaft torque, oil pressure, and 
brake lever position, at a 10 Hz frequency. A fast proportional integral 
derivative (PID) controller, operating at higher frequency up to 1000 Hz, 
was used to regulate both the rotating speed and the braking torque, 
allowing for precise control of the dynamometer operation.

2.2. Particle characterization

During the braking testing, an online physical characterization of the 
particle size and number was conducted. At the end of the experimental 
campaign, a sample of particle debris was collected from the surfaces of 
the chamber for off-line chemical characterization through a series of 
analytic techniques.

2.2.1. Systems for physical particle characterization
The sample was analyzed by two spectrometers based on different 

measurement principles, the TSI EEPS Model 3090 and the TSI OPS 
Model 3330.

The EEPS classifies particles according to their electrical mobility 
diameters, while the OPS measures optical diameters. The combination 
of the results from both spectrometers provides a comprehensive anal
ysis of particle size distribution (PSD) over a wide diameter range, 
smaller than 10 nm up to 10 μm.

The EEPS measures particles in the size range 5.6–560 nm as re
ported in Table 1. Within the instrument, the particles are first electri
cally charged and then they pass through two concentric cylinders 
where they are repelled by an electric field toward the electrometer 
rings constituting the outer cylinder. The measured electrometer current 
is converted into particle number distributions by soot inversion matrix 
considering the time delay and multiple charging. The EEPS was origi
nally calibrated for measuring engine exhaust particles, which are pri
marily carbonaceous agglomerates. Anyway, research studies (Vojtí̌sek- 
Lom et al., 2021) have correlated the measure of ammonium sulphate 
and silver nanoparticles performed with both an EEPS and a scanning 
mobility particle sizer (SMPS) coupled with a condensation particle 
counter (CPC). Results showed that the EEPS provides reliable mea
surements also for metallic and inorganic particles such as those emitted 
from brake wear.

The OPS measures the particle diameter from 300 nm to 10 μm 
(Table 2), by exploiting the principle of light scattering by particles. In 
the optical chamber, the aerosol crosses a laser beam creating a light 
pulse. The count rate of the pulses and the size from the pulse height 
provide information about the number and the size of the particles, 
respectively (TSI, 2013).

During the tests, both spectrometers were operated at 1 Hz.
The overlapping size ranges of the two instruments allow their size 

distribution data to be merged into a continuous PSD. The discrepancies, 
ascribable to the different measurement principles, were corrected by 

dedicated merging software that minimizes the gap between the two 
distributions (TSI, 2016).

2.2.2. Analytic techniques for chemical particle characterization
Non-isothermal TGA experiments were carried out on a Per

kin–Elmer Pyris1 Thermogravimetric Analyzer. Specifically, 1–2 mg of 
sample mass, a ramp rate of 10 ◦C/min and an air or nitrogen flow rate of 
30 ml/min were selected. Samples were analyzed in a platinum crucible 
under synthetic air and nitrogen (Purity>99.999%). Samples were 
ramped from 50 ◦C to 800 ◦C. Baselines were collected on empty cru
cibles before every sample run. Scanning electron microscopy (FEI 
INSPECT 12000× Electron Scanning Microscope) coupled with energy- 
dispersive X-ray spectroscopy (SEM-EDS) was performed to observe the 
morphology of the sample and measure its composition.

Raman spectroscopy was performed using a Horiba Xplora Raman 
microscope system (Horiba Jobin Yvon, Japan) with an excitation 
wavelength of λ = 532 nm (frequency doubled Nd: YAG-solid state laser, 
25 mW). X-ray diffraction (XRD) spectra were acquired in the 2Θ range 
3–90◦ using a Rigaku Miniflex 600 automated diffractometer equipped 
with a CuKα radiation source.

3. Results

The experimental results are organized into two distinct sections, 
aimed at providing a comprehensive analysis of the particles produced 
by the brake wear. The first part focuses on the physical characterization 
of these particles, taking into account their number and diameter, thus 
evidencing the effect of the braking event on their emissions. Subse
quently, a detailed chemical and morphological analysis was performed, 
which is essential to discern the potential risks associated with brake 
wear particle emissions and to evaluate the components that are most 
involved in the wear process.

3.1. Brake wear particles: physical characterization

Numerous factors play a role in the BWP size profile such as the brake 
temperature, the initial/final speed of the rotor and the braking in
tensity. In this study a tailored braking pattern was developed as shown 
in Fig. 2 reporting the brake lever position applied to obtain the desired 
deceleration.

Each cycle lasted 160 s and was made up of five consecutive braking 
profile shown in Fig. 2. The test started at the disc temperature of 25 ◦C 
and the temperature reached at the end of each cycle was around 300 ◦C 
(Fig. S1 of Supplementary Material). Physical particle characterization, 
in terms of number and diameter, was performed over each 160 s cycle. 
However, the cycle was repeated more than 20 times achieving about 
one hour of running. There was a waiting time between consecutive 
cycles to ensure they started at the same temperature. This procedure 
was repeated for three days at the end of which the powder deposited on 
the chamber surface was collected to perform chemical investigations.

The braking profile was customized to perform harsh braking that 
can release a not negligible portion of BWP emissions closer to those 
released in congested traffic conditions as found out by (Vojtí̌sek-Lom 
et al., 2021). Moreover, the need to investigate strong braking profiles is 
correlated to the large spread of electric vehicles that, although pri
marily exploit regenerative braking, still rely on friction braking under 

Table 1 
EEPS Specifications.

Particle Size Spectrometer EEPS

Particle Size Range 5.6–560 nm
Particle Size Resolution 16 channels per decade (32 total)
Electrometer Channels 22
Charger Mode of Operation Unipolar diffusion charger
Inlet Cyclone 50% Cutpoint 1 μm
Time resolution 10 size distribution per second
Inlet Aerosol Temperature 10–52 ◦C

Table 2 
OPS Specifications.

Particle Size Spectrometer OPS

Particle Size Range 0.3–10 μm
Number of classification stages 16 channels
Concentration range 0–3000 #/cm3

Sampling interval 1 s
Operation temperature 0–45 ◦C
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specific conditions, such as maximum deceleration demand. For these 
reasons, the selected braking cycle, composed of repeated high-load 
deceleration events, was chosen as a meaningful scenario for investi
gating the formation of BWPs under conditions known to be among the 
most emissive in real-world driving.

In can be observed in Fig. 2 that the sequence starts with a first 
braking that reduces the disc speed from 870 to 260 rpm with a decel
eration of 10.8 m/s2. The second event is less intense, starting at 480 
rpm down to 200 rpm and featuring a deceleration of 7 m/s2. Finally, the 
last braking leads to a full stop of the disc from a speed of 890 rpm and it 
is characterized by a deceleration of 12.3 m/s2.

The effect of the braking on particle number and size was investi
gated by performing a brake cycle made up of five consecutive braking 
profiles. Fig. 3-a shows the time resolved PSDs for the defined braking 
cycle.

The 3D graph shows similar shapes of the PSDs for each braking 
profile. After various repetitions of the braking profile, there is an in
crease in the particle concentration as evident from the color scale. To 
better analyze the PSD characteristics, a snapshot at the 120 s mark was 
presented in Fig. 3-b. The size spectrum ranges between 90 nm and 0.4 
μm. A bimodal shape of the distribution is distinguishable where the first 
mode encompasses the particles with diameters between 90 and 650 nm 
while the second mode covers the larger particles. The first mode ex
hibits a maximum concentration on the order of magnitude around 10^3 
#/cm3 at about 200 nm. The second mode, instead, reaches lower 

concentration values with a peak at 1000 nm followed by a pronounced 
tail in the larger diameter range. This behavior is representative of the 
distribution over the entire braking cycle highlighting that the particles 
vary in the same size range and their number depends on the brake in
tensity given by the deceleration value. The maximum concentration, in 
fact, is observed in correspondence of the third stop of each braking 
profile characterized by the higher deceleration.

To gain a clearer understanding about the effect of brake intensity on 
the particle emissions, the total particle number concentration (Np) and 
the percentage fraction of the particles in the range 90–650 nm and 
800–9000 nm were calculated as shown in Fig. 4-b. The mass concen
tration (Mp) was also evaluated and depicted in Fig. 4-c by assuming 
that particles are perfect spheres with uniform density of 2.6 g/cm3 

(Alemani et al., 2016; Oroumiyeh and Zhu, 2021). Both Np and Mp are 
represented in relation to the brake speed (Fig. 4-a).

High particle emissions are observed in correspondence of the de
celerations due to the friction generated from the disc and pads inter
action. These emissions mainly consist of particles in the size range 
90–650 nm accounting from 40 to 70% of the total emissions. On the 
other hand, particles larger than 800 nm contribute less than 30%. The 
different sizes of the particles suggest they originate from different 
formation mechanisms. It is known in literature that the high disc 
temperature is responsible for the emission of smaller size particles (Men 
et al., 2022). This is consistent with the high fraction of fine particles 
observed during the defined braking profile that likely leads to signifi
cant disc heating because of the extreme braking events (Fig. S1). The 
larger particles are generated by the mechanical abrasion of the brake 
components. These particles are the main contributor to the particle 
mass, whose profile is shown in Fig. 4-c. It follows the same trend of the 
particle concentration, reaching the maximum value of 2.4E4 μg/m3 in 
correspondence of the strongest deceleration related to the stopping of 
the vehicle, evidencing the strong relation between the brake intensity 
and the particle emissions.

3.2. Brake wear particles: chemical characterization

A detailed characterization of BWPs is essential to assess their po
tential environmental and health impacts, especially in urban settings 
where these emissions significantly contribute to airborne PM. The 
chemical and morphological analysis of BWPs was performed on debris 
sample collected from the inner surfaces of the sealed test chamber used 
during the controlled braking experiments. These particles are consid
ered representative of the particulate fraction that deposits on road 
surfaces and may be resuspended into the atmosphere. The methodo
logical approach adopted was set up in a previous work for a detailed 
characterization of wear particles released from brake pad systems 
(Russo et al., 2023).

Fig. 2. a) Brake lever position to obtain the desired braking profile. b) Brake 
disc rotating speed during the defined braking profile.

Fig. 3. a) Time resolved BWP size distribution during the defined braking cycle; b) Excerpt of PSD at the 120 s mark.
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TGA was carried out in both oxidative (air) and inert (nitrogen) 
environments to derive information on the thermal behavior and 
composition of BWPs. As shown in Fig. 5, the TGA curve in air shows 
multiple mass loss steps, as better highlighted by the corresponding 
differential thermogravimetric (DTG) curve that is characterized by 
three distinct thermal events. The first two peaks of the DTG in air are 
associated with the volatilization of organic matter occurring at lower 
temperature, while a more pronounced mass loss is observed around 
400–550 ◦C, corresponding to the oxidation of carbonaceous materials, 
likely derived from organic binders and wear of the friction layer. This 
result is consistent with the large presence of particles smaller than 650 
nm, as shown in Fig. 4-b, mainly attributed to the volatilization of the 
organic compounds of the pad. In nitrogen atmosphere (Fig. 5, lower 
panel), the mass loss is more gradual, indicating thermal stability of the 
inorganic and of part of the organic components and confirming that 
volatile organic fractions constitute a significant part of the total mass 
loss observed in air. This dual analysis enables a clearer distinction be
tween organic and inorganic fractions: the organic matter accounts for 
approximately 15 wt% of the sample, with 8 wt% attributed to volatile 
organics and 7 wt% to solid carbonaceous residues. The remaining 85 wt 
% of the sample consists of inorganic material. Interestingly enough, the 
volatile part is absent in the raw pad (see Fig. S2 in the Supplementary 
Material), while the contribution of inorganic material is lower (80 wt 
%).

Morphological and elemental analysis was conducted through SEM- 
EDS. As shown in Fig. 6, the debris appears as agglomerates of 

irregularly shaped particles with heterogeneous sizes and surfaces. Fine 
particles are interspersed with coarser fragments, some of which show a 
layered or flake morphology, suggesting mechanical fragmentation 
processes during braking. The presence of both smooth and fractured 
surfaces also implies different wear and transformation mechanisms, 
such as thermal degradation, adhesion, and abrasion.

EDS data, reported in Table 3, indicate that the dominant elements 
are oxygen (39.2 wt%), iron (34.7 wt%), and carbon (15.8 wt%). A 
typical EDS spectrum of the sample is reported in Fig. S3 of Supple
mentary Material. Notably the carbon content is consistent with that 
derived from TGA measurement. Additional elements such as calcium, 
sulfur, silicon, copper, aluminum, titanium, and traces of barium, 
magnesium, potassium, and chromium are also present, pointing to the 
complex formulation of modern brake pad materials (Piscitello et al., 
2021). The presence of these elements not only influences the tribo
logical behavior of the brake system but also raises concerns about the 
potential toxicity of the emitted particles.

Raman spectroscopy analysis provided further insights into the 
carbonaceous and metallic components of the sample. Fig. 7 shows two 
representative spectra corresponding to carbon-rich and metal-rich 
portions of the debris sample. The spectrum characterized by a peak 
at 1300 cm− 1 can be associated to iron oxides (de Faria et al., 1998) as 
confirmed by the Raman spectra of magnetite (Fe3O4) and hematite 
(Fe2O3) also included in Fig. 7. The spectrum representative of the 
carbonaceous part is characterized by two broad peaks, the D-band 
(~1350 cm− 1) and G-band (~1580 cm− 1), typical of disordered carbon. 
Although the interference of the peak due to iron does not allow to 
correctly evaluate the relative intensity of the D and G bands, the 
broadness of the G peak suggests a predominance of amorphous carbon, 
likely resulting from the thermal degradation of organic resins under 
severe braking conditions.

Fig. 4. a) Rotating speed at a sequence of the defined braking cycle. b) Total 
particle concentration and percentage fraction of the particles in the ranges 
90–650 nm and 800–9000 nm. c) Total mass concentration.

Fig. 5. TGA (in black) and DTG (in red) profiles of debris sample in air (upper 
panel) and in inert atmosphere (N2, lower panel). (For interpretation of the 
references to color in this figure legend, the reader is referred to the web 
version of this article.)
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The analysis of the XRD diffraction pattern of BWPs, reported in 
Fig. 8, reveals the presence of several peaks typical of carbon and iron 
oxides, which are also present in the XRD pattern of raw pad (reported in 
Fig. S4 of the Supplementary Material).

4. Conclusion

Brake wear represents a significant source of particle emissions, 
especially in urban areas characterized by frequent stop-and-go traffic. A 
thorough qualitative and quantitative analysis of these emissions is 
pivotal to assess their potential risks and to guide the implementation of 

effective mitigation actions. This study focused on the fraction of BWPs 
that is directly emitted into the atmosphere and deposited on roadside 
surfaces, from where it may subsequently be resuspended. This latter 
fraction is significant for two reasons: first, it can be readily resuspended 
by wind, turbulence caused by vehicles, or pedestrian activity; second, it 
contributes to the contamination of both terrestrial and aquatic eco
systems. In this context, this study investigates the particles originating 
from a brake for a passenger vehicle through an experimental campaign 
carried out in laboratory setting. Particles were characterized in terms of 
number and size during a cycle made up of the repetition of five 
customized braking profiles representative of aggressive braking events 
typical of congested traffic situations. The sampling was performed 
online representing the contribution to atmospheric emissions. Subse
quently, dust deposited on the chamber surface was collected and 
analyzed through a series of analytical techniques to determine its 
chemical composition and morphology, thus emulating the dust 
precipitation.

The main findings of this study can be outlined as follows: 

- BWPs range between 90 nm and 0.4 μm. The time series data for 
number concentration exhibits a two-peak pattern, at 200 and 1000 
nm, during each braking event.

- A significant fraction of the emitted particles falls in the 90–650 nm 
size range while particles larger than 800 nm give a smaller 
contribution.

Fig. 6. SEM images of debris at two magnifications.

Table 3 
Weight and atomic percentages of elements detected by EDS analysis of debris 
sample and associated uncertainties.

Element Weight, % Atomic, % Error, %

O 39.2 52.5 9.6
Fe 34.7 13.3 2.0
C 15.8 28.2 11.4
Ca 3.3 1.8 3.4
S 2.7 1.8 4.6
Si 1.3 1 7.4
Cu 0.8 0.3 11.7
Al 0.6 0.5 9.6
Ti 0.6 0.3 9.4
Ba 0.4 0.1 22.0
Mg 0.2 0.2 17.6
K 0.2 0.1 14.2
Cr 0.2 0.1 21.1

Fig. 7. Raman spectra representative of the C-rich and Fe-rich components of 
debris sample. Reference spectra of magnetite and hematite are also included.

Fig. 8. XRD diffraction pattern of debris sample.
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- Thermogravimetric analysis revealed that brake wear particles are 
predominantly inorganic (85 wt%), while the organic fraction, 
including both volatile and solid carbonaceous components, ac
counts for 15 wt% of the total mass.

- Elemental and structural analyses (EDS, Raman, XRD) confirmed the 
complex and heterogeneous nature of the particles, composed 
mainly of iron oxides, amorphous carbon, and additives such as 
copper, sulfur, and titanium.

The dominant iron and carbonaceous content, together with the 
presence of multiple metallic elements and mineral fillers, suggests that 
these particles originate from both thermal and mechanical degradation 
processes occurring at the interface between the brake disc and pads. 
The coexistence of metals and organic carbon raises concerns about non- 
exhaust emissions toxicologic and environmental impact, underlying the 
importance of a thorough understanding of their detailed composition 
and structure.

The findings of this study can contribute to improve the knowledge 
about BWPs offering data drive support to development of new materials 
for disc and pads and the optimization of driving behavior with the aim 
to reduce BWP emissions.
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