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The wear of brakes in transport vehicles is one of the main anthropogenic sources of airborne 

particulate matter in urban environments. The present study deals with the characterisation of 

airborne wear microparticles from a low-metallic friction material / cast iron pair used in car brakes. 

Particles were generated by a pin-on-disc machine in a sealed chamber at sliding velocity of 1.3 m/s 

and contact pressure of 1.5 MPa. They were collected on filters in an electrical low pressure 

impactor, and an investigation was conducted to quantify their shape and porosity. Scanning 

electron microscopy revealed that most of the  µm particles are flakes and have a breadth-to-

length aspect ratio of 0.7 ± 0.2. Particle porosity was determined by milling particles with a focused 

ion beam and subsequent analysis of the exposed particle cross-sections. Most of the  µm 

particles were revealed to have porosity of 9 ± 6 %. Analysis of the relationship between effective 

particle density, particle material density, dynamic shape factor and porosity showed that the shape 

factor has a stronger influence on the effective density of airborne wear particles than the porosity 

factor. The obtained results are useful for accurate prediction of particle behaviour in the 

atmosphere and in the human respiratory system.
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1. Introduction

Airborne particulate matter penetrates the human body through breathing, drinking, eating, 

and skin contact. The penetration of microscopic and submicron particles may have adverse health 

effects in the form of asthma, lung cancer, cardiovascular disease, respiratory diseases, and skin 

diseases (Pope et al., 2002; Oberdörster et al., 2005). People living in urban environments are 

subject to higher health risks due to various anthropogenic sources of airborne particles such as the 

burning of fossil fuels to generate electricity, construction, demolition, and road transportation 

(Kumar et al., 2013; Vu et al., 2015). The impact of the latter is specifically significant in the 

vicinity of traffic arteries (Furusjö et al., 2007; Pant and Harrison, 2013). Studies by Thorpe and 

Harrison (2008), Gietl et al. (2010) and Amato et al. (2014) showed that one of the main traffic-

related sources of airborne particles is the wear of brakes in transport vehicles. Modern cars are 

equipped with disc brakes which provide braking through the friction of two pads against a disc. 

The disc material is usually cast iron, whereas most of the pad materials fall into three classes: low-

metallic (LM), non-asbestos organic (NAO), and semi-metallic (SM). During braking, wear 

particles are emitted from the friction surfaces of the pads and disc. Some of these particles become 

airborne and are released to the environment. 

Grigoratos and Martini (2015) reviewed many studies on airborne wear particle emissions 

from car brake materials. Garg et al. (2000) investigated the generation of particulate matter by 

brakes with NAO and SM pads, focusing on particle emission rate, size distribution, and elemental 

composition. Particle size distributions of wear debris from brakes with LM, NAO and SM pads 

were measured by Sanders et al. (2003). Schauer et al. (2006) presented a report on the 

characterisation of metals emitted from motor vehicles, including brake wear emissions. Iijima et al. 

(2007) investigated abrasion dusts from brakes with NAO pads, considering size distribution and 

elemental composition. Wahlström et al. (2010a, 2010b) conducted studies of particulate matter 

emissions from LM and NAO materials against cast iron. The particles were analysed for 

concentration, size distribution, shape, and elemental composition. Kukutschová et al. (2011) 

performed a study of particle emissions from brakes with LM pads. The particle concentration, size 

distribution, chemistry, mutagenicity, and toxicity were analysed. Hagino et al. (2015, 2016) 

investigated mass concentrations of wear particles from brake dynamometer imitating real driving 

conditions. Alemani et al. (2016) and Nosko and Olofsson (2017a,b) performed pin-on-disc studies 

of wear particles generated by the friction of LM and NAO materials against cast iron. Particle 

emission rate, size distribution and density were investigated, taking into account the influence of 

temperature.

The above literature review suggests that airborne wear particles generated by car brakes 

have been thoroughly investigated in terms of emission rate, size distribution, density, and 
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chemistry. Nonetheless, quantitative information about their porosity and shape is still lacking. 

Particle porosity serves as a link between particle density and the density of the particle material 

(DeCarlo et al., 2004). It is also related to particle chemical reactivity. On the other hand, particle 

shape has a significant influence on the drag force acting on the particle, which is described by the 

dynamic shape factor (Fuchs, 1964). Both particle porosity and shape affect the so-called effective 

particle density (Kelly and McMurry, 1992), another important characteristic necessary to predict 

the dynamic behaviour of particles in the atmosphere and in the human respiratory system.

The aim of this study was to quantitatively characterise the porosity and shape of airborne 

wear particles emitted from a LM / cast iron pair used in car brakes.

2. Basic definitions and relationships

The geometry of a particle is characterised by the breadth , which is the minimum distance 

between two parallel tangents to the particle profile, and the length , which is similar to the breadth 

but taken in the perpendicular direction (Davies, 1979). The equivalent 2D particle diameter can 

then be expressed as

=

Furthermore, the aspect ratio is

=

The particle material density  is defined as the ratio of the particle mass  to the volume m

 of the solid material in the particle:s

m =
s

The particle density  takes the internal voids of the particle into account:p

p =
s + v

where  is the volume of the internal voids. The particle porosity  is defined asv

=
v

s + v

(1)

and  and  are linked by the following equation (DeCarlo et al., 2004):m p

p = (1 ) m (2)

The effective particle density  is used to describe the aerosol dynamic behaviour. It is e

often defined based on the following relationship between the particle mobility diameter  and b

aerodynamic diameter  (Schmid et al., 2007):a
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e
2
b c( b) = 0

2
a c( a)

where  = 1 g/cm3 and  is the slip correction factor.0 c( )

The dynamic shape factor  is defined as the ratio of the drag force on the non-spherical 

particle to the drag force on its volume equivalent sphere, assuming that both move at the same 

velocity with respect to the atmosphere (Fuchs, 1964). Fig.1 shows approximate values of  for 

some idealised particles (Johnson et al., 1987; Kasper, 1982, 1985; Niida and Ohtsuka, 1996). The 

variation in  is due to the different possible orientations of the particles with respect to the air flow 

direction. The value of  is about 1 to 1.2 for the idealised rounded / angular particles. For the 

idealised agglomerates  varies from 1 to 1.5. By contrast, the idealised flaky particles, with a 

thickness-to-diameter ratio of 0.1, have a considerably larger  in the range of 1.3 to 2.2.

According to experimental data obtained by Zelenyuk et al. (2006) for 0.1–1 µm aerosol 

particles of polystyrene latex, ammonium sulphate and sodium chloride with various irregular 

shapes, as well as theoretical analysis by DeCarlo et al. (2004), the relationship between  and  e p

can be represented in the form

e

p

1

2
(3)

From Eqs.(2) and (3) it follows that

m

e

2

1
(4)

The derived Eq.(4) describes the combined effect of the particle porosity  and shape ( ) on the 

effective particle density .e

3. Research methodology

3.1. Generation and collection of particles

Airborne wear particles were generated by the pin-on-disc machine depicted in Fig.2. This 

set-up was proposed by Olofsson et al. (2009, 2011, 2013). The pin sample was a cylinder with a 

diameter of 10 mm. A dead weight pressed it against a horizontally positioned disc, providing a 

contact pressure of 1.5 MPa. The average friction radius was 25 mm. The disc was driven by a 

motor with a constant velocity of 1.3 m/s at the average friction radius. Temperature was measured 

in the disc using a chromel–alumel thermocouple. 

The pin sample and disc were milled from passenger car brake LM pad and cast iron disc. 

The LM is representative for the European market, with a phenolic resin binder and different 

reinforcements and abrasives. The cast iron is a perlitic lamellar cast iron. The elemental 
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compositions of the LM, reported by Alemani et al. (2016), and the cast iron, reported by  

et al. (2016), are presented in Table 1.

Table 1. Elemental compositions of the friction materials, wt. %

Mg Al Si Mn P S K Ca Ti Cr Fe Cu Zn Sr Zr Sn Bi C F

LM 10.4 9.1 5.8 0.9 5.2 0.67 5 0.17 3.3 7.1 5.4 12.5 0.01 0.14 8.8 0.81 22.4 2.1

Cast

iron

1.7 0.57 0.03 0.26 0.2 93.6 0.24 3.4

The pin-on-disc machine was located in a sealed chamber to avoid external sources of 

particles. Room air was drawn in by a fan and entered the chamber through a HEPA filter and an 

inlet opening. The air flow was 2.2 L/s. The air flow inside the chamber picked up particles 

generated by the friction of the pin sample on the disc and carried them to the air outlet. The 

particles coming out of the chamber were collected on aluminium filters placed inside a Dekati 

Electrical Low Pressure Impactor 2E10-10 (ELPI+).

The test duration was 3 hours. During the first 30 min, transient processes were observed, 

including rise of the disc temperature and changes in the ELPI+ particle size distribution. After the 

stationary friction was reached, the disc temperature fluctuated about 270 °C, while the ELPI+ 

indicated the presence of particles in the entire measurement range from 0.006 to 10 µm. The 

normalised particle concentration was of the order 106, 103, 10 and 1 no/(cm3
p) for particle 

diameter of 0.01, 0.1, 1 and 10 µm, respectively. A detailed description of the influence of 

temperature and friction duration on the particle size distribution for the LM / cast iron pair can be 

found in Nosko and Olofsson (2017a,b).

3.2. Particle sectioning

Some of the particles accumulated on the filters underwent sectioning in a dual-beam 

microscope FEI Nova Nanolab 600, equipped with a gallium focused ion beam and a field emission 

gun scanning electron microscope (SEM).

The sample preparation procedure consisted of the deposition of a gold coating and a 

platinum patch over the substrate containing the particles. The gold coating, with a thickness of 

several nanometres, was produced in a plasma coater JEOL JFC-1300 in order to ensure the 

conductivity of the specimen and to encapsulate it. The platinum patch was produced by means of 

beam chemistry deposition inside the microscope over the areas of the sample that needed to be 
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sectioned. Its purpose was to protect the region of study from undesired etching resulting from 

exposure to the ion beam during beam tuning.

The platinum patch was deposited over the specimen in two stages. First, the sample was 

placed in the direction normal to the SEM beam and a platinum layer of 0.1 µm was deposited over 

the region of study. The deposition of this layer occurred upon injection of a precursor gas close to 

the region of study using a gas injection system. The region of study was then irradiated with the 

electron beam (e-beam). The energy of the electrons in the beam broke the precursor gas molecules 

and produced platinum deposition. Fig.3a shows a SEM image of a particle cluster covered with the 

e-beam platinum layer. At the second stage, the sample was positioned in the direction normal to 

the ion beam (i-beam) as shown in Fig.4. An extra platinum layer of 1–2 µm was deposited from 

the same precursor gas, this time upon i-beam irradiation. Fig.3b shows a SEM image of the particle 

cluster after the i-beam platinum deposition. Notice that the sample stage is tilted 52° to be placed 

normal to the i-beam direction. 

The sample was milled step-by-step using the i-beam. At each step, a prismatic volume of 

the sample was removed, exposing the subsequent cross-section of the particle cluster. The cross-

section was then imaged with the SEM, as illustrated in Fig.3c. The thickness of the removed 

volume, i.e. the distance between two consecutive cross-sections, was set in accordance with the 

particle cluster size and was constant within the sectioning procedure.

3.3. Processing of the particle cross-section images

Each particle cross-section image was processed in the following way. The initial image 

(Fig.5a) was cleaned to remove the background and thus frame the particle (Fig.5b). Image 

thresholding was then performed to contour the voids in the particle (Fig.5c). At the final stage, the 

solid material of the particle was coloured grey (Fig.5d). This transformed the initial image into 

three domains: ‘background’, coloured in white; ‘solid material’, coloured in grey; ‘voids’, coloured 

in black.

The porosity  of a particle was determined by analysing a number  of its cross-section 

images. Each -th image was processed following the procedure described above. The domains of 

‘voids’ and ‘solid material’ were obtained, and their areas  and  were determined. Finally,  v s

was calculated by the formula

=
= 1

v
= 1

( s + v )

which is an approximation of Eq.(1).
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4. Results

SEM analysis showed that the particles have various shapes, as illustrated in Fig.6. The 

primary particles can be rounded / angular (Fig.6a), flaky (Fig.6b), or acicular (Fig.6c). There are 

also agglomerated particles (Fig.6d).

Fig.7 presents a micrograph of particles collected on a filter. The micrograph contains 

several hundred particles, and the resolution and contrast are high enough to distinguish boundaries 

of overlying particles. A statistical analysis of the shape and aspect ratio  was performed for 200 

randomly selected particles with  from 0.1 to 0.9 µm. It was found that about 60 % of the particles 

are flakes. There are also a noticeable number of rounded / angular and agglomerated particles, 

while acicular particles are rare. Fig.8 shows the distribution of the relative frequency of . The 

average value of  is 0.7, and 83 % of the particles have  in the range 0.7 ± 0.2.

The porosity  of 20 randomly selected particles with  ranging from 0.3 to 6.2 µm was 

determined. Of them, 16 particles were primary and 4 particles were agglomerates. In the 

calculations, the number  of the cross-section images varied between 2 and 5. Fig.9 presents the 

relationship between  and  obtained for each particle. The value of  is in the range of 9 ± 6 % 

for a total of 12 out of the 20 particles considered. Examples of a completely dense particle (  = 0), 

a porous primary particle with  = 9 %, and an agglomerated particle with  = 22 % are indicated 

in Fig.9 by ‘A’, ‘B’, and ‘C’, respectively. In addition, cross-section images of the particles ‘A’ and 

‘B’ are shown in Fig.10. The particle ‘C’ was presented in Fig.5.

5. Discussion

The shape of airborne wear particles was previously investigated by Wahlström et al. 

(2010b) who conducted a pin-on-disc study of LM and NAO materials. SEM analysis of the 

collected microparticles showed that most of them had a flaky shape. Kukutschová et al. (2011) also 

investigated particulate matter generated by a brake dynamometer with LM pads. Particles varying 

between 0.037 and 9.5 µm in aerodynamic diameter were collected on filters and analysed using 

SEM and transmission electron microscopy. The analysis revealed the presence of nanoscale 

particles in the form of agglomerates, while a noticeable number of microparticles were flakes. The 

results from the present study are similar to the described results, showing predominantly flaky 

microparticles with a fraction of about 60 %. In addition, it was found that the particles have an 

elongated shape with the aspect ratio  of 0.7 ± 0.2 (see Fig.8).

To the best of our knowledge, there are no previously published data on the porosity of 

airborne wear particles. The current study shows that the porosity  of these particles is 9 ± 6 %. 

According to Fig.9, there is a large scatter in , from completely dense particles (see Fig.10, 

particle ‘A’) to particles with  above 20 % (see Fig.5). Agglomerated particles have voids between 
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their sub-particles, and it is natural to expect them to have a certain level of porosity. The primary 

particles under study, however, were also revealed to be porous (see Fig.10, particle ‘B’).

Alemani et al. (2016) investigated airborne wear particles generated by friction pairs similar 

to that considered in the present study. The particulate matter was collected on ELPI+ filters and 

analysed for elemental composition by energy-dispersive X-ray spectroscopy. Based on the 

elemental composition, the material density  of 0.06–10 µm aerodynamic diameter particles was m

calculated to be about 2.6 g/cm3. Nosko and Olofsson (2017b) studied the effective density  of e

airborne wear particles from the same friction pairs. It was found that  of 0.006–10 µm particles e

is about 0.75 g/cm3, i.e. the ratio   3.5. Such a large difference between  and  was m
e e m

hypothesised to be caused by the particle porosity and shape. If we substitute  = 3.5 and  = m
e

0.09 in Eq.(4), we obtain the dynamic shape factor  = 1.78. This value lies close to the midpoint of 

the range  = 1.4–2 for the idealised flaky particle with  = 1/2 (see Fig.1), and it also agrees well 

with  = 1.88 obtained by Cheng et al. (1988) for flaky aerosol microparticles of talc with a 

thickness-to-diameter ratio of about 0.1. Thus, the large difference between  and  can be e m

explained by the predominantly flaky shape of the particles. The porosity factor is of comparably 

minor importance.

6. Conclusions

This study provides a quantitative characterisation of the porosity and shape of airborne 

wear microparticles generated by a low-metallic friction material / cast iron pair used in car brakes. 

The main findings can be summarised as follows:

1. The particles have various shapes: rounded / angular, flaky, acicular, and agglomerated. 

Flaky particles are predominant, with a fraction of about 60 %.

2. Most particles within the diameter range of  µm have an elongated shape with a 

breadth-to-length aspect ratio of 0.7 ± 0.2.

3. The porosity of most of the  µm particles is 9 ± 6 %. There are also completely dense 

particles as well as particles with porosity above 20 %.

4. The shape factor has a stronger influence on the effective particle density than the porosity 

factor.
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Figure captions

All figures — colour online only.

Fig.1. Dynamic shape factor  and aspect ratio  of idealised particles

Fig.2. Schematic of the experimental set-up for particle generation and collection

Fig.3. SEM images of a particle cluster: (a) after the deposition of an e-beam platinum patch; (b) 

after the deposition of an i-beam platinum patch; (c) during i-beam etching

Fig.4. Schematic of the relative position between the sample, the e-beam and the i-beam

Fig.5. Processing of the particle cross-section image: (a) initial image; (b) removal of the 

background; (c) black colouring of the voids; (d) grey colouring of the solid material

Fig.6. Particle shapes: (a) rounded / angular; (b) flaky; (c) acicular; (d) agglomerated

Fig.7. SEM micrograph of particles collected on a filter

Fig.8. Distribution of the relative frequency of the particle aspect ratio 

Fig.9. Particle porosity  vs. diameter :  primary particle;  agglomerated particle; (A) example 

of a completely dense particle; (B) example of a porous primary particle; (C) example of an 

agglomerated particle

Fig.10. Typical cross-section images of the primary particles: (A) completely dense particle; (B) 

porous particle
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Fig.1
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Fig.2
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Fig.3
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Fig.4
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Fig.5
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Fig.6
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Fig.7
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Fig.8
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Fig.9
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Fig.10
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