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1. Introduction 
Emission of airborne particulate matter has been one of the interesting and essential research 

subjects due to the environmental and health concerns. Strong correlations were found between various 
adverse health effects and high concentrations of particles in the atmosphere (Pope III et al., 2002; 
Oberdörster et al., 2005). In urban environments, and especially in the vicinity of traffic arteries, a 
significant fraction of airborne particulate matter originates from transport vehicles (Pant and Harrison, 
2013; Vu et al., 2015). Recent studies revealed that one of the main transport-related sources of 
particles is the operation of brakes (Thorpe and Harrison, 2008; Gietl et al., 2010). 

There are two mechanisms of aerosol particle generation in brakes. During braking the sliding 
surfaces are worn out and some of the wear particles become airborne and are released to the 
atmosphere. Simultaneously, the sliding surfaces are frictionally heated, which is accompanied by the 
generation of vapours. The interaction of the vapours with the air results in the nucleation of 
nanoparticles and their subsequent clustering (Namgung et al., 2016). Depending on the diameter, 
particles have different chances to penetrate the human body through inhalation, ingestion, or skin 
contact and then reach the internal organs (Oberdörster, 2001; Gasser et al., 2009). 

Many studies have been devoted to counting and size classification of airborne particles from 
sliding contacts. Garg et al. (2000) performed a brake dynamometer study of emissions of particles 
larger than 10 nm in aerodynamic diameter from car brakes with non-asbestos organic pads (NAO) and 
semi-metallic pads (SM). Sanders et al. (2003) made measurements of size distributions of above 30 
nm aerodynamic diameter particles from car brakes with low-metallic (LM), NAO and SM pads, using 
a brake dynamometer and testing a vehicle in a wind tunnel and on a test track. Iijima et al. (2007) 
classified by size abrasion dusts with above 500 nm aerodynamic diameters, emitted from a car brake 
dynamometer with NAO pads. Olofsson et al. (2009) investigated emissions of above 10 nm particles 
from a steel pin-on-disc pair. Wahlström et al. (2010, 2012) conducted studies of above 10 nm particles 
from LM and NAO car brake materials against cast iron, using a pin-on-disc machine and a disc brake 
assembly test stand. Kukutschová et al. (2011) performed a study of above 10 nm particles from a car 
brake dynamometer with LM pads. Olofsson (2011) investigated above 10 nm particles on a pin-on-
disc machine with the pin and disc samples cut from the steel train brake block and wheel, respectively. 
Abbasi et al. (2011, 2012) carried out studies of above 10 nm particles from organic and sintered train 
brake materials against steel, using a pin-on-disc machine and conducting field tests. Alemani et al. 
(2015) and Nosko et al. (2015) performed pin-on-disc studies of above 5.6 nm particles emitted from 
LM and NAO car brake materials against cast iron. Namgung et al. (2016) investigated above 5.6 nm 
particles emitted from a metro train brake dynamometer with NAO pads. An extensive review of the 
relevant literature can be found in Grigoratos and Martini (2015) and Kumar et al. (2013). 

It appears from the abovementioned studies that airborne brake particles have been 
comprehensively investigated for the diameter range above 5.6 nm. The question of the presence of 
smaller brake particles and their number fraction remains still unexplored due to measurement 
limitations. The instruments relying on electrical detection of particles are inapplicable for counting 
below 5 nm particles since such small particles have a low charging probability. The conventional 
commercial condensation particle counters do not allow detecting particles smaller than 2.5 nm. The 
purpose of the present study was to experimentally quantify the number fraction of 1.3–4.4 nm airborne 
particles emitted from the brake friction pairs of LM / cast iron, NAO / cast iron, and cast iron / cast 
iron using a novel measurement technique. 
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2. Experimental 
Airborne particles were generated by using the pin-on-disc machine depicted in Fig.1. This set-

up was proposed by Olofsson et al. (2009). The pin sample was a cylinder with a diameter of 10 mm. A 
dead weight pressed it against a horizontally positioned disc sample with a pressure of 1 MPa. The 
average friction radius was 25 mm. The disc sample, with an outer diameter of 63 mm and a thickness 
of 6 mm, was driven by a motor. The temperature � in the disc sample was measured by a chromel–
alumel thermocouple. The junction of the thermocouple, 0.5 mm in diameter, was installed at the 
average friction radius at a distance of 3 mm from the friction surface. 

Figure 1 

The pin samples were milled from a LM car brake pad, a NAO car brake pad, and a cast iron 
train brake block. The disc samples were milled from a car brake disc made of a perlitic lamellar cast 
iron. The original friction surfaces remained unaltered during the milling. Table 1 presents the 
elemental compositions of the sample materials (Alemani et al., 2015; Matějka et al., 2016). Each of 
the three pin sample materials was tested three times. 

Table 1 

The duration of the tests was 90 min. In each test, the sliding velocity at the average friction 
radius increased linearly from zero to a value �� during 60 min, and then it decreased linearly to zero 
during 30 min. The value �� was set depending on the friction pair. Car brakes normally work at 
temperatures below 200 °C (Garg et al., 2000). Therefore, for the LM and NAO �� was set equal to 1.2 
m/s and 1.7 m/s, respectively, which provided an increase in � to about 180 °C. In the test with the cast 
iron pair, �� = 0.5 m/s. 

The pin-on-disc machine was located in a sealed chamber. A fan drew the room air in the 
chamber via a HEPA filter and an inlet with a rate of 130 L/min. The filter removed particles from the 
passing air. The air flow inside the chamber picked up particles generated at the sliding contact 
between the pin sample and disc sample and carried them to the air outlet. The sealed chamber thus 
excluded external sources of particles. 

The air coming out of the chamber was analysed by three aerosol measurement instruments: an 
Airmodus A11 nano Condensation Nucleus Counter (nCNC), a TSI Condensation Particle Counter 
3772 (CPC), and a TSI Fast Mobility Particle Sizer 3091 (FMPS). Table 2 presents the characteristics 
of the instruments. 

Table 2 

The CPC counts particles larger than 10 nm. The FMPS separates 5.6–560 nm particles into 32 
stages using an electrostatic classification technique. The nCNC is an instrument based on two stages 
of condensational particle growth followed by optical counting (Vanhanen et al., 2011). At the first 
stage, a Particle Size Magnifier grows aerosol nanoparticles up to about 90 nm in mobility diameter 
with diethylene glycol condensation. At the second stage, a laminar flow condensation particle counter 
grows the particles up to optically detectable diameters using n-butanol as a working fluid and counts 
them. The nCNC allows measuring the number concentration of particles with diameters from 1.3 nm 
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to 1000 nm. The calibration of the nCNC was done using NiCr oxide particles produced with a hot wire 
generator and size selected by a high resolution Differential Mobility Analyser (Kangasluoma et al., 
2013). The nCNC operated in a so-called stepping mode. The lower cut size of the instrument changed 
step-wise between 1.3 nm and 4.4 nm every 30 s. For each cut size, an average particle concentration 
was recorded. Thus, the nCNC indicated the concentration of above 1.3 nm particles, denoted as 
‘nCNC1.3’, and the concentration of above 4.4 nm particles, denoted as ‘nCNC4.4’, with 60 s sampling 
interval. 

To minimise losses of particles during the measurement, the sampling tubes connecting the 
chamber air outlet and the instrument aerosol inlets had minimum possible lengths. The nCNC 
sampling tube was straight. The particle penetration ratio through the sampling tube was calculated, 
depending on the sampling tube length, aerosol flow rate, and particle diameter (see Table 2). The 
calculations were made according to Gormley and Kennedy (1949).  

3. Results 
Figure 2 presents the test results for the LM. During the first 25 min, the concentrations 

measured by the nCNC and CPC are low. In the interval from 25 to 53 min, they rise to a level of 102 
no/cm3. At about 53 min, when � ≈ 160 °C, the particle emission intensifies, with the concentrations 
increasing to above 105 no/cm3. The nCNC4.4 and CPC measurements agree well with those made by 
the FMPS. The concentrations are not shown in the intervals in which they exceed the corresponding 
maximum measurable limits (see Table 2). It is important to note that the nCNC1.3 concentration starts 
to increase about 3 min earlier than the nCNC4.4 and CPC concentrations. The maximum value of � is 
180 °C. As � goes below 160 °C, the concentrations decay. 

Figure 2 

The test results obtained for the NAO are shown in Fig.3. They are qualitatively similar to the 
results presented in Fig.2, although the concentrations do not exceed the maximum measurable limits. 
In this test, � is slightly lower, with a maximum value of 178 °C. The particle emission intensification 
is observed at � ≈ 160 °C. The concentrations and � reach their maximum values almost at the same 
time instance.  

Figure 3 

Figure 4 shows the results for the cast iron pair. As � rises to 74 °C, the concentrations 
measured by the nCNC and CPC increase to above 103 no/cm3. It is noteworthy that the nCNC1.3 
concentration is higher than 10 no/cm3 during the whole test, while the nCNC4.4 and CPC 
concentrations are below this level at the beginning and the end of the test. 

Figure 4 

Figure 5 presents number fractions of particles for different diameter ranges, based on the 
measurement data from the nCNC and CPC. The fractions of 1.3–4.4 nm particles and 4.4–10 nm 
particles were determined as the difference in the nCNC1.3 and nCNC4.4 concentrations and the 
difference in the nCNC4.4 and CPC concentrations, respectively. It is shown that the friction pairs 
produce a significant number of 1.3–4.4 nm particles. The particle number percentage for the LM and 
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NAO is dependent on �. For example, at � ≈ 150 °C the number of above 10 nm particles is larger than 
the number of 1.3–4.4 nm particles, while the fraction of 4.4–10 nm particles is almost zero. By 
contrast, at � ≈ 175 °C the 1.3–4.4 nm particles are predominant, and there is a noticeable fraction of 
4.4–10 nm particles. For the cast iron pair, the number of 1.3–4.4 nm particles is smaller than the 
number of 4.4–10 nm particles, while the total number of 1.3–10 nm particles is approximately equal to 
the number of above 10 nm particles. 

Figure 5 

Figure 6 shows size distributions of 5.6–100 nm particles measured by the FMPS and 
normalised in the interval 5.6 to 560 nm. For the LM and NAO, we have zero distributions at � ≈ 
150 °C, i.e. the particles detected by the FMPS are larger than 100 nm. However, at � ≈ 175 °C almost 
100 % of the particles are in the diameter range 5.6 to 40 nm, with a modal diameter of 11 nm. 
Considering the cast iron pair, most of the particles generated by this pair have diameters above 100 nm. 
The FMPS also indicates the presence of 5.6–10 nm particles. 

Figure 6 

Repetitions of the tests under the same conditions confirmed reproducibility of the obtained 
results. A significant difference was only observed in the maximum particle concentration attained 
during the test for the pairs with the LM and NAO. This difference was most probably caused by 
uncontrolled fluctuations in � (of the order of 1 ºC). 

4. Discussion 
The measurement data from the nCNC and CPC shown in Fig.5 reveal the presence of 1.3–4.4 

nm particles, as well as 4.4–10 nm particles in the specific cases. These data agree qualitatively with 
the FMPS distributions of Fig.6. For the pairs with the LM and NAO, both nCNC and FMPS indicate 
no particles in the diameter ranges of 4.4–10 nm and 5.6–10 nm, respectively, at � ≈ 150 °C. On the 
other hand, both nCNC and FMPS detect particles in the mentioned ranges for the LM and NAO at � ≈ 
175 °C and for the cast iron pair. 

According to Figs.2 and 3, the particle emission from the pairs with the LM and NAO 
intensifies drastically at the critical temperature � ≈ 160 °C. Similar temperature-related phenomena 
were previously observed. For example, Garg et al. (2000) found that the emission rate of 10–30 nm 
particles from brakes with NAO and SM pads increases by 1 to 2 orders of magnitude as the rotor 
temperature rises from 200 to 400 °C. Kukutschová et al. (2011) observed a substantial increase in the 
concentration of above 10 nm particles emitted from a brake with LM pads as the rotor temperature 
approached 300 °C. Wahlström at al. (2012) observed a 2 to 3 orders of magnitude increase in the 
concentration of above 20 nm particles from a LM pin sample against cast iron as the pin sample 
temperature rose from 170 to 240 °C. Alemani et al. (2015) tested LM and NAO materials against cast 
iron on the pin-on-disc machine used in the present study. FMPS measurements showed a 
predominance of 11–34 nm particles as the disc temperature exceeded a critical level of 165–190 °C, 
which matches the corresponding particle size distributions of Fig.6. The mentioned critical 
temperature (165–190 °C) was determined by analysing the FMPS concentration of particles larger 
than 5.6 nm. The critical temperature obtained in this study (� ≈ 160 °C) was determined in a similar 
way although based on the nCNC1.3 concentration of above 1.3 nm particles.  
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Analysis of the experimental data shows that the concentration of 1.3–4.4 nm particles 
noticeably increases even at relatively low temperatures. This is clearly seen for the pairs with the LM 
and NAO at � ≈ 120 °C (see Figs.2 and 3) and for the cast iron pair at � ≈ 50 °C (see Fig.4). The 
results for the LM and NAO can be explained by the generation of nanoparticles through the nucleation 
mechanism, which is in line with the study by Namgung et al. (2016) who observed an intensification 
of 5.6–40 nm particle emissions from a brake with NAO pads at disc temperatures above 70 °C. Note 
that the intensive emission of 1.3–4.4 nm particles at � ≈ 160 °C preceded the emission of above 4.4 
nm particles. Consequently, the formation of the above 4.4 nm particles could occur through clustering 
of the 1.3–4.4 nm particles (Kulmala et al., 2013). As for the cast iron pair, one can speculate that the 
temperature of the pin and disc samples was too low to generate vapours. Instead we could have a 
mechanical removal of metal oxides from the sliding surfaces, which produced solid nanoparticles of 
the metal oxides. Further research is necessary to enhance the understanding of the particle formation 
processes. 

5. Conclusions 
The main quantitative findings of the present study can be summarised as follows: 

1. The three friction pairs considered produce a significant number of 1.3–4.4 nm airborne 
particles. 

2. For the pairs with the LM and NAO, the number of 1.3–4.4 nm particles is predominant at 
temperatures above 160 °C. The emission of the 1.3–4.4 nm particles precedes the emission of 
above 4.4 nm particles. 

3. For the cast iron pair, the number of 1.3–4.4 nm particles is smaller than the number of 4.4–10 
nm particles. 
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Figure captions (All figures — colour online only) 
Fig.1. Schematic of the experimental set-up 

Fig.2. Particle concentrations and temperature � for the LM 

Fig.3. Particle concentrations and temperature � for the NAO 

Fig.4. Particle concentrations and temperature � for the cast iron pair 

Fig.5. Particle number fractions 

Fig.6. Normalised size distributions of 5.6–100 nm particles 
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Table 1. Elemental compositions of the sample materials, wt. % 

Element 

LM 

pin 

sample 

NAO 

pin 

sample 

Cast 

iron 

pin 

sample 

Cast 

iron  

disc 

sample 

Mg 10.4 2.6   

Al 9.1 1.1   

Si 5.8 3.9 1.64 1.7 

Mn   0.59 0.57 

P 0.9 0.01 1.08 0.03 

S 5.2 6.4 0.22 0.26 

K 0.67 4.0   

Ca 5.0 2.3   

Ti 0.17 9.0 0.07  

Cr 3.3 0.05 0.14 0.2 

Fe 7.1 0.88 92.8 93.6 

Cu 5.4 2.7  0.24 

Zn 12.5 0.05   

Sr 0.01 0.46   

Zr 0.14 15.3   

Mo  0.89   

Sn 8.8 1.7   

Ba  27.7   

Bi 0.81    

C 22.4 19.8 3.5 3.4 

F 2.1 0.47   
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Table 2. Characteristics of the aerosol measurement instruments 

Instrument nCNC 
CPC FMPS 

Operation mode nCNC1.3 nCNC4.4 

Minimum measurable particle diameter, nm 1.3 4.4 10 5.6 

Maximum measurable particle diameter, nm 1000 3000 560 

Minimum measurable concentration, no/cm
3
 ~1 ~1 ~10

−1
 10

2 a
 

Maximum measurable concentration, no/cm
3
 10

5
 10

4
 10

7 a
 

Sampling interval, s 60 1 1 

Aerosol inlet flow rate, L/min 2.5 1 10 

Sampling tube length, cm  20 40 100 

Particle penetration ratio through the sampling tube, % 73 
a
 92 

a
 94 

a
 95 

a
 

a
 The value corresponds to the minimum measurable particle diameter 
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Figure 1  
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Figure 2  
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Figure 3  
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Figure 4  
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Figure 5  
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Figure 6  
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Figure 2 grey for the print version  
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Figure 3 grey for the print version  
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Figure 4 grey for the print version  
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Figure 5 grey for the print version  
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Figure 6 grey for the print version  
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