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Abstract The particulate matter emissions related to the braking of railway

rolling stock are investigated using a reduced scale braking device. Samples of

organic materials and cast iron discs are tested for di�erent nominal contact pres-

sures and disc surface temperatures, representative of real conditions. The aim of

this work is to investigate the in�uence of braking conditions on the global amount

of particles emitted, their distribution in number and size, and their morpholog-

ical and chemical characteristics. To be representative, the tested conditions are
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designed to dissipate the same amount of energy for all the braking events by ad-

justing the pad application duration. The results show that for the same dissipated

energy, a temperature increase above a transition value in the range of 230-280◦C

depending on the braking conditions, modi�es the size and number distributions

of the generated particles. The results obtained are of interest to better represent

their propagation through CFD modelling according to the characteristic of the

particle emission.

Keywords Railway · Disc Braking · Non Asbestos Organic Pads · Non-Exhaust

Emissions · Airborne Particles · Air Quality

1 Introduction

Braking has been identi�ed as the second source of PM10 emissions (i.e. airborne

particle with an aerodynamic diameter of less than 10 µm) in urban road tra�c.

Moreover, this is the primary source in underground railway tra�c (Grigoratos

and Martini, 2015),(Thorpe and Harrison, 2008). It is mainly in urban areas that

these particles are emitted in large quantities, due to the concentration of hu-

man activities and the associated road tra�c for people transportation (Querol

et al., 2004). About 35% of brake pad mass loss is released into the air and 50%

of the wear debris generated become airborne (Garg et al., 2000; Sanders et al.,

2003). Moreover, Particulate Matter (PM) induces adverse health e�ects and

environmental changes (Grantz et al., 2003; Hansen et al., 2016). As an exam-

ple, it has been shown that PM are associated to cardiovascular (Franck et al.,

2011; Wu et al., 2012), respiratory (Martins et al., 2015; Cli�ord et al., 2018)

and neuronal (Solaimani et al., 2017) diseases, causing up to 48,000 premature
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deaths in France (Pascal et al., 2016). Several studies have been conducted on

disc brake for decades, but they have mainly focused on emissions characteriza-

tion in order to better understand their interaction with human beings and the

environment. Some of those studies have been conducted on real scale (�eld tests)

(Abbasi et al., 2012b; Wahlström et al., 2010c), on system scale (Sanders et al.,

2003; Mosleh et al., 2004; Kukutschová et al., 2011; Namgung et al., 2016) and

on model scale (Wahlström et al., 2010c,b; Abbasi et al., 2012a; Alemani et al.,

2018), providing a qualitative description and correlations on particle emission in

terms of size distribution, morphology and chemical composition. However, there

is a lack of information on how the braking conditions in�uence the PM gener-

ation. Nevertheless some interesting observations are provided by those studies.

(Garg et al., 2000) performed a brake dynamometer study on particles emissions

from car brakes with non-asbestos organic pads (NAO) and semi-metallic pads

(SM). The authors noticed a mass reduction and an increase in particle number

for contact temperature close to 400◦C during their investigations. (Kukutschová

et al., 2011) also carried out car brake dynamometer study with low-metallic pads

(LM) and noticed an increase in particle number concentration in the ultra-�ne

particle fraction (< 100 nm) when the temperature exceeded 300◦C (Kukutschová

et al., 2011). Similarly, (Wahlström et al., 2010c,a,d,b) conducted studies on LM

and NAO car brake materials against cast iron, using a pin-on-disc machine, a disc

brake assembly test stand and �eld measurements. They found that the ultra-�ne

number concentration increases for high load tests. Therefore, (Alemani et al.,

2018) tried to point out the in�uence of braking conditions and also highlighted

that the system temperature signi�cantly a�ects the ultra-�ne fraction levels dur-

ing their investigations using a pin-on-disc tribometer on car brake materials.
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Extensive review of relevant literature can be found in (Grigoratos and Martini,

2015), (Abbasi and Sellgren, 2013). It appears from the above-mentioned studies

that the airborne brake particles have been investigated for di�erent materials

and braking conditions. Nevertheless, the studies were carried out with several

parameters varying at the same time hindering the understanding of the actual

in�uence of these parameters on emissions. Besides, the results provided in these

studies refer to total quantities measured during a braking, braking sequence or

experiment, and not to real-time measurements, although in some cases these are

carried out (Alemani et al., 2018; Abbasi and Sellgren, 2013; Wahlström et al.,

2010b; Nosko et al., 2015; Kukutschová et al., 2011)

The objective of this study is to provide additional information on the in-

�uence of braking conditions such as contact pressure and disc temperature, in

particular regarding the range of particles emitted, their shape and composition.

Knowledge of the nature of these particles (size, shape and composition) and their

real-time emission is essential to develop �uid numerical models able of predicting

correctly their propagation close the location of their production. There are to

major aims for this work : give rules to choose the friction conditions which give

the lower particle emission for a given dissipated kinetic energy and give rules for

the particles injection properties in CFD model for study on their propagation

in con�ned area, like subway station. The evaluation of the in�uence of these pa-

rameters on the nature of the emitted PM will be carried out on a pair of railway

braking material, by varying one parameter at a time, while maintaining an equiv-

alent dissipated energy. The characteristics of the emitted PM and the real-time

distributions obtained will be presented.
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2 Experimental methodology

Two approaches are considered for the particle's characterization: a particle col-

lection approach for o�-line analysis and an instantaneous measurement approach

with on-line measurement of the particle size distribution. The methodology ap-

plied in our study can be resumed by the Figure 1. In the both approaches, the

braking tests are performed on the High Speed Tribometer, an experimental plat-

form of our laboratory which is designed for friction studies at high sliding speeds

(Meresse et al., 2013; García et al., 2014).

2.1 Experimental setup

The HST consists of a high-speed machine tool used to get a disc rotation at a

�xed position. The reduced disc is mounted vertically on the electro-spindle. The

brake pads are mounted on a Kistler cell force to collect the normal and tangential

forces. The cell can work up to 20 kN in compression and 5 kN in shear. It is �xed

on a pneumatic guided cylinder as well as in most of suburban trains (Figure 2).

A tachometer allows a measurement of the disc rotational speed at a frequency of

2Hz. The temperature is monitored using a digital laser pyrometer pointing at the

edge of the friction track. The pyrometer can measure a temperature between 50

and 1200◦C with an accuracy of 0.1◦C. The tests are computationally driven in

speed and in load application, as suggested by (Abbasi and Sellgren, 2013), and

the measured data are recorded simultaneously. The environment temperature and

the relative humidity are measured during all the tests. They are respectively in

the range of 20-25◦C and 40-55% in the HST room.
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Fig. 1 Description of the experimental approach

Fig. 2 Picture of the braking device and the collecting system.



Particulate matter emissions related to an urban train braking 7

In order to ensure the collection of PM emitted during braking, a collection de-

vice (in the shape of a curved groove) is placed around the disc. In the case of the

O�-line approach, the particles are placed in water to be analyzed later. Several

braking events are performed in the same conditions to get a representative set

of particles. As described on the �gure 1, the post-test analysis can give informa-

tion on the shape and the elemental composition. The morphology and elemental

analysis of the collected particles were conducted using Field Emission Scanning

Electron Microscopy (FE-SEM) coupled with Energy Dispersive Spectrometry

(EDS). Then, information on the particle size and their density are obtained

through a Mastersizer3000 device. This analyzer allows to measure particle size

distributions from 0.1 to 3500 µm in wet solutions. The pads are weighted using

an analytical balance Kern AET 500 − 4 (with precision of 0.1 mg), in order to

evaluate the wear generated during the tests. Finally, the opacity of the solution

gives also qualitative information about the particle concentration. In the case

of the On-line approach, the particles are sampled through a probe, mounted on

the collection device around the disc and distributed to an Optical Particle Sizer

(OPS, TSI 3330) and an Engine Exhaust Particle Sizer (EEPS, TSI 3090). This

combination is very similar to the assembly used by ((Namgung et al., 2016)). The

EEPS sizes the particles according to their electrical mobility from 5.6 nm to 560

nm at 10Hz with a 32 channels resolution. The OPS is able to size particles ac-

cording to their optical properties and give an equivalent diameter in a range from

300 nm to 10 µm, at 1Hz on 16 adjustable channels.
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2.2 Materials

The friction materials are obtained from a pair of unused brake materials from

an urban train operating on the Parisian railway network. The disc is in grey

cast iron with lamellar graphite and the pads are composed of an organic matrix

with �llers and particles without asbestos. The lining contains a large portion of

carbon compounds (resin and �llers) and iron in the form of oxides (abrasive �bers

and powders). According to the supplier, it also contains majoritary the abrasive

compounds given in Table 1, necessary for e�ective braking.

Materials Phenolic Resin Ferrous oxydes BaSO4 MgO Sb2S3

Density (kg/m3) ≈1200 5200-5800 4500 3580 4640

Table 1 Brake pads compounds - Density

Fig. 3 Elemental spectra of the pad lining compositions.

An EDS analysis on an unworn surface of the pad given in Figure 3 con�rms a

high proportion of iron (Fe) and carbon (C) as well as oxygen (O). Barium (Ba),

antimony (Sb), magnesium (Mg) sulphur (S) are also present in smaller quantities.

Other elements, in signi�cant quantities such as sodium (Na) and phosporus (P),
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silicon (Si) are also detected.

Contrary to the circular pin adopted in the studies of (Wahlström et al., 2010c),

(Abbasi et al., 2012a) and (Alemani et al., 2018), the shape of the actual pieces

of lining is chosen close to the initial UIC shape of the pad (Figure 4 - b)). This

allows to respect a residence time of the particle in the real contact and to keep the

contact area ratio. The thickness of the pad is the same than the original part. The

disc has been cut from the friction track of a full-size disc, as shown in the Figure

4 - a). It corresponds to a half ventilated disc whose blades have been removed to

lighten the structure, since the dissipated �ow is assumed to be symmetrical on

the full-size disc.

Spads =21cm² 

Spads =400cm² 

Fig. 4 Representation of the geometry of a) disc and b) pad lining compared to the real scale

elements.

The dimensions of each part are chosen to respect the similarity of the heat

�ow dissipation with the real scale parts as developed by(Roussette et al., 2003).

At reduced scale, the sliding velocity is conserved and corresponds to the velocity

at the middle of the friction track (≈ 43 mm as shown in Figure 4 - a)).The surface
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of the pads has been reduced from 400cm2 to 21cm2. The tests are performed at

the same mean contact pressure compared to a full-scale braking device.

The 120-mm-diameter discs and the reduced-pads are cut from the materials

using a water jet cutting machine. Before testing, the disc specimens are cleaned

using ketone and the pads are cleaned with compressed air. After each assembly

of the pads on their support, a running-in procedure is carried out to ensure the

�atness of the contact, with approximatively 10 running-in brakes.

2.3 Preliminary investigation

The �rst stage of this study is to evaluate the emissions generated during a typical

trip of a Paris interurban rolling stock, by simulating a part of its trip on the HST.

Before the test, measurements of the background level are performed to compare

with the particle number during friction. These levels are very low, at least 100

times lower for each equivalent diameter. The sliding speed, the contact pressure

on the pads and the temperature on the disc rubbing track are plotted in Figure 5 -

(c) for the typical trip. This presents di�erent initial speeds and braking e�orts over

more or less short braking duration, which greatly complicates the understanding

of particle generation and the in�uence of braking parameters. In Figure 5 - (a) &

(b) , the particle size and concentration distributions measured over trip duration

by the on-line measurement system are represented and can be compared to the

applied force values and the surface temperature of the disc on Figure 5 - (c).

A phenomenon can be observed on three of the braking events (braking events

4, 5 and 7 on Figure 5 - b)): a generation of a larger quantity of particles with

a diameter of less than 300 nm occurs. Each time this fraction of sub-300 nm
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Fig. 5 Size distribution of the airborne wear particles emitted during the �rst braking events

of a typical trip. a) Obtained by OPS, b) obtained by EEPS and c) the associated contact

pressure, speed and temperature curves.

particles is emitted, the temperature in the contact exceeds 180◦C. Moreover, The

contact force applied seems to be the same for these three braking events: low,

around 600 N (or about 0.3 MPa) and the braking time is similar (about 50 s),

which is longer than the other braking events. However, the temperature remains

above 180◦C in subsequent braking operations presenting di�erent braking pro-

�le (shorter and more intense braking e�orts) and therefore, this phenomenon

does not occur (See braking n◦6 and n◦8 ). Moreover, at the beginning of the trip,

braking with the same pro�les does not generate ultra-�ne particles (braking n◦2).

From these �ndings, several assumptions can be drawn:

� For the same given braking pro�le, the generation of a high quantity of ultra-

�ne particles is dependent on the temperature in the contact.
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� For the same contact temperature considered, sub-300 nm particles are gener-

ated only under certain braking conditions.

In the second assumption, it can be mentionned that the dissipated energy is

not the same between the di�erent braking operations performed for a contact

temperature higher than 180◦C. Indeed, between the braking events 7 to 9, the

braking e�ort, braking duration and sliding velocity are not the same. According

to the Equation (1) (Meresse et al., 2013), the energy dissipation is dependent on

four typical brake system parameters: the friction coe�cient µ, the normal force

FN , the sliding velocity V and the braking duration t.

E = P × t = µFNV × t (1)

Consequently, these braking operations (n◦7 to n◦9) do not dissipate the same

amount of energy. Thus we consider necessary to control the operating conditions

to study the in�uence of these parameters. For this purpose, we choose to carry

out the tests for an energy dissipation considered constant, while varying either

the application force (or contact pressure), the rotational speed of the disc and/or

the contact, and the duration of the braking application.

In the following part of the study, the result for the on-line experiments are

obtained at a rotational speed of 2200 rpm (i.e. a train speed of 50 km/h). Three

application pressures were considered (0.25, 0.40 and 0.65 MPa), corresponding to

the application pressure values relative to the typical trip taken by the train (�nor-

mal� service brake, �maximum� service brake and emergency brake respectively).

The braking duration are respectively set at 20, 12 and 8 seconds assuming that

the friction coe�cient variation are low. A mean value of 0.30 for all braking events
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was measured with this pair of friction materials. The temperature evolves from

50◦C (which is the minimum temperature detected by the pyrometer) to 300◦C,

depending on the operating conditions considered.

As the braking conditions does not change from one brake to another during

the test, the temperature increase remained constant during each braking event,

with a surface heating of less than 30◦C to keep a comparable dissipative energy.

The Table 2 lists the estimated target test values.

Table 2 Considered values for the braking conditions.

Test Rotational speed Pressure Normal load µ t E

N◦ (rpm) (MPa) (N) (s) (kJ)

1

2200

0.25 ≈ 520 0.3 20

432 0.40 ≈ 850 0.3 12

3 0.65 ≈ 1360 0.3 8

3 Results and Discussions

3.1 On-line experiments

The �rst approach consist of obtaining the particle distribution over time by �x-

ing the rotational speed, the braking duration and the contact pressure. For each

braking event, the temperature increase is lower than 30◦C which can be consid-

ered more or less constant for one event. By repeating the braking operation, the

temperature e�ect is studied with the heat accumulation in the materials. The

friction coe�cient µ is obtained from the load sensor. It is from the same order of
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magnitude in each case (see Figure 6). However, it seems that it decreases with

the increase of the contact pressure.

Fig. 6 Representation of the di�erent friction coe�cient µ for each braking events of the three

test sequences.

For each of the three contact pressures studied, Figure 7 shows the particle size

spectrum obtained and the associated operating conditions (surface temperature,

train speed and contact pressure between disc and pads).

According to these number size distributions (Figure 7), most of the detected

particles have a diameter of less than 3 µm. As with the typical train trip simulation

(Figure 5), for some braking events, ultra-�ne particles (with diameter less than

100 nm) are produced in large quantities, in all three cases. The contact pressure

as well as the braking duration are di�erent in these three cases, but the trend

remains the same.

� In the �rst case (Figure 7 - a)), from the 6th braking event (black arrow), the

nano-particles fraction appears in a greater concentration. The temperature in

the contact is then around 230◦C and does not drop below, until the end of

the sequence.
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Fig. 7 Spectrum of generated particulate emissions, a) to 0.25 MPa, b) 0.40 MPa and c) 0.65

MPa, for a rotational speed of 2200 rpm (50 km/h).
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� Similarly, in the second case (Figure 7 - b)), the fraction of nano-particles

appears from the 10th braking operation, at a temperature of about 260◦C.

� In the last case (Figure 7 - c)), the same phenomenon appears clearly at the

10th braking event, when the temperature exceeds 275◦C.

From this Figure 7, we can see a phenomenon of accumulation of particles in the

ultra-�ne fraction between each braking. This accumulation can a�ect the reading

of data and the actual concentrations emitted during braking. These results are in

line with the conclusions made by (Garg et al., 2000), (Kukutschová et al., 2011)

and (Alemani et al., 2015), showing that high concentrations of nano-particles

fraction are emitted when the temperature is approximately 300◦C. However, we

note that the phenomenon appears at di�erent temperature values when increasing

contact pressure. In order to con�rm this trend and to better assess particle size,

the size distributions in number, at three di�erent temperatures and for the three

di�erent contact pressures considered, are given in Figure 8. Each graph represents

the number distribution of particles by size for 9 isolated braking operations taken

from the spectra in Figure 7 at comparable contact pressures and temperatures.

Figure 8 clearly shows that beyond a temperature that we will call �Transi-

tional temperature� (Tt), ultra-�ne particles are emitted in greater proportions.

This transitional temperature is higher when the contact pressure is higher and

thus, braking duration shorter. Below Tt, the observed particle number size dis-

tributions denotes three size fractions for each case study: two ultra-�ne particle

fractions around 10 nm and 30 nm and a �ne particle fraction around 300-400

nm. Above Tt, a single fraction of ultra-�ne particles appears (20-40 nm) and

its concentration is increasing by several orders of magnitude in each case (from
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Fig. 8 Comparison of the number size distribution of the airborne wear particles for the three

contact pressure at 180◦C, 230◦C and 250◦C.

about 107 particles/cm3 up to 5×108 particles/cm3). Comparatively, the fraction

of �ne particles (300-400 nm) is only slightly a�ected by temperature variation or

pressure intensi�cation.

In several studies (Kukutschová et al., 2011; Mosleh et al., 2004; Wahlström

et al., 2010d; Namgung et al., 2016), the presence of mode (or peak) in the size

distributions around 300 nm, can be observed for di�erent materials and braking

conditions (contact pressure or sliding speed). However, the main notable di�er-

ences are the intensity of these peaks, which indicated the evolution and the in�u-
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ence of some of these parameters on the quantity and size of the particles emitted.

In their investigations on truck brake materials, (Mosleh et al., 2004) observed

that the sizes associated to the peaks were independent to braking conditions and

they noted that when the contact pressure increased, the amount of larger parti-

cles increased. (Wahlström et al., 2010d), who conducted test on three di�erent

scales (�eld tests, disc brake assembly test stand and pin-on-disc tests), also found

a peak at 300-400 nm, but questioned the latter conclusions (Mosleh et al., 2004),

considering that the method used took into account all emitted particles and not

only airborne particles. According to them, the entire size range should have been

impacted by the increase in contact pressure, not just the larger ones. They also

remarked that the distribution may not be sensitive to the applied load or braking

conditions, which was also assumed by (Alemani et al., 2018) who explored the

in�uence of sliding velocity and contact pressure on low-steel materials. (Namgung

et al., 2016) observed that increasing braking force without changing the speed

led to the increase in concentration of the 10 nm peak. It has not been speci�ed

whether the braking time and therefore the dissipated energy had been kept con-

stant, which can then implied that the increase in dissipated energy increases the

amount of particles emitted. In the present study, the contact pressure does not

seem to directly in�uence the size distributions of the emitted particles, but it

seems to a�ect the transitional temperature at which the ultra-�ne fractions will

appear, as observed by (Alemani et al., 2015).

For the other peaks in the number distributions (Figure 8), other studies have

observed similar peaks. (Garg et al., 2000) conducted brake dynamometer tests on

seven di�erent brake materials and found the highest number of emitted particles
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had diameters smaller than 30 nm. (Namgung et al., 2016) conducted tests on

metro train organic brake pads using a brake dynamometer and the same on-line

measurement devices used in the present study. They observed the same peaks at

10 nm, 30 nm and also 178-275 nm for di�erent braking conditions. From all those

studies, the conclusion was set that the ultra-�ne particle fraction (< 100 nm) was

attributable to temperature rise and the burning of the organic compounds of the

friction materials (Kukutschová et al., 2011).

Another point, raised by (Abbasi and Sellgren, 2013), is that particle size distri-

butions, in terms of number or volume, are time and temperature dependent, and

the authors insisted in the fact that techniques are needed to sample airborne wear

particles in real time. All recent studies have examined particles as collected on

�lters, studying them all together at the same time, neglecting when each particle

was collected. The online measurement approach proposed here makes it possible

to identify when the �ne and ultra-�ne particles are emitted during braking event.

(Namgung et al., 2016) also observed a change in the number distribution of the

particles depending on the braking duration.

3.2 Focus on a single braking event

Figure 9 shows the instantaneous measurement of particles emitted during three

braking operations previously shown in Figure 7 - b) at di�erent contact tem-

perature in the case that a pressure of 0.25 MPa is applied. The grey areas on
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Fig. 9 Spectrum of generated particulate emissions at 0.25 MPa for braking events, a) 4, b)

7 and c) 13.
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the graphs represent the duration without disc rotation. These images show the

dependency on time and temperature suggested by (Alemani et al., 2018).

� In the �rst braking event presented (Figure 9 - a)), particles with diameters

between 150 nm and 4 µm are emitted in relatively small quantities (from

an order of 104 particle/cm3). The disc surface temperature does not exceed

175◦C during this braking event. The peaks in concentration within the EEPS

spectrum is attributable to the presence of pollutants in the ambient air. As

EEPS measures electric mobility, interactions can occur between the device

and pollutants in the ambient air, generating artifacts.

� During the second braking event (Figure 9 - b)), there are 3 stages in the PM

emission. At the beginning of braking event, the largest particles are emitted

(between 150 nm and 3.5 µm) then a few moments later, particles of sizes less

than 100 nm are emitted until the disc is no longer rotating (gray area in the

Figure 9). Then the emission seems to restart while the disc is still not rotating

(PM of 50 to 300 nm in size). The maximum temperature in the contact reaches

220◦C and corresponds to the moment when the quantity of ultra-�ne particles

is maximum (about 107 particles/cm3).

� Finally, in the last braking operation (Figure 9 - c)), there are only two emis-

sions appearing. Fine and ultra-�ne particles are emitted simultaneously and

a second emission also occurs at the end of the braking event.

This second emission in the ultra-�ne fraction is attributed here to the release of

particles caused by the disconnection of the brake linings from the disc surface.

This contact disconnection will cause the removal of particles in the contact while

ambient air is introduced between the two friction parts, and therefore, the parti-
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cles become airborne. This phenomenon associated to a suction process, has not

been observed in other studies yet, however, (Namgung et al., 2016) observed the

delay between �ne and ultra-�ne fractions emissions.

3.3 O�-line measurements

In the second approach, collection experiments are undertaken to further charac-

terize the generated particles and to compare di�erent methods of sizing analysis.

In these experiments, the analyses are not focused on ultra-�nes particles because

the devices for size measurement and SEM are not adapted. However these results

give information on the nature and the shape of coarses particles. The samples are

obtained through a succession of 50 braking operations assumed to be identical.

The rotational speed and application pressure were set and the temperature was

maintained almost constant for each brake application. The operation conditions

considered are the same as the ones for on-line experiments (Table 2). The temper-

ature is set at 100◦C, 180◦C and 260◦C for the three di�erent experiments, leading

to 9 di�erent test sequences of 50 braking events. In that purpose, the brakes are

manually triggered when the disc surface temperature reaches the target values

above. The collected particles are stored and then analyzed using optical analy-

sis instruments (MasterSizer3000, SEM-EDS) to determine their size distribution,

morphology and elemental composition.

Figure 10 represents the particle size distributions according to their densities

in number and volume for the 9 tests performed. The particle number distribution

obtained from the collection tests shows that most of the particles have a sub-
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Fig. 10 Size distributions obtained from the di�erent tests conducted at 2200 rpm. a) Number

density size distribution and b) Volume density size distribution.

micron size (Figure 10 - a)), which is consistent with the results obtained during

the on-line tests.

Most of the detected particles have a size between 200 nm and 7 µm, with

a high proportion around the 200-600 nm fraction for all tests performed, corre-

sponding to the fraction of �ne particles in the on-line tests. In comparison, the

volume distribution (Figure 10 - b)) shows a much wider particle distribution,

ranging from 200 nm to up to 1 mm. There are several modes observed on the

di�erent test curves that may be broadly related to speci�c particle size ranges:

a fraction around 2-5 µm, another around 8-15 µm, 15-30 µm and �nally, one

around 100 µm. These particles do not appear in the number distribution because

although they represent a large volume, their number is low. It can also be seen

that the large number of particles (200-400 nm) represent a very small volume of

the analyzed particles. Particles whose volume represents the major part of the
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emitted particle's volume are between 1 and 30 µm.

The in�uence of temperature and pressure parameters does not seem relevant in

this type of analysis, as for the di�erent contact pressures and surface temperatures

tested, the curves do not show any signi�cant di�erence. In Figure 11, the di�erent

friction coe�cients measured during each test sequence are represented.

Fig. 11 Representation of the di�erent friction coe�cient µ for each braking events of each

test sequences.

For all braking conditions considered, the mean value is close to the assumed

value for the dissipative energy calculation (Table 2). Severe conditions (0.65 MPa;

260◦C) appear associated to low friction coe�cient in the corresponding test se-

quence. However, it can be observed that for the contact temperatures and pres-

sures considered, the height associated to the peak (between 200 and 600 nm)

remains approximately unchanged. The number density therefore remains un-

changed under all tested conditions. However, this does not mean that the quantity

of PM remains constant. Furthermore, it should be noted that the detection limits
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of the device do not allow the measurement of particles smaller than 100 nm. Thus,

it could not be con�rmed that temperature rise generates more ultra-�ne and �ne

particles or that the increase in contact pressure changes the size distribution.

However, considering the previous observations made on the �ne particles fraction

independence to temperature and contact pressure rises, the results presented in

Figure 10 are consistent.

To evaluate the quantity, the pads were weighted before and after the cycle of

braking events. The mass losses of the 9 conditions tested are given in Table 3.

This con�rm di�erences in pads wear for a given dissipated energy. The mass loss

is always higher for the tests performed at 260◦C. It is more di�cult to conclude

on other in�uences. The mass losses for the test at 100◦C and at 180◦C are quite

similar. Furthermore the in�uence of the temperature has also been noticed on the

opacity of the wet solution containing the recovered particles. The wet solutions

for the tests at 260◦C are darker than the others conditions.

Contact Pressure 0.25MPa 0.40MPa 0.65MPa

Brake event duration 20s 12s 8s

Temperature (oC) 100 180 260 100 180 260 100 180 260

Mass Loss (g) 0.57 0.48 0.87 0.13 0.42 0.94 0.6 0.54 1.42

Table 3 Mass loss of the braking pads after 50 braking events
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3.4 Particle morphology and elemental composition

The chemical composition of brake wear particles should be taken into account

when trying to characterize them and assess their possible adverse e�ects on human

health (Grigoratos and Martini, 2015). Their composition have as well an in�uence

on their propagation in the surroundings. According to the Stokes Number given

by the equation (2), the behaviour of a particle transported by a �uid is given

according its size (mean diameter dp), their density ρp (so their composition), the

velocity of the �uid Uf and the dynamic viscosity of the �uid µf .

Stk =
ρp ∗ dp ∗ Uf

18µf
(2)
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Fig. 12 Stokes Number according to mean particle diameter and composition

The Stokes number is a dimensionless number used to evaluate the relative

importance of inertial force with the viscous dissipation force in the �uid. In viscous

regime (Stk<<1), the particles follow the �uid streamlines. For a large number

(Stk>>1), the particles are driven by their inertia and their trajectory becomes

slightly in�uenced by the �uid �ow. Then the transportation of the resin particles

in the air will di�er with the heavier particles like Iron oxides or Barium Sulfate.

This is illustrated on Figure 12. The Stokes Number is plotted according to the
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mean diameter of a particle for the major compounds of the brake pads and for

an unitary velocity speed of the air. A speed of 1m/s is representative of standing

air medium in underground station.

According to density of the main compounds in the brake pads (see Table 1),

it can be observed that at low velocity resin particle will follow the �uid for di-

ameter under 500nm. However, the inertia forces have a non-negligeable e�ect on

the other components until 100-200nm.

SEM images showed that the particles have various shapes and sizes. Small

spherical particles, �akes-like particles of several microns in size (red arrows) and

agglomerates (white arrows) can be observed (Figure 13).

Fig. 13 SEM images and elemental spectrum of particles collected from a) the �260◦C,

0.40MPa� sample and b) the �180◦C, 0.40 MPa� sample. Red arrows indicate aggregates and

white arrows indicate �akes.

Flakes-like particles are larger and �atter with sharp edges. Most of the largest

particles are �akes. This type of particles is also reported by (Kukutschová et al.,
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2011), (Loxham et al., 2013) and (Nosko et al., 2017). According to (Mosleh et al.,

2004), those �aky particles are the result of compaction of wear debris during

braking. The formation of primary and secondary plateaus of contact have been

highlighted by (Eriksson et al., 2002). The coarses particles emitted may come

from the deterioration of these plateaus. The SEM-EDS images show a signi�cant

number of larger particles (with diameters of several microns) which do not clearly

appear in the size distributions in on-line distribution measurements (Figure 8).

This may be due to their volume which is 100 times larger than ultra-�ne particles

and makes them more visible on SEM images even if these �akes-like particles

are present in a smaller proportion in number. Another explication could be the

orientation of the particle as it passes through the analysis area. These �akes-like

particles are often half as thick as their height or width.

It is also interesting to note that an agglomeration phenomenon may have

occurred within the particles between their generation and analysis, which may

distort the data obtained by analysis. This is especially veri�ed by the SEM images,

presented in Figure 13, clearly showing aggregates of �ne particles.

Indeed, (Namgung et al., 2016), (Kukutschová et al., 2011) and (Abbasi and

Sellgren, 2013; Abbasi et al., 2012b) also observed aggregates of nano-sized parti-

cles of diameter less than 40 nm with spherical shapes. The analyzed particles were

not collected and stored as we did in this study. Thus, we can also assume that some

of the observed aggregates might be formed during braking events. (Garg et al.,

2000), (Sanders et al., 2003) and (Loxham et al., 2013) presumed that the aggrega-

tion is attributable to speed and temperature of brake discs and pads. (Namgung

et al., 2016) considered that the ultra-�ne particles with diameters lower than

40 nm were generated by evaporation/condensation process with aggregation of
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primary nano-particles than by abrasive wear. As noted by (Kukutschová et al.,

2011), aggregates and ultra-�ne particles tend to strongly adhere to coarser parti-

cles, which can be observed here, on SEM images (Figures 13 and 14).

The elemental composition of these particles emitted during the tests has been

conducted using SEM-EDS and is primarily Fe, Ba, Mg, S, Si and Sb with small

proportions of P, Ca, Al and Na (Figure 13). Most of the identi�ed elements corre-

spond to the elements present in the pad lining before testing (Figure 3). However,

this EDS analysis is semi-quantitative: the proportions of carbonaceous compounds

and oxygen are not given here, although they are present in large quantities. The

reason is the EDS analysis is done on carbon adhesive, which distorts the measure-

ment of carbonaceous compounds, giving much higher proportions than in reality.

Therefore, it is important to note that the PM has a signi�cant amount of car-

bon that could not have been clearly identi�ed. The other elements present in the

composition of the wear particles, such as Ca, may be either from the pollution

of the sample during collection and/or storage, from compounds present in small

quantities in the linings or from the surface of the disc. The di�erence between

the two spectra proposed, in Figure 13 - a) and - b), is that the amount of Na

has been multiplied by 5, while S increases by 35 % and Si 56% with increasing

contact temperature. The amount of Fe decreases by 14 % and Ba by about 9%.

The amount of Al is halved, but was already very low.

An EDS analysis on �aky particles and aggregates shows that both have a fairly

similar composition (Figure 14). These particles are mainly composed of Fe and

Ba. Composition variations are mainly due to lower proportions of elements, such
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as Mg, Sb and S. From one particle to another with the same aspect, we observe

that the proportions of each of the above-mentioned elements are generally from

the same order of magnitude.

Fig. 14 SEM images and elemental spectrum of a) some agglomerates and b) �akes-like

particles.

While SEM and EDS provided valuable morphological and compositional in-

formation about elements in the emitted PM, they does not give any information

about the speci�c compounds in the debris. Increase in contact temperature dur-

ing braking events can alter the chemistry of the contact surfaces, the transfer �lm

and the ejected particles. Therefore, the chemistry of brake wear particles may be

considerably di�erent that of the starting materials even if the same elements are

in presence. These observed di�erences in element's proportions may be isolated

and random phenomena, as it may also be true results. The variety of results in

the literature and the dependence on the initial composition of the materials in

contact do not allow us today to clearly state the variation in the composition of
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the particles emitted as a function of braking conditions and the temperature in

contact. Therefore, these observations remain limited and further study would be

necessary to verify the real in�uence of braking parameters on the composition of

the emitted particles.

4 Conclusion and perspectives

The study presented in this contribution, focused on the characterization of PM

emissions during friction between the cast iron disc and the organic linings of a

rail braking system. The tests are conducted on a high speed tribometer (HST) to

reproduce braking on a reduced scale system. The study is carried out at a constant

rotational speed (corresponding to 50 km/h) with three di�erent braking forces

on more or less long braking duration in order to have the same dissipated energy

on each test. Two approaches are considered to characterize PM emissions: an

instantaneous measurement approach and a post-test characterization approach.

The real-time size distribution, morphology and element composition of the PM

are presented. Following these tests, several conclusions can be drawn:

� For the same given braking pro�le, the generation of a high quantity of ultra-

�ne particles (< 100 nm) is highly dependent on the temperature in the contact,

as found in the literature (Kukutschová et al., 2011; Garg et al., 2000; Alemani

et al., 2018). It is observed that the amount of ultra-�ne particles is drasti-

cally increased when the temperature reaches a transitional value, higher than

180◦C. This activation temperature is found to be dependent of the braking

conditions while keeping the same dissipative energy. To the authors knowl-

edge, this phenomena has not been discussed in previous studies.
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� For the same contact temperature considered, ultra-�ne particles are generated

only under certain braking conditions. In the typical trip, even if the contact

temperature is similar during di�erent braking operations, the di�erence in

dissipative energy generates di�erent emissions pro�les.

� The �ne particle fraction (with diameter around 500 nm) seems not to be

a�ected by temperature changes and/or contact pressure variations. In all pre-

sented results, the size distributions is similar although braking conditions

changed, in on-line and o�-line analyzes.

� The emission of particles during braking is done in steps according to the

temperature in the contact. The coarser particles are �rst emitted, then the

ultra-�ne particles are emitted when the temperature increases. This is espe-

cially observed when the temperature in the contact is close to the transition

temperature of 180◦C.

� A second emission of particles occurs when the contact between the disc and

the lining is broken, at the end of the braking process. It can be associated

with a suction phenomenon that causes air to move between the two parts and

removes the particles from the surface of the parts. This can represent a real

health issue when the train is leaving, particularly in con�ned environment like

underground station.

� The shape of the particles are various. There are many �akes and agglomerates

of ultra-�ne particles, which is similar with other studies carried out under

di�erent braking conditions and on other materials.

� The elementary composition of the particles is close to the initial composition

of the linings. However, this does not mean that the compounds have not

changed under the di�erent stresses imposed and temperature rises.
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The results presented in this study will be used to provide a numerical model to

predict the evolution of these particles and their behavior in the air �ow generated

by train tra�c, in particular to address the risks of exposure of commuters in

stations and on the platforms.
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