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Quantification of ultrafine airborne particulate matter generated by the wear of car brake materials

Oleksii Nosko®, Ulf Olofsson
Department of Machine Design, KTH Royal Institute of Technology
Brinellvédgen 83, Stockholm, 100 44, Sweden

The wear of car brakes is one of the main sources of airborne particulate matter in urban environments.
Ultrafine wear particles are of special environmental interest since they can easily penetrate the human
body through inhalation and cause various diseases. In the present study, the contribution of ultrafine
particles to airborne particulate matter emitted from car brake materials was investigated under
different friction conditions. Particles were generated using a pin-on-disc machine located in a sealed
chamber and analysed in terms of number, volume and mass concentrations. It was found that
temperature has a strong influence on the size distribution of the emitted particles. At temperatures
below 200 °C, the ultrafine particles make no measurable contribution to the mass concentration of
airborne particles with diameters smaller than 10 um (PM10). However, at temperatures above 200 °C,
the mass fraction of the ultrafine particles in PM10 reaches tens of percent. In general, this fraction
increases with the temperature and decreases with the sliding duration. The mass contribution of
ultrafine wear particles to PM10 is substantial, and it should not be neglected in environmental and

tribological studies.
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1. Introduction

Braking is a frequently occurring phase of the operation of a car. During this phase, brake pads
are pressed against rotating brake discs, and deceleration of the car is thereby provided. The friction
between the pads and discs is inevitably accompanied by the wear of the friction surfaces and the
emission of wear particles to the atmosphere (Furusjo et al. [1]; Gietl et al. [2]). If a large amount of
these particles get into the human body through inhalation or skin contact, this can result in various
diseases (Pope III et al. [3]; Oberdorster et al. [4]). Therefore, in recent years there has been an
increasing interest in the study of environmental impacts of airborne particulate matter emitted from car
brakes (Gasser et al. [S]; Amato et al. [6]; Malachova et al. [7]).

Concentration of airborne particulate matter is often characterised by PM10, which indicates the
mass of airborne particles with diameters smaller than 10 pm per unit volume. The studies by Garg et
al. [8], Sanders et al. [9], Kukutschova et al. [10], Wahlstrom at al. [11], Alemani et al. [12], and Nosko
et al. [13] showed that under certain friction conditions car brake materials emit ultrafine particles (with
diameters below 0.1 pm), and the number concentration of these particles is several orders of
magnitude higher than that of fine particles (with diameters above 0.1 um). This implies that the mass
contribution of ultrafine particles to PM10 can be considerable.

The disposition of inhaled particles in the respiratory tract depends on their sizes. Ultrafine
particles reach the tiny sacs of the lungs (alveoli), and some of them may even enter the blood
circulation. Fine particles are deposited mainly in the upper respiratory tract (nasal cavity, pharynx and
larynx). Oberdorster [14] concluded that ‘ultrafine particles cause a greater inflammatory response than
do fine particles per given mass’. Thus, the mass fraction of ultrafine particles in PM10 is critical for
correct characterisation of environmental impacts of airborne wear particles. The purpose of this study
was to investigate the mass fraction of ultrafine particles in PM 10 generated by the wear of car brake

materials.

2. Experimental

The tests were performed using the pin-on-disc machine presented schematically in Fig.1. The
pin sample was a cylinder with diameter D = 10 mm. A dead weight pressed it against a horizontally
positioned disc with a pressure p. The disc, with an outer diameter of 63 mm and a thickness of 6 mm,
was driven by a motor. The average radius of friction was 25 mm. The temperature of the disc was
measured by a chromel-alumel thermocouple. The hot 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.
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Fig.1. Schematic of the experimental pin-on-disc set-up

The pin-on-disc machine was located in a sealed chamber. The room air was drawn in by a fan
and entered the chamber via a HEPA filter and an inlet, with a flow rate of 2.2 L/s. The filter removed
particles from the passing air flow. The air inside the chamber picked up the particles generated by the
wear of the pin sample and disc and transported them to the air outlet. This experimental set-up was
proposed by Olofsson et al. [15].

The air coming out of the chamber was analysed by three aerosol measurement instruments: a
TSI Fast Mobility Particle Sizer 3091 (FMPS), a TSI Optical Particle Sizer 3330 (OPS), and a Thermo
Fisher Scientific Tapered Element Oscillating Microbalance 1400a (TEOM). The FMPS classifies
0.0056—0.56 um particles into 32 stages. The stages 1 to 20, with the particle diameter range of 0.0056
to 0.1 um, correspond to ultrafine particles. The OPS classifies 0.3—10 pm particles into 16 stages. The
stages 21 to 32 of the FMPS and the stages 4 to 16 of the OPS cover particles with diameters between
0.1 and 10 pm, which will be referred to as ‘fine particles’. The TEOM measures PM10. The readings
from the FMPS and OPS were sampled at 1 Hz. The PM10 signal was a moving average with a period
of 5 min. The instruments were carefully calibrated.

The pin samples and disc samples were milled from passenger car brake pads and discs. The
discs were cast iron. Six materials code-named M1, ..., M6 were used as pin samples. M1, ..., M5 are
low-metallic materials representative for the European market, with phenolic resin as a binder and
different reinforcements and abrasives. M6 is a non-asbestos organic material representative for the US
market.

Each test lasted for 90 min and included three phases: 15 min acceleration, 45 min steady
sliding, and 30 min deceleration. The sliding velocity at the average friction radius increased linearly

from zero to a value v during the acceleration phase, was maintained constant in the steady sliding
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phase, and decreased linearly to zero during the deceleration phase. The contact pressure p was
constant for the entire test. For each of the six pin sample materials, eight tests were done, differing
only as regards the load p x v: (1) 0.5 MPa x 0.8 m/s; (2) 0.5 MPa x 1.6 m/s; (3) 0.5 MPa x 2.4 m/s;
(4) 1 MPa x 0.8 m/s; (5) 1 MPa x 1.6 m/s; (6) 1 MPa x 2.4 m/s; (7) 1.5 MPa x 0.8 m/s; (8) 1.5 MPa x
1.6 m/s.

3. Results

Figure 2 shows the number concentrations Cp;,. and Cyyjafine Of fine and ultrafine particles,
respectively, and the disc temperature vs. time. It is seen that Cp;,,, exceeds a level of 103 no/cm?.
Cuitrafine 1NCreases by several orders of magnitude at about 11 min, when the disc temperature is near

185 °C, and attains 107 no/cm?. During the steady sliding phase, the disc temperature reaches a

stationary value T of about 350 °C. Fig.3 shows the values of T for the tests.

3 0,
C,no/cm Cultrafine T,°e
10000000 - r 400

1000000 -
- 300
100000 -

10000 - Crine L 200
1000 -

- 100
100

0

0 15 30 45 60 75 90
Time, min

Fig.2. Particle number concentrations Cp;, . and Cyiafine VS- time (M1, 1.5 MPa x 1.6 m/s) (colour

online only)
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Fig.3. Stationary temperature T reached in the steady sliding phase (colour online only)

Figure 4 presents particle size distributions obtained at 10 min, i.e. before the drastic increase in

Cuyltrafine> and at 60 min, which is the end of the steady sliding phase. The 10-min distribution has a

peak at 0.165 um and indicates the absence of ultrafine particles. By contrast, the 60-min distribution
shows a predominance of ultrafine particles, with a peak at 0.011-0.029 um. The particle size
distributions were obtained by merging the FMPS distribution (stages 1 to 32) and the OPS stages 4 to
16, which cover together the diameter range of 0.0056 to 10 um.

It is noteworthy that the FMPS classifies particles due to their electrical mobility diameters,
while the OPS measures optical diameters. Constructing a complete size distribution using data from
these two instruments generally requires application of a special alignment method based on estimates
of aerosol refractive index and effective density (Hand and Kreidenweis [16]). According to the
measurement data, the FMPS and OPS indicated relatively close concentrations in the overlapping
diameter range 0.3 to 0.56 um (FMPS stages 29 to 32, OPS stages 1 to 3). In most of the tests, the
average difference between the concentrations in the steady sliding phase was below 35%. Therefore,

no alignment method was used for simplicity in this study.
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Fig.4. Particle size distributions (M1, 1.5 MPa x 1.6 m/s) (colour online only)
Assuming a spherical particle shape, one can calculate the volume concentration of particles
based on their size distribution. Fig. 5 shows time dependencies of PM 10, the calculated volume

concentrations Vi, . and Vyj.anne Of fine and ultrafine particles, respectively, and the total volume
concentration Vo1 = Viine T Viltrafine: Puring the steady sliding phase, PM10 and V., stabilise
around 200 pg/m? and 250 pm3/cm?, respectively, while there is a tendency to increase in Vi, and to

decrease in Vjjirafine- F18-6 shows plots Vyjjianine VS. time for the six materials.

V,um?/cm? PM10, ug/m3

300 - r 300
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250 A F 250
200 A PM10 F 200
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Fig.5. Particle volume concentrations Vi, . and Vi afine and PM10 vs. time (M1, 1.5 MPa x 1.6 m/s)

(colour online only)


http://mostwiedzy.pl

337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369

374
37

373

B

9
oad

3

v

b

A\ MOST WIEDZY

-
2 -
e

3 3
VUltrafinen pm /Cm !

150 A

100 A

50 A

0 15 30 45 60 75 90
Time, min
Fig.6. Ultrafine particle volume concentration Vjapne VS- time (1 MPa x 2.4 m/s) (colour online only)

Figure 7 presents the volume fraction of ultrafine particles

VUltrafine VUltrafine

VTotal - VFine + VUltrafine
averaged in the interval 30 to 60 min. The fraction ¥ is zero at the loads of 0.5 MPa x 0.8 m/s, 0.5 MPa
x 1.6 m/s, 0.5 MPa x 2.4 m/s, | MPa x 0.8 m/s, and 1.5 MPa x 0.8 m/s (except for M1). Fig.8 shows

the relationship between 9 and T obtained from the measurement data of Figs.3 and 7.
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Fig.7. Volume fraction 9 of ultrafine particles (colour online only)
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Fig.8. Relationship between the ultrafine particle volume fraction 9 and temperature T (colour online

only)

4. Discussion

Figures 2 and 4 show that 0.011-0.029 um particles predominate in number at T > 185 °C.
Alemani et al. [12] investigated the emission rate, size distribution and elemental composition of
airborne wear particles for the six materials under constant friction conditions. It was found that the
emission of 0.011-0.034 um particles intensifies at temperature 165—-190 °C, which is consistent with
the results obtained in this study. It was also found [12] that the average particle material density
slightly depends on the particle aerodynamic diameter in the range of 0.06 to 10 um, which implies that
the mass fraction of ultrafine particles in PM10 can be assumed equal to the volume fraction 9.

The data of Fig.5 allow determining the volume contributions of fine and ultrafine particles. In

the interval 30 to 60 min, PM10 and V., have a relatively steady behaviour but the components of
Vrota; Undergo changes: Vi, . increases and Vyj..qn0 decreases. At 30 min 9 = 64 %, i.e. the ultrafine
particles make bulk of the particulate matter volume. On the contrary, at 60 min 9 = 28 %, i.e. the fine
particles predominate in volume over the ultrafine particles. The decrease in V600 With the sliding
duration is typical for the six materials, as illustrated in Fig.6.

Analysis of the data presented in Fig.7 shows that there is no correlation between ¥ and p and

between 9 and v. Of interest is the relationship between 9 and T shown in Fig.8. At T below about 200

°C, 9 is negligibly small, whereas 9 increases with T to a level of several tens of percent at T > 200 °C.


http://mostwiedzy.pl

449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481

N
Kodd

N
[(e]
V.

A\ MOST WIEDZY b

e

The two ‘critical’ temperatures of 185 °C and 200 °C allow distinguishing the following temperature
intervals. At T < 185 °C both number fraction of ultrafine particles and 9 are almost zero. Furthermore,
at T between 185 and 200 °C the ultrafine particles predominate in number but 9 is still negligibly
small. Finally, at T > 200 °C the ultrafine particles are almost 100 % in number and ¥ is substantial.

It is important to note that the test conditions differed considerably from the real conditions of
the operation of car brakes, including geometrical sizes of the friction components, sliding velocity,
particle generation rate, and airflow regime. The study by Wahlstrom et al. [17] compared
measurements of airborne particles sampled directly behind a brake pad of a passenger car and those
made on the pin-on-disc set-up used in this study. It was found that despite orders of magnitude
difference in the particle number concentrations, there is a good correlation between a normalised size
distribution of particles emitted from the car brake and the corresponding distribution of particles
generated by the pin-on-disc set-up. The particle measurements were made by a Grimm 1.109 aerosol
spectrometer in the diameter range of 0.25 to 32 um. It was thus shown that the subscale test results,
including the normalised particle size distribution, can be directly related to particle emissions from full
size car brakes.

Volumetric temperatures of car brake pads and discs, measured by conventional thermocouples
during the braking process, are normally below 200 °C (Garg et al. [8]). However, temperatures at the
friction surfaces, determined using special measurement techniques such as an exposed thermocouple
technique (Qi and Day [18]), can significantly exceed 200 °C. The stationary temperature T measured
in the disc during the steady sliding phase is most probably a close estimate of the friction surface
temperature. This presumption is based on the fact (Straffelini et al. [19], Laraqi et al. [20],
Yevtushenko et al. [21]) that for a pin-on-disc system, the stationary temperature in the disc is almost
uniformly distributed in the vicinity of the wear track if the Peclet number Pe = DV/k is of the order
10? and higher. Here k is the thermal diffusivity coefficient of the disc (cast irons have k = 1.3-107>
m?/s). For the pin-on-disc machine and load parameters used in this study, the mentioned condition is
satisfied. Consequently, the ‘critical’ temperature of 200 °C can be meaningful for car brakes,

especially in the case of intensive braking regime.

5. Conclusions
The present study investigated the mass contribution of ultrafine particles to airborne particulate

matter emitted from low-metallic and non-asbestos organic car brake materials against cast iron under
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505 10

283 different friction conditions. Based on the experimental results, the following primary conclusions can
282 be made:

510 1) Temperature has a crucial influence on the number and mass fractions of the ultrafine particles.
21 ; 2) At temperatures below 200 °C, the ultrafine particles make no measurable mass contribution to
513 PM10.

212 3) At temperatures above 200 °C, the mass fraction of the ultrafine particles in PM10 reaches tens
213 of percent. This fraction generally increases with the temperature and decreases with the sliding
518 duration.

Z;g The findings of the study indicate the significance of the mass contribution of ultrafine wear
521 particles and the importance of its consideration in environmental studies.
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