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Abstract: The aim of the present paper is to investigate the level of airborne wear particles released
during the dyno-bench tests with the brake pads consisting of alkali-activated slag as an abrasive.
Airborne wear particles are generated with a full-scale dyno-bench adapted for airborne wear particles
emission studies. The tested disc brake is equipped with two semi-metallic brake pads and a grey
cast iron brake disc. A reduced Los Angeles City Traffic (LACT) driving cycle, developed within
the LOWBRASYS project (European Union’s Horizon 2020 research and innovation programme),
is used to mimic city driving. The same friction pair is used six times with reduced LACT cycle.
The weight loss and thickness of the pads and disc are registered after each test cycle ends. The amount
of the airborne wear particles emissions released during each test cycle are characterized using a
PM10 impactor and electric low-pressure impactor. The obtained data of wear particle emissions are
correlated with the parameters of the brake stops. The maximum disc temperature was indicated as
the parameter having the largest influence on the production of particle emissions together with the
duration of the brake event

Keywords: particle emissions; synthetic stone abrasive; brake pads; brake discs; dyno-bench testing;
urban driving cycle

1. Introduction

Quality of the air is a significant parameter affecting human health, and thus the sources of air
pollution are carefully monitored. One of the major contributors to air pollution is road transportation.
The emissions coming from this source are further subdivided into exhaust and non-exhaust emissions.
The exhaust emissions originated during the fuel combustion are carefully studied, monitored,
and regulated. On the other hand, the non-exhaust emissions [1] (i) originated mainly during the
braking of the vehicles [2], (ii) as the results of wear of tires [3], (iii) road wear, and (iv) resuspension
of the wear particles deposited in vicinity of the roads, are only studied as yet, although the efforts
for their regulation also exist. The comprehensive review dealing with the issue of wear particles
produced during the vehicle braking was published by Grigoratos and Martini [2]. Based on this paper,
the wear particles originated during braking contributes approximately 21 mass% to total traffic-related
particle matter with an aerodynamic diameter smaller 10 µm (PM10) emissions and by 55 mass% to
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non-exhaust wear particles. With the increase in the number of the vehicles, the contribution of brake
emissions to overall air pollution increases.

Most modern cars are equipped with disc brakes which are open to the surroundings. The car disc
brake system is designed to decelerate or stop the vehicle by transforming its kinetic energy to heat,
whereas the brake pads–brake disc friction couple plays a crucial role in this process. Both pads and
disc are worn during braking and contribute to wear particles’ formation. A part of the wear particles
sediment to different surfaces, and a part become airborne. In general, there are three laboratory
levels on which the airborne wear particles’ generation during the friction process could be tested:
(i) pin-on-disc level [4–8], (ii) dyno-bench level [9–12], and (iii) chase dyno level [13]. The efforts to
perform the measurement of airborne wear particles emissions during real road tests also exist [14,15].
The pin-on-discs tests are conducted with the small pins and discs. Both of the friction couples can be
extracted directly from real brake pads and brake discs. The typical diameter and height of the pins is
10 mm. What is important in the case of pins and discs is that there is only the effect of the material
of the pins and discs, and we could call pin-on-disc tests the test on the “material level”. The tests
on the material level are important for the formulation of the friction mixtures and composition of
the alloys. On the other hand, the tests with the brake dynamometer and chassis dynamometer are
considered as the tests on a system level. In the case of brake dynamometer, real brake disc and brake
pads inserted into real brake caliper are used during the test. The tests on chassis dynamometer are
conducted with a real car assembled with the friction pair being tested and can be considered as the
top level of testing in the laboratory scale. It has to be mentioned that with the growing of the testing
level, the time necessary to conduct the tests, the volume of the data necessary to evaluate, and the
price of the tests grows as well. So, in a typical chain of the friction formulation or new alloys for brake
disc development, the reasonable sequence of the testing procedures is: pin-on-disc tests–dyno-bench
tests–chassis tests.

Undoubtedly, the main factors influencing the level of airborne wear particle emissions during
the braking is the quality of the friction pair, vehicle parameters (for example its weight), and braking
scenario [16]. It was reported that both friction counterparts (pads and disc) contribute almost equally
to brake emissions and increasing of their wear resistance is one of the strategies of how to decrease the
brake emissions [17]. The review of coatings for the cast iron brake discs was published, for example
by Aranke et al. [18]. The effect of the disc rotor treatment using the plasma electrolytic aluminating
method on production of particle emissions during the braking with non-asbestos organic (NAO) pads
was published by Cai et al. [19]. Regarding the brake pads formulation, Yezhe et al. [8] studied the
effect of the copper on the generation of wear particles emissions and observed that the Cu-free friction
composite generates more airborne wear particles in comparison to the formulation with copper.
Perricone et al. [20] presented the effect of the brake pads formulation and treatment of cast iron brake
disc on PM10 emissions released during the dyno-bench test. Dizdar et al. [21] tested grey cast iron brake
discs laser-cladded with nickel–tungsten carbide with a pin-on-disc tribometer and concluded that the
airborne particle emissions were lower in comparison to uncoated cast iron discs. Wahlström et al. [7]
indicated the friction pair containing semi-metallic brake pads with novel kaoline/TiO2 filler and HVOF
coated brake disc as promising with respect of reduction of wear particles emissions. Other important
parameter affecting the level of brake emissions is the status of the friction pair as reveled Matejka et
al. [22]. The authors addressed the effect of new and already used friction pair on the wear particle
emissions by repetitive dyno-bench tests of the same friction pair. The study showed significantly
lower brake emissions for already used friction pair. Moreover, Wahlström et al. [23] investigated the
effect of brake pad scorching and concluded that the level of scorching has an adverse influence on the
level of airborne particle emissions.

Friction composites used as brake linings in brake pads are mixtures consisting of materials
usually categorized as binders, abrasives, solid lubricants, particulate and fibrous reinforcements,
and space fillers [24]. The own formulation of the friction composites designed for automotive brake
pads usually consists of more than 20 individual components, and their proper combination is a key
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factor influencing their performance, durability, as well as comfort properties. The main role of the
abrasives is to keep the friction coefficient (COF) at the desired level during braking. Keeping the
desired level of COF is possible by renewing the friction surface by its abrasion, so the abraded particles,
which could be already thermally altered, are loosed in the form of non-airborne and airborne particles.
Several abrasives have already been tested in the friction formulations [25,26]. Not only the type
of the used abrasives, but also their particle size, is an important factor affecting the friction-wear
performance [27,28].

In general, both natural as well as synthetic materials are tested as the abrasives [29].
The reutilization of the waste materials is an important strategy for sustainable environment and
economy. The metallurgy sector produces a great amount of different kinds of by-products and wastes,
for example slags, fly ashes, dusts, and sludge. The slag as well as fly ash were already tested as the
raw materials in the friction composites formulation [30,31] and both research works showed these
by-products as perspective raw materials for friction composites.

The aim of this paper is to report the results of the wear particle emissions originating during
the dyno-bench test with the semi-metallic friction composites with alkali-activated granulated blast
furnace slag as the abrasive.

2. Experiments

The synthetic abrasive was prepared by alkali activation of granulated blast furnace slag. In this
procedure, a milled granulated blast furnace slag (GBFS) (below 100 µm) was mixed with water glass
solution with silicate module adjusted to 2. The prepared mixture was poured into the stainless-steel
mold (160× 40× 40 mm) and vibrated for 2 min. Then, the molds were stored in moist environment with
relative humidity 99.9% (RH 99.9%) for 24 h; after this period, the compacted blocks were unmolded
and further stored for 28 days in moist environment (RH 99.9%). After this period, the hardened
samples were crushed, dried for 24 h at 100 ◦C in a laboratory oven, and subsequently milled to
powder particles with size below 100 µm. The obtained powder sample was used as the abrasive
in friction formulation of semi-metallic brake pads. The brake pads were prepared by the hot-press
molding method and the weight of both pads together was 820 g. The chemical composition was
analyzed using wave dispersive X-ray fluorescence spectroscopy (Rigaku ZSX Primus IV, Japan) using
the fundamental parameters method and is shown in Table 1. A cast iron disc was used as a rotor in the
experiments and the chemical composition of the cast iron brake disc is shown in Table 2. The weight
of the used cast iron disc was 6.6 kg. The chemical composition of the cast iron disc was obtained from
the data sheet for these commercially available brake discs.

Table 1. Chemical composition of brake lining.

Element C F Mg Al Si S K Ca Ti Cr Fe Cu Zn Mo Sn

wt.% 43.0 0.34 5.2 6.2 4.7 2.1 1.1 2.9 0.24 2.2 14.6 7.2 5.4 0.32 4.1

Table 2. Chemical composition of cast iron brake disc.

Element C Si Mn S

wt.% 3.8 1.8 0.65 0.06

The set-up of the dyno-bench dedicated for wear particles emission studies was introduced in
previous papers published by Perricone et al. [9,12]. The full-scale dyno-bench (TecSA s.r.l., Milan,
Italy) was equipped with a closed chamber of the volume 0.817 m3 designed to protect the disc brakes
from the surrounding air. The HEPA air was blown inside the chamber with a flow rate of 1175 m3

·h−1

during the whole test. The chamber was designed to enable the isokinetic sampling of the air in a
bypass tube, while the flow rate was adjusted to obtain a stream velocity of 3.47 m·s−1 inside the
tube. The disc temperature was measured using the thermocouple embedded in the cast iron disc.
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Prior to each of the repetitions, the dust box was gently but precisely cleaned to remove the settled and
deposited particles. Each of the repetitions included the “cleaning block”, during which HEPA air
is blown through the chamber. During this block, the PM10 collection was turned off. The level of
particle number concentration (PN) was checked continuously during the “cleaning block” and the
values of PN concentration after this block typically oscillated around 100 × 1 cm−3.

The used three hours long LACT procedure (3h-LACT), defined by Marcel Mathissen within the
project LOWBRASYS and further introduced in Reference [32], consists of 217 brake events selected
to simulate real driving conditions. Used 3h-LACT testing cycle was running 6 times and respective
repetitions are labeled as follow Xx3h-LACT (where X = 1 . . . 6, addressing the number of the repetition
of 3h-LACT, thus the meaning of the label 1x3h-LACT is: the first repetition of 3 hours long LACT
cycle). The initial and final velocities, deceleration, and initial temperature of each of the brake events
are shown in Figure 1.
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Figure 1. Initial and final velocity, deceleration, and initial temperature individual brake events in the
3h-LACT procedure.

The disc temperature was registered using an embedded thermocouple. The 3h-LACT procedure
was repeated 6 times for the tested friction pair without disassembling after the individual repetition.
After the sixth repetition, the weight of the disc as well as both brake pads was measured.

The PM10 particles were collected using 47 mm quartz filter placed in a stainless-steel aerosol filter
holder (Millipore). Prior to the filter holder, a cyclone (Dekati) was used to separate the particles bigger
than 10 µm. The counting of the particles with diameter in the interval 0.006–10 µm was performed
with an electric low-pressure impactor (ELPI+) (Dekati). Both PM10 collection on quartz filter as
well as counting of the particles with ELPI+ was done at a flow rate of 10 l·min−1, and regarding the
HEPA air flow rate through the dust chamber, the volume fraction of sampled aerosol was 0.051%.
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The PM10 collection as well as particle numbers counting was performed individually for each of the
3h-LACT repetitions.

3. Results and Discussion

3.1. The Friction Performance

Comparison of the average values of the friction coefficient (COF) and maximum disc temperature
measured for the first and sixth repetition of the 3h-LACT procedure is shown in Figure 2. Average COF
values ranged in the interval 0.31–0.58 for the 1x3h-LACT and 0.32–0.52 for the 6x3h-LACT. The interval
of COF values is narrower for 6x3h-LACT, which indicates smoother character of the friction surfaces
of both brake pads and brake disc during this test because of previous repetitions. Obviously higher
COFavg values obtained for some of the brake events during 1x3h-LACT (e.g., 41–59, see Figure 2)
are related to more abrasive character of the friction contact due to higher surface roughness of both
friction counterparts. Subsequent repetitions had the “polishing” effect on the pads´ and disc´s friction
surfaces, which is reflected in lower COFavg values obtained for 6x3h-LACT.
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Figure 2. The average values of friction coefficient (COF) and maximum disc temperature (Tmax)
obtained for each of the brakes performed in 1x3h-LACT and 6x3h-LACT.

The data pictured in Figure 2 showed that there is no significant difference in the registered
temperatures within the first and sixth 3h-LACT repetition, except the brake stop numbers 65 and 98.
The brake stop 65 is defined by the initial temperature (Tinit) 87 ◦C, initial and final velocity (vinit, vfin)
154 and 36 km·h−1, and deceleration (decel) 0.45 m·s−2. The brake event 98 is defined by Tinit 137 ◦C,
vinit and vfin 114 and 92 km·h−1, and deceleration 1.43 m·s−2. The defined initial conditions of both
brake events are different. The brake event 65 begins from the highest velocity within all of the brake
stops defined in the 3h-LACT cycle and finishes at relatively low velocity, 36 km·h−1, and to achieve the
desired decrease in the velocity, relatively low deceleration is used. All these circumstances led to the
fact that the brake stop 65 is the longest one with the duration of almost 64 s. So, long contact of both
friction counterparts led to a rise in the temperature to 195 ◦C, which is the third highest temperature
registered within both 1x3h-LACT and 6x3h-LACT. On the other hand, the vinit and vfin of the brake
stop 98 are 114 and 92 km·h−1 respectively, and deceleration is 1.43 m·s−2, and the duration of this
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brake stop was approximately 4 s. The maximum disc temperature during brake event 98 was 177 ◦C.
The parameters indicate the brake event 65 as a light brake, while the brake event 98 was an aggressive
one. The highest temperature, 207 ◦C, was achieved for the brake stop 138, which is defined by Tinit

187 ◦C, vinit and vfin 60.8 and 5 km·h−1, and deceleration 1.46 m·s−2, and this brake stop can also be
categorized as the aggressive one.

The differences between the maximum temperatures registered during 1x3h-LACT and 6x3h-LACT
for brake stops 65 and 98 are probably caused by the differences in the friction surface of the brake
pads and disc. It is assumed that the friction surface of both the pads and the disc after the sixth
repetition of 3h-LACT is smoother than the friction surface of these friction counterparts originated
during the first repetition of the 3h-LACT test. Smoother friction surface means fewer asperities at the
surface, resulting in less abrasive character of the friction contact. This fact was reflected also with
lower COFavg values obtained for both 65 and 98 brake events during 6x3h-LACT in comparison to
these values obtained for the same brake events during 1x3h-LACT repetition (65: 0.453 vs. 0.360; 98:
0.366 vs. 0.361). Smoother surface means higher generation of frictional heat, which is reflected in
the higher value of Tmax for 6x3h-LACT registered. Unfortunately, this hypothesis is not true for the
other brake events, as evident in Figure 2. Formation of the friction surface is a dynamic and complex
process dependent on all of the parameters of a given brake event, including, for example, the initial
status of the friction surface affected by the previous brake event or the acceleration before the brake
event necessary to reach its initial velocity.

3.2. Relation between the Wear of the Friction Counterparts, PM10 Emissions, and Particle
Number Concetration

The weight change of both pads and brake disc after 6x3h-LACT was 6.01 and 5.48 g respectively,
and thus the total weight loss of the friction pair reached 11.49 g. The particle number concentration
was registered continuously during the whole testing cycle. The PM10 emissions were captured
individually for each of the testing cycles using the quartz filter. After, the weight of the captured
PM10 emissions was obtained. Knowing the fraction of the air sampling in the bypass sampling tube
and the total volume of the HEPA air blown into the chamber during the individual tests, the captured
amount of PM10 values were recalculated to the total PM10 emissions originated during these tests,
and the values are shown in Figure 3.
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The data presented in Figure 3 indicates the first repetition of the 3h-LACT testing cycle as the
cycle with the highest PM10 emissions. Further repetitions produced almost 50% less PM10 emissions
and show the effect of the status of the friction pair. The obtained data confirms the observation of
Matějka et al. [22], who observed significantly lower generation of PM10 emissions in the case of
the already used friction pair. This is also in line with Alemani et al. [33], who tested new and used
friction pairs both with an inertia dyno-bench and a pin-on-disc tribometer. The cumulative amount of
PM10 emissions obtained as the sum of PM10 produced during each of the 3h-LACT tests reached
the value of 5.71 g. As already mentioned above, the total weight loss of the friction pair reached
11.45 g, and thus, 50% of the emissions originated during the braking was released as PM10 fraction.
The dependency of the total particle number concentration (N) during the individual 3h-LACT testing
cycles is also shown in Figure 3, and the values demonstrate continuous decreasing of the particle
number concentration value with the 3h-LACT repetitions.

3.3. Size Distribution of the Particles Released during the 3h-LACT Test

The particle number concentration measured for the brake events in the 1x3h-LACT and 6x3h-LACT
is compared in Figure 4. The first as well as the sixth repetition of 3h-LACT consist of the same brake
events, and Figure 4 shows the difference in the sequences of the 3h-LACT procedure at which the
dominant amounts of the particles are produced. The friction pair used during the first repetition
(1x3h-LACT) is considered as new, while the same friction pair used during the sixth repetition
(6x3h-LACT) is considered as already used. The total particle number concentration calculated as the
sum of the instantaneous values of the particle number concentrations are significantly lower for the
sixth repetition (4.64 × 1010 vs. 2.94 × 107 1·cm−3).
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The size distribution of the particles released during the first and sixth repetition of the 3h-LACT
cycle is shown in Figure 5. There are 14 graphs in both Figure 5a,b respectively, and each of the graph
show the particle number concentration of airborne particles at a given average aerodynamic diameter.
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The most evident difference between the first and the sixth repetitions is the production of the
finest particles just after 3000 s of the test (set of the brake events 65–69). As already mentioned in
Section 3.1, the brake event 65 is the longest one, with quite low deceleration. The duration of this
brake event caused the heating of the disc to 170 ◦C during the 1x3h-LACT cycle. During subsequent
brake events 66–69, the maximum temperature was kept around 175 ◦C (Figure 2). Due to high disc
temperature during these stops, there was pronounced production of the particles with diameter in
the range approximately 0–30 nm in the case of 1x3h-LACT. The production of the airborne wear
particles of the same diameter for 6x3h-LACT repetition was negligible during this set of brake events,
where even the maximum temperature of brake stop 65 was higher and reached 195 ◦C (Figure 2).
This fact could be attributed to a deeper thermally affected zone in the friction composites in which
the less thermally stable components of the friction composites (mainly phenolic resin) were already
degraded during the previous 3h-LACT repetitions. As evident from Figure 5b, the finest particles
(0–30 nm) during 6x3h-LACT were produced during the set of the brake events in time periods
4500–5000 s (brake event 98) and 7000–7200 s (brake events 135–138). Brake event 98 belongs to
the aggressive one, with the maximum disc temperature of 177 ◦C. Considering the parameters of
brake event 98, there was probably much higher local temperature (flash temperature) at the friction
interface, which caused progressive thermal decomposition of the phenolic resin as well as an effective
disintegration of the secondary plateaus formed on the friction surface of the brake pads. Figure 2
showed that the highest maximum temperatures during whole 3h-LACT cycle were achieved during
the brake events 135–138, with the maximum temperature of 207 ◦C for brake event 138. This is in line
with the strong relation between temperature and generation of ultrafine particle emissions that has
been reported in the literature (e.g., References [9,18,34]).

The relation between the particle number concentration measured during the 1x3h-LACT test on
the velocity, deceleration, and disc temperature is pictured in Figure 6a–c, and the same relations for
the 6x3h-LACT test are shown in Figure 7a–c.
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Figure 7. The dependency of the particle number concentration on the initial and final velocity (a),
deceleration (b), and initial and maximum temperature (c) during the sixth repetition of 3h-LACT.

The segments of 3h-LACT during which the significant portions of airborne wear particles
were produced are highlighted by gray rectangles in Figure 6 (first repetition) and Figure 7 (sixth
repetition). The positive relation between the peaks on the particle number concentration curve with
disc temperature is evident in Figure 6c. Considering the data in Figure 5, which shows the highest
contribution of the finest fraction, the source of these emissions could be attributed to the thermal
degradation of the low thermally stable components of the friction composites (mainly phenolic resin).
There seems to also be a positive correlation between the particle number concentration and the
initial velocity and inverse relation with the deceleration of a given brake event. These observations
lead to quite logical relations when the brake events with high initial velocities and low deceleration
values cause the pronounced increase of the temperature at the friction interface connected to the
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origination of the finest wear particles. With the increasing number of the testing cycle repetitions,
the friction material became thermally degraded; also, in-depth and already decomposed components
with low thermal stability do not contribute to the finest fraction of wear particles. This situation is
evidenced by the absence of the peaks on particle number concentration curve caused by the brake
events 65–69 (Figure 7) in the case of the sixth repetition of the 3h-LACT cycle. The highest particle
number concentration for the sixth repetition was measured for brake event 98 and set of brake events
136–138. The maximum magnitudes of these peaks are approximately two orders higher in comparison
to the magnitudes of the same peaks registered for the first repetition, but approximately three order
lower in magnitude in comparison to the peaks released during the set of brake stops 65–69 within the
1x3h-LACT test (compare Figures 6 and 7).

4. Conclusions

The used testing cycle represents the brake events with randomly distributed initial and final
velocity, deceleration, and initial disc temperatures, and simulates the braking scenarios, which are
close to real situations, and thus, the obtained measures of particle emissions could be used for
indication of the environmental friendliness of the studied friction pair. On the other hand, with this
kind of the testing cycle, it is difficult to separate the contribution of the individual brake events to the
particle emissions, and for this purpose, the testing procedure with the set of the same brake stops
grouped in dedicated blocks should be used.

The performed experiments confirmed the importance of the friction couple status. The new
friction pair produced significantly higher particle emissions expressed by both mass and number.
The production of PM10 was stabilized after the second repetition of the testing cycle, while the particle
number concentration decreased continuously with the repetitions. The decrease in PM10 values with
the number of the repetitions was attributed to the formation of a compact friction layer, while the
decrease in particle number concentration was attributed to the continuous decomposition of the
thermally less-stable components, mainly phenolic resin.

The maximum disc temperature was indicated as the main parameter having an influence on
the production of wear particle emissions, together with the duration of the brake event, which is
determined by the deceleration and initial and final velocity of a given brake event.

It was proven that the synthetic abrasives based on the alkali-activated granulated blast furnace
slag could be incorporated into the formulation of semi-metallic friction composites dedicated for
brake pads of passenger cars. Further investigation has to be conducted with respect to tuning the
formulation of friction mixture as well as to reveal the effect of the particle size of this kind of abrasive
on friction-wear performance and wear particle emissions.
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