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Abstract: Reduction of non-exhaust airborne particulate matter (PM), leading to adverse effects in
respiratory system, is an urgent task. In this work, we evaluated the impact of raw materials in
friction materials on PM emission due to brake wear for passenger vehicle. Time- and temperature-
dependent measurements using dynamometer were made for low-steel friction materials with varied
abrasives and lubricant(graphite). The brake emission factor (BEF) for graphite of varied sizes ranged
from 6.48 to 7.23 mg/km/vehicle. The number concentration indicates that smaller graphite (10 um)
produces more nano-sized particles than larger size (700 pm) by >50%. Depending on abrasives,
BEF was found to be varied as large as by three-times, ranging from 4.37 to 14.41 mg/km/vehicle.
As hardness of abrasive increases (SiC > Al,O3 > ZrSiOy), higher BEF was obtained, suggesting
that abrasive wear directly contributes to emissions, evidenced by surface topology. Temperature-
dependent data imply that particle emission for SiC abrasive is initiated at lower speed in WLTC
cycle, where disc temperature (T g;s) is ~100 °C, than that for ZrSiO4 (T4;s. >120 °C). Analysis of wear
debris suggests that larger micron-sized particles include fragmented Fe lumps from disc, whereas
smaller particles are, in part, formed by combination of oxidation and aggregation of nano-sized
particles into small lumps.

Keywords: particulate matter; airborne; brake; friction; abrasive; wear; lubricant

1. Introduction

Particulate matter (PM) denotes solid particles and liquid droplets in the atmosphere,
which is a cause of air pollution. The PM is classified as commonly known PM10 and
PM2.5, of which diameters are below 10 um and 2.5 um, respectively. The airborne particle
from vehicles is partly originated from exhaust emission from incomplete combustion and
volatilization of organic substances, and non-exhaust emission is also created as a wear
product of brake, tire, and road together with their resuspension [1,2]. The aerodynamic
radii of particulate matter ranges from nanometer- to micrometer-scale according to braking
condition. Traffic-related PM10 emissions was assigned as large as 21% to brake wear [3]
and the brake wear emission has been reported to be increased by more than 20% per
year in Toronto during 2011-2016 [4]. The proportion of non-exhaust emission is expected
to increase up to 80-90% by the end of decade as a result of growth in the number of
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electric vehicles worldwide and reduced tailpipe emissions [5-7]. Brake wear emission
factors for light-duty vehicles (LDVs) in on-road tests in driving environments yielded
quite a range of values, from 1.0-11.9 mg/km/vehicle (PM10), depending on the site and
conditions [1,2]. Direct dynamometric measurements estimated PM emission factors; PM10
ranging of 3.0-8.0 mg/km/vehicle and PM2.5 ranging 2.1-5.5 mg/km/vehicle [1,8-12].
According to previous studies, brake wear produces airborne particles (35—55% of total
wear) [8-10], and the remaining deposited can be, in part, re-suspended [13]. They may
result in chronic effects in the respiratory system of humans [14], and become blood-borne
and translocate to liver, kidneys, and brain [15].

The PM emission due to brake wear depends on friction materials (classified as non-
steel, low-steel, ceramic composites), disc/drum (grey cast iron) [9,10], assembly structure
(disc, drum, caliper) [9], and vehicle driving conditions (speed, deceleration, torque, and
temperature) [9-11,16]. In order to reduce non-exhaust particle emissions, the impacts
of (1) materials, (2) assembly, (3) particle measurement platform should be considered.
Recently, the dynamometer test has been prevalently chosen as a measurement platform,
in which sampling methods are properly controlled [17,18]. Several drive cycles, such as
LACT (Los Angeles City Traffic) [19], WLTC (Worldwide harmonized Light duty driving
Test Cycle) [20], and novel cycle [21], are being used. In this work, time- and temperature-
dependent dynamometric test on the basis of the WLTC schedule is adopted for PM
measurement because the WLTC is categorized as one of realistic, representative cycles.
The WLTC was divided into 4 different sub-parts, each one with a different maximum
speed (low, medium, high, extra-high). See Figure 510. The driving phases simulate urban,
suburban, rural and highway scenarios, respectively, with an equal division between urban
and non-urban paths (52% and 48%).

After use of asbestos was prohibited in the production of brake pads due to hazardous
effect to human health, non-asbestos organic (NAO) friction materials has been developed,
which can be divided into non-steel, low-steel, and semi-metallic friction materials accord-
ing to composition of their reinforcing agent. Commercial friction materials for passenger
vehicles typically consists of several components, including reinforcing fiber, abrasive,
lubricant, binder, and friction modifier. The reinforcing fibers provide the mechanical rigidity
of the pad, that are usually steel fiber, ceramic (potassium titanate), and aramid fiber. Brake
pads are generally classified into two categories, non-steel and low-steel [22] according to
the composition of fibers. The coefficient of friction of non-steel pad is quite low, whereas
the non-steel pads produce relatively low brake noise, and poor fade. The non-steel pads are
usually consumed in the US and Asian markets, whereas the low-steel is prevalent in Euro-
pean market. Low-steel materials contain higher concentrations of reinforcing steel fiber and
abrasives. For this reason, low-steel pads have higher friction and good fade against non-steel,
however, high wear rates and noise are disadvantages in return. Recently, it has been shown
that reinforcing fiber predominantly impacts on PM emission, and thereby low-steel pads
generally produce more airborne PM emission than non-steel [23,24]. However, even though
it is expected that PM emission is also susceptible to the characteristics of abrasive materials,
their effect on the emission has not been studied independently.

The lubricant and friction modifier also affect the frictional properties such as NVH
(Noise, vibration, and harshness), squeal of the brake pads. Their effect is closely related
to wear mechanisms in disc brakes, and thereby airborne PM emissions [25,26]. We have
shown that abrasive wear mechanism is more dominant in low-steel pads than non-
steel, and solid lubricating behavior of low-temperature-melting Cu and Sn is critical for
reduction of PM emission [24,25]. In general, the lubricants of graphite are also formulated
to enhance noise reduction and friction stability. It has been shown that size(lateral) and
aspect ratio of lubricating graphite affects NVH characteristics and thermal conductivity
since graphite is a good solid lubricating agent and thermal conductor with 2D structure.
High aspect ratio of graphite has an influence on damping behavior, while fine size of
particles is beneficial to NVH behavior and reduces the occurrence of squeal [27].
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In this work, we attempted to elucidate the relationship between abrasive/lubricant
of brake pad and the airborne PM emission from brake wear using a dynamometer and
time-resolved optical PM measurement. Seven low-steel pad materials, including abrasive
and lubricant of varied hardness and sizes, were investigated. The variation of PM emis-
sion during the WLTC driving cycle was presented by time- and temperature-dependent
measurement. Furthermore, the origin of airborne particle was investigated in relation to
wear mechanism by analyzing the microstructure and composition of wear debris.

2. Materials and Methods
2.1. Brake Dynamometer

Quantitative measurement of airborne particle was made using a scaled brake dy-
namometer by 1/5 with enclosed chamber (800 mm x 370 mm x 555 mm, W x D x H).
(Figure 1) Constant temperature- and humidity-conditioned air flow (50%, 20 °C) was cre-
ated by negative pressure of blower into a constant volume sampling (CVS) system [9,11,12].
Air flow was filtered by high-efficiency particulate air (HEPA) filter. The air flow rate was
fixed to be 5.2 m3/min, which was measured by air flow meter (TSI 9565-P, TSI inc., Shore-
view, MN, USA). Constant air flow rate was maintained by feedback control using personal
computer. Sampling was made at the location of >1.0 m from the brake assembly in vertical
and isoaxial manners.

Filter

ECU @

Ccvs

Dynamometer

Figure 1. (a) A schematic of brake dynamometer, connected by PM measurement device. Brake assembly is located in a

constant volume sampling system, in which the environment is controlled by environment control unit (ECU). Air-inflow is

filtered by HEPA filter system. (b) Image of 1/5 scale dynamometer and optical particle sizer system.

The brake assembly, a disc (grey cast iron) and a pair of pads, was installed in a caliper,
which was connected to the drive shaft and a 110-kW DC motor (Sangsin brake Co., Ltd.,
Daegu, Korea). The size of tested pad specimens is 45 x 18 mm? with a thickness of 6 mm,
which is fixed by clamping system for tribological tests. The drive motor connected to
gearbox generates the torque and shaft speed for the brake assembly. Data acquisition and
control of system (temperature, friction coefficient, speed, torque, air flow) were carried
out using personal computer (Sangsin brake Co., Ltd., Daegu, Korea).

2.2. Particulate Matter Measurements

The particle number concentration was measured by optical particle sizer (OPS, Model-3330,
TSIinc., Shoreview, MN, USA) with a time series resolution of 1 s. The particle mass concentration
was calculated from the amount of scattered light according to previous work [12,24]. First, particle
numbers in separate 16 channels of OPS are collected as a time-series (1-1800 s). Then, particle
mass for each channel is calculated from the number values assuming uniform density and
spherical shape, volume: 47t/3 x (d;/2)%, at each measurement time. The parameter d; represent
a diameter of particle collected in each channel. Finally, total mass emission factor was calculated
from the summation of particle mass for total measurement period. The calculation methods
were explained in detail in reference [24]. For the collection of airborne brake wear particles, an air
sampler equipped with Teflon membrane filters for PM10 (Microvol 1100, Ecotech Ltd., Knoxfield,
VIC, Australia) (PE47505, 47 mm, Tisch scientific) was used. The drive sequence of the Worldwide
harmonized light vehicles test cycles (WLTC) class 3B cycle with Vmax > 120 km/h was employed
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for dynamometric test. The cycle is divided into 4 parts with different maximum speed (low,
medium, high, extra-high). Before a WLTC test, the surface of friction materials was burnished
to remove all roughness (initial speed: 80 km/h, deceleration: 0.3 G, temp: <120 °C) [16]. The
temperature was measured by thermocouple connected to disc surface. Three successive WLTC
cycles were run in our tests without a change of the material (Table 1). After each run, the disc
and pads were cooled to room temperature for usually more than 30 min.

Table 1. Formulation of friction materials.

Materials Abrasive Lubricant Reinforcing Fiber Modifier
PML-1 SiC/Al,O3/ZrSiO4 Graphite (700/200/10 pm, 6%)
PML-2 SiC/Al,O3/ZrSiO4 Graphite (700 um, 6%)
PML-3 SiC/Al,O3/ZrSiO4 Graphite (200 um, 6%) FexOs. MO, 1
PML-4 SiC/Al,O5/ZrSiOy Graphite (10 um, 6%) Steel fiber €34, VIgY, fron
PML-5 SiC Graphite (700/200/10 pm, 6%) chromite
PML-6 Al,O3 Graphite (700/200/10 um, 6%)
PML-7 ZrSiOy Graphite (700/200/10 pm, 6%)

2.3. Materials

Low-steel pads, formulated with varied lubricant and abrasive, for the front brake
assembly of a typical medium-size passenger car was tested. 7 kinds of pad specimens
are produced by according to the formulation of main components in Table 1. The fric-
tion materials consist of steel fiber, abrasives (SiC, Al,O3, and Zircon), friction modifiers
(Fe304, MgO, Iron chromite), lubricants, and binder. Minor components of metals and
chalcogenides are also included as friction modifier or reinforcing fiber. The disc for the
low-steel pads was cast iron (FC170, carbon: 4.3 wt%, hardness of 170 HBW). Three friction
materials (PML-2/-3/-4) with graphite of varied sizes, and three materials, (PML-5/-6/-7)
with abrasives of varied hardness (SiC, alumina, zircon) were prepared. PML-1 was also
prepared with equal proportions of components (3 kinds of abrasive, 3 kinds of lubricant),
representing a reference material that exhibits average impact of the respective components.
Detailed compositions are listed in Table 1.

2.4. Analysis

Wear debris particles, emitted from brake assembly, were collected by filter in air
sampler and studied by chemical and microstructural analysis methods. Chemical analysis
was carried out by ICP-MS (NEXION 2000, Perkin Elmer corp., Waltham, MA, USA) and
microstructural analysis was carried out by FIB (Helios NANOLAB, FEI corp., Hillsboro,
OR, USA). The surface topology of worn pad surface was examined by laser confocal
microscope (OLS4100, Olympus corp., Tokyo, Japan), FE-SEM (JSM-7610F+, JEOL Co., Ltd.,
Japan) and profiler (S5]J-410, Mitutoyo Corp., Tokyo, Japan).

3. Results
3.1. Dynamometric Time-Dependent Profile

Table 2 shows friction coefficient (CoF), surface analysis results (roughness), and PM
emission factor of the friction materials using dynamometer employing WLTC driving
cycle. The PM10 emission factors, expressed as the amount of airborne particulate matter
emitted per distance (km) per vehicle, was reported. The formulation of the friction
materials is designed to have sequential abrasive character (PML-5 > PML-6 > PML-7) in
an order of Mohs’ hardness of abrasive, beta-SiC (9.25-9.5) > Al,O3 (9.0) > Zircon (6.5-7.5),
with PML-1 having average abrasive character. The amount of friction modifier was fixed
to the same for all the formulations. For PML-2/-3/-4, graphite powder of varied sizes was
included to investigate the relationship between PM emission and lubricating agents.
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Table 2. Dynamometric results of friction materials.

BEF (Brake
Emission Factor, BEF BEF BEF
Friction Materials CoF mg/km/Vehicle)

1st Cycle 2nd Cycle  3rd Cycle Avg.

PML-1 0.434 7.04 7.47 7.82 7.44
PML-2 0.453 5.93 6.80 6.71 6.48
PML-3 0.457 7.28 7.04 7.12 7.14
PML-4 0.451 6.72 7.42 7.56 7.23
PML-5 0.467 10.74 16.47 16.04 14.41
PML-6 0.522 497 5.86 6.23 5.68
PML-7 0.382 3.47 4.68 496 437

First, time-dependent measurements of the wear particles were carried out with a
time resolution of 1 s to study the evolution of PM emission in the driving cycle. Time
variations in the number of PM10 emission during WLTC cycles were measured using
optical particle sizer (OPS). Figure 2 shows time variation of PM10 number concentration
(#/ cm3) of PML-1/-2/-3/-4 materials during WLTC 3B cycle (runs #1-3). Runs of #1, #2, #3
for each material, in general, resulted in similar PM emissions.
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Figure 2. Time variation of particle number concentration for (a) PML-1, (b) PML-2, (c) PML-3, and (d) PML-4.
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For the PML-5/-6/-7 materials, as shown in Figure 3, significant change of particle
number concentration was observed with respect to abrasive materials, especially in the
time range of 0~1000 s, corresponding to low- and mid-speed region. More PM10 particles
are generated for PML-5 than PML-6 and PML-7, which is well consistent with brake
emission factor, BEF, (14.41, 5.68, 4.37 mg/km/vehicle for PML-5/-6/-7, respectively).
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Figure 3. Time variation of particle number concentration for (a) PML-5, (b) PML-6, and (c) PML-7. (d) Total particle number, mass
concentration, and PM emission factor of PML-materials.

Figures 4 and 5 show the particle number/mass profiles from the PML-2/-4 and
PML-5/-6/-7 materials, respectively, from low-speed (1-550 s) to extra-high-speed region
(1500-1800 s) under WLTC cycle. The bimodal-shaped mass distributions with a small peak
in the sub-micon range (0.3-1.0 pm), and a large peak in the micron range (1.0-10 pm). Fine
particle (<1.0 pm) and coarse particle (1.0-10 um) are majorities in the number and mass
patterns, respectively. However, even though the number concentration of fine particle was
much higher than that of coarse particle, the mass concentration (ug/cm?) of fine particle
should be smaller than that of coarse particle because of smaller volume. See Figures S1-57
for all the cycles.

In Figure 4, the time variation of PM emission for the friction materials, PML-2 and -4,
in Table 1 are displayed, in which there is a notable difference in number concentration
(in size range of 0.3-1.0 um) with respect to size of graphite (700, 200, 10 pm). It turns
out that, compared with the PML-2, the PML-4 material exhibited higher number con-
centration curves originating from of nanometer-sized airborne particle (0.3-1.0 um) as
shown in Figure 4c. The increased emission peaks for PML-4 are found in time range of
>1000 s, corresponding to high- and extra-high-speed regions. This result indicates that
the amount of nanometer-sized particle due to small-sized graphite is increased in high-
speed region, which is in accordance with higher number concentration values of PML-4
(~5 x 10°/cm®) against PML-2/-3 (3.5-3.7 x 10°/cm?) in Figure 3d. As the size of graphite
decreases (PML-2 > PML-3 > PML-4), particle number concentration increases. The number
concentration of PML-4 was much higher than that of PML-2, however, the mass of fine
particles was much smaller than that of coarse particles, thereby weight concentration
(1.5-1.7 x 106 ug/ cm?) and brake emission factor (BEF, 6.48-7.23 ng/ cm?) are almost the
same for PML-2/-3/-4 materials, as shown in Figure 3d and Table 2. Figure S11 shows that
morphology of graphite of PML-4 is more sheet-like with higher aspect ratio than that of
PML-2/-3, which might result in increased nano-sized airborne particles.
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Figure 4. Time variation of (a) particle number, (b) particle mass concentration profiles for PML-2, (c) particle number, (d) particle
mass concentration profiles for PML-4. See Supplementary information for PML-1/-3 materials.

The mass concentration of coarse particles (1.0-10 um) for the PML-5 materials
was 2.0-3.0 times that of PML-7 for the high- and extra-high-speed regions as shown
in Figure 5b,f. This agrees well with the brake emission factor (BEF) for the PML-5
materials (14.41, 4.37 mg/km /vehicle for PML-5 and PML-7, respectively) as shown
Figure 3d. As for particle number, the number concentrations of both fine particle
(<1.0 pm) and coarse particle (1.0-10 um) for the PML-5 materials were larger than
that of PML-7, which is more pronounced in the low-speed than extra-high-speed
region. This result is also consistent with time-resolved data in Figure 3a showing
that PM emission is enhanced in low- and mid-speed regions (1-1000 s) in the case

of PML-5. Figure S11 shows that SiC abrasive (PML-5) have sharp edges, whereas
particle shape of zircon (PML-7) is round and random, which might also influence
airborne PM emission.

Table 2 shows that the PML-5 materials containing SiC exhibited higher PM emission
values than those containing Al;O3; and zircon (PML-6/-7). The PML-5 having mechani-
cally hard abrasive shows higher PM emission factor, which is probably a result of wear

mechanism. On the other hand, mass-based PM emission factor (BEF) is invariant with
respect to the variation of graphite.
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Figure 5. Time variation of (a) particle number, (b) particle mass concentration profiles for PML-5, (c) particle number,
(d) particle mass concentration profiles for PML-6, (e) particle number, (f) particle mass concentration profiles for PML-7.

3.2. Wear Debris Analysis

In this work, 5 morphological categories of wear debris were found in FE-SEM images
(Figure 6). Secondary granular particles (Figure 6b,c) consist of smaller primary particulate
matter (Figure 6a), which tends to aggregate/agglomerate for the purpose of minimization
of surface energy. The primary particle size measured from the SEM images in Figure 6a
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(@)
1.Alarge lump: pure Fe
2.Flat particles: Fe 97 + Si3%
3. A lump with fine cracks: Fe 76%
+8i, Sn, Mg, Ba, Ca, S, Al

is approximately submicron size (<1 pm), whereas secondary granular particles have a
size of micrometers (Figure 6b). See Figure S8 for the EDX result for Figure 6a—c. Large
steel lump with irregular shape (Figure 6d) was found to be pure Fe according to EDX
analysis (Figure 7a), which is probably separated from grey iron disc by fragmentation
without considerable chemical oxidation. The large micron-sized particles, (1) in Figure 7a,
are made by mechanical wear, not by oxidative wear [28]. Whereas, submicron particles,
(Figure 6a—c) are formed by the evaporation-condensation process and the aggregation of
the nano-sized particles. See Figure S9 for the EDX results for Figure 7b.

Figure 6. FE-SEM images of (a) sub-micrometer sized primary particles, (b) secondary particles,
aggregated /agglomerated from primary particles, (c) enlarged image of (b), (d) an irregular shaped
large Fe lump, (e) a large lump with fine cracks, (f) flat particles by pressure and/or shear stress.

n Pores,‘
Fe

flat structure

Element  Wt% At%

T

e’ At%

Figure 7. (a) FE-SEM image of large lumps (1), flat particles (2), a lump with fine cracks (3), showing their constituting
elements, (b) microstructure of flat particles (2), showing Fe lumps granules, pores, defects, dislocations.

The lumps with fine cracks (Figure 6e/(3) in Figure 7a) and flat particles(Figure 6f/(2)
in Figure 7a) might be created by the combination of chemical oxidation/aggregation and
abrasive mechanisms between grey iron disc and pads, which can be deduced from EDX
and SEM data(Figure 7). In contrast to Fe lump (1), the particles in Figure 6e,f and (2,3)
of Figure 7a, include granular particles, of which chemical elements are common in pads,
along with small Fe lumps. According to previous work, when organic matters in pads
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oxidize at high temperature, numerous pitting occurs in the interface between pad and
disc, thereby resulting in material removal [28]. The smaller fraction, in this work, appears
to be aggregated with Fe lumps, resulting in larger flat (2) and plate-shaped particles (3).
Thus, the micron-sized PM, ranging from micrometers to tens of micrometers, seems to be,
in part, originated from the aggregates of smaller primary particles with Fe lump as a core.
ICP analysis of wear debris sample, randomly collected from filter in the dynamomter, is
given in Figure 8. Main element is Fe and detected elements are Na, Mg, Ni, Ba, Ca, Mn,
Sn, Si (>1000 ppm); V, Cr, Cu, Zn, As, Ga, Al, St, K, Te, Zr, Ti (>100 ppm).

Figure 8. Chemical analysis results of particulate matter collected by filter in the dynamometer.

4. Discussion
4.1. Surface Profile Analysis

Figure 9a illustrates an example of 3D-surface profile of brake pads worn by dynamo-
metric tests. The surface structure of a tested pads (40 mm x 30 mm) was analyzed for
20 separated sections. In Table 3, a color map of 20 separate sections with respect to relative
height was constructed using laser confocal microscope. The red, green, or black areas
represent those of high, middle or low heights, respectively. The red area represents that
of high height, suggesting the contact plateau. The plateau is well-known to be made by
the precipitation of wear debris around reinforcement fiber during braking. On the other
hand, the dark area, indicated by black, purple, and blue colors, indicates the lowland,
which usually formed by severe abrasion or pull-out. The green area shows the area that
undergoes minor abrasion.

(b) 16 . . . .
W PMLI - Base
©® PML2 - Basc + Large Graphite
14 | A PML3 -Base + Midium Graphite * i

® PMI 4 - Base + small Graphite
* PMLS - Base + SiC

¥ PML6 - Base + Alumina

12 ) pMI7-Base i Zircon

10| -

Brake Emission Factor(mg/km)

1 2 3 4 5 6
RoughnessRa, pm)

Figure 9. (a) Typical 3D surface profile in worn surface, (b) relationship between mass-based PM emission factor with

respect to surface roughness of worn pad.
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Table 3. Surface analysis results of PML pads.

Friction Materials

PML-1 PML-2 PML-3 PML-4

Color map of height
Area (High, %) 14.9 21.7 48.5 322
Area (Middle, %) 63.9 46.9 39.8 46.3
Area (Low, %) 174 29.4 12.5 21.0
Ra, um 3.32 2.79 2.94 2.76
Emission factor
7.44 6.48 7.14 7.23
(mg/km/v)
Friction Materials PML-5 PML-6 PML-7

Color map of height

Area (High, %)
Area (Middle, %)
Area (Low, %)
Ra, pm
Emission

(mg/km/v)

24.3 21.0 23.0
49.5 48.4 421
25.9 26.3 27.7
5.16 2.96 241
14.41 5.68 4.37

Figure 9b shows the linear relation between surface roughness and brake emission
factor (BEF) of the PML-materials. In this work, area of relative heights does not show
a distinctive bearing to emission factor, however, surface roughness shows positively
proportional relation to BEF values. According to Park et al. [23], the less aggressive
character of non-steel (NS) materials toward grey iron disc, resulting in lower surface
roughness in the surface profiles than low-steel. The interpretation also claims that the low
emission factor for the NS materials is also related to low surface roughness after driving
cycles. In this work, it is shown that rough surface, being direct evidence that abrasion of
pads and, probably, disc, is also related to PM emission. Hard abrasive such as SiC induces
more abrasive character of wear mechanism than zircon, which generates more resource
of airborne particles. Our previous work showed that solid lubricant working at high
temperature such as copper and tin reduces the emission [24]. In this work, graphite might
replace a role as solid lubricant, however, particle size of graphite does not any variation to
surface roughness and PM emission.

4.2. Temperature Effect

In situ time-variation of number- and mass-based particle concentration for each brake
stop were plot as a function of disc temperature. The increase in PM emission at elevated
temperature in pin-on-disc experiment was reported recently by Alemani et al. [29]. Each
of 28 brake stops, separated by intervals between the nearest two stops, in WLTC cycle was
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selected for temperature measurement. See Figure S10 for WLTC time schedule. The number
and mass concentration of particles for each stop were collected using OPS data providing
time-dependent data. In Figure 10, the particle number and mass concentration is plot versus
average disc temperature (Tg;s.). The values for PML-1/-2/-3/-4 increase abruptly above
the critical temperature, ~120 °C (#>1.0 x 10° in Figure 10a). The PML-4 material exhibits
higher number concentration at high temperature than PML-1/-2/-3 (Figure 10b), which is
consistent with time-resolved data, showing nanometer-sized particle emission.
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Figure 10. (a) Particle mass concentration (b) particle number concentration for PML-1/-2/-3/-4,
(c) particle mass concentration (d) particle number concentration for PML-1/-5/-6/-7 with respect to
disc temperature during dynamometric tests.

Figure 10c,d also show a clear distinction between PM concentration and disc tem-
perature according to the abrasive in the PML-series. The PML-5 and PML-1 (reference)
exhibited a distinct difference in particle concentration. The beta-SiC abrasive with sharp
facets in PML-5, in particular, induced significant lower critical temperature (~100 °C),
beyond which particle emission rises. See Figure S11 for SiC raw material. This result is also
well-consistent with time-dependent data in Figure 3a, showing that PM emission of PML-5
is pronounced even in low- and mid-speed regions (1-1000 s). These results confirm the
hypothesis that PM emission rises under at severe conditions (high temperature, abrasion
wear), which is facilitated by a usage of hard abrasive.

5. Conclusions

In this work, airborne PM emissions, due to brake wear, with respect to various raw
materials was investigated under dynamometric analysis. 7 low-steel friction materials,
of which constituents (lubricant and abrasive) are varied, were examined by surface
topography analysis. Temperature-dependent and time-resolved data show that:

1.  As for lubricants, particle number concentration is inversely proportional to the size
of graphite. Smaller graphite (10 um) generates more nano-sized particles than that
of larger size (700 pm).
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2. As hardness of abrasive increases (SiC > Al,O3 > ZrSiOy), higher emission factor
was obtained, which suggests that abrasive wear directly contributes to emissions,
evidenced by surface topology.

3.  Temperature-dependent data imply that particle emission for SiC abrasive is initiated
at lower disc temperature (Tgis) of ~100 °C, than that for ZrSiO, (Tgis. >120 °C).

4. According to chemical analysis of wear debris, larger micron-sized particle includes
fragmented Fe lumps from disc of grey cast iron, whereas smaller particles with
various shapes are formed by oxidation and aggregation of nano-sized particles with
or without a core of Fe lump.

The PM emission factor in this work should be carefully compared with the other
works because the factors is susceptible to particle measurement (optical, electrometer,
gravimetric method), collection (impactor, charging/separation, condensation) methods
as well as data collection environment (dynamometer, on-road). From the present work,
abrasive characteristics of brake pads is crucial to PM emission at high temperature,
which exhibits aggressive toward discs of grey cast iron having moderate surface hardness
compared to hard coating materials.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10.3390/
lubricants9120118/s1, Figure S1: Time evolution of particle number, mass concentration profiles for PML-1;
Figure S2: Time evolution of particle number, mass concentration profiles for PML-2. Figure S3: Time evolution
of particle number, mass concentration profiles for PML-3; Figure S4: Time evolution of particle number, mass
concentration profiles for PML4; Figure S5: Time evolution of particle number, mass concentration profiles
for PML-5; Figure S6: Time evolution of particle number, mass concentration profiles for PML-6; Figure S7:
Time evolution of particle number, mass concentration profiles for PML-7; Figure S8: EDX analysis results of
aggregated particles; Figure S9: EDX analysis results of cross-sectioned flat-shaped particles. Figure S10: Time
schedule of WLTC driving cycle. Figure S11: Raw materials for brake pads.
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