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Abstract: Laser cladding is a promising surface treatment for refurbishing worn-out cast-iron brake
rotors. Previous studies on laser-cladded brake rotors have demonstrated their extensively higher
wear and greater airborne particle emissions, compared with traditional cast iron rotors. In order to
overcome this, a commercial non-asbestos organic (NAO) brake material is tested against Fe-based
laser-cladded and traditional cast-iron brake rotors. Two low-metallic brake pad materials are also
tested as references. The materials’ coefficients of friction, specific wear rates and particle number
concentrations are evaluated. The results indicate that the NAO brake material showed lower wear
and had fewer particle emissions than the low-metallic brake materials when deployed against
both cast iron and laser-cladded brake rotors. The NAO/laser-cladding friction pairing showed
wear, particle concentration and fraction of fine particles (sub 1 um) equivalent to those of the
low-metallic/cast-iron friction pairing, creating significant potential for application in refurbishing
worn-out cast-iron brake rotors.

Keywords: laser cladding; airborne particle emission; non-asbestos organic; low-metallic brake pad

1. Introduction

A brake rotor is a crucial component in an automotive disc-brake system that slows
a vehicle by friction with its brake pads. For decades, grey cast iron (GCI) has been the
most popularly used material for brake rotors, owing to its excellent castability, high
thermal conductivity, good damping capability and cost-effectiveness. However, GCI is not
satisfying in terms of corrosion resistance, wear resistance or airborne particle emission [1].
Different attempts have been made to combat these deficiencies. One such strategy is
the application of alternative materials to replace GCI in producing automotive brake
rotors. Such alternative materials include metal matrix composites [2] and ceramic matrix
composites [3], but these materials are more expensive than GCI, and, thus, are not suitable
for commercial use in automotive brake rotors. Another strategy is to overlay a protective
coating on the GCI substrate. This method is encouraging, since it is not only suitable for
producing brand-new brake rotors, but also capable of refurbishing worn brake rotors.

Aranke et al. carried out a thorough literature review on coating technologies and
materials for GCI brake rotors [1]. Depending on their working temperatures, coating tech-
nologies can be categorized by non-thermal spray processes and thermal spray processes.
One of the thermal spray processes, HVOF (high-velocity oxy-fuel), has been shown to
capably produce wear-resistant cermet coatings on GCI brake discs with reduced airborne
particle emission [4-7]; the main disadvantages of HVOF are found in its very costly
equipment and restrictive powder sizes (usually below 50 um) [8].
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Laser cladding is a representative non-thermal spray process with strong metallurgical
bonding and a small heat-affected zone between the substrate and coating, upon the latter of
which hardfacing materials can be deposited for use in applications such as GCI brake discs.
Laser-cladded Ni-based and Co-based coatings, reinforced with tungsten carbides, have
demonstrated superior wear resistance and lesser airborne particle emissions than nude
GCI brake discs [9-13]. However, Ni, Co, W and their compounds are widely recognized
to cause a series of hazards to human health, such as cardiovascular deficits, skin allergies
and lung fibrosis [14-16]; and this, notwithstanding the dramatic increase in their prices
over the last decades [17]. Accordingly, explorations of other less-toxic alternatives for the
application of laser cladding to GCI brake disc are needed. In a recent work on HVOF,
Fe-based coatings, sprayed onto a GCI substrate, showed tribological performance that
was comparable with Ni/Co-based coatings [18-21], whilst relevant knowledge on laser-
cladding-sprayed Fe-based coatings is very scarce. A recent life-cycle assessment, in terms
of energy consumption and carbon footprint, suggested the great potential of laser-cladded
Fe-based coatings in refurbishing worn-out GCI brake discs [22]. The study also presented
the greater wear and emission of airborne particles of laser-cladded Fe-based coatings than
of uncoated GCI brake discs. This is probably attributed to the tribological compatibility
of metals [23] in sliding contact, since both the laser-cladded rotor surface, as well as
the pad material, contained large amounts of Fe. A semi-metallic brake pad can contain
between 10-30% Fe. Here, the term compatibility means a reluctance to form a strong
interfacial bond, which leads to a high wear rate; better tribological compatibility can be
achieved using, for instance, Ti compounds, as a replacement for Fe [23]. This is the case
for non-asbestos organic (NAO) brake pads, which often contain around 1% Fe and use
Ti compounds as an Fe replacement. Therefore, there is a demand for further research on
laser-cladded Fe-based coatings, regarding the selection of suitable brake-pad and coating
materials with moderate CoFs and reduced wear and particle emissions. The current
study aims to evaluate the friction, wear and airborne particle emissions of a laser-cladded
Fe-based coating on GCI brake discs tested against a non-asbestos organic (NAO) and
two semi-metallic (a Cu-containing and a Cu-free) brake-pad materials.

2. Experimental Set-Up
2.1. Pin-on-Disc Tribometer

The tests were carried out using a pin-on-disc (PoD) tribometer, dedicated to airborne
particle-emission measurement, as sketched in Figure 1. The PoD tribometer was comprised
of a horizontally rotational disc and a vertically dead-loaded pin. By adjusting the dead
weight and rotational speed of the motor, desired pin/disc contact pressures and sliding
speeds can be achieved. An HBM® (Darmstadt, Germany) Z6FC3/20-kg-load cell was
mounted on the side of the pin-holder that measured the tangential force at the pin—disc
contact. The coefficient of friction (CoF) between the pin and disc was indirectly calculated
by dividing the measured tangential force by the normal load. The PoD tribometer was
placed in a one-way ventilated box with an inlet and an outlet. Room air was pumped
through a HEPA filter (class H13 EN 1822) to eliminate background particles, ensuring a
particle-free air inlet. A TSI® (Shoreview, MN, USA) model-8455 air-velocity transducer
was mounted at the inlet to measure air velocity, facilitating the control of stable air flow
in the test box. Due to the complexity of the PoD tribometer, the air pumped into the box
mixed well with the generated particles and transported the particles to the air outlet. At
the air outlet, a TSI® optical particle sizer, model 3330 (OPS), was used to measure particle
number concentrations (PNCs) for particles with diameters between 0.3 um and 10 um, at
1 Hz. Due to the fact that the OPS is sensitive to the forms and refractive indices of particles,
the measured particle-size distributions and number concentrations should be considered
approximate [24]. Therefore, the output from the OPS was only used as a relative measure
when ranking different material combinations.
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Figure 1. Schematic of the pin-on-disc setup [25].

2.2. Materials

In the current study, two brake disc materials, i.e., a commercial GCI and a laser-
cladding-sprayed Fe-based coating were tested against three commercial brake pad materi-
als (an NAO and two low-metallic materials). The Fe-based coatings were laser-cladded
onto the reference GCI disc and this was conducted with a 7-kW fibre-coupled diode
laser (Laserline® (Bristol, UK) LDF 7000-40), featuring a beam quality of 40 mm.mrad
and fibre-optic cables 400 um in diameter. A Fraunhofer ILT® (Hague, The Netherlands)
three-jet nozzle was used to inject the metal powder into its destination, allowing a possible
track width of 1.0-6.0 mm. In order to minimize the heat input into the disc substrate, the
parameters shown in Table 1 were used to laser-clad the Fe-based coatings.

Table 1. Laser-cladding and powder parameters of the Fe-base coating.

Parameter Value
laser spot size @2 mm
laser power 950 W
weld beam overlaps 50%
laser head travel speed 8 mm/s
metal powder feed rate 7 g/min
metal powder diameter 53-150 um

The GCI and Fe-based powder metal, as well as the three brake pad materials, are all
commercial products and their chemical compositions are either listed by the manufacturer
or were obtained with XRF (X-ray fluorescence spectrometer), as shown in Table 2. In order
to fit the brake pad and disc materials into the dedicated PoD tribometer, the three brake
pad materials were cut into cylindrical pin samples with 10-mm diameter testing surfaces,
and the two brake disc materials were manufactured into round disc samples of 100-mm
diameter and 8-mm thickness.

2.3. Test Conditions

The test conditions for varied pin/disc combinations were obtained in a series of pre-
tests to reach an identical friction force between the brake pad and disc that corresponded
to the measured tangential force in the current study. The reason for such a test design was
to simulate the conditions of driving, in practice. In reality, drivers tend to dynamically
adjust the load on the brake pedal to reach a desired friction force between the pad and disc,
in such a way as to stop the car with a certain deceleration and within a certain braking
distance. If the friction force is too low, a higher load will be applied to compensate. Due
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to the different CoFs obtained in the pre-tests, test conditions were varied for the pin/disc
combinations and are listed in Table 3. Each pin/disc combination was repeated four times
in order to obtain their mean values and standard deviations of CoF, wear rate and PNC.

Table 2. Chemical compositions and surface conditions of the brake-disc and -pad materials.

Low-Metallic Low-Metallic

Element wt.% GCI Disc Laser-Cladded Disc NAO Pin Pin/Cu-Contained Pin/Cu-Free
Al - - 1.6 5.8 8.1
Ba - - 4.7 - -
C 3.8 0.15 N/A N/A N/A
Ca - - 8.0 35 1.2
Cr - 18 - 1.5 3.0
Cu - - - 12.3 N/A
Fe Balance Balance 1.2 13.1 26.0
Mg - - 9.2 8.2 12.2
Mn 0.65 - - - -
Mo 0.5 - - -
Ni - 2.5 - - -
P 0.06 - - 0.6 N/A
S 0.05 - 4.1 4.0 3.9
Si 1.8 - 5.2 3.7 1.4
Sn - - 8.1 6.7 6.6
Ti - - 16.3 - -
Zn - - 1.1 8.7 1.4
Zr - - 32.6 - -
Others - - Balance Balance Balance
Hardness (HRC) 20 58 N/A N/A N/A
Density (g/cm3) 7.1 13.58 2.23 2.76 2.74
Average initial Ra =0.30 pm Ra =0.25 um Scorched Scorched Scorched
surface roughness
Code name GCI LC NAO Cu-contained Cu-free

Table 3. Contact pressure and sliding speed for different material combinations.

Disc Pin Contact Pressure Sliding Speed Test Duration
NAO 0.35 MPa
LC -
Cu-containing
Cu-free 045 MPa 2m/s 2h
NAO
GCI Cu-containing 0.6 MPa
Cu-free

2.4. Characterization of Worn Samples

The worn surfaces of the pins and discs were observed with a scanning electron
microscope (SEM) equipped with an energy dispersive X-ray spectroscope (EDXS). In
detail, the analysis was conducted with a Zeiss MA EVO10 microscope, equipped with
a 10-mm? active area INCA X-act silicon-drift detector (Oxford Instrument). For each
sample, several areas were observed with the following power parameters: EHT =20 kV,
Itarget = 1.730 A and beam intensity of 300 pA. The experimental emission spectra of the
regions of interest were acquired at the instrument-ideal working distance of 8.5 mm
(gun-to-sample-surface). Both the SEM images and the emission spectra were acquired
using back-scattered electrons (BSE) in order to, respectively, maximize the phase contrast
and the interaction volume of the incident beam with the sample.
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3. Results
3.1. Coefficient of Friction

The evolution of the CoFs (coefficient[s] of friction) of the six pin/disc combinations is
depicted in Figure 2, where a running-in period is seen before reaching steady state. In the
running-in period, the contacting pin and disc surfaces grew more conformal, resulting in
a gradual increase in CoFs. The steady state (about 3500 s to 7000 s, in the current study) is
more representative of real applications, thus, only the data in this period was considered
for calculating the mean values and standard deviations from four repetitions of each
pin/disc combination.

0.8

LL
8 0418 ——GCIINAO
| GCl/Cu-contained -
55 —— GCl/Cu-free
: LC/NAO
—— LC/Cu-contained =
0.0 —— LC/Cu-free
. T T T T T T T T
0 1500 3000 4500 6000 7500
Time (s)
Figure 2. CoF time history from representative test runs of six pin/disc combinations.
3.2. Particle Number Concentration
The particle number concentration (PNC) of each material combination also shows
a similar running-in period, followed by the steady state, as can be seen in Figure 3. The
occurrence of the running-in and steady-state periods of the PNC time histories is attributed
to the engagement process of the pin’s and disc’s surfaces in becoming conformal. Similarly
to the CoF data, only the data from the steady state was used to consider the average PNC
results and particle size distribution, in order to be more representative of real applications.
on0 ——GCINAO
GCl/Cu-contained
—— GClI/Cu-free
—~ LC/NAO
“— 400
g —— LC/Cu-contained
< —— LC/Cu-free
2
= o Ay
'u"wi.'.' " 5 W i y
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Figure 3. PNC time history from representative test runs of six pin/disc combinations.
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3.3. Wear

The mass loss of the tested pin and disc samples were measured by weighing them
before and after each test with a Sartorius® (Gottingen, Germany) ME614S analytical
balance (accuracy 0.1 mg). With the mass loss and density known, the wear volume of each
sample could be determined and taken into the calculation of the specific wear rate with
the following equation:

Am
k =

p-s-Fn
where Am is the mass loss of the sample, p the density of the sample, s the sliding distance
(14,400 m for each test run in the current study) and Fy the normal load applied on the
pin/disc contact (shown in Table 3). The method enables the determination of the specific
wear rates of both the pin and disc. This method is beneficial to real applications because
the wear condition of disc brake systems is usually investigated by observing the wear
volumes of the brake pad and brake rotor. The calculated mean value and stand deviation
of the CoF and the specific wear rates of the pin and disc, as well as the PNC, are listed
in Table 4.

M

Table 4. Mean value and standard deviation of the CoF ky;, kyisc, and PNC for six material combinations.

Disc Pin CoF kpin (10-14 m?/N) Kgisc (10-14 m2/N) PNC (1/cm®)
NAO 0.44 +0.02 0.98 £0.11 0.35 + 0.04 59.7 4 28.6

GCI Cu-containing 0.52 4 0.01 3544+ 0.13 1.28 +0.18 132.8 £ 55.8
Cu-free 0.53 +0.03 416 4+ 0.26 1.43 £0.17 148.9 4+ 25.4

NAO 0.80 £ 0.02 438 +0.61 0.61 + 0.06 157.2 £22.8

LC Cu-containing 0.65 & 0.01 5.74 4+ 0.42 1.47 £0.11 303.2 £ 53.1
Cu-free 0.63 £ 0.04 5.13 £ 0.36 1.45 4+ 0.17 309.3 4 33.2

3.4. Analysis of Worn Surfaces

SEM observations and EDXS analyses were used to observe the pin and disc wear
surfaces, and to identify the main components of the friction layers. The friction layer is
made up of primary plateaus, composed by reinforcements of the friction material, and
secondary plateaus that are made of wear debris from both the pin and disc [26]. The
friction layer that formed during the PoD sliding test between the pin and disc determines
the behaviour of the materials under study. Since the focus of this study is an NAO friction
material, the Cu-free material was considered representative of the low-metallic materials
for comparison with the NAO formulation.

Figure 4 shows the top view of the worn Cu-free pins (Figure 4a,b) that were tested
against the GCI and LC discs (Figure 4c,d). On the friction material, primary plateaus
made of iron fibres were visible, and secondary plateaus, formed from compacted wear
fragments, are close to them. The secondary plateaus on the GCI/Cu-free pin were well
compacted and wide (Figure 4a), while those on the LC/Cu-free pin were not so wide
and are mainly formed over the metal fibres (Figure 4b). On the disc-worn surfaces, the
situation was different: the friction layer deposited on the GCI disc (Figure 4c) mainly
accumulated inside the graphite zones, whilst an extensive amount of friction layer was
spread on the LC discs along the whole sliding track (Figure 4d). The SEM observations
were consistent with the calculated higher pin wear for the LC/Cu-free surfaces over their
GCI/Cu-free counterparts (Table 4). Furthermore, it can be assumed that the less extensive
secondary plateaus on the LC/Cu-free materials left the iron fibres more exposed and in
contact with the disc, contributing to the increase in the CoF.
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EHT = 20000 v [EHT = 20,00 kv
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Figure 4. SEM micrographs of the planar sections of the worn pin surfaces of the Cu-free material (a,b) and the corresponding
worn discs: GCI and LC (c,d).

Figure 5 shows the top view of the worn NAO pins (Figure 5a,b) tested against the
GCI and LC discs (Figure 5¢,d). NAO friction materials contain fewer metal fibres than
low-metal materials, as can also be appreciated from the SEM observations. In the case of
the GCI/NAO coupling, large areas of compacted wear fragments were observed on the
surface of the pin, which formed extended secondary plateaus (Figure 5a). It is possible
that the more yielding material on the underside allowed the wear fragments to compact
without metal fibres to serve as primary plateaus. On the disc surface, there was an
extensive and quite uniform distribution of the friction layer (the black phase in Figure 5c)
along the sliding track. In the case of the LC/NAO materials, on the other hand, the wear
fragments present on the pin formed less extensive but more evenly distributed compacted
zones—also involving carbon constituents—that were not involved in the previous case. As
in the case of cast iron, a homogeneous but less abundant distribution of friction layers was
observed on the LC disc (the black phase is seen in Figure 5d, but less so than in Figure 5c).

Table 5 shows the EDXS analyses carried out on the secondary plateaus identified
on the surface of the pins. Significant differences qwre observed between the two friction
material formulations: low-metal Cu-free and NAO. In the Cu-free material, the friction
layer consisted mainly of Fe, this constituent being present more on the surface that had
slid against the GCI disc, as compared with the LC disc. Conversely, in NAO materials, the
Fe content is much lower and is replaced by other elements, such as Zr and Ti. Of particular
interest is the high C content in the friction layer of the LC/NAO material as compared
with the others—this agrees with the SEM observations. It can therefore be assumed that
the involvement of the carbonaceous constituents in the formation of the friction layer was
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responsible for the unique behaviour observed for this material: a high CoF and low wear
and fewer particle emissions.

Mag= 250X EHT = 20.00 kv
Signal 4 = CZ BSD WD = 8.0mm

o el

EHT = 2000k GCI/NAO: disc . BiT- 2000k LC/AO: disc

WD = 85mm Signal A= CZ BSD WD = 8.5 mm

Figure 5. SEM micrographs of the planar sections of the worn pin surfaces of NAO material (a,b) and the related worn
discs: GCI and LC (¢, d).

Table 5. EDXS of the friction layers present on the pin surface.

Element [wt.%] GCI/Cu-Free LC/Cu-Free GCI/NAO LC/NAO
C 8.95 7.24 7.94 16.06
O 28.12 28.23 38.24 37.13
Fe 43.07 39.29 17.89 17.66
Zr 0 0 15.35 9.05
Mg 1.37 1.16 4.00 3.09
Al 1.57 1.27 0.67 0.45
Si 1.21 141 2.74 1.98
S 3.21 2.66 2.04 1.42
Ca 0.51 0.42 3.21 3.77
Cr 0.55 7.81 0 4.09
Ba 7.19 6.25 0 0
Ti 0 0 6.88 4.62
7n 2.51 1.96 0 0
Sn 1.64 1.32 0.90 0
Others 0.14 0.98 0.14 0.68

4. Discussion

It can be seen from Figure 2 and Table 4 that the NAO sample had the lowest CoF
against the GCI disc and the highest against the LC disc, indicating its very distinguishable
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friction mechanisms on different disc surfaces. At the same time, the GCI/NAO pairing
had the lowest specific wear rate of the pin and disc, as well as the lowest PNC among
all material combinations. If only considering the tests on LC discs, the NAO samples
also result in lower pin and disc wear rates and PNCs as compared with the low-metallic
Cu-containing and Cu-free samples. In some previous studies, NAO brake material has
also been observed to have lower wear and particle emission than low-metallic brake
materials under both PoD tribometer and dynamometer testing [27-29]. The main reason
is attributed to the less-aggressive wear process in NAO brake materials due to their better
tribological compatibilities with Fe. This less-aggressive wear can also be identified in the
SEM micrographs presented in Figures 4 and 5, where less-aggressive wear is noticeable
for the discs run against the NAO pad material as compared to the semi-metallic Cu-free
one. Other studies have also demonstrated decreased wear rates and particle emission in
laser-cladded coatings than in cast iron materials, but these coatings were all Ni/Co-based
and reinforced with tungsten carbides [9-13], which is not the case in the current study.

Only one previous study on a laser-cladded Fe-based coating was found, in which the
laser-cladded coating was tested against a low-metallic brake pad and presented twice the
disc wear and particle concentration of a GCI disc [22], which agrees with the observations
in the current study. However, the performance of NAO brake materials on laser-cladded
brake rotors has not been investigated before; here, our study shows very encouraging
results: although the NAO sample addressed the pin’s wear rate equivalently to the low-
metallic Cu-contained and Cu-free samples (Table 4), it also produced half the disc wear
and PNC of the low-metallic brake materials. Further, the disc wear rate from the LC/NAO
pairing was even lower than the Cu-containing/GCI and Cu-free/GClI pairings, apart
from their equivalent PNCs, demonstrating the NAO material’s great potential as a proper
counter proposal to efforts toward LC Fe-based coatings on GCI substrates.

The NAO samples also demonstrated advantages in terms of particle size distribution,
as presented in Figure 6. The friction pairings, including the Cu-containing and Cu-free
brake-pad materials, exhibited a clear dual-modal distribution with two modes, i.e., one
at 0.5 pm and the other at 2 um. The GCI/NAO pairing and LC/NAO pairing, however,
seemingly showed a unimodal distribution with a unique mode at 0.5 pm, whilst the peak
around 2 pm, seen in the prior pairings, was, here, largely flattened.

Another analysis was conducted with the output of the raw number counts of each
channel from the OPS. Of note, the OPS measures particle sizes ranging from 0.3-10
um over 16 size channels, of which 5 channels are below 1 um, i.e., fine particles [30].
The particle number fraction of fine particles is calculated from the raw number counts,
following the equation below, the results from which are shown in Figure 7:

Yo N;
21121 Ni

Fine particle fraction =

@

where N; is the raw number counts from size channel i.

It is widely accepted that the toxicity of airborne particles is strongly correlated with
particle size and, usually, the smaller the particles, the more hazardous they are [31]. It can
be seen that more than 80% of the particles generated from the GCI/NAO pairing were
fine particles, which is unwelcomed. On the contrary, the LC/NAO pairing demonstrated
the lowest fine particle fraction, of around 70%, followed by the GCI/Cu-containing and
GClI/Cu-free pairings. This indicates that the NAO pins tended to generate a smaller
fraction of harmful fine particles in LC coatings than low-metallic Cu-containing and Cu-
free pins. Connected to the lower wear rate and PNC of the NAO brake material, this create
much potential for coping with the challenges of LC coatings on GCI substrates [13,22].
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Figure 6. Normalized particle number concentration of the six pin/disc combinations in a steady state.
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Figure 7. Raw number count fraction of fine particles (0.3-1 um) of the six material combinations.

5. Conclusions

A pin-on-disc tribometer study was conducted to evaluate the coefficient of friction
(CoF), specific wear rate and particle number concentration (PNC) of a non-asbestos organic
(NAO) and two low-metallic (one Cu-contained and one Cu-free) brake-pad materials
tested against a traditional grey cast iron (GCI) and a laser-cladded Fe-based brake rotor.
The major conclusions drawn are as follows:
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References

The NAO/LC friction pairing showed equivalent PNC and reduced disc wear as
compared with traditional low-metallic/GClI friction pairings, which is about 50% lower
than the low-metallic/LC friction pairings, demonstrating the suitability of NAO brake
pad materials for LC brake rotors.

The NAO/LC friction pairing presented a much higher CoF than the other friction
pairings, which is likely to be attributed to the higher content of carbonaceous constituents
in the brake-pad material.

The worn surfaces of the low-metallic/GCI, NAO/GCI and NAO/LC friction pairings
displayed very compacted friction layers, composed of primary and secondary plateaus,
whilst the low-metallic/LC worn surface seemed less compacted, resulting in a dou-
bled PNC.

The examined NAO brake-pad material exhibited a unimodal particle size distribution,
with a unique mode at 0.5 um, against both the GCI and LC brake rotors, whilst the low-
metallic brake-pad materials showed a dual modal distribution with two modes, at 0.5 pm
and 2 um.

The NAO/LC friction pairing had a lower fraction of fine particles (sub-1 um) than
the two low-metallic/LC friction pairings.

Future work is encouraged to focus on the nanoparticle (sub-100 nm) emissions from
laser-cladded brake rotors.
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HEPA  high efficiency particulate absorbing
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