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Abstract: Dry sliding wear tests and corresponding particulate matter (PM) analysis were conducted
on a newly developed SiC-graphite-based composite friction material, paired with two types of HVOF
counterface/discs: WC-CoCr and WC-FeCrAlY coatings, with a conventional martensitic stainless
steel counterface as a reference. The trials were conducted on a pin-on-disc testing equipment at room
temperature and a constant sliding velocity and contact pressure of 7 m/s and 0.5 MPa, respectively.
The coefficient of friction (CoF) curves with the uncoated disc exhibited considerable fluctuations.
On the other hand, the coated discs featured an increase in the CoF at the beginning of the tests,
followed by either a continuous reduction until the end of the testing duration or the attainment
of a steady state regime. The pin wear and emissions with both coatings were appreciably lower
when compared to the trials with the uncoated disc. The evaluation of the friction layer observed a
significant contribution of the counterface for all the pairings. The PM analysis was conducted on the
particles that were lying in the range of 10 µm and 2.5 µm on a scanning electron microscope (SEM),
and particles from 2.5 µm and 1 µm on transmission electron microscope (TEM), with an emphasis
on the particles that were detached from the pin surface and friction layer to explain the wear
mechanisms for each pairing. Through this, the need for the proper selection of both friction material
and counterface to avoid the emission of harmful compounds in the environment was highlighted.

Keywords: SiC; graphite; HVOF; WC-CoCr; WC-FeCrAlY; martensitic stainless steel; wear; emissions;
impactor; TEM

1. Introduction

Particulate matter (PM) emissions that are released from braking process are the
subject of several investigations in recent years. In fact, during braking, the contacting
surfaces (which are typically the brake pads and brake discs) undergo wear, which leads to
the production of wear fragments of different characteristics (i.e., size, mass, composition).
A major portion of these wear fragments/debris (around 35–50%) become airborne PM [1].
Investigations that have been conducted on automotive brake systems revealed that most
of the PM was between PM2.5 and PM10 (particles with a cutoff aerodynamic diameter
of 2.5 and 10 µm, respectively) [2–7]. In the review article of Grigoratos et al. [2], it
was mentioned that the predominant constituents of brake wear, which can be found
in PM emissions are Fe, Cu, and Ba, amongst others; in this regard, this is interesting
for source apportionment studies. Straffelini and Gialanella [8] conducted an extensive
review assessment on the different types of brake pads that are being currently utilized in
automobile applications. Through this study, the clear and concrete relationship between
the formation and sustenance of the friction layer was observed with the trends and
magnitude of the PM emissions. The PM that are released during braking is known to
have hazardous consequences on human health (e.g., by inhalation or skin penetration)
and the environment [4,9–11], including climate change, particularly from the presence of
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organic and inorganic carbon in PM fraction [3]. Hence, the need to reduce PM emissions,
particularly from brake systems into the environment, has been considered as a critical
issue of utmost concern.

Song et al. [12] have stated the strong, proportional relationship between the mass
concentrations and the number of airborne PM with the wear rate of brake pads and discs.
Nogueira et al. [13] demonstrated that the PM emissions mainly consist of the disrupted
friction layer that is dynamically forming during the testing duration from the compaction
of the wear debris, with a substantial contribution from the cast iron counterface disc.
Hulskotte et al. [14] suggested the urgency of investigating the brake wear mechanisms, as
the emissions that are produced from the contacting disc-pads surfaces are rich in (heavy)
metals. Hence, it is imperative for researchers to reduce the system wear, especially the wear
rate of the counterface disc, to limit the PM emissions that are produced during the braking
action. Coated counterface discs, wherein the coatings are deposited using the high velocity
oxygen fuel (HVOF) thermal spraying technique, are preferred over other alternative
coating processes due to a lower porosity, higher deposition rates, lower temperature
requirements for a deposition when compared to plasma coating, higher density and
hardness, higher choice of coating materials, and environmental friendliness [15–20]. The
materials that are deposited by the HVOF technique are cermet (ceramic-metallic) coatings,
such as WC-CoCr, in which the WC hard phase is combined with a metal ductile matrix
that was based on Co and Cr alloys [17,21–23]. These sorts of coatings are renowned for
their unique combination of hardness and toughness and are, thereby, widely used for
their extremely beneficial property of superior wear resistance [24,25]. Federici et al. [26]
have shown that the presence of WC-CoCr coating on a steel substrate/counterface yielded
attractive results when it was tested with various kinds of friction materials. It was seen
that at a varying range of velocities, contact pressures, and temperatures, the WC-CoCr
provided stable and permissible coefficient of friction (CoF) and appreciably lower wear
when compared to an uncoated steel counterface [21,27]. However, the presence of Co
in the composition of the coatings is known to be perilous to human health and the
environment if it is released as PM. Therefore, Co-free coating alternatives must be utilized
and optimized for braking applications. An upcoming alternative to Co-containing coatings
is the HVOF-deposited WC coatings in an Fe alloy matrix [28]. Numerous constituents can
also be introduced in this type of coating, thereby enhancing its properties. The addition
of Al increases the wear resistance, Cr and Y lead to superior corrosion resistance, and
Fe leads to the formation of FeO and Fe2O3, which are similar to a lubricating agent [28].
A version of this type of coating is WC-FeCrAlY. Similar to the WC-CoCr, studies from
Menapace et al. [1], Federici et al. [23], and Bolelli et al. [28] yielded satisfactory results
concerning the wear characteristics of the Fe-based coating on counterface (low system wear,
permissible steady CoF, formation, and sustenance of smooth, compact, and continuous
friction layer on the contacted surfaces) at a different range of testing conditions when
paired with different kinds of friction material formulations.

As previously mentioned, the PM emission studies for exhaust and non-exhaust emis-
sions in automotive applications are progressing at a steady pace. However, research on
the evaluation and control of PM emissions in high intensity braking applications is still
in its nascent stage. The extension of emission analysis to braking applications in racing
and aerospace applications is extremely pivotal. Keeping this in mind, the present study
focuses on the wear and emission characteristics of a newly developed SiC-graphite-based
composite material for racing and possibly aircraft applications, paired with three types
of counterface—a conventional WC-CoCr coating, a Co-free WC-FeCrAlY coating, and a
reference conventional martensitic stainless steel. The SiC-graphite composite material was
chosen for its capability to deliver low sensitivity to humidity, high longevity, oxidation and
thermal resistance, low wear rates of system, and for being lightweight [29–36]. The wear
tests were conducted on a pin-on-disc (PoD) testing equipment and the emissions were
collected and analyzed using an optical particle sizer spectrometer (OPS) and impactor.
The worn surfaces of the pins and discs and the collected PM/emissions were subjected to
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different characterization techniques to understand their nature, constituent, and compo-
sition. The novelty of the study is the unique pairing of this kind of SiC-graphite-based
composite material that is intended to be utilized in high intensity braking applications
with different coatings as well as the reference counterface and their subsequent in-depth
evaluation of the emitted particles.

2. Materials and Methods
2.1. Materials

A newly developed SiC-graphite-based composite material was tested in the form of
pins that were obtained from a block and produced by a brake company [37]. The pins
were obtained from a production method which was kept confidential. The starting mix
was hot-pressed and molded to produce the specimens. A catalyst was also introduced
to achieve reticulation of the precursor during the hot-pressing stage. Subsequently, the
green body was treated to pyrolysis between 400–600 ◦C to obtain the ceramic matrix
material. Nevertheless, a presence of residual carbon was seen at the end of the production.
The production process was completed with a final thickness adjustment and surface
finishing. Figure 1 shows the backscattered electron (BSE) image of the cross-section and
the corresponding X-ray maps of the composite friction material. The composition of the
material was procured from Energy Dispersive X-ray Spectroscopy (EDXS) analysis: SiC,
graphite, Sn, and Fe. Sn was added to the composite material for densification purposes. A
tentative quantitative estimate of the material composition was obtained using the ImageJ
software in volume percentage: graphite: 47%, SiC: 40%, Fe: 9%, and Sn: 4% [27,37].

Figure 1. SEM BSE image of the cross-section of the SiC-graphite composite material. The corre-
sponding maps are also shown.
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The pins were tested against three different counterface/discs. The first two coun-
terfaces were coatings. The first coating, WC-CoCr, was made of a mixture containing
86 wt. % of WC particles in a matrix made of a Cr-Co alloy: 10 wt. % Co and 4 wt. % Cr. A
commercial WC-CoCr powder (Amperit558.074) was used. The composite feedstock was
obtained from agglomeration and sintering to achieve spherical grains with an average size
of 15–45 µm. The second coating was a WC-FeCrAlY cermet coating, containing 83 wt. %
of WC particles, 12 wt. % of Fe, 3.5 wt. % of Cr, 1 wt. % of Al, and 0.5 wt. % of Y. The
HVOF deposition technique was employed according to an established industrial protocol,
verified and standardized through previous research, and is a typical method for these
kinds of coatings [1,21,23]. Both the coatings were deposited onto a previously investigated
martensitic stainless steel with low C and high Cr content disc substrate [38]. This sub-
strate material was chosen for its enhanced corrosion resistance. The coating parameters
that were utilized were—spraying distance of 380 mm, oxygen flux of 1000 L/min, and
kerosene flux of 25 L/h. Before the deposition, the substrate was subjected to sandblast-
ing. Figure 2 shows the cross-section of the WC-CoCr and WC-FeCrAlY coatings, whose
relevant properties are listed in Table 1.

Figure 2. SEM BSE image of the cross-section of the (a) WC-CoCr and (b) WC-FeCrAlY coating.

Table 1. The properties of the coatings (WC-CoCr and WC-FeCrAlY).

Properties WC-CoCr WC-FeCrAlY

Microhardness (HV0.3) 1130 ± 90 1130 ± 89
Surface roughness Ra (µm) 1.0 ± 0.4 1.0 ± 0.4

Carbide phases (wt. %) WC—46 ± 8
W2C—54 ± 9 WC—100 ± 13

Density (kg/m3) 13,000 9000
Coating thickness (µm) 70 70

The third type of counterface disc was an uncoated, conventional martensitic stainless
steel that was selected for its mechanical and wear properties, microstructure, and high
hardness. The steel was subjected to heat treatment to obtain a martensitic microstructure
and then stress-relieved to reach the highest hardness levels. The properties of the steel are
given in Table 2. The hardness of the steel was obtained using a Vickers indenter at a load
of 30 kgf, and its microstructure is shown in Figure 3. Additional information is reported
in [38].
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Table 2. The composition and properties of the conventional martensitic stainless steel.

European
Standard

Chemical Composition, wt. % Hardness
[HV 30]

Thermal
Conductivity

(W/mK)

Specific Heat
(J/gK)C Mn Si Cr Mo P S

X46Cr13 0.45 0.8 0.8 13 - 0.03 0.03 342 30 0.46

Figure 3. Microstructure of the conventional martensitic stainless steel that was obtained from an
optical microscope. Microetchant: Kalling I (100 mL: 33 mL distilled water, 33 mL ethanol 96%,
33 mL HCl 32%, 1.5 g Copper (II) chloride).

2.2. Pin-on-Disc Testing and Emitted PM Collection

The dry sliding wear tests were conducted on a pin-on-disc (PoD) testing equipment
(make: Ducom, India). The pins that were tested had an average height and diameter of
9 and 10 mm, respectively. The counterface discs had a diameter and thickness of 100 and
7 mm, respectively. The tests were conducted at room/ambient temperature (RT). The
relative humidity of the laboratory where the trials were conducted was not controlled,
but regularly monitored, resulting in between 40 and 45%. To ensure similar and stable
relative humidity, all the tests and their corresponding repetitions were conducted within
10 days. The tests were conducted at a constant load of 0.5 MPa, which amounted to 39 N.
The sliding velocity that was employed was 7 m/s, corresponding to an angular speed of
1500 rpm for a wear track diameter of 80 mm. A total of three trials were conducted for all
the testing conditions.

Figure 4 shows the schematic representation of the PoD testing apparatus, with the
relevant attachments that were employed for particle collection. The ambient air from the
laboratory (A) was taken into the apparatus by a fan (B). This air was circulated through
a high-efficiency particulate air (HEPA) filter (C) to eliminate any particles/impurities,
resulting in clean air being introduced inside the chamber (D). The air velocity was always
maintained at 11.5 m/s. Keeping the volume of the enclosed chamber in mind, the flow
rate that was employed led to an air exchange rate of 99 times/h. Before all the trials,
the cleanliness of the airflow that was being introduced into the chamber was inspected,
always having a background concentration of airborne particles below 10 #/cm3 [13].
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Figure 4. Schematics of the testing apparatus (A) ambient air, (B) fan, (C) HEPA filter, (D) air
introduced in the chamber, (E) disc/counterface, (F) air outlet to the Impactor, (G) air outlet to the
OPS, and (H) weights.

To measure the particle number concentration and to further evaluate the collected
emitted particles, a TSI® (TSI Incorporated, Shoreview, MN, USA) Optical Particle Sizer
Spectrometer (OPS, model 3330) and a Dekati® (Dekati Ltd., Tykkitie, Finland) PM10
Impactor were utilized. The OPS and the impactor were connected to the enclosed chamber
that was installed during the dry sliding tests at the sites G and F, respectively (Figure 4).
The OPS measured the total particle number concentration, within the size range between
0.3 µm up to 10 µm, divided into 16 channels, with a sampling frequency of 1 Hz. The
OPS was able to measure and record a particle concentration from 0 to 3000 particles/cm3,
working with a self-controlled sampling flow rate of 1 l/min. To analyze the mass of the
particles that were collected, the impactor was fed with an inlet flow of 9.7 l/min, and
the particles were collected on aluminum foils that were set up at three different stages,
corresponding to the following PM ranges: >10 µm, from 10 µm to 2.5 µm, and from 2.5 µm
to 1 µm. The collecting Al-foils were weighed before and after each trial using an analytical
balance with 10−4 g precision.

To attain proper friction traces and wear characteristics for the tests with the uncoated
martensitic stainless steel, an optimized ‘bedding procedure’ was employed. This bedding
procedure was found to be necessary for investigating brittle materials [35,39]. In this
procedure, the testing duration was divided into three steps. Each step was half an hour
long. The next step was only initiated when the pin and the disc would return to the
room temperature testing conditions. The friction coefficient magnitude and trace were
taken from the last step, whereas the pin wear was calculated from the summation of
all three steps. All the steps in the test were conducted at the same testing conditions
(0.5 MPa, 7 m/s, RT). The total testing duration was 90 min in 3 steps. For the tests with
the coated disc, no bedding procedure was required. Instead, the tests were conducted for
a continuous hour and a half long (90 min). For the emission trials with the martensitic
stainless steel, the OPS and the impactor were connected to the PoD equipment for the last
step/third step in the bedding procedure, and the whole testing duration was 90 min for
the tests with the coated discs.
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The pin wear for all the pairings was calculated by weighing the pin before and
after each test through an analytical balance with a precision of 10−4 g. The specific wear
coefficient of the pin (Ka) was calculated from the equation:

Ka =
V

(F × d)
(1)

where:
V: wear volume loss (calculated using an average density of 3.6 g/cm3, measured as a

mean value on ten pins); F: load applied; and d: sliding distance.
The disc wear was obtained through a stylus profilometer, from a transverse profile,

and procured perpendicular to the wear track.

2.3. Sample Preparation of PM for SEM and TEM Analysis

The PM sample preparation followed a protocol that was described by Sinha et al. [40].
The PM that was collected on the aluminum foils from the impactor was transferred onto
an acetate foil and was coated with a carbon film (through sputtering). At this step of the
sample preparation, the sample could be subjected to scanning electron microscope (SEM)
analysis. For transmission electron microscope (TEM) analyses, the carbon-coated acetate
foil was subjected to dissolution using acetone. The leftover C film, which was floating in
the acetone and containing the PM was extracted with TEM grids. The TEM evaluation was
conducted on an analytical FEG scanning transmission electron microscope (STEM, make:
ThermoFisher Scientific Talos F200S, USA), operated at 200 KeV, and equipped with an
EDXS system with two silicon drift windowless detectors. To reduce any effects of spurious
X-ray emissions, a low background sample holder was utilized [41].

2.4. Characterization of Worn Surfaces

The worn surfaces of the pins and discs were subjected to SEM (make: JEOL IT300,
JEOL, Japan) analysis, which was also equipped with EDXS (make: Bruker) to understand
the distribution of the alloying elements that were present on the worn surfaces. Point
analysis on the friction layer and EDXS maps of the worn surfaces were conducted to obtain
a close to accurate composition and constitution of the friction/transfer layer. A total of six
maps of the worn surfaces were taken to obtain consistency in the results. An additional
focus was provided on the maps of Fe, O, and Cr for the tests with the martensitic stainless
steel and Fe, O, W, Co, and Cr for the tests with the coated discs. Additional SEM/EDS
analyses were conducted on the particles in the size range of 10–2.5 µm to understand the
variation in the composition of the collected particles for all the pairings.

3. Results
3.1. Friction, Wear, and Emission Trends

Figure 5 represents the typical friction traces of the pins paired with all three counter-
faces. In the case of the uncoated disc, only the last step of the bedding procedure is shown
in Figure 5a. The friction trace observed constant and considerable instability/fluctuations.
Figure 5b represents the friction traces for the WC-CoCr-coated disc. In this case, an ap-
preciable increase in the CoF magnitude can be immediately observed at the beginning
of the test. As the testing duration progressed, a gradual and continuous reduction in
the CoF magnitude was seen until the end of the testing duration. The last friction trace
that is shown in Figure 5c belonged to the paring with WC-FeCrAlY coating. Similar to
the WC-CoCr coating, this pairing also observed an appreciable increase in the friction
coefficient magnitude at the beginning of the test, followed by a reduction in the CoF
magnitude. Here, the CoF was reduced in the form of steps, but a steady state was reached
close to 4000 s. The steady state was accompanied by an absence of high instability in
the traces.
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Figure 5. Friction traces that were obtained from pairings with (a) uncoated martensitic stainless
steel; (b) WC-CoCr coating; and (c) WC-FeCrAlY coating.

Figure 6 shows the typical emission trends with all three pairings. The emission
patterns display some similarities with the corresponding friction traces in Figure 5. In the
case of the emission trend for the uncoated disc in Figure 6a, similar to its friction traces, a
‘steady state’ was observed beyond approx. 750 s, accompanied by large fluctuations. For
both the coated discs, the emission trends that are shown in Figure 6b for WC-CoCr-coated
disc and Figure 6c for WC-FeCrAlY-coated disc, observed a spike in the emission recording
at the beginning of the test, followed by a gradual reduction in the emission magnitude
that was significantly lower than the values that were measured with the uncoated disc.

Figure 7 compares the steady state CoF, pin wear, and the average particle concen-
tration of all the three tribological pairs. For the pairings that did not achieve a steady
state until the end of the testing duration, the final CoF magnitude was considered for
comparison. The average particle concentration was calculated from the point, wherein the
emission traces reached a ‘steady state’ until the end of the testing duration. In Figure 7a,
which represents the steady state CoF comparison, a downward pointing arrow is shown
with the CoF magnitude of WC-CoCr, representing the absence of a steady state in the
CoF and the continuous decrease in the CoF magnitude. Nevertheless, the CoF magni-
tudes for the three tribological systems were in the range 0.52–0.56. Figure 7b compares
the pin wear of all three pairings. As expected, the highest pin wear is shown by the
uncoated disc. The pin wear was just above 2 × 10−14 m2/N i.e., in the ‘mild to severe’
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wear transition range (wear above 2 × 10−14 m2/N and below 10−13 m2/N). Alternatively,
appreciably lower wear was observed for both the coated discs. The WC-CoCr-coated
disc presented pin wear in the range of 10−15 m2/N, corresponding to a ‘very mild’ (wear
below 10−14 m2/N) wear regime. The WC-FeCrAlY coating showed slightly higher pin
wear when compared to the WC-CoCr coating. Nevertheless, the wear can still be classified
as mild (wear below 2 × 10−14 m2/N and in the range of 1 × 10−14 m2/N) [38]. Figure 7c
shows the average particle concentration for the three tribological pairings. The trend was
observed to be very similar to the pin wear trends. Lastly, Figure 7d shows the particle
number distribution with respect to the different OPS diameters for all the pairings. As
mentioned previously, the OPS equipment had 16 channels with different diameters, as
shown by the X-axis of Figure 7d. It can be noted that the maximum particles that were
recorded amongst the three pairings are for the uncoated martensitic stainless steel. On
the other hand, the coatings showed significantly fewer particle numbers (WC-FeCrAlY
had only slightly higher recorded particle numbers compared to the WC-CoCr coating).
Another interesting observation were the significant particle numbers that were noted for
the channel diameters up to 2.2 µm, beyond which, the particle numbers that were recorded
are quite low to negligible.

Figure 6. Emission traces that were obtained from pairings with (a) uncoated martensitic stainless
steel; (b) WC-CoCr coating; and (c) WC-FeCrAlY coating.
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Figure 7. Comparison of (a) CoF, the downward pointing arrow for the WC-CoCr coating represents
the absence of the achievement of steady state in CoF and the continuous decrease in the CoF
magnitude until the end of the testing duration; (b) Pin wear; (c) Average particle concentration
with all pairings; and (d) The particle number distribution with respect to the different OPS channel
diameters for all three pairings.

Figure 8 represents the typical disc profiles for all counterface discs. The arrows in
Figures. indicate the contact length on the disc surface. The contact length in Figures. is
denoted by numerous slim, downward peaks, indicating the roughness. The area outside
the contact length is devoid of these peaks and appears very smooth (an instance of this
can be clearly seen in Figure 8a). A significant presence of area in the negative Y-axis region
is seen for the uncoated disc in Figure 8a. This downward dip in the curve signifies the
disc wear. For the uncoated disc, the wear was calculated to be around 2.5 × 10−14 m2/N.
Additionally, the roughness, in this case, appears to be quite high. For the coated discs, the
scenario was a bit different. For the WC-CoCr-coated disc, Figure 8b, negligible wear was
recorded and the contact length showed negligible roughness, whereas the disc profile of
the WC-FeCrAlY-coating in Figure 8c showed slightly higher disc wear than the WC-CoCr-
coated disc, but much lower disc wear when compared to the uncoated disc in Figure 8a.



Atmosphere 2022, 13, 296 11 of 25

The disc wear for the WC-FeCrAlY-coating was calculated to be around 1.2 × 10−14 m2/N.
The roughness, in this case, was higher than the WC-CoCr coating but quite lower than the
uncoated disc. It is interesting to note that the pin wear and disc wear were proportional to
each other and fell in the same category of wear regime, as explained using Figure 7b.

Figure 8. Comparison of the disc profiles of (a) uncoated martensitic stainless steel; (b) WC-CoCr-
coated disc; and (c) WC-FeCrAlY-coated disc. The arrows indicate the contact length.

3.2. Analysis of Worn Pin Surface

Figure 9 shows the worn surfaces of the pins that were paired with all three counter-
faces with the corresponding EDXS maps. Consider, first, the pairing with the uncoated
martensitic stainless steel in Figure 9a–f. The worn surface can be divided into three
regions. The first region under consideration is black in color. From the corresponding
EDXS maps, it can be identified as the areas containing C/graphite. The second region is
denoted by the dark grey region and is rich in Si. The third region is light grey in color
and is predominantly made of Fe. On further inspection of other elements, oxygen is
also present, confirming the presence of Fe oxides. This light grey region is known as
the friction/transfer layer. Another interesting observation is the overlapping of the Cr
with the Fe and O maps. From the contacting surface composition, it can be inferred that
chromium is from the disc. Hence, disc transfer is contributing to some extent towards
the formation of the friction layer onto the pin surface. The regions featuring the graphite
particles are free from any friction layer coverage, owing to their low surface energy [38].
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Figure 9. Worn top view and corresponding EDXS maps of the pin surface after pin on disc (PoD)
testing with (a–f) the uncoated disc, (g–n) the WC-CoCr-coated disc, and (o–u) the WC-FeCrAlY-
coated disc.

Figure 9g–n,o–u represent the worn surface characteristics of the pins that were paired
with the WC-CoCr and WC-FeCrAlY coatings respectively. The worn pin surfaces can still
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be divided into three main areas—the black graphitic regions, the dark grey silicon-rich
region, and the light grey region containing the friction layer. Also, in this case, the friction
layer is predominantly made of Fe oxides, as indicated by the overlapping of Fe and O
maps. Additionally, the presence of disc transfer can be very clearly and prominently noted
from the overlapping of Fe, O, W, Cr, and Co maps (W, Co, and Cr are from the coatings)
for the WC-CoCr coating and Fe, O, W, and Cr (W and Cr are from the coatings) for the
WC-FeCrAlY-coated disc.

It is important to note that along with the Fe oxides, the presence of metallic Fe can
also be seen on all the worn pin surfaces from the Fe maps. The presence of this metallic Fe
could be attributed to disc transfer in the case of the uncoated disc, from the pin surface in
the WC-CoCr coating, and a combination of pin and coating constituent in the case of the
WC-FeCrAlY pairing.

Another pivotal feature to be noted here is the extension of the friction layer for the
three pairings. For both coatings, we see a continuous expanse/region of deposited and
extremely well compacted friction layer. The least coverage was observed for the uncoated
disc, wherein the friction layer was observed to be spread all over the worn surface but in
the forms of tiny patches/islands of compacted regions.

The average composition of the friction layer was evaluated from five measurements
that were performed on the worn pin surfaces for each pin-disc combination (Table 3).

Table 3. The average composition of the friction layers that were present on the worn pin surface.

Element Uncoated Disc
wt. %

WC-CoCr Coating
wt. %

WC-FeCrAlY
Coating
wt. %

Carbon 3.4 ± 0.8 3.8 ± 0.4 3.2 ± 0.9
Iron 63 ± 4 11.4 ± 2 27.1 ± 4

Oxygen 25.1 ± 3 23 ± 4 22.2 ± 5
Silicon 2.8 ± 0.4 - 8.3 ± 3

Tin 1.1 ± 0.1 1.2 ± 0.2 2.8 ± 0.5
Chromium 4.7 ± 1.2 2.1 ± 0.5 1.3 ± 0.2
Tungsten - 51.5 ± 6 33.9 ± 5

Cobalt - 6.5 ± 2 -
Aluminum - - 0.7 ± 0.08

The friction layer, forming on the pin surface tested against the uncoated disc, was
mainly made of Fe (63%) and O (25%), in agreement with the EDXS maps in Figure 9,
indicating that the friction layer was made of Fe-oxides. When the coated discs were
considered, in both cases, the majority constituents of the friction layer were W followed
by O. The overwhelming presence of W, along with either Co and Cr (WC-CoCr) or Fe
(WC-FeCrAlY) indicated the still significant role of the coating in the formation of the
friction layer.

3.3. Analysis of Collected PM

The collected PM, with an average size between 10 µm and 2.5 µm, were subjected to
full frame EDXS analysis. The analysis was conducted for all three tribological couplings
at five different locations. Figure 10 represents the typical PM SEM images of the three
pairings on which the full frame EDXS analysis was conducted to evaluate the relevant
compositions (Table 4).

In the case of the uncoated disc, the major constituent of PM was Fe (40%), closely
followed by C (34%), O (17%), and Cr (5%). Other constituents that were similar to Si and
Sn were present in very low quantities. For the WC-CoCr coating, the main constituents
were W (39%), C (25%), O (22%), and Fe (8%). For the WC-FeCrAlY coating, the primary
composition was C (35%), W (24%), Fe, and O (17% each), with other pin and disc con-
stituents in very small quantities. These results (Table 4), when compared with the outcome
of the EDXS mapping of the pin surface (Figure 9) and the point analysis of the relevant
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friction layers that were present on the pin surface at the end of the tests (Table 3), lead
to the conclusion that for all the three pairings, the constituents of the PM between the
ranges of 10 and 2.5 µm were mainly made of the friction layer which was detached from
the contacted surfaces during the dry sliding test and graphitic particles [1,13].

Figure 10. SEM images of the PM in the range of 10–2.5 µm for the (a) uncoated martensitic stainless
steel, (b) the WC-CoCr coating, and (c) the WC-FeCrAlY coating.

Table 4. Full frame EDXS analysis of the PM for all the pairings.

Element Uncoated Disc
wt. %

WC-CoCr Coating
wt. %

WC-FeCrAlY Coating
wt. %

Carbon 34 ± 3 25 ± 2 34.8 ± 5
Iron 40 ± 4 7.6 ± 2 16.6 ± 2.5

Oxygen 17 ± 3 21.6 ± 4 17.1 ± 3
Silicon 2.9 ± 0.8 2.9 ± 0.8 2.8 ± 0.9

Tin 0.8 ± 0.1 0.7 ± 0.1 2.4 ± 0.9
Chromium 5 ± 1 1.6 ± 0.5 1.4 ± 0.3
Tungsten - 39 ± 6 24 ± 4

Cobalt - 4 ± 1 -
Aluminum - - 0.5 ± 0.4

The collected PM with average size lying in between 2.5 µm and 1 µm were subjected
to TEM analyses. Figure 11a represents the TEM image of a cluster of particles with the
corresponding selected area electron diffraction (SAED) for the pairing with the uncoated
martensitic stainless steel. The SAED patterns that were acquired in the TEM mode were
indexed using Process Diffraction open-source software [42,43]. The area ‘1’ was subjected
to EDXS analysis, given in Table 5. The EDXS analysis for all the pairings was also carried
out on three other locations/particle clusters. The EDXS analysis indicated a high presence
of Fe and O, inferring Fe oxides, followed by a marked presence of C/graphite. From
Figure 9 and Table 3, it can be validated that this cluster of particles was a detached portion
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of the friction layer that was deposited on the contacted surface and graphite from the pin
surface. The size of the particle was seen to be close to 0.1 µm.

Figure 11. Bright field TEM images of a cluster of collected particles that were paired with
(a) conventional martensitic stainless steel, (b) the WC-CoCr coating, and (c) the WC-FeCrAlY coat-
ing. The inset in each Figure shows the SAED of each field of view. All the diffraction pattern insets
have a scale of 5 nm−1.



Atmosphere 2022, 13, 296 16 of 25

Table 5. EDXS analysis of the particles that were shown in Figure 11 at the regions marked by ‘1’.

Element Uncoated Disc
Mass %

WC-CoCr Coating
Mass %

WC-FeCrAlY Coating
Mass %

Carbon 29 ± 2 36 ± 5 10 ± 2
Iron 38 ± 2.5 8 ± 3 46 ± 5

Oxygen 23 ± 4 13 ± 4 15 ± 3
Silicon 3 ± 0.5 - -

Tin 1 ± 0.3 1 ± 0.3 2 ± 0.3
Chromium 5 ± 1 2 ± 0.8 2 ± 0.8
Tungsten - 35 ± 6 24 ± 3

Cobalt - 5 ± 1.5 -
Aluminum - - 1 ± 0.2

Figure 11b,c shows the TEM images of the particles and the corresponding SAED
patterns that were obtained with the PM specimens from the PoD tests with the WC-CoCr
and WC-FeCrAlY coatings, respectively. The areas under consideration are also marked
by ‘1’. From the EDXS analysis of the marked area in Table 5, the particle cluster that
was collected from the WC-CoCr coating predominantly constituted of C/graphite and
W, followed by O and Fe. On the other hand, with the WC-FeCrAlY coating pairing, the
presence of high proportions of W, Fe, and O can be easily seen. It is quite interesting
to note that, even in the case of the coated disc, the constituents of the EDXS analysis in
Table 5 matched the constituents of Table 3 and the observation from Figure 8, indicating
that the cluster of particles that were analyzed in Figure 11b,c are also detached fragments
of friction layer, accompanied by graphite, which is similar to Figure 11a. Additionally, in
the case of coated discs, the particle size that was evaluated was bigger than the particles
that were produced from the pairing with the uncoated martensitic stainless steel. In the
case of the WC-CoCr and WC-FeCrAlY coatings, the particle size was close to slightly
larger than 0.4 and 0.5 µm respectively.

The SAED patterns that are shown in the inset of Figure 11a,c highlights the presence of
spots along with the faint rings, indicating the presence of crystalline phases. In particular,
the magnetite phase was detected, which is a major issue in environmental monitoring [44].
Additionally, in the case of wear debris from the WC-FeCrAlY pairing that is shown in
Figure 11c, the presence of embedded WC particles coming from the coating material was
observed. As far as the debris from the WC-CoCr-coated disc is concerned, the particle
cluster that is shown in Figure 11b was too coarse to be electron transparent. The diffused
diffraction pattern that is shown in the inset can be associated with the carbon film on
which the particles were present, not to mention the carbonaceous components that were
present in the friction material. Nevertheless, the spectroscopic information supports the
presence of a high amount of W along with C in this case too, followed by O and Fe.

Though the particles that were collected in the impactor between 2.5 µm and 1 µm
dimensions were predominantly made of fragments of detached friction layer and graphitic
particles, the TEM analysis was also able to characterize a few other clusters of particles
which had detached from the pin surface. Let us first consider the particles that were
collected with the uncoated disc pairing. Figure 12 shows a particle cluster (denoted by
1), which, when subjected to EDXS analysis, was verified as SiC particles. The EDXS
analysis of the cluster is shown in Table 6. The SAED pattern that is shown in the inset
from the field of view of Figure 12 had an appearance that is typical of the amorphous
substrate. This signifies the presence of a coarse SiC particle cluster. On the other hand,
Figure 13 presents three different particle clusters that were collected during the testing of
the uncoated disc-pin pairing. The EDXS analysis of the cluster is shown in Table 7. These
had varying chemical compositions and could be linked with the SEM analyses of the pin
worn surface that was discussed in Section 3.2. Here, again, we could find a region that
was rich in graphite (brighter regions of the image), which has been marked as ‘1’, and
its SAED depicting the crystalline phase has been shown in the inset. The region that is
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marked as ‘2’ was found to be rich in Si and C, suggesting the presence of SiC. The region
marked as ‘3’ demonstrated the presence of the combination of friction layer (Fe, O, Cr) as
well as the pin constituent (C/graphite, Sn, Si).

Figure 12. TEM images of a cluster of particles containing SiC. Inset scale: 5 nm−1.

Table 6. EDXS analysis of the particle cluster that is shown in Figure 12 at the regions that are marked
by ‘1’.

Element Area 1
Mass %

Carbon 60
Oxygen 21
Silicon 19

Table 7. EDXS analysis of the particles that are shown in Figure 13 at the regions that are marked by
‘1, 2, and 3’.

Element Area 1
Mass %

Area 2
Mass %

Area 3
Mass %

Carbon 99 23 62
Oxygen 1 26 6
Silicon - 52 3

Iron - 0.1 25
Chromium - - 3

Tin - - 1

The next set of TEM analyses was conducted on the particles that were detached
from the coated counterface. Figure 14a,b shows the particle cluster of the WC-CoCr and
WC-FeCrAlY coating, respectively. The composition of these particles was obtained from
the EDXS analysis of the area ‘1’, showing the predominant presence of coating constituents
that are presented in Table 8. In both the Figures, the particle cluster size is comparatively
bigger than the particle cluster that is seen in Figure 11a for the uncoated disc. Additionally,
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both the coating particles are quite dense, unlike Figure 11a. The particle cluster size for
both the coatings was approximately to 0.2–0.3 µm.

Figure 13. TEM images of a cluster of particles containing Graphite (1), SiC (2), and detached pin
constituents with attached friction layer (3). Inset scale: 5 nm−1.

Figure 14. TEM images of a cluster of particles that were collected from the counterface (a), the
WC-CoCr coating, and (b) the WC-FeCrAlY coating.
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Table 8. EDXS analysis of the particles that are shown in Figure 14 at the regions that are marked
by ‘1’.

Element WC-CoCr
Mass %

WC-FeCrAlY
Mass %

Tungsten 62 62
Cobalt 8 -

Chromium 3 3
Aluminum - 1

Oxygen 17 9
Iron 10 24

Yttrium - 1

3.4. Analysis of the Worn Disc Surface

Figure 15 depicts the worn top surfaces of all the counterface discs at different magnifi-
cations. The worn surface of the uncoated martensitic stainless steel is shown in Figure 15a,b.
In this case, the direction of sliding can be appreciated. On the worn surface, two distinctive
regions can be seen—light and dark grey. The light grey region is the actual disc surface,
without any wear debris adhesion. The dark grey regions, aligned along the direction of
sliding, are due to the friction layer adherence onto the disc surface. The composition of
the friction layer, as evaluated from the EDXS analysis, is shown in Table 9. The friction
layer that is present on the disc surface is predominantly constituted of Fe oxides with Cr
(i.e., a composition that is similar to the friction layer forming on the surface of the pin layer
(Figure 9 and Table 3)). The detected silicon is a pin constituent. The Fe/O ratio can be
considered for the disc counterface to get some insight into the presence of oxides that were
presence on the disc surface [38]. As a rule of thumb, a ratio that is below 8 signifies the
presence of a relatively thick oxide surface layer. If the ratio is above 8, it denotes metallic
wear. In this case, the Fe/O ratio was 4, indicating the significant presence of an oxide layer
on the surface.

Figure 15. Worn top view at different magnifications of the counterface (a,b) the uncoated disc,
(c,d) the WC-CoCr-coated disc, and (e,f), the WC-FeCrAlY-coated disc.
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Table 9. Composition of the friction layer that was deposited onto the worn disc surface during the
PoD tests.

Element Uncoated Disc
wt. %

WC-CoCr Coating
wt. %

WC-FeCrAlY Coating
wt. %

Carbon 3.5 ± 1 5 ± 2 5 ± 2
Iron 68.5 ± 7.5 4 ± 2 14 ± 4

Oxygen 17.1 ± 2 11 ± 5 11 ± 3
Silicon 1.5 ± 0.4 1.2 ± 0.35 3 ± 1

Chromium 11 ± 3 4.2 ± 2 3 ± 0.8
Tungsten - 66.1 ± 8 63 ± 5

Cobalt - 8.8 ± 3 -
Aluminum - - 1 ± 0.04

Now to consider the worn coated disc surfaces. After the coating process, the surfaces
are characterized by the presence of pores/valleys [16]. The worn coating surface of the
WC-CoCr counterface is shown in Figure 15c,d. As already found in [21,27], a great extent
of the valleys being filled can be easily observed. An EDXS point analysis was conducted in
the regions containing these debris-filled pores and the results are tabulated in Table 9. The
valleys were mainly filled with coating constituent—oxides of W, Co, and Cr, along with
some pin constituents that were similar to Fe and Si. The Fe/O ratio, in this case, was 0.36,
indicating a prevailing presence of iron oxides. The worn WC-FeCrAlY surface is shown in
Figure 15e,f. Its surface, that resulted from the EDXS analyses (Table 9), turned out to be
mainly covered with coating constituents, e.g., W, O, Fe, Cr, and Al. A minor concentration
of Si was also observed. The Fe/O ratio, equal to 1.27, confirmed the higher oxide layer
coverage than the uncoated disc, but slightly lower than on the WC-CoCr coating surface.

4. Discussion
4.1. Coefficient of Friction

During dry sliding tests, in brittle materials such as the SiC-graphite composite that
was evaluated in this investigation, the ‘running in’ stage might be lengthy, along with
difficulty in reaching a long steady state in the friction traces. Hence, in the case of the
pairing with the uncoated martensitic stainless steel, a ‘bedding procedure’ was required
to achieve a steady state in the CoF traces, for which, an hour of ‘run in’ (steps 1 and 2)
was conducted.

The brittle nature of the pin explains its CoF trends and magnitude with the uncoated
disc. In Figure 5a, considerable fluctuations in the friction traces were observed. This can be
attributed to the dynamic formation and removal of the friction layer from the contacting
surfaces. Furthermore, the brittleness of the pin composition also made it rather difficult
to form and sustain a compact and extended friction layer over its surface (as seen in
Figure 9a), even with the high transfer from the abrasive wear of the uncoated disc surface
in Figure 15a,b.

Consider now the CoF curves and the magnitude of the pin with the coatings. In
the beginning, from the friction curves in Figure 5b,c, the CoF magnitude was close to
0.2, which is due to the interaction of the coating with the ceramic constituents of the
pin, resulting in low adhesion. As the testing duration progresses, an increase in the CoF
magnitude is observed due to the material transfer onto the contacting surfaces, followed
by a decrease in the magnitude. This decrease in the CoF magnitude and trend is ascribed
to the oxidation of the friction layer, as can be seen from the maps in Figures 9 and 15, and
Tables 3 and 9 [23,45,46]. The stabilization of the CoF traces in the case of WC-FeCrAlY
coating could additionally be attributed to the deposition and sustenance of the friction
layer on the coating surfaces, as shown in Figure 15c–f. As seen in Figure 2, the deposited
coatings constitute porosity in the cross-section, which is also present on the surfaces. The
porosities act as a reservoir for the storing of debris, entrapping any detached constituents
from the contacted surfaces. The prolonged presence of this friction layer on the coated
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surfaces (unlike in the case of the uncoated disc) assisted in the attainment of steady state
in the CoF curves for the coatings without the need of a bedding procedure. However, even
after the formation of a well compacted friction layer, a steady state was not observed in
the case of the WC-CoCr coating. This is attributed to the relationship between the work of
adhesion and contact temperature on the main phases in the friction layer, which influences
the CoF trends and magnitude. The peak was obtained when the contact temperature was
the highest. Here, the surface energy of the compounds that are present in the friction
layer reduces, resulting in a decrease in the CoF magnitude. In this way, the friction layer
imbibes the properties of a lubricant. However, the decrease in the CoF magnitude leads to
a decrease in the contact temperature, which subsequently increases the work of adhesion.
Once the work of adhesion increases, the CoF also varies/increases with respect to it. Due
to this, in the case of WC-CoCr coating, the CoF trend never observed a ‘steady state’.

4.2. Wear and Emission Trends and Magnitude and Their Relationship

Figure 16 presents the relationship between the emission and the corresponding total
wear rate of the pin and disc for all the three pairings that were considered in the present
study. Concerning the pin pairing with the uncoated disc, the brittle nature of the pin
material led to the dynamic formation and disruption of the deposited friction layer on the
pin and disc surfaces. Due to the absence of a sustained and extended friction layer, the pin
observed comparatively higher wear (Figure 7b). The corresponding high emissions of the
system were due to the periodic removal of the friction layer (as seen in Figure 7c). This
agrees with Figure 16, where the uncoated counterface presents the highest magnitude in
the relationship (the higher the wear, the higher the emissions of a system).

Figure 16. Relationship between the emissions and (Ka pin + Ka disc) for all the three pairings.

Along with the presence of the friction layer, the TEM analysis with the uncoated disc
pairing also recorded the presence of SiC and graphite, which could be due to the brittle
detachment from the pin surface. As seen from Figure 9, SiC and graphite do not take
part in the formation of the friction layer. Hence, the TEM analysis did not observe any
other constituents that were attached to the SiC and graphite particles. Lastly, the hard and
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brittle pin constituents resulted in the abrasive wear of the uncoated disc surface (as seen
in Figure 15a–c), leading to elevated disc wear (shown in Figure 8a), which is also a further
contributor to the increase in the emissions of the system.

For the coatings, both pin wear and emissions were appreciably lower than the un-
coated counterface. Firstly, from Figure 8b,c, the wear rates of the coated discs were shown
to be significantly lower than the uncoated counterface. This is due to the high hardness
of the coatings. The same can be said of the pin wear rate when paired with the coatings
rather than with the uncoated disc, due to the formation, sustenance, and extension of a
friction layer (Figure 9). Such a friction layer on the pin surface may form thanks to the
excellent and strong interfacial adhesion of WC from the coating onto the Fe on the pin
surface, which is also demonstrated by Li et al. [47] and Yang et al. [48]. From a previous
investigation [37], it was observed that the friction layer on the pin surface would always
deposit on an iron fiber/particle. Additionally, from Figure 9 and Table 3, it was shown
that the friction layer on the pin surface was made of iron oxides and coating constituents,
such as W, Co, Cr, and Al, in the first place. Due to the interfacial adhesion, the WC from
the coating along with other disc constituents ‘clung’ to the Fe fibers/particles on the pin
surface, forming a compact and extended friction layer, which may resist longer during
the PoD tests. Due to the presence of a continuous friction layer (both on the pins and the
coated discs) and the high hardness of the coatings, the wear of the system is low, which
directly reflects on the lower emission rates (Figure 16). Lastly, similar to the uncoated
disc, the TEM analysis showed the presence of a detached friction layer from the contacted
surfaces, accompanied by a few fragments of the coatings.

Concerning the environmental compatibility, the WC-CoCr coatings provide desirable
wear properties (low pin and disc wear, emissions) amongst all the pairings. However, the
presence of cobalt in the airborne emissions (Tables 4 and 5) is worrisome for the possible
impact on health and the environment. In this regard, the WC-FeCrAlY coating, which
is devoid of any harmful constituents, is an interesting alternative; it has only slightly
higher wear and emission trends. Furthermore, this coating has a strongly preferable wear
behavior and characteristics when compared to the uncoated disc.

5. Conclusions

A newly developed SiC-graphite-based composite friction material was subjected to a
dry sliding wear test on PoD using three types of counterface discs to evaluate and compare
their emission and wear characteristics:

1. The tests with the uncoated martensitic stainless steel exhibited considerable fluc-
tuations in the CoF. This was attributed to the constant formation and disruption
of the friction layer due to the predominantly brittle nature of the pin constituents.
The continuous disruption of the friction layer also resulted in elevated wear and
system emissions.

2. Due to the high hardness of the coatings, the coated discs exhibited very low/negligible
wear. The excellent adhesion of WC with the Fe on the pin surface led to the formation
of a compact and extended friction layer, which was difficult to disrupt. Additionally,
the pores/valleys on the coating surface accommodated a sustained friction layer.
The extended presence of the friction layer led to low pin wear and emissions when
compared to the uncoated disc.

3. The origin of the emitted particles from the periodic disruption of the friction layer
was proven based on the analytical data, demonstrating the compatibility of the com-
position of the collected PM with that of the friction layer forming on the pin surface.

4. Keeping in mind the tribological behavior, as well as concerns towards the protection
of the environment, the pairing with the WC-FeCrAlY coating was the most suitable
alternative for high intensity braking applications, as it provided comparable wear
characteristics as the WC-CoCr coating and very low pin wear and emissions when
compared to the uncoated discs. Furthermore, the absence of harmful agents such
as Co (unlike WC-CoCr coating) ensures the required environmental friendliness
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in the pairings for braking applications, which are being actively sought after. This
observation calls for further study and analysis through specific dynamometric bench
tests to obtain additional data regarding the braking behavior of the most promising
friction couple (with WC-FeCrAlY coating).
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