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ARTICLE INFO ABSTRACT

Keywords: Brake disc wear contributes heavily to particulate matter as non-exhaust emission in the transportation sector. To
Wear tackle this issue, research on this topic has so far been directed at obtaining a hard and dense disc surface to
Surface morphology reduce abrasive wear. The present research manipulates the disc surface morphology so that an adhesive transfer
g:;i;mc coating layer can be formed during sliding to protect the disc from wear. The designed interlocking surface was prepared
Non-exhaust emission using plasma electrolytic aluminating (PEA) process. A non asbestos organic (NAO) brake pad was used for
tribotests. The results showed that the PEA-treated brake disc exhibited negligible wear because of the thin
protective layer generated by the pad material transfer onto the PEA-treated cast iron. The dimple-like surface,
produced through the PEA process, enhanced the bonding of the transfer layer due to mechanical interlocking.
The coated surface increased the coefficient of friction of the disc to some extent. The surface also resulted in a
reduced wear rate of the brake pad, highlighting the potential for the PEA process to enable reduced wear debris

and thus non-exhaust emission through an altered wear mechanism in future brake disc applications.

1. Introduction

Up to 55% by mass of particulate matter (PM) emissions in the
automotive sector come from non-exhaust traffic related emissions.
Brake wear has been identified as one of the most significant contribu-
tors, being responsible for up to 21% of total urban traffic related PM;o
emissions by mass [1-3]. About 50% of wear debris generated during
braking become airborne while the rest is deposited on the road surface
or is attracted to the vehicle [4-6]. Such particle emission has a strong
adverse effect on air, water and ground quality. Additionally, some
constituents of airborne particles have been recognized as having
potentially dangerous effects on human health, such as weakening
pulmonary antimicrobial immune defence, inducing heritable muta-
tions, and affecting lung function [7-9]. Under growing health, safety
and environment (HSE) concerns, manufacturers of both combustion
engine and electric vehicles are demanding cleaner braking systems.

For brakes to function, the rotating discs and pads have to press
against each other, causing wear and tear. During a braking event, the
pad slides against the disc and transforms the vehicle’s kinetic energy
into thermal energy, generating not only mechanical abrasion but also
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large frictional heat with subsequent wear of both pads and discs.
Humps on the surface of disc are pressed into the pad and debris is torn
from the pad or sheared off from the disc. Some of this debris is ejected
from the contacting interface. Other debris remains on the disc and pad
surfaces and undergoes the cyclic deformation, crushing, fracture, and
spalling or peeling. This debris can adhere onto the pad or disc base
surface to form a friction film with a thickness of up to several hundred
micrometers [10]. Commonly used brake pads are based on non asbestos
organic (NAO), ceramic or semi-metal as friction materials, which have
different characteristics of friction at low and high operating tempera-
tures [1]. A semi-metallic brake pad often appears to have a higher
average friction level and unfortunate propensity to generate more noise
and dust. A ceramic brake pad is quiet with less dust generation; how-
ever, the ceramic pad is inferior to the NAO pad in frictional perfor-
mance at low brake temperatures. The NAO pad does however show a
higher tendency in brake fade if excessive heat is generated by aggres-
sive braking. On balance of these properties, NAO pads are the preferred
choice for millions of passenger vehicles.

There is an urgent need to reduce brake particle production and
several approaches have been assessed to achieve reduced wear in a
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variety of (high temperature) tribological contacts including thermal
spraying or laser cladding. These can also be realized on the brake disc
face [11-15]. A prime example is the Porsche Surface Coated Brake
(PSCB) disc, which adopts a coating of tungsten carbide on a cast iron
substrate. The reported results are remarkable, with claims that the
surface modified disc lasts up to 30% longer than its uncoated coun-
terpart, while a 90% reduction in brake dust is also reported [16].
However, to tackle wear and emission issues, the previous research has
so far been emphasized on disc surface hardening or hard coatings based
on a strategy applied to prevent abrasive wear. In the present work, an
alternative surface modification is proposed for improved durability and
environmental performance of a brake disc. Specifically, an interlocking
surface is prepared using plasma electrolytic aluminating (PEA) process.
PEA is a process very recently born from inspiration of the phosphating
process and the plasma-electrolytic oxidation (PEQO) process. The PEO
process is commonly used to improve the corrosion resistance and
tribological performance of aluminium (Al) and magnesium (Mg) alloys.
Succinctly put, the PEO process utilizes a high electric voltage to induce
the dielectric breakdown of a passive film on a metal surface. Subse-
quently, a ceramic oxide film will form on the surface. The ceramic oxide
film can be tailored to provide desirable (thermo-) mechanical proper-
ties or for biomedical applications [17-22]. The PEA process is a plasma
discharge-assisted process in which a composite (hercynite—alumina)
ceramic coating is deposited on a ferritic surface from an
aluminate-based solution [23]. Most significantly, the PEA-treated sur-
face has a dimple-like interlocking morphology which is considered a
key factor for transitioning the wear mechanism of a brake disc away
from abrasive wear in this study.

Important aspect in testing of friction pairs for simulated brake
contacts, are the frictional response to pad/disc, the wear mechanisms
and the wear rates. In order to assess these tribological performance
aspects of brake materials/friction pairs, generally one has a choice
between a pin-on-disc (PoD) tester and a dynamometer. Recently, Fed-
erici et al. [24] provided a comparative case study for friction pairs of
NAO brake pad materials in contact with pearlitic cast iron, similar to
the reference situation in our study thus. In that critical comparison, the
authors compare both the PoD and dynamometer test set-ups in dry
sliding conditions and conclude importantly that the specific wear co-
efficients between the PoD and dynamometer tests were “proportional
to the corresponding values obtained with the PoD at room tempera-
ture” [24]. In addition, similar friction values, wear mechanisms and
limited disparity between friction layers produced in both tests are re-
ported at room temperature. In this research, we focus on “cold” braking
conditions and therefore here also consider tribo-testing by pin-on-disc
methodology, a decision supported by the aforementioned research.
Specifically, tribological testing was performed to ascertain the wear
and friction performance of the PEA-treated and untreated cast iron
materials in a simulated pad disc contact. To achieve this, a commercial
NAO pad material was selected as the counterbody to the treated and
untreated samples. The reason for this was due to its expected superior
friction performance compared to ceramic brake pads at room temper-
ature [1,25]. The difference in wear mechanisms between a PEA-treated
and untreated discs was investigated. In addition, the debris productions
caused by the treated and untreated disc are compared by virtue of
analysis of the wear rates.

2. Experimental details

Gray cast iron (ASTM A247) was cut into 3 mm thick coupon samples
with a diameter of 25.4 mm. The cast iron coupon discs were treated
using the PEA process. During the PEA process, the cast iron sample was
immersed into an electrolytic solution and biased with negative voltage.
The electrolyte contained 15% ~ 20% sodium aluminate. The pulsed DC
power supply was employed with a 40% duration of 1000 Hz. The
samples were treated for 15 min at current density of 0.15 A/cm?. A
cooling system maintained the electrolytic solution temperature around
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Fig. 1. (a) SEM images showing surface morphology of lightly polished PEA-
treated surface; (b) XRD pattern of a PEA-treated surface on cast iron; (c)
SEM images showing cross section of PEA-treated cast iron.

300 K. The PEA process has been reported previously described in detail
[23]. After the process, we lightly polished the PEA-treated samples and
cleaned them with compressed air and acetone. A scanning electron
microscope (SEM) was used to observe the surface morphology of the
PEA-treated surface and the elements of which were analyzed under an
energy dispersive X-ray detector (EDX). The phase structures of the
treated sample were investigated using an X-ray diffractometer (XRD)
with Cu Ko radiation. XRD measurements were made from 20 to 100° 2
theta. Both the surface roughness and surface profiles were measured
using a Mitutoyo surface profiler SJ201P. The hardness of the
PEA-treated samples and the untreated cast iron samples was measured
by Vickers hardness tester (Wilson VH1102). The tests were performed
in a pin-on-disc tribometer to measure coefficients of friction (COF) of
the treated and untreated brake discs. The tribometer is enclosed by a
transparent plastic box. In this test, the pad to disc contact pair is
replaced by pin and cast iron coupon sample. The pins worked as
tribological counterparts were cut out of a commercially available NAO
brake pad and machined into cuboid samples (5 mm x 5 mm x 10 mm)
in which the square sides (5 mm x 5 mm) were the testing contact areas.
The elemental distribution of the NAO pad materials was analyzed
through an EDX. The pin-on-disc tribometer ran with a constant applied
normal force of 20 N resulted in 0.6-0.9 MPa contact pressure which was
similar to that of a normal braking operation [26]. The ambient air
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Table 1
Typical surface properties of the samples before and after tribotests.
Sample Material PEA-treated surface Cast iron
Polished surface R, (pm) 2.33 0.15
Rpk (pm) 0.72 0.10
Ryx (pm) 3.26 0.45
Hardness (HV) 795 310
Wear track R, (pm) 1.65 0.29
Ry (m) 0.76 0.09
Ryk (pm) 3.95 1.14

temperature was at a room temperature of 297 K and the relative hu-
midity was around 50-60% during the tests. The sliding speed was 0.05
m/s to simulate cold friction of a brake system at low temperature. The
number of testing rotations for each test was 4000 (equivalent to 50 m
sliding distance), during which the COF was recorded. After the tests,
the sectional profiles of the wear tracks were obtained using the Mitu-
toyo surface profiler, and the wear loss was calculated based on the
cross-sectional area multiplied by the circumference of the wear track.
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The wear rate is a wear loss per unit load and sliding distance. For a
better comprehension of the wear and friction mechanism, the SEM and
EDX were again utilized to study the surface morphology and elemental
compositions on the wear tracks of treated and untreated cast iron
samples.

3. Results and discussion
3.1. PEA-treated surface and pad material

Brake discs are commonly made of gray cast iron due to its high
thermal conductivity, low cost and easy casting. Fig. 1a shows the sur-
face image of the PEA-treated gray cast iron disc with a ceramic coating.
The treated surface topography exhibits a characteristic dimple-like
morphology with a porosity of 10-12%, while Fig. 1b shows the same
surface’s XRD pattern. The XRD data reveals the main constituent phase
of surface coating is Al,O3 phase, coupled with a smaller fraction of
FeAl,04. Iron (Fe) peaks are present due to the reflections from the cast
iron substrate. Fig. 1c presents the cross section of the PEA-treated cast
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Fig. 2. SEM images and EDX of brake pads under different testing conditions: (a, d) original pad surface; (b, e) sliding on cast iron; (c, f) sliding on PEA-treated cast

iron, respectively.
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Fig. 3. SEM images: PEA-treated surface - (a) original polished and (b) wear track after test; untreated cast iron - (c) original polished and (d) wear track after test;

wear debris collected from (e, f) treated and (g, h) untreated discs.

iron, showing the coating includes dense ceramic microstructures and
pores. The coating thickness is 15-20 pm. The phase FeAl,O4 identified
in the XRD analysis indicates that there is a metallurgical bonding be-
tween the PEA coating and the cast iron substrate [25]. Table 1 lists the
average Vickers hardness of both the PEA-treated surface (795 HV 5)
and the untreated cast iron (310 HV gs). The treated surface was 2-3
times harder than the untreated one. The cross-sectional hardness of the
PEA-treated surface was reported to be in a range of 750-800 HV,
depended on the locations away from the surface [23]. These results are
in line with results reported in the previous study [23].

NAO is one of the commonly used brake pad types in passenger ve-
hicles as its friction materials are less abrasive, have excellent noise,
vibration and harshness (NVH) behavior and cause lower disc wear than
other pads. Fig. 2 presents SEM images and elemental distribution maps
of the NAO pads before and after the tribotests. The NAO pad in this
study contains many friction materials which play different roles in the
brake system. Depending on their specific roles, the friction materials
are divided into five main categories: binders, reinforcing fibers, fillers,
frictional additives or lubricants, and abrasives [1]. Binders are usually
made of modified phenol-formaldehyde resins and hold the components
of the brake pad together to ensure the structural integrity of the pad
under mechanical and thermal stress [1]. Of the elements detected in the
EDX mapping, copper (Cu) is present as Cu fibers and these are an
example of reinforcing fibers. Such fibers increase both the thermal
conductivity and mechanical strength of the material. Barium sulphate
(Ba and S) and antimony sulphate (Sb and S) act as fillers in friction
materials. Graphite (C) acts as lubricant to lower the friction coefficient.
An unexpectedly high friction may cause overheating of a brake system
and the graphite addition aims thus to combat this phenomenon. Iron
(Fe) oxide, magnesium (Mg) oxide, silicon (Si) oxide and vermiculite (Si,
Mg, Al K and Fe containing mineral) are used as abrasives: iron oxide for

regulating the coefficient of friction and increasing cold friction, mag-
nesium oxide and silicon oxide for increasing the friction coefficient, and
vermiculite for noise reduction. The chemical compositions of the brake
pad surfaces were quite similar to each other before and after the tri-
botests, irrespective of the countermaterial. That is to say, the pad after
testing against treated (Fig. 2e) or untreated cast iron (Fig. 2f) had
almost the same EDX spectrum, which suggests that there was no ma-
terial transfer from the PEA-treated surface or the cast iron surface to the
pad material.

3.2. Surface morphology of wear tracks

The surface morphology of the wear tracks after tribotesting is shown
in Fig. 3. The surfaces have been characterised by their average
Roughness (R,), their Reduced Peak Height (Ryx) and Reduced Valley
Height (Ryx) values in order to quantify the surface topography. The
results of these measurements, taken both before and after tribological
testing, are shown in Table 1. The mildly polished PEA-treated surface
(Fig. 3a) is characterised by higher roughness values than the untreated
polished original cast iron (Fig. 3c). This can be attributed to the dimple-
like PEA-treated surface. Fig. 3b shows that a thin film formed and
attached on the treated surface in the wear track (bright areas) during
the pin-on-disc tribotest, while no material build-up was identified on
the cast iron sample. This tribo-contact was instead characterised by
scratch marks in the wear track (Fig. 3d), indicating typical abrasive
wear. It can be stated therefore that the dimple-like surface promotes the
formation of a transfer layer from the brake pad, in a manner similar to
compaction galling [27], while the pore-free surface of the gray cast
iron, combined with the free carbon (graphite) prevents material
sticking [28]. The chemical compositions of the respective tribo-tracks
were characterised using EDX. Large amounts of oxygen were
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Fig. 4. SEM images showing: (a—e) surface morphology and related elements
detected in the wear track of PEA-treated surface after testing; (f) cross-
sectional wear track on the PEA-treated surface after the tribotest.

identified in the wear track of the untreated cast iron sample. It is
reasonable to postulate that this oxidation was the result of frictional
heat produced during sliding [28]. The EDX mapping identified
increased dark areas in Fig. 3d compared to Fig. 3c as carbon, which was
believed come from the pad through material transfer.

From Table 1, it can be seen that the characteristic roughness values
of the treated surface are lower following the tribotests than prior to
testing. That is, the surface becomes smoother within the tribological
contact. We attribute this loss of roughness not to material loss or
asperity flattening [20], but in fact due to the aforementioned material
transfer. This also supports a hypothesis that debris build-up in the
dimples of the treated sample will lead to local contact areas for the
initiation of material transfer due to the galling induced overlayer [25]
as will be discussed in more detail hereafter. On the other hand, the
surface of the untreated cast iron sample became rougher following the
tribotest. It is particularly interesting to note that the Ry value increased
greatly and this is attributed to the scratch marks identified previously
(Fig. 3d). Fig. 3e-h shows the particle matters collected from the wear
track surfaces at the early testing stage of 5 m sliding distance to visu-
alize the particle size generation in the early contact phase. The particle
collection is achieved through pressing SEM conductive carbon tapes on
the wear tracks where the particles were picked up by the tapes. When
the wear process proceeds for longer than 5 m sliding distance, the

Wear 452-453 (2020) 203283

increased number of particles are already found to compact together,
which in turn also makes observation of individual particles difficult.
Fig. 3e and f presents images of the wear particles obtained from the
PEA-treated cast iron surface. For the case of the treated cast iron disc,
PM, 5 and PM;( wear debris can be seen in Fig. 3e on the one hand. On
the other hand, a significant portion of large wear debris has a particle
size of 100-200 pm (Fig. 3f). The wear debris collected from the wear
track of the untreated cast iron disc appears to have both PMj 5 and PM;(
particles (Fig. 3g). The particles can be as large as 20 pm (Fig. 3h) which
was much smaller than the case in Fig. 3f. It is noteworthy that the more
particles shown in Fig. 3e vs. Fig. 3g are due to collective behavior of
dimple-like PEA-treated surface. In this case, the dimples act as reser-
voirs (having sizes of 1-50 pm as shown in Fig. 1a) and accommodate
the fine particles to reduce airborne emission. After the stable transfer
layer was formed, the wear particle sizes increased before the
non-exhaust emission could occur. The large size and local compaction
of PM seen in the case of PEA treated surfaces would cause less harm to
human health [2,8,29]. We can also confer that the small wear debris on
the untreated cast iron disc was generated from both the worn pad
friction materials and the disc itself and then centrifugally ejected from
the wear track, which is the reason why the fewer particles were picked
up by the SEM carbon tape as shown in Fig. 3g and h, and also indication
of a higher airborne emission.

To address our previously mentioned hypothesis on the wear
mechanisms involved in the sliding of the treated sample against a NAO
pad, we consider in Fig. 4a detailed electron microscopy analysis of the
sample’s wear track. While the transfer layer is not homogeneous under
high magnifications, it can be seen to cover the original treated surface
and fill the pores on the surface, as highlighted for example in the area of
circle (b) in Fig. 4a. The thin layer appears to be well adhered dimpled
surface, mostly likely due to mechanical interlocking where the material
collects in the surface dimples initially as local islands (Fig. 4b). As
mentioned, the transferred layer is not homogeneous, with some areas
being thicker than others, with a secondary transfer layer apparently
developing over the first transfer layer. This supports our hypothesis
that the build-up takes the form of compaction galling. Other morpho-
logical features, such as cracks (Fig. 4c) and local spalling (Fig. 4d) are
identified in the second layer. Furthermore, morphological variations
are also identified transverse to the sliding direction. These differences
and inhomogeneities can be related to the uneven distributions of fric-
tion materials in the brake pad (Fig. 4e, see also Fig. 2) which is reflected
in the non-uniform development of the transfer layer — an observations
supported also by discrepancies in both surface morphology and
chemical compositions at different locations of the disc material surface
(Fig. 4). Fig. 4f is a cross-sectional SEM image of the wear track on the
PEA-treated surface after the tribotest, which also shows existence of the
transfer layer on the top of the treated surface. It should be noted that
surface topology of the transfer layer varied only in a few micrometers
range approximately indicated by Ryy of the wear track on the PEA-
treated surface in Table 1, which did not cause vibration and noise
during the tribotest.

3.3. Tribological behaviors

Fig. 5a relays the dynamic coefficients of friction (COFs) for samples
treated by the PEA process as well as the untreated gray cast iron vari-
ants. It is evident that the coefficient of friction for the treated sample is
higher than the bare cast iron. The COFs of both test samples increased
during the run-in period, and then gradually reached a stable level.
When the friction reached a steady state, the COFs were 0.31-0.32 for
the PEA-treated cast iron and 0.25-0.26 for the untreated cast iron. The
average COFs obtained from 3 repeated tests were 0.31 + 0.04 and 0.25
+ 0.07 for treated and untreated discs, respectively.

After the test program was completed, a digital dial indicator was
used to determine the height variation of the brake pad sample and this
data was then used to calculate the wear of the pads. Fig. 5b reveals
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Fig. 5. (a) Coefficients of friction with insert of sectional profiles of wear tracks, (b) wear of the brake pads, and (c) wear rates of PEA-treated and untreated discs.

these results as the wear of the brake pads after comparative sliding
distances against the various disc surfaces prepared in this study.
Despite the differences in surface morphologies seen in section 3.2 and
the related observation that material is transferred to the PEA-treated
sample during sliding, the PEA-treated cast iron is actually found to
result in a significantly lower (up to 75%) brake pad wear, compared to
bare cast iron. In Fig. 5b, the large measurement error calculated from
tribotests repeated at least 5 times was caused by uncertainty during
each of the repeated tests when dynamic formation or detachment of a
transfer layer (or so-called secondary plateaus [1]) on the pad surfaces
arbitrarily occurred. Some of the wear debris was compacted and
attached back to the pad contacting surfaces before emitting to the air.

To increase the precision of measurements for the wear rates of the
treated and untreated cast iron discs, each tribotest was repetitively
performed four times. In other words, 50 m sliding distance (i.e. 4000
revolutions) was repeated four times on the same wear track before the
wear tracks were measured using a surface profilometer. By doing so,
the wear tracks were obviously shown from their surface profile curves.
This also increases the certainty of the wear measurements. Such a tri-
botest series was repeated at least 3 times on different disc surfaces
against virgin pad surfaces for both untreated and PEA-treated discs. The
average wear rate of the untreated cast iron disc is 1.36 x 10~ mm®/
(N-m), while the wear rate of PEA-treated cast iron is negative, as shown
in Fig. 5¢c where the error bars are also given. The negative value in-
dicates that a transfer layer was formed on the PEA-treated surface,
which confirms the observation in Fig. 4. The wear profiles (insets
Fig. 5a) suggest that the negative wear rate is predominantly due to the
material transfer to the surface dimples, resulting in a stable surface
layer. Subsequently, the transfer layer thickness hardly increased with
sliding distances; newly generated wear debris from the brake pad is
added to the disc’s transfer layer through compaction galling as fine PM
and sequentially released to the air as large PM at a similar rate in terms

of mass or volume loss [25].

Recollecting the previous observations, we can relate this to be the
result of a disparity in friction mode. More specifically, in the tribo-
logical contacts investigated here, the cast iron material undergoes an
abrasive-like friction sliding while the PEA-treated surface produces a
contact characterised by adhesive-like friction sliding combined with
compaction galling. The SEM images in Fig. 2, showing the surfaces of
the brake pad segments before and after the sliding tests, demonstrate
that after being tested against the PEA-treated surface, the pad has a
smoother surface (Fig. 2b) compared to not only the original pad
(Fig. 2a) but also the pad tested against the untreated cast iron disc
(Fig. 2¢). Small surface cracks can be seen on the pad after it was tested
against untreated cast iron. Thus, we can conclude that the effect of PEA-
treated surfaces lead to a less aggressive tribological degradation of the
NAO pad.

These observations of course have practical implications in materials
and surface design in brake tribology and can pave the way for further
developments. We know that there are two main types of friction
mechanism associated with disc-pad contacts, namely abrasive friction
and adhesive friction [30]. It is well documented that gray cast iron discs
usually undergo abrasive friction [25,31]. One characteristic of abrasive
friction is the breaking of bonds in both the pad material and the disc
when they are brought into contact with one another. In other words,
both the pad and the disk experience wear.

However, through the application of a dimpled surface, produced by
PEA processing on the cast iron disc, a step change in brake performance
is seen, and more significantly a transition to adhesive-like friction is
observed. This is driven by the transfer layer development due to
compaction galling. In this contact type and friction state, the pad ma-
terials were seen to transfer onto the surface of the treated disc, forming
a compact, thin layer without any loss in friction performance. We can
now translate this information to a friction mechanism model as in Fig. 6
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and (iii) a ceramic pad tested at low temperature.

wherein we show schematically the wear coupling. The wear debris —
initially present as abrasive particles generated from the pad materials —
fills firstly the dimples in the surface and other depressed areas and
compacts to form a film as in compaction galling [27]. The transferred
film then accumulates over the whole frictional surface and a transition
away from abrasive friction mode occurs. The development of the
transfer film, in turn means that both surfaces in the contact are effec-
tively the same or similar materials. The friction generated in this con-
tact is now achieved by rupture or shear of bonds identical to those in
the pad material. As the film repeatedly accumulates and is worn off in
this manner it leads to a relatively high and stable COF (Fig. 5a). When
the secondary transfer layer reaches to a certain thickness, which is
apparently developing over the first transfer layer anchored by the
dimple-like disc surface, the formation and disruption of the friction
layer would dynamically occur due to stress-induced cracks (Fig. 4c) and
local spalling (Fig. 4d) of the secondary transfer layer mainly. It should
be noticed that the thickness of the transfer layer seldom changed even
though the test ran 1000 m sliding distance [25].

Fig. 6b-i is the schematic of tribo-film formation on the NAO pad
where there is no obvious secondary plateau. The shapes of Fe and Cu
are of small irregular pieces, instead of fibres as shown in Fig. 6b-ii and
6b-iii. The thin tribo-film comprises inorganic oxides which are partially
from accumulated wear debris of the pad friction materials followed by
the compaction and densification under the applied mechanical and
thermal stresses.

A few researchers [32,33] have studied thermal spraying a WC-Co-Cr
coating on brake discs and tested these against a low-metal pad. A
typical contact plateau is found to form on the pad contact surface where
the copper fiber acts as a primary plateau and worn materials from both
the pad and the coating pile up and create a secondary plateau [1] as
shown depicted in Fig. 6b-ii. A transfer layer is also generated from the

pad onto the treated disc. The contact surfaces of both the pad and
treated disc can accommodate worn material, which results in a rela-
tively low wear rate and a low level of particle emissions. Their study
also shows that it takes a longer time to reach steady state in tempera-
ture (from 25 to 150 °C) and COF (from 0.2 to 0.48) for the treated disc
than untreated one during the PoD tests. At low temperatures (25-50
°C), the COF is 0.2, which is lower than the COF reported in this work.
This could be due to transient effects in relation to the development of
the transfer layer on the treated disc. Specifically, the transfer layer
takes longer to build up on the WC/Co-treated disc than the PEA-treated
disc. For a typical thermal spray, coating for anti-wear applications, high
hardness and low porosity are desired for low wear of the disc on one
hand. On the other hand, the dense and smooth coating likely makes the
transfer layer uneven and nonuniform [32]. Contrary to the dense sur-
face coating prepared by the thermal sparing technology, this work has
proposed a different approach: utilize the dimple-like hard coating
surface to provide firm mechanical interlocking anchor sites for the
promotion of the quick formation of a transfer layer on the disc which
leads to a shortening in the process of reaching a steady stage in COF
even at the low or room temperature. The transfer layer prevents the
treated disc from experiencing abrasive wear, and the results show
almost no wear for the treated sample and much less wear for the
counter pad.

The COF at low temperatures (or so-called cold friction performance)
is quite dependent on the material composition of the secondary plateau
on the pad contact surface. In previous research [25,34] where a ceramic
pad instead of a NAO pad is used, the low COF level is due to formation
of many carbon graphite patches as the secondary plateau at the low
testing temperature (~25 °C), Fig. 6b—iii. Metallic oxides (Fe-Cu-Zn-O)
would become the main composition of the secondary plateaus at high
friction temperatures [32,35], which results in a higher COF at a level of
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0.4-0.5 at elevated temperatures [32,33,36]. It is well-known that the
friction performance of a ceramic pad is inferior in cold environments
and superior at high operating temperatures, when compared to a NAO
pad. Interestingly, the compaction galling-induced transfer layers on the
treated discs in this and previous works [25] have no major differences
in chemical compositions for those friction-decisive formulations, such
as O, Fe, Cu, Zn and Mg [32,36]. The difference in COF at low tem-
perature is mainly determined by the possible evolution in chemical
compositions of the pad top surface during the sliding contact.

These insights also indicate not only the fact that it is highly desirable
to generate a stable transfer layer by compaction galling, but also why
there is a lack of formation of a stable transfer layer on the cast iron
surface. This can be attributed firstly to the presence of free carbon
(graphite), which, as mentioned previously, prevents material sticking
[28]. Secondly, it can be attributed to the lack of dimples, to entrap third
body wear debris developed during the wear process, which promotes
compaction galling, as evidenced for the PEA coated surfaces.

This PoD study showed that, due to the initiation and evolution of
compaction galling in the tribological contact, a PEA-treated disc ex-
hibits negligible wear on its own surface and can result in up to 75% less
wear of its corresponding brake pad. Also considering the wear debris
from the PEA-treated disc can be as large as 200 pm in size, the PM
emission would be less detrimental to human health, compared to the
treated cast iron case. The PEA-treated disc thus represents a promising
solution for reduction of both wear and non-exhaust emission of a brake
system.

4. Conclusions

A dimple-like ceramic surface on cast iron brake disc can be gener-
ated by a PEA process. This dimple-like morphology provides a me-
chanical key for the initiation and growth of a transfer layer by
compaction galling. The materials transferred from the friction mate-
rials of a brake pad first accumulate in the dimples and eventually result
in a replenishable film over the entire frictional surface. As the transfer
layer was anchored by the PEA-induced surface, the wear behavior of
the brake disc and NAO pad changed away from abrasive. The result of
this transition is that there was no wear observed on the PEA-treated
sample. Furthermore, the pad materials also experienced significantly
reduced wear when compared to standard brake disc material. In the
boundaries of this investigation, we found that a PEA-treated cast iron
shows a slightly higher COF than the variant without PEA treatment.
This work therefore underlines the potential importance of a PEA-
induced surface strategy for minimizing wear and in turn debris emis-
sions in future brake systems. Further tests such as brake dynamometer
tests will help confirm the validity of PEA applications in actual auto-
motive brake systems.
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