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 A B S T R A C T 

Friction, wear, and emission performance strongly depend on the contact 
pressure and area at the interface of the pad and disc. The contact 
situation at the pad-to-disc interface can be explained by the formation 
and destruction of mesoscopic sized contact plateaus on the pad surface. 
Experimental studies report that the initial surface roughness of cermet-
coated discs strongly affects friction, wear and emission performance. This 
is explained by the formation of secondary plateaus on the disc surface. 
The aim of this work is to extend an existing cellular automaton approach 
to include the formation of secondary plateaus on the disc surface in order 
to explain experimental results reported in the literature. First, to 
investigate the validity of the novel simulation approach, a cermet-coated 
cast iron disc is tested against a low-met pad material with a pin-on-disc 
tribometer. The same conditions are used as input in a simulation. Then, 
the initial disc roughness influence on contact pressure and area of the 
same cermet-coated disc is compared with results reported in the 
literature. The topographies of the measured and simulated disc surfaces 
are qualitatively in line. An initial rougher disc surface results in a 
considerably lower contact area than does a smother surface. 
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1. INTRODUCTION 
 
Non-exhaust emission is a problem for the air 
quality of several European cities [1]. One 
important source of non-exhaust emission from 
the transportation sector is disc brakes [2]. Disc 
brakes are used in vehicles (e.g. cars, 
motorbikes, and trains) to reduce the vehicle 
speed. A disc brake consists of a calliper with 
one or more pistons, two brake pads, and a disc. 

Pressure is applied inside the calliper when the 
driver brakes and the piston(s) push the pads 
against the rotating disc, which is fixed to the 
wheel. The frictional force between the pads and 
disc reduces the vehicle speed. The brake 
emissions originate from the wear of the sliding 
contact surfaces of the pads and disc.  
 
The pad friction material used in passenger cars 
is a composite material. It can be divided into 
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four groups [2]: a binder, reinforcing fibres, 
fillers, and frictional additives. The binder holds 
the components of the brake pad together and is 
usually made of polymer-based resin. The 
reinforcing fibres (e.g. brass, steel, copper, 
ceramic) give mechanical strength to the pad 
and carry most of the load. Fillers are used to 
reduce the cost and to modify some pad 
properties. Frictional additives are used to 
control the friction and wear. 
 
Two main groups of discs are used for passenger 
cars: cast iron and carbon ceramic material. 
Carbon ceramic discs are wear-resistant but are 
relatively expensive. Cast iron discs are therefore 
used in most vehicles. It has been reported in the 
literature that unconventional high velocity 
oxygen-fuel (HVOF) cermet-coated discs [4,5] and 
AlSiC MMC discs [6] have demonstrated a 
significant decrease in wear and emission. 
 
The coating treatment is important because it 
influences the roughness of the disc surface. 
Federici et al. [5] showed that the effect of initial 
surface roughness of the HVOF cermet-coated 
surfaces has an important role for the tribology. 
Federici et al. [7] also studied the effect of the 
surface roughness and skewness of a HVOF 
coated disc on the running-in with a pin-on-disc 
tribometer. This study shows that the initial disc 
topography is important for both the run-in time 
and the steady state level. A higher coefficient of 
friction and a lower specific wear rate were 
measured with a relatively lower initial 
roughness and skewness of the disc surface. 
 
The tribology (friction and wear) and emission 
performance strongly depend on the contact 
pressure and area at the interface of the pad 
and disc. In general, the pad-to-disc transient 
contact situation can be explained on different 
size scales. The macroscopic wear behaviour 
can be explained by the creation and 
destruction of mesoscopic-sized contact 
plateaus [9–11] and the friction can be 
explained by a nanocrystalline third body 
tribofilm formed on the contact surfaces [12–
14]. In the former, the wear debris from the pad 
and disc surfaces are transported by the disc 
rotation at the interface between the pads and 
the disc. Some of these wear particles pile up 
against the reinforcing fibres of the pads 
(primary plateaus) and form secondary 
plateaus. Experimental studies [4,5] show that 

secondary plateaus are created in the lowlands 
of HVOF cermet-coated discs and that the 
highlands act as primary plateaus. 
 
Experiments can be used to study the contact 
surfaces before and after testing, but it is hard 
to study what is happening at the contact 
interface during braking. There are some 
studies in the literature [15,16] that have used 
a glass disc to video-record the creation of 
secondary plateaus on the pad surface. It is not 
possible to use this technique to study the disc 
surface influence on the contact situation. 
Simulations could help to better understand the 
transient situation of the pad-to-disc contact. 
 
The literature reports different simulation 
approaches to investigate the tribology (e.g. 
[17]-[20]), heat transfer (e.g. [22]-[28]), and 
airborne particle emission ([29],[30]) from disc 
brake systems. Finite element analysis (FEA) 
approaches are the most commonly used to 
simulate the macroscopic tribology 
performance of disc brakes. A conventional FEA 
approach is not enough to resolve the contact 
plateaus since their size is typically between 50 
– 500 µm [8]. With the typical size of contact 
plateaus in mind, some authors [31–35] have 
used cellular automaton (CA) approaches to 
simulate creation and destruction of secondary 
plateaus on the pad surface. Recently, 
Ostermeyer et al. [35] expanded the standard 
CA approach into an abstract cellular 
automaton approach combining the classical 
grid-base CA with the multi-body techniques. 
This approach can consider complex 
dissipation phenomena on the entire brake pad 
surface. No studies have focused on simulation 
of the creation of secondary contact plateaus on 
the disc surface and how it affects the contact 
pressure and area. 
 
The aim of this study is, therefore, to 
numerically investigate how the creation and 
destruction of contact plateaus on cermet-
coated disc surfaces can affect the contact 
pressure distribution and contact area. This is 
done by expanding an existing simulation 
approach, which considers the creation of 
contact plateaus on the pad surface, to include 
the creation of contact plateaus on the disc 
surface. The initial surface topography is 
modified during braking due to wear and 
formation of secondary contact plateaus. The 
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disc surface topography changes during 
braking which results in that the pad-to-disc 
contact situation changes in terms of contact 
pressure and contact area. To evaluate this, 
disc surfaces with different initial surface 
roughness found in literature [6] are used as 
simulation input. 
 
 
2. SIMULATION APPROACH 
 
Figure 1 shows an overview of the simulation 
routine as presented by Riva et al. [36]. This is 
an extension of the work presented by 
Wahlström et al. [32–34] to include the 
formation and destruction of secondary plateaus 
on the disc surface. The friction and contact 
temperature are not considered in the present 
work to reduce the computational time. The idea 
of this approach is to consider how the surface 

topography changes due to wear and plateau 
formation, and how these changes influence the 
contact pressure and area. 
 
First, the pre-process operations are done: 
discretizing space and time, setting material 
properties, and selecting the test conditions. A 
Winkler’s type elastic foundation model [37] is 
used to calculate the local contact pressure. A 
generalization ([38],[39]) of Archard’s wear law 
[40] is used to determine the wear of the contact 
surfaces. Thereafter, the plateau dynamics are 
simulated by using logical rules. In the present 
paper, novel formation and destruction rules of 
secondary plateaus on both the pin and disc 
surfaces are introduced. The simulation results 
consist of surface topographies, plateau 
dynamics, contact pressure distribution, and 
contact area. Each of the steps in the simulation 
algorithm are explained below.  

 

 
Fig. 1. An overview of the simulation routine. 
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2.1. Pre-process 
 
The simulated area of the pad and the disc 
surfaces are discretized with 2D-meshes. The 
coordinate system is cylindrical with θ and r as 
the angular and the radial coordinates. The mesh 
is represented in Fig. 1 box 1. The disc and pad 
surfaces have the same mesh size. 
 
The temporal discretization requires defining 
the total physical simulation time (tsim) and the 
time step (Δt). The total physical time is chosen 
according to the simulated test. The physical 
time step is defined by the ratio between the 
angle between two nodes θi and the disc angular 
velocity ω: 

it



   (1) 

After spatial and time discretization, it is 
necessary to assign material properties and 
initial cell plateau status to every cell. Disc 
material and pad fibres correspond to the status 
primary plateaus, pad resin corresponds to the 
status none, and secondary plateaus on the pad 
and disc correspond to the same status of 
secondary plateaus. Finally, the pad normal load 
(FN) and the disc angular velocity (ω) are set. 
 
2.2. Contact modelling 
 
The model used to calculate the local contact 
pressure between disc and pad surfaces is a 
Winkler-type elastic foundation model [37]. The 
contact is modelled as a set of elastic bars 
deformed independently by a rigid indenter (see 
Fig. 1 box 2). Only normal forces are considered in 
this work. The rigid indenter is defined as the gap 
(zr) between the pad (zd) and disc (zp) surfaces 
before the load is applied as [37]: 

r d pz z z   (2) 

The foundation deformation (ũz) is equal to the 
difference between the indenter displacement 
(δz) and its geometry (zr) if the displacement is 
bigger than zr [37]: 
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The contact pressure (p) is defined according to 
the linear law of elasticity [37]: 

z

E
p u

h
  (4) 

where h is the foundation height, and E is the 
combined Young’s modulus. E can be computed 
as a function of the Young’s modulus (υ) and the 
Poisson’s ratio of pads and disc [37]: 
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2.3. Wear modelling 
 
A generalization [38,39] of Archard’s wear law 
[40], as suggested by Podra and Andersson [41], 
is used to determine the pad and disc wear. In 
this approach, the derivative of the surface 
depth (h) is a function of the contact pressure 
(p), the specific wear rate (k), and the radial 
coordinate (r) [40]: 

dh
kpr

d
  (6) 

The wear depth is estimated by numerical 
integration of Eq. (6) during a small rotation 
(Δθ). The wear of the resin is set to be 
instantaneous when it is in contact. A parameter 
hm is chosen for this purpose. Therefore, the 
incremental wear depth (Δhi) of a cell can be 
estimated as [40]: 

0, plateau cell

0, resin cell
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where ki is the specific wear rate of the cell in 
contact. If there is no contact, the pressure is 
equal to zero and the cell does not wear. 
 
2.4. Plateau dynamics modelling 
 
Logical rules are defined to describe the 
secondary plateau dynamics on pad and disc 
surfaces. These are empirical rules coming from 
observation of plateau formation on a pad run 
against a glass disc [15,16] and analysis of 
contact surfaces after tests (e.g. [7–13]). The 
rules are subdivided into two categories: 
formation and destructions rules. 
 
Figure 2 shows the secondary plateau creation 
rules. The gap is defined as the distance 
between a disc cell and the correspondent pad 
cell. If the gap is positive there is no contact 
between the two cells, and a secondary plateau 
can be created. The rules for secondary plateau 
creation are divided into filling and partial 
filling rules. The first case occurs if the amount 
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of wear is enough to totally fill the gap; the 
second case occurs when the amount of wear 
can a portion of the gap. A secondary plateau 
cell is formed if the following occur: there is a 
gap, the wear is more than zero, and the 
neighbour cell in the sliding direction is a 
plateau (secondary or primary). If the 
neighbour cell is a plateau on both pad and disc 
surfaces, the secondary plateau is formed on 
both pad and disc contact surfaces (Fig. 2: case 
1 and 3). If the neighbour cell in the sliding 
direction is a none-status cell on the pad 
surface, a secondary plateau is formed on the 
disc surface (Fig. 2: case 2 and 4). Note that on 
the disc surface only primary or secondary 
plateau status are possible. The amount of wear 
used to create the secondary plateau is 
removed from the total amount of wear to 
respect mass conservation. 
 

 
Fig. 2. Secondary plateau creation rules S=Secondary 
plateau, P=Primary plateau, and N=None status). 

 
The creation process of secondary plateaus in a 
lowland of the disc surface is illustrated in Fig. 3. 
The number of a green brick indicates the 
formation order of the secondary plateau in the 
lowland of the disc surface. Note that the 
addition of secondary plateaus represents just a 
change in the cell height property. 
 

 
Fig. 3. An illustration of the secondary plateau 
formation order in a lowland on the disc surface. 

 

 

Fig. 4. Secondary plateau destruction rules 
(S=Secondary plateau, P=Primary plateau, and 
N=None status). 

 
An illustration of the plateau destruction rules 
can be seen in Fig. 4. A secondary plateau in 
contact can be destroyed (Fig. 4: rule 1a and 1b) 
or partially destroyed (Fig. 4: rule 3 and 4). A 
secondary plateau on the pad surface can be 
destroyed if the neighbour in the sliding direction 
is not a plateau. Since every cell on the disc 
surface is defined with plateau status they will 
not be destroyed. The rules also define partial 
destruction. A secondary plateau can be partially 
destroyed if the height of its neighbour in the 
sliding direction is lower than its height (Fig. 4: 
rule 3 and 4). The volume of the destroyed 
secondary plateau is added to the total amount of 
wear. If a secondary plateau cell is destroyed it 
changes back to its previous status. 
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3. INPUT PARAMETERS 
 
Federici et al. [6] used a pin-on-disc tribometer 
to study the effect of different surface roughness 
of cermet-coated cast iron discs sliding against 
low-metallic pins on friction and wear. A test 
with the same type of materials was run with a 
tribometer [4] to investigate the validity of the 
novel plateau formation rules. The simulation 
and test conditions (see Table 1) are the same as 
those used in [4][6]. The test time is 7200 s 
while the simulation time has been reduced to 
3000 s to decrease the computational time. Note 
that a standard downhill test used by the 
industry is usually not longer than 3000 s. The 
parameters used in the present study are shown 
in Table 2.  
 
Table 1. Test conditions used in the pin-on-disc 
tribometer tests as presented by Federici et al [6]. 

 Disc Pin 

Rotational speed, ω [rpm] 850 - 

Normal force, Fn [N] - 47 

Middle radius of wear track, 
rm [mm] 

22 - 

Pin radius, rp [mm] - 5 

Test time, tend [s] 7200 

 
Table 2. Input parameters used in the simulations. 

 Disc Pin 

Sliding speed, v [m/s] 2 - 

External radius simulated, 
re [mm] 

24 24 

Internal radius simulated, 

ri [mm] 
20 24 

No. of nodes in r direction 80 80 

No. of nodes in θ direction 2764 161 

Radial distance between 
nodes, Δr [μm] 

50 50 

Time step, Δt [μs] 25.4 

Specific wear rate, ki [Pa-1] 0 

5·10-14 patch 
materials 

5·10-6 resin 

Wear height of resin 
material, hm [μm] 

- 5 

Young’s modulus, Ei [Pa] 1011 

109 primary 
plateaus 

105 resin 

Poisson’s ratio, υi 0.27 0.27 

Height of foundation, h [μm] 50 

Simulation time, tsim [s] 3000 

3.1. Initial surfaces 
 
The disc surface (8 mm square) was measured 
with a Taylor/Hobson Form TalySurf PGI 800 
before and after the test. The disc sample was 
marked to be able to measure the same area 
region after the test. The measured surface was 
used as the initial disc surface in the simulation 
after the left part of the Abbot graph was 
removed from the surface with a cut-off height 
of 3 μm. The measured surface was repeated 
around the circumference to have a full disc ring. 
The initial disc surface height was divided by 10 
and by 100 to have similar surface roughness 
cases as studied by Federici et al. [6]. The initial 
generated disc surface is shown in Fig. 5. 
 

 

Fig. 5. Initial generated disc surface profile used in 
the simulations. 

 
The pin surface was captured with an optical 
microscope. The shiniest parts of the pictures 
were defined as fibres and the rest as resin. The 
optical microscope image and the resulting input 
surface are shown in Fig. 6. The fibres are the 
white portion in the lower image of Fig. 6. Before 
the test and simulation starts, the fibres cover 
about the 18 % of the studied pad surface. As 
initial condition all the fibres height was set to 
zero (maximum surface height in contact at the 
beginning), while resin matrix (black) was 
generated with a uniform random distributed 
roughness of 10 μm. The initial generated pin 
surface is shown in Fig. 7. 
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Fig. 6. Original picture from optical microscope 
(upper) and the corresponding generated input 
surface (lower) of the pin surface. 

 

 
Fig. 7. Initial generated pad surface profile used as 
input in the simulations. 

 
 
4. RESULTS AND DISCUSSION 
 
4.1. Experimental vs. simulation results 
 
The initial and final disc surfaces for both the 
experimental and simulation results are shown 
in Fig. 8.  The final measured disc surface has 
been repeated along the circumference in the 
same way as the initial surface. This repetition 
results in a symmetrical distribution of the 
presented results. The simulation disc surface is 
partially filled with a higher filling toward the 
internal radius (Fig. 8: lower-left). It is possible 
to see how the lowlands of the disc surface are 
almost filled by secondary plateaus after 2 hours 
of testing (Fig. 8: lower-right).  Only a few holes 
cannot be filled by the wear debris. By 
comparing the measured (Fig. 8: lower-right) and 
the simulated disc surface (Fig. 8: lower-left), it is 
possible to see that the same lowlands are still 
not covered on both the surfaces. 
 

 
Fig. 8. Initial measured disc surface profile (upper), simulated disc surface profile after 3000 s (lower-left), and 
tested disc surface profile after 7200 s running (lower-right). 
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Moreover, the lowlands on the inner radius 
seem to be partially filled in both cases. The 
above mention differences between the 
measured and simulated surfaces could be 
explained by the difference in the time used in 
the test and simulation. Wahlström et al. [4] 
tested the same kind of materials with a pin-on-
disc tribometer and presented SEM images of 
the secondary plateaus created on a cermet-
coated disc surface. Federici et al. [42] 
investigated cermet-coated discs at room 
temperature and at 300 °C and presented SEM 
images of the disc surfaces. The shape, size, and 
amount of simulated secondary plateaus are in 
line with the above mention experimental 
results which suggest that the proposed 
simulation approach may be used to simulate 
secondary plateau formation on disc surfaces. 
 
4.2. Simulation results: different disc 

roughness comparison 
 
Figure 9 shows the simulated disc surface 
topography after 3000 s. The three pictures 
represent the same surface topography divided 
by 10 and 100. The results show that the surface 
divided by 100 is almost filled, the surface 
divided by 10 is about 90 % filled, and the 
baseline is about 70 % filled after the 
simulations. This means that the wear debris 
coming from the pin are enough to fill all the 
lowlands on the disc surface divided by 100, but 
the wear coming from the pin it is not enough to 
fill the surfaces with a higher roughness. 
 
The cell status of the disc surface is presented in 
Fig. 10. It is possible to see that a lower initial 

roughness results in a higher creation of secondary 
plateaus. This behaviour cannot be explained by 
partial filling since the Fig.10 only represents the 
disc cell status. One explanation is that the higher 
the contact area, the more uniform the wear is, 
and, therefore, the more uniform the plateau 
formation on the disc surface is. 
 
The different initial disc surface also causes some 
effects on the pad surface. By observing the pad 
surface height (Fig. 11), it is possible to recognize 
that a smoother disc surface coupled with the pin 
will result in a smoother pin surface at the end of 
the simulation. This can be explained by the 
lower presence of highlands on the disc surface 
that causes a non-uniform contact and, therefore, 
a non-uniform wear of the pin. Moreover, as on 
the disc surface, the secondary plateau formation 
(Fig. 12) is higher on the smoother pins. It is 
important to note that the pin surface can also 
wear. One hypothesis can be that the wear does 
not destroy the secondary plateau that piles up 
on the pin surface. This could be caused by the 
larger contact area and therefore the smoother 
contact pressure (Fig. 13). In fact, the contact 
pressure maps show that pins coupled with 
relatively lower disc roughness results in a more 
uniform pressure distribution. 
 
The different pressure distributions (Fig. 13) are 
a consequence of the different contact areas. Fig. 
14 shows the total contact area as a function of 
time. A higher roughness of the disc surface 
leads to a longer run-in time. Neither the real 
surface nor the real surface divided by 10 reach 
the steady state condition. 

 

 
Fig. 9. Simulated disc surface profile after 3000 s. Upper: real disc surface profile as input. Lower-left: the surface 
profile of the real surface divided by 10. Lower-right: the surface profile of the real surface divided by 100. 
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Fig. 10. Simulated disc cell status after 3000 s. Upper: real disc surface profile as input. Lower-left: the surface 
profile of the real surface divided by 10. Lower-right: the surface profile of the real surface divided by 100. 

 

Fig. 11. Simulated pad surface profile after 3000 s. Upper: real disc surface profile as input. Lower-left: the surface 
profile of the real surface divided by 10. Lower-right: the surface profile of the real surface divided by 100. 

 

Fig. 12. Simulated pad cell status after 3000 s. Upper: real disc surface profile as input. Lower-left: the surface 
profile of the real surface divided by 10. Lower-right: the surface profile of the real surface divided by 100. 
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Fig. 13. Simulated contact pressure distribution after 3000 s. Upper: real disc surface profile as input. Lower-left: the 
surface profile of the real surface divided by 10. Lower-right: the surface profile of the real surface divided by 100. 

 
The coefficient of friction can be explained by a 
nano-sized thick tribofilm created on both 
contact surfaces [12]. In this model, the 
coefficient of friction decreases with increasing 
contact pressure, since the nano-sized thick 
tribofilm will be thicker and easier to shear as 
discussed by Österle et al. [13]. In the present 
work, this means that the coefficient of friction is 
higher for the relatively smoother surfaces than 
the relatively rougher surfaces. This is in line 
with Federici et al. [6], who tested four different 
surface roughness (Ra = 0.04 – 5 µm) of cermet-
coated discs using a pin-on-disc tribometer. 
They concluded that the measured coefficient of 
friction increases with decreasing roughness. 
 

 
Fig. 14. Simulated contact area. Black: real disc 
surface profile as input. Blue: the surface profile of 
the real surface divided by 10. Red: the surface 
profile of the real surface divided by 100. 

Different initial disc surface roughness results 
in a different run-in time as can be seen in Fig. 
14. This could be explained by that there are 
more lowlands to fill for a relatively rougher 
disc surface. On the other hand, it seems that 
the lowlands are not filled for the relatively 
rougher disc surfaces even if they were run for 
a longer time since the steady state levels in 
the contact area differ. This could indirectly 
explain the differences in the coefficient of 
friction observed in experiments by Federici et 
al. [6]-[7]. This means that different initial 
roughness conditions result in different steady 
states, not only in a different run-in time. 

 
Since the results presented in the present 
work are promising, the simulation approach 
could be used at the beginning of the disc 
material design phase to study how different 
surface finishing processes could affect the 
contact conditions, and in turn the friction, 
wear, and emission behaviour. Moreover, this 
kind of approach can also be used to study the 
bedding-in procedure, in terms of number and 
type of braking, depending on the specific disc 
considered. Also, it would be interesting to 
correlate the contact area, which is a quantity 
directly calculated in the simulation, with the 
local friction coefficient. In this way, an 
indication of the surface influence on the 
friction coefficient can be given directly by the 
simulation. With the local friction known, the 
local temperature can also be estimated. 
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5. CONCLUSIONS 
 
A numerical approach based on cellular 
automaton to simulate contact plateau 
formation on the sliding contact surfaces of disc 
brakes has been further developed. This 
development includes the formation of 
secondary plateaus on the disc surface. A pin-on-
disc tribometer test using the measured surfaces 
of the disc and pin has been run to compare the 
simulated and experimental disc after the test. 
The presented approach has also been used to 
study the influence of surface roughness on the 
contact pressure and area by comparing three 
different initial surface roughness of a cermet-
coated disc surface. As a result of the present 
study, the following conclusions can be drawn 
about the simulation approach and the effects of 
the initial surface roughness on the contact area 
and pressure: 

 The secondary plateau formation on the 
simulated disc surface is in line with the 
coated disc surface as measured after the 
pin-on-disc tribometer test. 

 Different initial disc surface roughnesses not 
only result in different run-in time, they also 
reach a different steady state level in the 
contact area. This is in line with experimental 
results reported in the literature.  

 The initial roughest surface results in a 
considerably lower contact area than the 
smoother surfaces after almost one hour of 
sliding. 

 The smoothest disc results in more 
secondary plateau formation on the pad 
surface which results in a smoother pad 
surface after run-in. 
 

Friction and temperature are known to strongly 
influence the wear performance. Even if the 
presented results are promising, it remains to 
include these in the model. Also, the test and 
simulation were run at constant load. In the future, 
a more dynamic load cycle could be used. 
Moreover, it remains to further investigate the 
validity of the numerical model with experiments. 
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