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The main problem in manufacturing friction materials is still a lack of sufficient information about the processes
occurring in the surface layers of contacting bodies. This is due to the complexity of the processes which are
taking place during friction and wear and by interdependency of mechanisms at various scale levels. This also may
partly explain the complexity of structure of the composite materials which are used as brake pads, because a wide
range of requirements have to be satisfied for modern braking systems. How variations of material composition
affect the frictional characteristics of the friction pair is still an area of intense research. The present study used
a computational method of the discrete approach — a method of movable cellular automata — to investigate the
interaction of nano-scale features which are typical for the pad-disc-interface during automotive braking. The results
can be useful for understanding the features of interaction of materials and control their performance properties.
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1. Introduction

Since commercial brake pads usually are distinguished by very complicated formulations
and the third body is formed by compaction of wear debris, its chemical composition usually is
more complicated than the ones observed for the former applications [1,2]. In fact, third bodies
produced during braking contain chemical elements from all ingredients of the pad formulation in
addition to iron oxide from the cast iron brake disc mixed on a nanoscopic scale with grain sizes
between 10 and approximately 100 nm depending on the type of ingredient. This can be seen
most clearly by sampling wear particles emitted during a braking simulation in a test rig into size
classes <1000 nm and subsequent investigation in an analytical transmission electron microscope
(TEM) [3]. The same nanostructure was observed at the surfaces of pads and discs, proving that
tribofilms are formed on both sides by compaction of wear debris. The films are discontinuous
and usually about 100 nm thick. This finding inspired us to simulate the sliding behaviour of
single asperity contacts covered by such friction layers with a granular computer model choosing
a cell size of 10 nm, according to the smallest detected grain size of the experimentally observed
nanostructure. In a recent review paper [4] we described friction and wear mechanisms taking
place at different length scales during dry friction in automotive braking. The present paper will
recapitulate the essentials for the simulation of smooth sliding conditions at a constant friction
level with the method of movable cellular automata. Furthermore, an extension of the model will
be presented by regarding more complicated material combinations in respect to type and size of
automata, thus resembling more the real nanostructures observed experimentally.
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Table 1. Parameters of model materials

Young | Poisson | Elastic Yield Ultimate ten- | Strain | Breaking

modulus | ratio limit strength | sile strength | at oy strain

E, GPa v oy1, MPa | oy2, MPa os, MPa €y2 €s
Ferritic steel 206 0.28 450 500 550 0.04 0.106
Pearlitic steel 206 0.28 520 800 920 0.04 0.106
Iron oxide 380 0.3 290 305 340 0.008 | 0.009
Graphite 20 0.3 15 35 45 0.05 0.15
Copper 125 0.35 350 390 430 0.03 0.11
Soft copper 120 0.35 175 185 215 0.03 0.11
SiC 150 0.35 3000 4325 5000 0.06 0.18

2. MCA setup description

Theoretical investigation was carried out on the basis of modeling by the method of mov-
able cellular automata (MCA). This choice was determined by the features of the MCA method
to simulate such complicated processes as: mass mixing, damage generation and accumulation
and so on. The formalism of the MCA method has already been described in [5]. The scheme of
chosen two-dimensional setup is depicted in Fig. 1. It simulates a primary contact site according
to Eriksson et al. [6], which is realized on the scale of the order of 1 micron. From pad site is a
steel fibre as supporting substrate material. The supporting material on the disc side is pearlitic
steel which is the matrix of cast iron. The free surfaces of both contacting bodies (first bodies)
were covered with an oxide film consisting of nanoparticles of iron oxide and inclusions of solid
lubricant. All previous simulations were based on the assumption that the solid lubricant had
properties similar to graphite. Than we check the impact of substitution of graphite inclusions
by soft nanoparticles of copper. All parameters of model materials are summarized in Table 1.

&

Supporting substrate:
Nanocrystalline cooper chips
Pad or Ferritic steel fibre

Disc

Fig. 1. Schematic presentation of the modelled pad-disc interface.

The following boundary conditions for modelling were used. A constant sliding velocity
(V) equal to 10 m/s was applied on all particles of the bottom layer of the disc. At the same
time their position in vertical direction was fixed. A constant normal force corresponding to the
contact pressures in the range between P = 15 MPa and P = 50 MPa for different calculations
was acted upon all the elements of the upper layer of pad. For both types of loading a linear
procedure of value increasing was used with the following scheme. Initially the surfaces of pad
and disc were separated. Then the loading with increasing velocity was applied on the particles
of the bottom layer of the disc. Normal pressure was applied on the pad after all particles of
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the disc (not only layer under loading) reach the maximum value of sliding velocity. Periodic
boundary conditions were applied along the sliding direction. So, the number of particles was
constant in the simulation, only redistribution of particles in the contact zone was studied. A
surface profile with roughness on the nanometer scale was set deliberately prior to simulation.
As shown previously, this setting exerts no major impact on the results of simulation [4,5]. The
model calculates position and binding state of each automaton (particle) as well as resulting
tangential forces or Coefficients of Friction (CoF) at the micro-contact for each time step.

3. Pressure dependency of a basic model structure

The main results of previous studies can be summarized as follows [4]: Neither metal-on-
metal contacts nor oxide-on-oxide contacts provide stable friction conditions and a coefficient of
friction (COF) around 0.4 which is desired for braking. A certain amount of soft inclusions within
a rather soft but brittle oxide, like magnetite, is essential for achieving the desired properties. A
prerequisite for smooth sliding behaviour is that a mechanically mixed granular layer (MML) is
formed at the interface between the two first bodies. It has been shown that a volume fraction
of at least 10 vol. % of soft nanoparticles (graphite in this case) is needed to form a MML
irrespective of the applied pressure. Increasing the volume fraction of soft inclusions leads
to a decrease of the COF. Since for braking we need smooth sliding, but a COF as high as
possible, the fraction of soft particles should not be increased much beyond 10 vol %. A value
of 13 vol % has proved to provide an optimum for both, smooth sliding and acceptable friction
level. Although it would be most desirable for braking to have smooth sliding conditions and a
COF irrespective of the applied pressure, a certain impact of pressure on structure formation and
COF is unavoidable. This is demonstrated by Fig. 2 which shows the structures formed during
simulation while applying different amounts of normal pressure. It can be seen clearly in Fig. 2
that, irrespective of applied pressure, there is always a zone of unlinked particles at the interface
between the two third body layers (orange and green). This zone of unlinked particles originating
from both third body films is the MML already mentioned at the beginning of this section. It
is quite clear that the thickness of the MML depends on the applied pressure. This dependency
is shown quantitatively in Fig. 3. The lowest pressure applicable in the model is 17.5 MPa for
the structure with 13 % graphite and 7.5 MPa for a structure with 17.5 % graphite [4]. This is
a quite large value compared to the nominal pressure in the range of 1-4 MPa which usually is
applied during braking. We must keep in mind that we are considering micron-sized asperity
contacts in the model. Therefore a factor of 10 compared to nominal pressure, which is related
to the whole pad area, is reasonable. Furthermore, it should be mentioned that a constant sliding
velocity of 10 m/s was maintained during modelling and that the time step of modelling of
such nanostructures is of the order of 107!3 s, whereas the total time of one simulation was
approximately 5 x 1077 s.

The impact of pressure on MML-thickness does also affect COF-values which are cal-
culated during modelling for each time step. This is shown in Fig. 4. The decrease of the
COF-value with increasing pressure can be attributed to the increasing thickness of a quasi-fluid
granular layer [7], which provides velocity accommodation between the fixed pad and rotating
disc.

4. Effect of additional soft particles of larger size

Larger particles were defined as clusters of the basic nanoparticles with linked states to
their neighbours. Soft copper as defined in [5] was selected as soft ingredient, because such
species was observed experimentally in the third body of automotive brakes. Complete substi-
tution of graphite nanoparticles with the copper clusters did not yield stable sliding conditions,
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Fig. 2. Pressure dependency of the basic model structure after sliding simulations.
The value of normal pressure: a) 17.5MPa; b) 26.3MPa; c) 30.0MPa.
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although breaking of links within the clusters and the release of single copper nanoparticles at
the interface occurred during the simulation. But, since the soft particles were not distributed
homogeneously in the third body, the formation of a mixed layer together with unlinked oxide
particles did not take place.

On the other hand, if only half of the graphite particles of the basic structure were sub-
stituded by the copper clusters, a MML was formed and stable sliding conditions were achieved.
This is shown in Fig. 5a and 5b, respectively. The copper clusters, still visible within the lower
unaffected third body layer, are shown in magenta, and it is obvious that a MML has formed in
which oxide, graphite and copper nanoparticles are distributed homogeneously. The correspond-
ing COF-evolution during the simulation is shown by the black band and green curve in Fig. 5b,
displaying momentary and averaged COF-values, respectively. A completely different behaviour
was obtained with third body layers containing only 5 % graphite nanoinclusions without addi-
tional copper clusters. In this case no MML was formed (Fig. 6a) and COF-fluctuations between
successive time steps remained high (Fig. 6b).

5. Effect of additional hard particles of larger size

The next step towards a more complicated nanostructure, albeit quite realistic with respect
to experimentally observations, is to introduce a certain amount of hard particles into the basic
model structure. We selected SiC as hard particles because the stress-strain behaviour of this
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Fig. 5. a) Structure formation during sliding simulation for third body layers with
5.5 % graphite and 7.5 % coarse copper particles (P=30 MPa); b — Corresponding
COF-evolution.
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Fig. 6. a) Structure formation during sliding simulation for third body layers with
5.5 % graphite only (P=30 MPa); b — Corresponding COF-evolution.

material is well known from nanoindentation measurements not only at ambient but also at
elevated temperatures [8]. Although SiC clusters were built in the same way as the copper
clusters of the previous section, they behaved completely different during sliding simulation, as
shown in Fig. 7. Because of the high mechanical strength of SiC, the bonds between adjacent
nanoparticles within a SiC cluster (magenta colour) are not broken, while the oxide matrix,
weakend by the graphite nanoparticles, forms the same granular layer as without SiC addition.
Since a well developed MML with embedded SiC clusters was formed, smooth sliding with
reduced COF fluctuations between adjacent time steps can be expected. This is shown in Fig. §,
where the scatter band of instantaneous COF-values corresponds to the structure with 4.8 % SiC.
Similar results were obtained with 10 % SiC clusters. The coloured curves show average COF-
values for the different model structures. A slight increase of the stationary COF-level while
adding SiC clusters to the basic structure is revealed, but no significant difference between 4.8
and 10 % SiC is observed. Further simulations based on mechanical properties of SiC at elevated
temperatures also did not change the results significantly (not shown here). This is because SiC
is a hard material compared to magnetite even at 800°C. Fig. 9 provides an overview on the
impacts of pressure and nanostructure on steady-state COF-values as determined by our model.
Obviously, the pressure dependency of COF is not changed by adding hard particles, provided
that these particles are small enough to be incorporated in the MML which forms during sliding
simulation. Nevertheless the COF-level is increased over the whole range of applied pressures.
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Fig. 7. Structure formation dur-
ing sliding simulation for third
body layers with 13 % graphite
and additional coarse SiC parti-
cles (p = 35 MPa)

Fig. 8. COF-evolution of third
body layers with 13 % graphite
and additional coarse SiC parti-
cles (p = 35 MPa)
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Fig. 9. Impact of SiC addition to pressure dependency of COF for friction layers
with 13 % graphite

6. Conclusion

Owing to modelling, the role of solid lubricant inclusions in metal oxide based surface
films can be assessed much better now. In particular, it has been shown that a homogeneous
distribution of at least 10 vol % of soft nanoparticles is sufficient to provide smooth sliding
conditions. Inhomogeneous distribution of the same amount of particles in the form of clusters
would not be sufficient to initiate smooth sliding, but since the clusters are broken into their
constituents easily, the number of effective nanoparticles will increase during tribological stress-
ing, and, if the volume fraction is high enough, a solid lubricant film may form at the surface.
Anyway, in the case of low volume fractions of the order of 10 %, a combination of single
nanoparticles and clusters shows the same smoothing effect as a homogeneous distribution of the
same volume fraction of single nanoinclusions. Thus we can conclude that as long as a certain
amount of about 5 % of soft nanoinclusions is available, the size of additional solid lubricant
additions is not relevant, but only its volume fraction. The additional solid lubricant constituent



64 Dmitriev A. I, Osterle W., Kloss H.

will be crushed down to nanometric size and mixed with released oxide particles within the MML
forming at the interface of the tribological couple. Thus one of the features which determine the
COF of a micro-contact is the volume fraction of the soft ingredient in its third body layer. In
respect to braking this finding is quite important because both types of solid lubricant inclusions
i.e. graphite nanoparticles of 10 nm size and copper nanoparticles of 100 nm size were observed
experimentally. Whereas soft constituents from first bodies will be transformed to nanoparticles
easily, the same can not be expected for hard particles. In fact, this was revealed by the model as
well. Although bonds between automata of the hard material forming clusters of hard particles
are not broken, the bonds between elements at the cluster surface and adjacent third body matrix
as well as within the third body itself are broken during sliding simulation, at least within a
narrow zone at the interface. Thus a granular layer providing velocity accommodation can form,
provided that the diameter of hard particle clusters is not larger as the MML-thickness. This
scenario, revealed by modelling, correlates with experimental observations at third body layers
of brakes which showed hard particles of various sizes.
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