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Abstract: Friction behavior in a sliding contact is strongly influenced by the surface topography of the
bodies in contact. This also applies to friction clutches. Even small differences in surface topography
may cause significant differences in friction behavior. Thus, it is important to be able to characterize
the micro-contact of the rough sliding surfaces, which are, in the case of a clutch, steel plate and
friction material. One important measure for the characterization of the micro-contact is the real
area of contact. Another important aspect is the contact pattern. The article introduces a method
to implement a FEM (Finite Element Method) model from real surface measurements. Real surface
topography of the friction pairing is considered. The simulation method is applied to different friction
pairings and operating conditions. Computational results with rough and smooth steel plates, new
and run-in friction linings, and different nominal surface pressure verify the model. In addition, the
results on real area of contact between a steel and a friction plate are compared with published values.

Keywords: micro-contact; real area of contact; contact pattern; FEM simulation; wet friction clutch;
rough surfaces; topography; running-in

1. Introduction

Friction behavior in a sliding contact is significantly determined by the conditions in the
micro-contact of the bodies involved. Among other factors, the surface topography of the friction
pairing plays an important role. This also applies to the friction contact of wet friction clutches. Wet
friction clutches are important components of modern power shift transmissions, e.g., in automatic
transmissions, dual clutch transmissions and limited slip differentials. Thus, the requirements for
safety and comfort behavior of clutches are exacting. The functional behavior and shifting comfort
of a clutch mainly depend on its friction behavior and therefore, among other factors, on the surface
properties of the steel plates and friction plates. Even small differences in surface topography, e.g.,
a different grinding structure on the steel disc surface, can lead to significant differences in the friction
behavior of the clutch. We carried out several experimental investigations on the influence of steel plate
topography on the friction behavior of the clutch, especially in the running-in phase [1–3]. Extensive
3D-measurements of the surface topography of the steel plates before and after test made it possible
to establish basic correlations between the steel plate topography and the friction behavior during
running-in. Nonetheless, the investigations have shown that, even 3D characteristic values are only
partially sufficient to characterize the influence of topography on the friction behavior of a wet clutch.
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There are cases in which steel plates with comparable surface characteristic values show significantly
different friction behavior and vice versa. This indicates that the interaction of the steel plate with the
friction material is of great importance.

Therefore, the idea of investigating not only the isolated steel plate and friction plate topography
but also the micro-contact of both in interaction is reasonable. An important parameter for characterizing
the micro-contact is the real area of contact. The real area of contact is closely linked to the local loads
and thus to the functional and damage behavior of the clutch.

The real area of contact can be determined by experiment or simulation. Measurement methods
for the real area of contact are subdivided firstly into direct and indirect methods and secondly, into in
situ and ex situ methods [4]. Direct methods measure the contact area in an immediate way, whereas
indirect methods utilize measurement of a quantity that depends on the contact conditions. In situ
describes a measurement carried out in the contacting state. Ex situ means a measurement after
separation of the surfaces. Several examples for the measurement of real areas of contact in the context
of clutches are published, which always refer to optical methods (direct, in situ). These are based on
the reflection or interference of light at the contact points, which limits the amount of contact pairings
that can be analyzed in so far as one of the two partners must be made of a transparent material. Since
this is not the case with clutches, as in the case of most real tribological systems, it is often necessary to
switch to a corresponding replacement body (e.g., a glass plate). The replacement body usually has
different material and surface properties. Consequently, a transfer of the results to the real application
is not fully possible.

The simulation approach is not subject to these limitations, but there are other restrictions.
Simulation approaches are distinguished in analytical, fractal and numerical methods. Analytical and
fractal models are often greatly simplified in terms of geometry and contact behavior: The model
according to Greenwood and Williamson [5], GW-model, approaches individual roughness peaks
(so-called asperities) by spherical caps, assuming all roughness peaks have the same radius of curvature.
The contact of the asperities is described by a Hertzian contact. Bush et al. [6] extend the model
by variable radii and shapes of caps. Models including an approach to determine the deformation
behavior enable the calculation of the real area of contact of the rough surfaces. Nevertheless the
scale-dependent radius of curvature of an asperity indicates one critical problem among others when it
comes to asperity-based models [7]. Deformative interactions between the spherical caps are neglected.
Flawed contact geometries and false contact stiffnesses are a consequence. In addition to analytical
and fractal models, numerical calculations of the contact area of rough surfaces are known, e.g., using
CAD modeling and subsequent FE calculations [8–10]. In 2017, the Contact-Mechanics Challenge [7]
encouraged several research groups to work on a contact mechanics problem which was considered to
be representative for the contact between nominally flat surfaces. The FFT-BVM method [11] has been
found to be very efficient, e.g., a surface discretized to 1000 by 1000 can be calculated on a standard
laptop with standard RAM in under one minute doing 200 iterations.

In the research field of wet multi-plate clutches, several investigations to determine the real area
of contact between steel plate and friction material have been published. At this point, we already
want to anticipate that none of the published simulation methods considers the real topography based
on surface measurements of the friction pairing. Nevertheless, results given in the state of the art are
important in order to verify and evaluate our own simulation model, input data and computational
results. In the following, a short overview is given and the results relevant to our work are provided in
Table 1.

Berger et al. investigate the engagement of a wet-running multi-disc clutch with paper friction
lining during the shifting process by numerical and analytical calculation [12,13]. The real area of
contact is calculated using the GW-model assuming a Gaussian (i.e., normal) distribution of the height
of the roughness peaks, but numerical values for real area of contact have not been published.

Gao et al. determine the real area of contact for an organic friction lining and a steel plate as a
function of lubricant film thickness and mileage using an extended GW-model with a Weibull height
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distribution [14,15]. For lubricating film thicknesses approaching zero, Gao et al. calculate relative
contact areas of about 4 to 12%.

In further investigations [15,16], the deformation behavior of different roughness peak geometries
is considered by FE calculation. Lorentz et al. develop a numerical model for mixed lubrication [17].
Surface topography of the steel plate is considered by statistical mapping, an evaluation of the real
area of contact is not carried out. Further investigations [18] also simulate the wear behavior for a dry
contact of rough steel and cast iron materials. At a nominal load of 20 MPa, relative contact areas of
about 5 to 12% at maximum local surface pressures of about 700–2200 MPa are calculated.

Table 1. Summary of published data modeling real area of contact for clutches.

Author Investigated System Nominal
Pressure Young’s Modulus Relative

Contact Area

Berger et al. [12,13] wet clutch with organic
friction lining not published 27 MPa|97 MPa not published

Gao et al. [14,15] wet clutch with organic
friction lining not published 45 MPa 4% to 12%

Albers et al. [17,18] dry contact of rough steel
and cast iron materials 20 MPa not published 5% to 12%

Ompusunggu et al.
[19]

dry multi-disc clutch with
organic friction lining 3 MPa 45 MPa|100 MPa 6.5% to 9.5%

Zhao et al. [20] sintered metallic friction
material 4.9 MPa not published 15%

Kimura et al.
[21–23]

Wet clutch with paper-based
friction lining 0.8 MPa 100 MPa 1% to 10%

Ompusunggu et al. investigate the influence of wear and decomposition on the friction behavior
of a dry multi-disc clutch with organic friction lining by analytical calculation based on a modified
GW-model [19]. At nominal loads of up to approximately 3 MPa, maximum relative contact areas of
approximately 6.5 to 9.5% are achieved depending on the state of damage.

Zhao et al. simulate the friction behavior of a sintered metallic friction lining during the transition
from hydrodynamic to boundary friction using the Reynolds equation on the basis of a real surface
geometry [20]. The contact condition is stated as undercutting of a critical lubricant film thickness. For
low sliding speeds, i.e., for boundary friction, a relative contact area of up to approximately 15% is
calculated for a nominal pressure of 4.9 MPa.

Kimura et al. model the contact between an ideally rigid flat surface (steel disk) and a paper
friction lining by spherical asperities of constant radii assuming a Hertzian contact [21]. The validation
of the model is carried out in alignment with measurements on a contact microscope employing
polarized light [22,23]. The contact area is calculated and measured for different stages of running-in.
Relative contact areas develop from 1% (new state) to about 10% (run-in clutch).

Sfarni et al. calculate contact areas and contact pressures between friction lining and pressure
plate of a single-disc vehicle clutch using the FE method and a CAD model of the clutch [24]. Surface
topography is not considered, therefore the analyses remain limited to the macroscopic level.

2. Methods and Materials

We simulate the micro-contact between steel plate and friction plate with paper-based friction
lining taking real surface topography into account. The simulation model is set up in a multi-stage
process according to Figure 1. In the first step, the surface topography of the steel plate and of the
friction plate are measured with a 3D micro coordinate measurement machine based on the principle
of focus variation (vertical resolution: 50 nm; lateral resolution: 2.93 µm). Based on the surface
topography data (coordinates x,y,z), a 3D surface model is built up in CAD (Catia V5), which is then
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extruded to a 3D volume model in the next step. This CAD model is used for the implementation of
the FEM model in Ansys Workbench.Lubricants 2019, 7, x FOR PEER REVIEW 4 of 11 
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Figure 1. Set up of simulation model.

Steel and friction plates are series production parts from automatic transmission application.
The following test specimens described in Table 2 were used as input for the simulation.

Table 2. Test specimens.

Test Specimen Properties

Rough steel plate, run-in
Series production part, cold strip surface
mean arithmetic height Sa = 0.5 µm
core roughness Sk = 1.5 µm

Smooth steel plate Academic example
Ideal smooth surface, no microstructure

Paper-based friction lining, new state Mean arithmetic height Sa = 4.1 µm
Core roughness Sk = 10.8 µm

Paper-based friction lining, run-in Running-in according to [3]

Figure 2 illustrates a FEM model for a 300 µm × 300 µm section of steel plate and friction plate.
Variational calculations have shown that a height of 25 µm is sufficient to correctly simulate the
behavior of the friction material. The lateral expansion of the model is chosen in consideration of
reasonable computation times. At the same time, the area of 300 µm × 300 µm is large enough to
recognize and evaluate contact patterns. The steel plate is built by hexahedron elements and the
friction material by tetrahedron elements. An element size of 4 µm leads to a total number of nodes
that is 44,501 and a total number of elements that is 121,244.
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Figure 2. FEM model.

Boundary conditions of the model are visualized in Figure 3. The eight lateral areas of the steel
plate and the friction lining are constrained by a frictionless support, visualized in blue color in Figure 3.
Choosing this boundary condition allows translational displacement in all directions except for the
normal direction, thus hindering any inclination of the plate sections. Furthermore, the continuity
of the material is taken into account, as the modeled geometries are only small sections of the entire
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steel and friction plates. The bottom surface of the lining disk is constrained by a fixed support, which
does not allow any translational and/or rotational movement in any direction. The load is applied
by a uniform pressure on the upper surface of the steel plate, visualized in red color in Figure 3.
The contact behavior is assumed frictionless and symmetrical, which does not allow a penetration of
the two bodies in contact. With focus on computational stability, the contact algorithm was chosen to
be Augmented-Lagrange. The setting ‘program-controlled’ also gives stable computations.
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The porosity of the friction material is derived from cross sections of the friction lining (see Figure 4).
The 3D model was built by a combination of porous layers and layers of solid material. The materials
are considered as isotropic with elastic materials. Table 3 gives an overview of the material properties
of the model. The Young’s Modulus of the paper friction lining has been determined beforehand by
experiment. To measure the elasticity of the friction material, the whole clutch pack consisting of
four steel plates and three friction plates has been mounted in a device according to [25]. Axial force
was applied to the clutch pack under a defined oil flow (

.
voil = 0.8 mm3/mm2/s; ϑoil = 80 ◦C) and the

compressibility was measured via a displacement sensor.

Lubricants 2019, 7, x FOR PEER REVIEW 5 of 11 

 

two bodies in contact. With focus on computational stability, the contact algorithm was chosen to be 
Augmented-Lagrange. The setting ‘program-controlled’ also gives stable computations. 

 
Figure 3. Boundary conditions of the FEM model (red: Uniform pressure; blue: Frictionless support). 

The porosity of the friction material is derived from cross sections of the friction lining (see 
Figure 4). The 3D model was built by a combination of porous layers and layers of solid material. The 
materials are considered as isotropic with elastic materials. Table 3 gives an overview of the material 
properties of the model. The Young’s Modulus of the paper friction lining has been determined 
beforehand by experiment. To measure the elasticity of the friction material, the whole clutch pack 
consisting of four steel plates and three friction plates has been mounted in a device according to [25]. 
Axial force was applied to the clutch pack under a defined oil flow (𝑣  = 0.8 mm3/mm2/s; 𝜗  = 80 
°C) and the compressibility was measured via a displacement sensor. 

(a)  (b)  

Figure 4. Porosity of a paper-based friction lining: (a) cross section in SEM; (b) inhomogeneous FEM 
model. 

Table 3. Material properties. 

Material Young’s Modulus Poisson’s Ratio 
Steel 210,000 MPa 0.3 

Friction Material (Paper-Based) 80 MPa 0.2 
Porosity → 0 MPa (0.1 Pa) 0.33 

As the main friction regime of wet multi-plate clutches is boundary friction, there is no influence 
of fluid parameters of the lubricant. Grooves and porosity of the friction plate prevent the formation 
of a hydrodynamical lubrication film and therefore hydrodynamic pressure in the friction contact of 
a wet multi-plate clutch is not generated. 
  

Figure 4. Porosity of a paper-based friction lining: (a) cross section in SEM; (b) inhomogeneous
FEM model.

Table 3. Material properties.

Material Young’s Modulus Poisson’s Ratio

Steel 210,000 MPa 0.3

Friction Material (Paper-Based) 80 MPa 0.2

Porosity → 0 MPa (0.1 Pa) 0.33
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As the main friction regime of wet multi-plate clutches is boundary friction, there is no influence
of fluid parameters of the lubricant. Grooves and porosity of the friction plate prevent the formation of
a hydrodynamical lubrication film and therefore hydrodynamic pressure in the friction contact of a
wet multi-plate clutch is not generated.

3. Results

3.1. Derivation of a FEM Model from Surface Measurement

As a first result, we want to illustrate the multi-stage process from the surface measurement to
the computational results of the FEM model. Figure 5 illustrates the different stages we go through
in simulating the micro-contact between a steel plate and a friction lining (computed section here
is 140 µm × 60 µm in size). Based on the surface measurements of steel plate and friction lining
(the surface measurement of the friction lining is visualized in Figure 5), we derive a height distribution
as an input for the CAD model. As a result of the FEM model we get the real area of contact (color
coding for contact is orange) and the pressure distribution in the micro-contact. By comparing the
height distribution of the friction lining surface and the computed contact areas as well as the pressure
distribution, one can see that contact and pressure distribution correlate with the surface profile.
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3.2. Meshing: Variation of Element Size

To ensure the quality of the simulation, a variation of element size was conducted for a 300 µm ×
300 µm section of steel plate and friction plate. Figure 6 shows the simulated contact patterns of four
FEM models with different element sizes (A: 10 µm; B: 6 µm; C: 5 µm; D: 4 µm). The table in Figure 6
provides a quantitative evaluation of the values of the relative area of contact (ratio of contact area
to total area) calculated with the different FEM models. The contact area decreases with decreasing
element size. These results match the expectation, as the surface shape is displayed finer and more
accurately with decreasing element size. Differences in calculated contact area are relatively small
between element sizes of 5 µm and 4 µm. As smaller elements lead to very high computational times,
an element size of 4 µm is used in further investigations.
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3.3. Real Areas of Contact of Different Friction Pairings and Operating Conditions

This study investigates the real area of contact between a run-in paper-based friction lining and
two types of steel plates: An ideally smooth steel plate and a real rough steel plate. Nominal surface
pressure is 1 MPa, which is typical for paper-based friction linings. The ideally smooth steel plate
results in a larger contact area (relative area of contact is 11.0%) than the rough steel plate (relative area
of contact is 7.9%). The computational results are visualized in Figure 7.
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Figure 7. Micro-contact of a paper-based friction lining with (a) a smooth steel plate and (b) a rough
steel plate under nominal pressure of 1 MPa.

Figure 8 visualizes the micro-contact of a rough steel plate with a new, not run paper lining
(a) and the micro-contact of the identical section of a rough steel plate with a run-in paper lining (b).
As expected, the contact area with the run-in friction lining is larger (relative area of contact is 7.9%)
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than with the new friction lining (relative area of contact is 4.9%), since the surface structure of the
friction lining is smoothened during running-in.
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lining under nominal pressure of 1 MPa.

With increasing surface pressure, the contact area between the steel plate and the friction lining
increases. This is shown on the example of a rough steel plate and a run-in paper friction lining under
nominal surface pressure of 1 MPa in comparison to 2 MPa. Under a nominal surface pressure of
1 MPa, the relative area of contact is 7.9%. Doubling the nominal surface pressure to 2 MPa results in
an increased relative area of contact of 14.0% between the same components (see Figure 9).
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4. Discussion

The simulation model successfully realizes the calculation of the micro-contact of rough surfaces,
as has been demonstrated on various friction pairings. The calculated relative areas of contact meet the
expectations and are in accordance with the state-of-the-art findings. The Young’s Modulus of 80 MPa
we measure for the paper-based friction material fits the published values of organic friction materials
that are between 27 MPa and 100 MPa (see Table 1). The same applies to the published relative areas
of contact. The work of Kimura et al. [21–23] is most similar to our work regarding the investigated
test specimens, nominal pressure and Young’s Modulus of the friction material. At the same time the
computational results match very well.

As already mentioned in Section 3.1, convergence of the simulation seems not to be reached
perfectly with an element size of 4 µm. At the same time, smaller elements lead to very high
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computational times. As differences in the calculated real area of contact are relatively small for element
sizes of 4 µm and 5 µm, the simulations are carried out with an element size of 4 µm. Validation of the
simulation results will show, whether this assumption is fully admissible or whether calculations with
finer discretization lead to a relevant improvement in the quality of results and, as a consequence, high
computational time has to be accepted.

5. Conclusions

The friction behavior of wet friction clutches is significantly determined by the conditions in the
micro-contact of the steel and the friction plate. Extensive experimental investigations we carried
out show a great influence of the steel plate topography on the friction behavior of the clutch [1–3].
Moreover, even 3D characteristic values were found to be only partially sufficient to characterize the
influence of the topography on the friction behavior of a wet clutch [1]. From these investigations the
idea was derived to investigating not only the isolated steel plate and friction plate topography but
also the micro-contact of both in interaction. An important parameter to characterize the micro-contact
is the real area of contact. The real area of contact is closely linked to the local loads and thus to the
functional and damage behavior of the clutch.

We introduce a FEM simulation of the micro-contact between a steel plate and a friction plate with
paper-based friction lining taking real surface topography into account. The simulation model is set up
in a multi-stage process. Based on 3D surface topography data from optical measurement, a 3D surface
model was built up in CAD and then implemented as a FEM model. The Young’s Modulus of the
paper friction lining has been determined by experiment to be 80 MPa. Distribution and proportion of
porosity of the paper friction lining have been derived from cross sections.

The micro-contact of different friction pairings and operating conditions have been simulated
to verify the model. The results of the calculations are meaningful. The contact between an ideally
smooth steel plate and a paper-based friction lining leads to a higher area of contact than the contact
between a rough steel plate and the identical friction lining. Simulations of the contact between a
rough steel plate and a friction lining in new state and after running-in show that the real area of
contact increases during running-in. Furthermore the influence of the pressure has been investigated
by calculating the real area of contact between a rough steel plate and a run-in paper-based friction
lining. Doubling the surface pressure from 1 MPa to 2 MPa leads to a nearly doubled relative area
of contact.

For all friction pairings and operating conditions, the calculated relative areas of contact meet
the expectations and are in accordance with other publications also working on the micro-contact in
friction clutches. A next step will be to validate the FEM model by comparing computational results
and measurements of the real area of contact.

Compared to the already published papers our simulation model offers the great advantage of
taking the real surface topography of both steel plate and friction material into account. Reliable
relative areas of contact and contact patterns can be calculated. This makes it possible to investigate
the effects of even small differences in the surface topography, like directed orientation of structural
elements relative to sliding direction, or elasticities on the real area of contact and thus the functional
behavior of wet clutches. As the simulation model provides information on the contact pattern, these
results can be used for validation and comparison of computed and measured contact patterns.
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