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Antecedents of the researches 
Although tribology, which studies the friction, wear and lubrication, is basically an 
experimental science, the simulations of tribological processes became popular in the last 
decades. The Department of Machine and Product Design has more decades of experience in 
the field of ‘numerical tribology’. Several PhD theses have been written concerning 
computational modelling of friction and wear processes of metals, polymers, fiber-reinforced 
composites and ceramics. To verify the results of the numerical simulations, generally 
experimental tests are also needed. The department has a good relation amongst others with 
the Institute of Composite Materials (IVW) at the Technical University of Kaiserslautern and 
with the Institute of Product Development (IPEK) at the Karlsruhe University, where the 
necessary tests can be performed in frame of common research projects. The department took 
part in a European integrated research project from 2005 to 2009 with a focus on investigation 
and modelling of tribological processes of elastomer parts. 
Rubber production of the world is dominated by tire production, so tribological researches on 
elastomers also focus on the contact of the tire and road surface [Moore, 1980], [Klüppel 
2008]. In technical practice the sliding contact between rubber and steel are also common. 
These parts can have significant effect on the operation of the machine (think about the 
tragedy of Challenger space shuttle, which was probably caused by a seal failure). 
Several researches were carried out on modelling friction and wear processes, though little of 
these focused on the behaviour of elastomer parts. After the early, simple contact 
macromodels, the incremental wear simulation method of Pödra and Andersson [Pödra, 1999] 
gave a new momentum to the researches on numerical tribology. Even though it has several 
simplifications, it is still the basis for the most wear simulation procedure, e.g. [Kónya, 2005]. 
Beside the special mechanical properties of elastomer materials (large deformability, non-
linear, time- and temperature dependent behaviour), the frictional [Schallamach 1971], wear 
[Barquins, 1993] and lubrication [Moore, 1972] mechanisms differ from those of metals, 
ceramics and harder polymers, so their modelling also requires different techniques. 
During deformation of elastomer materials, because of the visco-elastic material behavior, a 
part of the applied strain energy is transformed to heat as a result of the hysteresis. When 
repeated loads are present, the hysteresis contribution to the friction is more significant. In 
case of sliding friction between elastomer and a rough rigid counter-surface, the elastomer is 
subjected to repeated, cyclic deformation by the asperities of the rough surface. This kind of 
internal heat generation can lead to fatigue wear. 
In case of dry sliding of elastomers, the commonly observed wear mode is the one with roll 
formation, causing saw-tooth wear pattern. The formation of the saw-tooth pattern is usually 
described ([Zhang, 1984], [Fukahori, 1994]) as the following: Due to the relatively high 
frictional force, the counter-surface deforms the elastomer surface to a large extent so it forms 
a tongue; then after the counter-surface has passed, it returns to a state similar to the initial 
one. However, at the base of the tongue, the rubber suffers so high tensile stresses, that it can 
break: a crack appears on the surface, which closes immediately as the counter-surface passes. 
When the counter-surface returns to the same area of the elastomer part, the tongue is forming 
again, and due to the tensile stresses, the crack grows. The crack propagates cycle by cycle 
until it reaches the surface and causes the tongue to detach. This means the actual wear, since 
the material detachment is realized in this step of the process. When the tongue is stretched, 
the counter-surface bends it over the surface, so the tongue is protecting the surface under it 
from the wear. This way the next tong can appear in a distance larger then the length of the 
tongue. This causes the periodic, saw-tooth pattern. Sometimes the stretched tongues rupture 
not at the base, but being pressed into the surface only the ends of them became detached 
[Felhős, 2008]. 
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Objectives 
Our knowledge on the tribological behaviour of elastomer materials is still limited, so when 
designing sliding elastomer parts, the industry relies on the cost and time consuming 
experimental tests. World trends however demand to reduce the time and the costs of the 
product development as well as its impact on the environment, which lead to the widespread 
use of the computer simulation techniques. Understanding the friction and wear mechanisms 
of elastomer materials is necessary for the accurate modelling of the tribological processes. 
The objectives of my researches are surveying the friction and wear mechanisms of 
elastomers in dry and lubricated sliding conditions furthermore developing and applying a 
friction-wear model to study sliding seals considering the material non-linearity, the time and 
temperature dependency, as well as the friction and wear mechanisms of the elastomer 
materials. 
 

Research methods 
In the major part of my researches I have studied the friction and wear processes of elastomer-
steel sliding pairs by numerical methods. I performed finite element (FE) calculations using 
MSC.MARC 2007 software package. The wear simulation algorithms and other auxiliary 
programs were coded in Python language. 
During my researches I also carried out experimental tests at the Institute for Composite 
Materials (IVW GmbH) in Kaiserslautern, Germany. I studied the tribological properties of 
different elastomers. The majority of my measurements dealt with EPMD rubbers, but I 
investigated different thermoplastic vulcanizates as well. I performed dynamic mechanical 
and thermal analysis (DMTA) also on the investigated materials in order to determine the 
mechanical properties. The tribological tests were carried out in different configurations: Pin-
on-Plate, Shaft-on-Plate and Roll-on-Plate. I inspected the worn surfaces of the tested 
specimens by optical and scanning electron microscope devices.  
 

New scientific results 

Modelling non-lubricated elastomer friction 
 
Tribological tests were carried out in order to study the dry sliding friction between an EPDM 
rubber specimen and a rotating steel shaft. The FE model of the Shaft-on-Plate test 
configuration was created in 2D (Figure 1). 
 

3 



   
Figure 1 The SoP test configuration and the schematic of the mechanical model 

After applying the normal load (Figure 2 a), the shaft begun to rotate. The contacting nodes 
were stuck to the shaft at first, then started to slip. The contact pressure values were 
considerably different in the contact area; in some regions the contacting surfaces separated, 
the rubber became creased, a wrinkle appeared (Figure 2 b), which remained till the end of the 
simulation (Figure 2 c).  
 

Fig. Sliding 
time [s] Deformed shape 

a 0 

 

b 2 

 

c 4 

 
 

Figure 2 The deformed shape over the sliding time 

 
The creasing of the rubber appears in the 3D results as well (Figure 3 a); moreover later 
another wrinkle appeared parallel to the first one (Figure 3 b). 
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a 

 
b 

Figure 3 Contact status at t = 2.2 s (a) and t = 9.7 s (b) sliding time (symmetry condition was assumed on 
the back face of the rubber) 

Based on the results of my researches on modelling non-lubricated friction of elastomers the 
following can be stated: 

 1st thesis: I modelled the non-lubricated friction of EPDM sliding on steel 
considering the adhesion and the internal friction due to 
hysteresis. The hysteretic contribution to the friction was 
considered as a visco-elastic effect of the material by a 
generalized Maxwell model. Based on the results of the 
calculation it can be established that the contact area did not 
remain continuous during sliding, but a wrinkle has formed 
roughly perpendicular to the sliding direction. This behavior is 
the basis of the wear mechanism with roll formation. 

Related publications: [1], [2], [3], [4], [5] 

Modelling lubricated friction of elastomers 
The lubricated friction characteristics of EPDM rubber filled with carbonblack were examined 
on Pin-on-Plate (PoP) test rig. During the series of measurements, the sliding velocity was 
varied in a wide range together with the load. The resulting coefficient of friction was 
recorded. The measured coefficient of friction is shown in Figure 4 as a function of sliding 
speed and normal force. I created the 3D finite element model of the test and calculated the 
coefficient of friction. 
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Figure 4 The measured coefficient of friction as a 
function of sliding speed and normal force 

Figure 5 The 3D finite element model 
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The same sliding velocities were considered in the calculations as in the test series. The 
coefficient of friction specified between the specimen and the counter surface was defined at 
µ = 0.06 in order to take into consideration the friction developing on the rubbing surfaces. 
The internal friction of the material due to hysteresis was taken into account as a visco-elastic 
effect by a generalized Maxwell model. The area of contact and the penetration depth of the 
counter surface as a function of sliding speed are shown in Figure 6. 
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Figure 6 The area of contact and the penetration 

depth of the counter surface as a function of 
sliding speed (Fn = 100 N) 

Figure 7 The coefficient of friction as a function 
of sliding speed (Fn = 100 N) 

Based on the results, it can be established that the counter surface moving at a higher velocity 
can be pressed into the rubber surface to a lesser extent; thereby the contact area will also be 
smaller. 
Changes in the coefficient of friction calculated from the reaction torque are shown in Figure 
7. The figure also indicates measured results corresponding to the examined load of 100 N. 
The measured and calculated values of the coefficient of friction show good agreement. 
Based on my researches on modeling lubricated friction of elastomers, the following can be 
established: 

 2nd thesis: I modelled the lubricated friction of EPDM sliding on steel 
considering the surface friction and the hysteresis. Based on 
the results of the calculations it can be established that the 
dependence of the penetration depth of the counter surface, 
the area of contact and the coefficient of friction on the sliding 
velocity can be modelled by the proposed method. The 
measured and the calculated values of the velocity dependent 
coefficient of friction are in good agreement. 

Related publications: [1], [3], [4], [5], [9] 
 

Wear mechanisms of elastomers 
The non-lubricated wear behaviour of different EPDM rubbers and thermoplastic elastomers 
(TPE) was studied in PoP and RoP test configurations. In the PoP configuration the elastomer 
sheet was pressed against a pin (spherical end with radius of 1.5 mm) moving on a circular 
track with a diameter of 33 mm (Figure 8). In the RoP configuration the elastomer sheet 
specimen was pressed against a rotating steel ring of 60 mm diameter (Figure 9). The 
following materials were examined in the test series: unfilled EPDM, EPDM filled with 30, 
45, 60 phr carbon black and one filled with carbon black and other unknown additives 
(TRW), furthermore four different TPEs made by dynamic vulcanization of EPDM and PP. 
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Figure 8 The PoP configuration 

Figure 9 The RoP configuration 

Based on the optical inspections and scanning electron microscopy of the worn surfaces, the 
following wear mechanisms can be distinguished. The unfilled EPDM suffered severe wear 
by detachment of relatively big particles with rough worn surface. The EPDM filled with 30 
and 45 phr carbon black wore with roll formation and characteristic ‘saw tooth’ wear pattern 
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(Figure 10 a). In case of the EPDM with 60 phr carbon black content and the TRW rubber 
instead of the waves of the saw tooth pattern tongue-like features were stretched on the 
surface (Figure 10 b). 

a) 

 

b) 

 

Figure 10 SEM images of worn surfaces of EPDM specimens after the PoP test: 
a) saw tooth pattern of the EPDM-30, b) stretched tongues on the worn surface of the EPDM-60 

In general it can be said that dry sliding wear of rubber can be traced back to the initiation and 
propagation of cracks in the rubber material. The initiation and propagation of cracks depend 
mainly on the tensile strength of the material: the more the tensile strength, the more stress is 
needed for a crack to initiate on the surface. Based on the measured wear values, I determined 
the specific wear rates and plotted as a function of tensile strength (Figure 11). It can be stated 
that increasing tensile strength decreases the specific wear rate in each cases. 
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Figure 11 Specific wear rate vs. tensile strength of the investigated materials 

Based on the results of my experimental tests the following can be stated: 
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 3rd thesis:  Based on the tribological Pin-on-Plate tests performed on 
different EPDM rubbers, it can be established that the unfilled 
EPDM wears with severe material detachment in relatively big 
particles, leaving a rough worn surface. The EPDM rubber filled 
with 30 and 45 phr carbon black wear with roll formation with 
saw tooth wear pattern. The EPDM filled with 60 phr carbon 
black wears with formation and rupture of stretched tongues. I 
determined the relation between the specific wear rate and the 
tensile strength of the material, and found that the specific 
wear rate decreases when increasing the tensile strength. 

Related publication: [6] 

 

Modelling wear 

Wear simulation of an experiment 
 
The SoP test configuration was modelled in 2D using MSC.MARC commercial FE software 
package. The elastomer specimen was modelled with 1536 elements. The shaft was 
considered ideally rigid. To characterise the wear process an incremental wear model was 
used (Figure 12). The increment of wear depth Δh for each node in the contact area is 
 

FE contact
calculation

Wear
calculation

Moving the
nodes

Contact Pressure Distribution

Nodal wear depth

New geometry

Initial
geometry

Specific
wear rate

The increment of wear depth 
Δh for each node in the 
contact area is

tpvWh s Δ=Δ
where
Ws is the specific wear rate,
p is the actual contact pressure,
v is the sliding speed,
Δt is the increment of the sliding 

t < tmax ? End
NoYes

time.

 
Figure 12 Flowchart of the simulation 

The specific wear rate was determined based on the test results. The calculated worn profile 
can be seen in Figure 13. 
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Worn profile F = 16 N t = 60 s
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Figure 13 The measured and the calculated worn profiles 

 

Wear simulation of a sliding seal 
Tribological behavior of a sliding seal was investigated both experimentally and numerically. 
The investigated seal is made of EPDM rubber. In the application an aluminum plunger is 
inserted in the seal (Figure 14). 

 
Figure 14. The investigated seal 

 
In the experimental set up the plunger part was pressed against the seal specimen and moved 
in a reciprocating way (Figure 15). 
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Figure 15 Section view of the test configuration 

In the test series various lubrication conditions were investigated, namely dry, boundary and 
fluid film lubrication. In case of dry sliding, the specimen was torn into pieces after a few 
minutes, so the test was stopped. When the specimen was fluid film lubricated, no trace of 
wear was visible on the surface. 
Figure 16 shows the measured surface and the profile of the worn seal specimen inspected by 
a white light profilometry device. It can be seen that the ridges of the seal have worn off 
almost completely. 
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Figure 16 Worn surface and the 2D profiles of the specimen in the indicated plane 

I have modeled the described test configuration with finite elements in 2D. A prescribed 
coefficient of friction of µlub = 0.3 was defined between the plunger and the seal considering 
mixed lubrication. The friction between the seal and the parts of the clamping was assumed 
dry, so a coefficient of friction of µdry = 1 was prescribed there (Figure 17). 
 

Fn plunger 

lip 
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Figure 17 FE model of the seal section before (left) and after mounting in the holder (right) 

 

Dry sliding wear of rubber can be traced back to the initiation and propagation of cracks in the 
rubber material. This behavior was taken into account by checking the stress in the elements, 
and comparing it to a predefined critical stress limit. If the tensile stress of an element was 
greater than the critical value, the element became deactivated. The flowchart of the 
simulation can be seen in Figure 18.  

µlub = 0.3 

plunger 

clamping µdry = 1 

housing 
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Figure 18 Flowchart of the simulation 

The calculated worn profiles are shown in Table 1. It can be seen that the ridges of the seal 
and the lip edge wear first, which is in accordance with the experimental findings. One can 
see that during the wear simulation the wear occurs not only in the top layer, but in several 
layers of elements. The maximal wear depth is about ten times bigger than the typical element 
edge length in the contact area. 
 

Table 1 Evolution of the calculated worn profile (Note that the deactivated elements are not plotted) 
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No. 
of 

cycles 

Sliding 
time 
[min] 

Calculated worn profile 

0 0 

 

600 10 

 

1200 20 

 

3600 60 

 
 

The wear process of one ridge can be tracked in the successive images of Figure 19. One can 
see the effect of the wear algorithm on the height of the elements. The dark shaded elements 
were deactivated by the damage check module of the simulation. 

     
Figure 19 The wear process of one ridge of the seal. The dark elements are deactivated by the damage 
check algorithm. The images show the left ridge of the seal model after 0, 15, 30, 45 and 60 minutes of 

sliding, respectively. 

The measured and the calculated worn profiles of the seal are compared in Figure 20.  
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Figure 20 The measured and calculated worn profile of the reciprocating seal. Note that the calculated 

curve was shifted along the horizontal axis to match the axial position of the measured profile. 

Based on the results, it can be established that the proposed method is suitable for modeling 
wear that is bigger than the typical element edge length in the contact area. 

Wear simulation of a reciprocating seal by global remeshing, 
assuming axysymmetry 
A wear simulation algorithm was developed, in which the whole FE model gets remeshed 
after each wear cycle. A frictional contact calculation is run again with the new geometry and 
new FE mesh. With the use of this method it is possible to apply relatively small elements and 
to take advantage of making locally dense mesh in the vicinity of the contact area, so the 
calculation of the contact pressure distribution and the wear increments became more 
accurate. I applied the wear method on the axysymmetric model of the sliding seal. The 
plunger in the model performed alternating motion with lubricated friction and a varying 
working pressure was applied on the seal (Figure 21). The flowchart of the simulation is 
shown in Figure 22. 
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a) 

 

b) 
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Figure 21 The geometric model of the seal (a) and 
the deformed shape of the seal after assembly (b) 

Figure 22 The flowchart of the wear simulation 
process 

After the FE contact calculation, the wear increment was determined based on the stress 
distribution using the equation of Figure 12. The surface nodes were attached to the contour 
points, so if a point was moved the attached node would also move with respect to the nodal 
wear value of the attached node. After moving the points, the whole FE mesh was deleted. 
Based on the new geometry the automatic mesher created the new elements and the cycle ran 
over again. The direction of the rod motion was changed in each cycle, so one simulation 
cycle represented one outward (left) or one inward (right) stroke. 
The wear depth in some regions can total up to 30 µm, which is three times bigger than the 
average length of element edges in the vicinity of the contact area. Based on the change of 
contact pressure distribution it can be established that the area of contact increased, while the 
maximum values of the contact pressure decreased (Figure 23). 
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Figure 23 The calculated worn profile before and after the wear simulation and the corresponding contact 

pressure distributions  

After developing the wear algorithms and running wear simulations on the model of an 
experiment, a simplified wear test and a sliding seal in its the working environment the 
followings can be established: 

 4th a) thesis I studied the wear process of an EPDM sheet - steel cylinder 
sliding pair using a wear simulation algorithm based on moving 
the nodes of 2D FE model considering the hysteresis and the 
surface friction. The calculated and measured results of wear 
and worn shape are in good agreement. 

 4th b) thesis I developed a wear simulation algorithm considering the 
hysteresis and the surface friction based on my experimental 
findings. The wear algorithm with an attached damage analysis 
was applied to the frictional contact simulation in order to 
model the wear process of a simplified wear test of a sliding 
seal. The calculated and measured results are in accordance. 
The proposed wear simulation technique of deactivating 
elements is suitable for modeling wear that is larger than the 
size of the elements in the FE mesh. 

 4th c) thesis I developed a wear simulation technique using global 
remeshing and applied it with the aim of modeling the wear 
process of a sliding seal in its working environment 
considering the working pressure conditions. The proposed 
wear simulation method is suitable for modeling wear that is 
larger than the size of the elements in the FE mesh. 

Related publications: [7], [8], [10], [11] 
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