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Abstract

The objective of the simulation concept for the design of surfaces is the prediction of trends relating to the coefficient of static fric-
tion of two friction partners. For the overall consideration, further influencing variables have to be considered, since an exclusive
focus on the coefficient of static friction can only inadequately describe the complex tribological behaviour when two surfaces
come into contact. To calculate these characteristic values, a multi-stage simulation and calculation approach was developed in
which, starting from the generation of experimentally measured or artificially generated surface topography data (stage 1), the true
contact area as well as the stress and deformation behaviour when two surfaces come into contact are simulated in contact simula-
tions (stage 2). Finally, the coefficient of static friction is calculated based on a micro-roughness model taken from the literature
and statistical homogenization (stage 3). The accuracy and validity of the workflow was demonstrated in the experimental valida-
tion using ground sample surfaces. Trends with regard to the coefficients of static friction were reliably represented. In addition a
method for generating synthetic stochastic surfaces as simulation input was developed. Due to the given comparability with experi-
mental surfaces in terms of the geometric properties and the resulting friction behaviour, virtual surfaces can also be used in the
future as input of the multistage calculation workflow and applied in simulative parameter studies.
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1. Objectives and design strategy

In accordance with the function of a tribological system, appli-
cations such as clamping systems for fixing rotary axes in ma-
chine tools require an increase in the coefficient of static friction
s or the frictional force F¢in order to realize a minimization of
the construction space or an increase in the tolerable process
forces. Against this background, the functionalization of the
surfaces of the friction partners is to be investigated by means
of a defined finishing.

With the aim of increasing the static friction, numerous scien-
tific investigations have been carried out in the past. These
showed that the increase of the static friction coefficient requi-
res a complex application-specific design of the tribological sys-
tem under consideration, since the interactions between the
mechanical boundary conditions, the material properties of the
friction partners and their surface topography must be compre-
hensively considered [1,2,3,4].

The basic research approach for increasing the static coeffi-
cient of friction while avoiding wear processes is to increase the
elastic deformation components of the true contact area so that
lower local stress concentrations and thus a lower probability of
the onset of plastic deformation of the surfaces of the friction
partners result in stable friction behavior over many load cycles.
Against this background, the complex interrelationships for the
formation of the static coefficient of friction are to be modeled
in the best possible way on the basis of a multistage simulation
environment in order to enable a targeted design of the friction
partners on the basis of defined parameters. Since the mecha-
nism of static friction still is an current field of research, the
presented simulation approach is aiming to show qualitative
trends in contact mechanical behaviour and static friction
between different friction partners and not to calcute the coef-
fizient of static friction in an quantitative precisely way.

2. State of the art

The determination of the true contact area Aire, as the sum of
the areas of all microcontacts, forms the basis for the considera-
tion of solid state friction. In the past, various approaches have
been developed for this purpose, which are essentially based on
the finite element method (FEM) and on elastic-plastic half-
space models. The latter are increasingly used in tribology, since
only a two-dimensional mesh has to be created. In this way, eit-
her larger surface sections can be considered or existing surface
sections can be discretized more finely with the same computing
time. Both increase the representativeness and informative va-
lue of the simulations based on the considered surface segments
while maintaining a high computational efficiency. A half-space
is assumed to be semi-infinite, with the space defined as infinite
in the plane and bounded in the normal to the plane. The mate-
rial behavior is assumed to be linear elastic - ideal plastic.

The adaptation to surfaces of tribological contact partners is
achieved by assigning discrete height values (e.g. experimentally
determined surface topography data) to the mesh nodes. At the
beginning of the calculation, both contact surfaces are assumed
to be opposite each other with a defined distance. The number
of contacting surface points is successively increased by the
gradual approach of both surfaces, resulting in a normal force
and deformation distribution (cf. Figure 1). The solid contact
pressure results from the integration of the normal forces over
the calculation area. To represent the mechanical material be-
havior, the indentation modulus Eir (function of the elastic mo-
dulus) and the plastic yield pressure pim (yield criterion) are in-
tegrated as input variables. These quantities originate from
ultra-microhardness measurements and reflect the material be-
havior of near-surface regions under a triaxial compressive loa-
ding condition.
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Figure 1. Schematic illustration of the model setup of the contact simu-
lation with the simulation software Tribo-X.

As a result of the contact pressure simulation, parameters
such as the true contact area Are, the locally acting solid contact
pressures p. and the local elastic deformations we can be deter-
mined [4].

The friction force required by Coloumb's law to calculate the
static friction coefficient can be estimated on the basis of a semi-
empirical micro-roughness model and a statistical homogeniza-
tion based on it. Examples of microroughness models derived
from FE calculations are the parameterized models of Kogut and
Etsion (KE model) [5] and the model of Li, Etsion and Talke based
on them (LET model) [6]. Their basic assumption is based on the
fact that the real motion or the loosening of the friction partners
when a critical tangential force is exceeded causes a local plastic
failure of interacting roughness peaks. The magnitude of the to-
lerable tangential force depends on the one hand on the mecha-
nical properties of the surface materials and on the other hand
on the geometry of the roughness peaks.

3. Methodology and Validation

3.1. Multi-stage calculation approach

A multistage model and simulation approach was developed
to calculate the static friction coefficient and other target vari-
ables for characterizing the tribological behavior of two friction
surfaces. Figure 2 shows the sequence of steps in the calculation
process.

Multi-stage calculation workflow

stage 1: creating surface data

digitization of experimental surfaces or generation of
statistical or textured surfaces with defined properties

2

stage 2: contact pressure simulation

calculation of the true contact area Aye, the local solid
contact pressures p. and the local elastic deformations wy,

¥

stage 3: micro-roughness model

calculation of the coefficient of static friction us by using
a parameterized micro-roughness model

Figure 2. Developed multi-stage calculation workflow

The representative surfaces or topography data of the friction
partners either originate directly from experimental measure-
ments using confocal laser scanning microscopy or are genera-
ted virtually or synthetically (stage 1).

For the contact simulation, the commercial calculation software
Tribo-X from Tribo Technologies GmbH was used to calculate the
true contact area and the solid contact pressure curve derived
from it (stage 2). The software is based on the elastic-plastic half-
space model approach presented in Chapter 2. The following va-
lues derived from the results of stage 2 were included in the de-
sign as optimization criteria:

e  Proportion of true contact area Acrel = Atrue/Anominal
e  Stress state 8, as quotient of acting mean solid
contact pressure p.,r and plastic flow pressure piim

The calculation of the static friction coefficient us (stage 3) was
performed by linking the contact simulation with the presented
parameterized micro-roughness models (KE and LET models)
and a subsequent statistical homogenization over the computa-
tional domain. The programming was carried out in the environ-
ment of the commercial software Matlab. To apply the micro-
roughness model, the roughness peaks are first identified from
the height values of the surfaces and their geometric properties
(roughness peak height, slope and radius of curvature) are deri-
ved. Then, depending on their position in the computational do-
main, their respective deformations w, calculated in stage 2, are
assigned to them. On this basis, the deformation state of each
identified roughness peak can be estimated depending on the
roughness peak geometry and the material properties according
to the KE or LET model. This allows the calculation of the indivi-
dual maximum tolerable friction force Fr and adhesion force F,
for each roughness peak.

Since each roughness tip contact makes its own contribution
to the macroscopic adhesion of the friction partners, the static
friction coefficient ys is first determined individually for each
roughness tip contact according to Coulomb's friction law
Us = Fs / (Fa-Fa). The transfer of the calculated static friction coef-
ficient from the local contact of the roughness tips to the re-
presentative surface segment and beyond that to the complete
contact surface is carried out by averaging and weighting the in-
dividual static friction coefficients as well as by a final statistical
homogenization, i.e. by linking with determined statistical
surface characteristics of the total surface.

3.2. Experimental validation

The objectives of the experimental validation were, on the one
hand, to demonstrate the error-free feasibility of the multi-stage
workflow on the basis of experimentally determined topography
data of real specimen surfaces and, on the other hand, to il-
lustrate trends in the resulting static friction values for the de-
sign. For this purpose, the static coefficients of friction were de-
termined experimentally in a test rig on the basis of a total of 20
grinded specimen pairs of the material 1.0037 for three grinding
grains of surface S Il, corresponding to the root mean square
roughnesses of Sq = 0.38, 1.19 and 1.50 pm, for contact with the
grinded mating body S | with Sq=1.19 um.

The topography data of the contact surfaces of both friction
partners required for stage 1 of the multistage approach were
determined experimentally by confocal laser scanning
microscopy to measure surface sections of the area 1 953 x 1
953 um? on all sample variants with a resolution of Ax = Ay =
0.556 pum. In a further step the S-F surface was calculated, ele-
minating short scale measurement errors and skewness as a re-
sult of the orientation whilst measuring. Figure 3 compares
exemplary recorded surface sections and the respective rough-
ness levels in the initial state.

Sq=0.38 um Sq=1.5um
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Figure 3. Measured surface topographies (S-F) as input for simulations
and derived root mean square roughness (Sg) of the investigated sample
surfaces (exemplary).



The required mechanical material properties were obtained
from ultramicrohardness measurements and were taken from
the literature.

In the contact simulation, the average distance between the
two surfaces was gradually reduced until the specified break-off
criterion was reached at a resulting solid contact pressure of
pc=20 MPa.
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Figure 4. Results of contact simulations based on experimentally mea-
sured ground surface topography with the determined characteristic va-
lues a) stress ratio 8 b) proportion of the true contact area Ate, and c)
coefficient of static friction us.

The contact simulations within the multilevel model were nume-
rically stable even when including experimentally determined
topography data for surfaces of large dimensions and resolution.
Based on the presented results (Figure 4), a high repeatability
and representativeness of the surfaces can be concluded. Regar-
ding the trends, the increase of the propotion of the true contact
area Airel With smaller S, values as well as the reduction of the
mean stress ratio 8 acting on the true contact area and the in-
creasing adhesive fractions could be observed. Comparison with
the experimentally determined us values showed an analogous
increase in the static friction values calculated in stage 3 with
increasing Sq values, but the static friction values determined
from the multistage approach were on average about 0.1 higher
than the values determined experimentally in the test rig. The
quantitative deviations between the experimentally and simula-
tively determined static friction values can be explained, among
other things, by the fact that material characteristic values from
the literature were used. Against the background of mapping a
trend in the static friction coefficient between different friction
partners, the calculation approach could be assumed to be valid.

4. Generation of synthetic stochastic surfaces

Numerical parameter studies, which can be carried out in an
increasingly time- and cost-efficient manner, represent a supp-
lement to experiments on real components with the possibility
of investigating the influence of specifically set component and
surface properties. In the application outlined, the influence of
roughness (described by Sg) on the static friction coefficient, the
true contact area and the stress state was to be investigated,
building on the validation studies on grinded specimens. For this
purpose, virtually generated synthetic surfaces served as input
for stage 1 of the multistage simulation approach. In the follo-
wing, the methodology for their generation as well as the com-
parison with the experimentally measured surfaces included in
the multistage calculation approach in stage 1 will be presented
in more detail.
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Figure 5. Virtually generated synthetic surfaces with Sq = 0.38 um and
1.50 um (exemplary) as input for friction partners S 1 and S Il of the
contact simulation (stage 2) within the multi-stage calculation workflow.

Figure 5 shows the virtually generated synthetic surfaces.
These were designed with the open-source software Gwyddion
[7], which was specially developed for the evaluation and data
processing of a wide variety of surface topography data. Grinded
surfaces are characterised by the advantage of being less com-
plicated and more economical to produce. Nevertheless, due to
the interaction of the abrasive grain with the surface material,
they have a very complex surface fineness, which means that
any direct attempt at replication carries the risk of simplification.
For this reason, no attempt was made to reproduce the surface
fineness in a direct way, but to abstract it in terms of statistical
parameters. A methodological approach was developed for this
purpose. The main focus was to give the artificial surfaces a cha-
racter as close as possible to reality and comparable with the ex-
perimental surfaces in terms of contact behaviour. This refers to
their behaviour with regard to the development of the true
contact area and the stress-deformation behaviour within the
contact simulations as well as characteristic values necessary for
the application of the micro-roughness model (e.g. mean rough-
ness tip radius R). For this purpose, the scale invariance (fracta-
lity) of the experimental surfaces was taken into account. In ad-
dition, the generated surfaces are free of possible measurement
errors and residual form deviations, which can influence the re-
sult of the contact simulation away from the actually interesting
influencing variable - in this case the surface roughness.

For this purpose, the autocorrelation function of the grinded
surfaces was evaluated. On the basis of the correlation length
determined in each case, the spectral moments of the 1st, 2nd
and 4th order could be determined, on the basis of which the
variance of the height data, the average slope of the surface and
the average curvature of the roughness peaks were derived [8].
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Figure 6. Comparison of a) mean tip radius R b) stress ratio 8 c) propotion
of true contact area A and d) coefficient of static friction s of experi-
mental ground and synthetic surfaces.

The autocorrelation length shows a proportionality to the
mean peak height and the true contact area and thus directly
influences the friction behaviour [9]. Another characteristic va-
lue for quantifying the scale invariance, the Hurst exponent, was
determined from the slope of the power spectral density [10].
Both parameters -autocorrelation length and Hurst exponent-
were plotted over the Sq value for the grinded surfaces and ext-
rapolated via fit functions in both directions for further S, values.
Finally, based on the geometric data of the surface, the autocor-
relation length, the Hurst exponent and the desired Sq value,
synthetic surfaces were created using Gwyddion and the three-
step calculation workflow was carried out for them.

Figure 6 shows the comparison between experimentally mea-
sured surfaces and the synthetically generated surfaces used as
input to the contact simulations (stage 2). The synthetic refe-
rence surfaces show similar values and trends in the microgeo-
metric properties (e. g. R) compared to the experimental
surfaces wich leads to a comparable mechanical behaviour in
the contact simulation (e. g. 8 and A¢rel) and also similar trends
in the calculated coefficient of static friction ys. Thus, the most
important precondition for the following performance of para-
meter studies is fulfilled.

5. Summary and Thanks

A multi-stage simulation and calculation approach was
presented which, on the basis of experimentally measured or
virtually generated synthetic surfaces (stage 1), links the results
of the contact simulation carried out (stage 2) with a micro-roug-
hness model taken from the literature (stage 3) to calculate the
static friction coefficient. The workflow was experimentally vali-
dated on the basis of grinded surfaces and is capable of reliably
representing trends with regard to the coefficients of static fric-
tion that occur and will be used in future to carry out simulative
parameter studies.

Its implementation for the investigation of the influence of the
roughness value Sq by means of the multi-level simulation and
calculation approach requires the input of suitable surface topo-
graphy data, which show a comparable behaviour to experimen-
tal surfaces in the contact simulations. For this purpose, a me-
thodology for generating virtually generated, synthetic surfaces
was developed. These are based on the evaluation of the au-
tocorrelation function and take into account the fractality of
surfaces, which is important for the application of micro-rough-
ness models and the prediction of plastic deformation. The com-
parison with the results from calculations with experimentally
measured surfaces of real sample surfaces shows a good agree-
ment in the contact behaviour for the virtually generated
surfaces and, based on this, comparable determined static fric-
tion values. Due to the given comparability with experimental
surfaces, parameter studies can be carried out in the future u-
sing the virtual surfaces as input for stage 1 of the multi-stage
calculation workflow.
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