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Abstract: Surface topography has a significant influence on the friction behaviour in lubricated
contacts. During running-in, the surface topography is continuously changed. The surface structure
influences the contact stiffness (asperity contact pressure) as well as the microhydrodynamics (flow
factors). In this study, different models for wear simulation of real rough surfaces were created in
Matlab© (MathWorks, Natick, MA) and Abaqus© (ABAQUS Inc., Palo Alto, CA, USA) using the
Usersubroutine Umeshmotion. The arithmetic mean height Sa(wh), the maximum height Sz(wh),
as well as the asperity contact pressure pasp(h,wh) as a function of the wear height (wh) are used
to characterise the surface for the respective wear state. The surface characteristics obtained from
the simulations are validated with parameters from experiments. The aim of this study was to
create a simulation methodology for mapping surface development during the running-in process.
The results show, that the qualitative course of the surface parameters can be reproduced with the
applied simulation methodology. Compared to the experiments, the rough surfaces are flattened
faster. By adapting the simulation results in postprocessing, good agreements with the experiments
can be achieved.

Keywords: contact mechanics; surface topography; surface analysis; running-in; wear modelling

1. Introduction

The quantitative determination of operational safety and the high efficiency of moving
parts are essential aspects of mechanical engineering. Due to the requirements for efficiency,
low-viscosity oils are often used, or the machine is switched off temporarily. This results in
increased operation in the mixed friction regime of lubricated contacts. The characteristic of
this friction condition is that the sliding surfaces are not completely separated by the fluid,
therefore individual asperities are in contact [1]. In lubricated contacts, wear mainly occurs
in this suboptimal mixed lubrication regime. The surface topography has a significant
influence on the resulting friction regime [2]. Consequently, the calculation of wear in the
mixed friction regime is an essential criterion for these applications. Experimentally, wear
can be quantified very well by ex-situ tactile and gravimetric analysis. To monitor wear in
real-time, a complex measuring system is required. To avoid this effort, wear simulations
are necessary.

Wear takes place on different size scales. On the one hand, on the component scale
(macro model), and on the other hand, on the micro scale (surface roughness) [3]. Since
it is not yet possible for conformal contacts to consider the influence of microgeometry
(roughness) and the macroscopic behaviour in a single simulation model, due to limited
computational capacities, the system is usually split into a micro- and a macro model [4].
Based on the surface topography, asperity contact pressure curves and flow factors are
determined in the micro model. These are usually implemented in the macro model to
consider the influence of roughness on frictional behaviour.

In the mixed friction regime, the force equilibrium of the solid contact force, the
hydrodynamic force and the external load is solved. The surface roughness has a significant
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influence on the contribution of the force components [5]. Furthermore, the wear rate is
also a function of the surface topography and hence of the running-in process [6]. As wear
progresses, the surface topography is modified, which changes the output variables of the
micro model (asperity contact curve and flow factors) [1,7]. The running-in phase has an
especially significant influence on the surface topography [8,9]. With a selection of surface
parameters, it is even possible to estimate the friction performance in lubricated contacts. As
a result, the friction in lubricated contacts can be reduced with specific surface modifications
and the increase in efficiency can be estimated from the surface parameters [10,11].

To describe the change in surface characteristics on a micro scale due to wear, various
models were developed in the past. Based on the wear particle formation in lubricated con-
tacts, Kimura and Sugimura created a model to predict the surface roughness height proba-
bility distribution during running-in [12–14]. The model, according to Sugimura et al. [12],
assumes a Gaussian-distributed surface; furthermore, plastic deformations are not con-
sidered. Among others, Winkler et al. [15] used the Sugimura surface adaption model to
determine the wear evolution in EHD contacts. Here, the change in surface topography is
considered by adjusting the statistical surface parameters. Jeng [16] combined the Sugimura
model with the Johnson translatory [17] to handle non-Gaussian distributed surfaces.

König et al. [18] have developed a model based on Mokhtar’s [19] knowledge of
hydrodynamic journal bearing tests, which adapts the surface structure of a softer bearing
surface in dependence on the surface topography of a low-wear opposite shaft surface.
It is assumed, that with increasing wear of the bearing surface, this surface takes on the
inverted contour of the enveloping surface of the rotating shaft.

In the recent past, wear in lubricated or dry rough contacts has been more frequently
determined by FE methods. The Johnson–Cook [20] model is often used to numerically
determine the material removal due to mechanical processes. Based on local strains, the
damage for a mesh element is calculated and the element is removed at corresponding
damage values [21,22].

The well-known Archard wear equation in its local notation is commonly used to
calculate local wear heights depending on the pressure distribution [23,24]. A constant
wear coefficient was assumed during the running-in phase. The nodes on the wearing
surface are moved depending on the local wear height. To avoid excessive mesh distortion,
also the nodes next to the surface, are also displaced proportionally.

With the commercial FE program Abaqus©, it is possible to model wear on surfaces
with the user subroutine UMESHMOTION [25–27]. To prevent excessive mesh deformation,
arbitrary Lagrange–Euler (ALE) adaptive remeshing is usually applied whereby not only
the surface nodes, but also adjacent nodes are shifted depending on the local wear level.

However, the established wear models according to Archard, and also the energetic
approach according to Fleischer, are linear equations. Since much higher wear rates can
occur during running-in, their application is therefore limited to the run-in condition for
macroscopic tasks [18]. An approach to reflect the varying wear rate during running-
in is the consideration of wear on the asperity scale [18,23,24,28]. Thus, the transient
development of the output variables of the micro model can be represented and applied in
the macro model. In order to take a more detailed look at this non-linear wear behaviour,
different wear modelling approaches at the micro scale are compared. In the scope of
this research, a selection of wear-dependent surface parameters from simulation results
is validated with those from physical experiments. To enable the implementation of the
wear-dependent parameters of the micro model in the macro model, the local wear height
(wh) is used to characterise the current surface condition.

2. Materials and Methods

To model the wear of rough surfaces, the initial topography of the unworn surface in
digitised form is necessary. Within the scope of this study, 2 different variants are used for
virtual wear simulation. The necessary physical experiments to validate the simulation
results are performed on a tribometer.
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2.1. Experimental Setup

To generate wear on surfaces, a TE92HS rotary tribometer from Phoenix Tribology©
(Kingsclere, UK) is used. In the test cell, a configuration for testing journal bearings is
installed. Two bearing shells are pressed (FN) onto the shaft via a lever arrangement. The
shaft is rotating in an oil bath (Figure 1). The oil is heated to the temperature T. Depending
on the force on the bearing shells, the oil viscosity, the geometry of the bearing shells and
the shaft, as well as the shaft speed, a certain friction condition is induced. The resulting
COF can be determined indirectly via the frictional torque, which is determined via a load
cell and the geometry. In the scope of this study, the parameters are set in such a way, that
constant operating conditions in the mixed lubrication regime are generated (FN = 2000 N,
n = 50 min−1). For more information about the test rig, please refer to [29–31].
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Figure 1. Test configuration of experimental surface wear.

2.1.1. Test Material

The bearing shells, used in the experiments, are metallic multilayer bearings. They
consist of an AlSn20 sliding layer, a lead bronze layer, which is separated from the sliding
layer by a Ni diffusion barrier, and a steel support. The bearing shells consist of cylinder
segments with 120◦ and 21 mm width. The shaft with a diameter of dS = 47.522 mm is made
of 34CrNiMo6 and the surface is ground. The hardness is set to 48 ± 3 HRC by surface
hardening. With the shaft diameter dS, a bearing clearance of 1.6‰ is achieved. The oil
Shell Rimula R5 10W-30 was used as lubricant in the tribological system. An overview of
the parameters of the test material is listed in Table 1.

Table 1. Parameters of test material for the experiments.

Material Parameter

Bearing shell AlSn20, Diameter dB = 47.598, Width bB = 21 mm
Shaft 34CrNiMo6, 48 ± 3 HRC, Diameter dS = 47.522 mm, Width bB = 24 mm

Oil Density ρ15 ◦C = 863 kg/m3 at 15 ◦C
Viscosity ν40 ◦C = 80.5 mm2/s at 40 ◦C

2.1.2. Test Strategy

To generate wear, experiments with constant test parameters are carried out in the
mixed friction regime. For this purpose, the shaft is first set in rotation (n→ 50 min−1) and
the oil is heated (T→ 120 ◦C). After reaching the test temperature, the load (FN → 2000 N)
is applied. This prevents wear during the heating phase. After the desired test time in
mixed friction, first, the load is removed and then the shaft is stopped. This ensures that
wear is generated with constant test parameters. The overall test strategy is illustrated
in Figure 2.
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Figure 2. Test strategy for constant experiment.

In order to record the evolution of surface wear experimentally, tests were carried
out with different times in the mixed friction regime. By varying the test time, different
wear heights are induced and thus the evolution of the surface can be analysed. For every
experiment, the shaft and bearing specimens, as well as the lubricant, are replaced.

2.1.3. Experimental Analysis

Two analyses are performed to document the evolution of the surface topography
in the experiment. On the one hand surface sections are measured by using a confocal
microscope to characterise the surface parameters. On the other hand, the corresponding
wear height for the specific wear condition is determined with a tactile measuring device:

1. Wear analysis

The bearing shells are measured tactilely before and after the test. The difference
between the pre-test and post-test measurements can be used to determine the local wear
height wh. Further information about the used tactile wear measuring device can be found
in [32]. For the characterisation of the surface development, the cut-out centered on the
bearing shell is used (Figure 3), therefore this local wear height (wh) is characteristic of the
present surface condition.

Lubricants 2022, 10, x FOR PEER REVIEW 4 of 22 
 

 

the oil is heated (T → 120 °C). After reaching the test temperature, the load (FN → 2000 N) 
is applied. This prevents wear during the heating phase. After the desired test time in 
mixed friction, first, the load is removed and then the shaft is stopped. This ensures that 
wear is generated with constant test parameters. The overall test strategy is illustrated in 
Figure 2. 

 
Figure 2. Test strategy for constant experiment. 

In order to record the evolution of surface wear experimentally, tests were carried 
out with different times in the mixed friction regime. By varying the test time, different 
wear heights are induced and thus the evolution of the surface can be analysed. For every 
experiment, the shaft and bearing specimens, as well as the lubricant, are replaced. 

2.1.3. Experimental Analysis 
1. Wear analysis 

The bearing shells are measured tactilely before and after the test. The difference be-
tween the pre-test and post-test measurements can be used to determine the local wear 
height wh. Further information about the used tactile wear measuring device can be found 
in [32]. For the characterisation of the surface development, the cut-out centered on the 
bearing shell is used (Figure 3), therefore this local wear height (wh) is characteristic of 
the present surface condition. 

 
Figure 3. Measurement of local wear height and surface topography. 

2. Surface analysis 
The digitalisation of the surface is performed with an Alicona© (München, Germany) 

Infite Focus 3D Confocal microscope. According to [33], a resolution of 1µm in lateral, 10 

Figure 3. Measurement of local wear height and surface topography.

2. Surface analysis

The digitalisation of the surface is performed with an Alicona© (München, Germany)
Infite Focus 3D Confocal microscope. According to [33], a resolution of 1 µm in lateral,
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10 nm in vertical direction and a 100×magnification is used for measuring a surface section
of 100 × 100 µm. The surface is scanned around the central surface section (Figure 3). From
this resulting point cloud, different surface parameters can be evaluated and analysed
depending on the local wear height (wh).

2.2. Simulation Model

To simulate the surface wear, different modelling methodologies are presented in this
study. For all of them, the point cloud of the initial state of the bearing surface (which is
determined by the method explained in Section 2.1.3) is used. For the bearings and shaft
materials used, it can be assumed, that the wear occurs predominantly on the bearing
surface and therefore the shaft surface is not subject to any development over time. For a
similar material combination (AlSn6, 34CrNiMo6), it was determined, that the wear volume
on the softer bearing material is about two-tenths larger than on the shaft material [34]. The
modelling approach for wear-dependent surface characterisation is shown in Figure 4: a
surface section of the shaft is pressed onto a cut-out of the bearing surface. Depending on
the modelling approach, a smooth or rough shaft surface cut-out is used. Due to the relative
movement between the two surfaces, the topography is subjected to a wear-dependent
change. In the case of a smooth shaft surface, the bearing surface is flattened accordingly.
Surface parameters of the virtually worn surfaces are evaluated and compared to those
with equivalent wear heights from experiments. Using the simulation model, the contact
stiffness pAsp(h), as well as the mean arithmetic height Sa and the maxim height Sz, are
evaluated as a function of the wear height (wh).
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2.2.1. Geometric Modelling Approach

Using the point cloud, we created a wear model based on geometric considerations
only. Therefore, in Matlab© a mesh-grid is generated and the height information is written
for each node. The local wear heights are determined by three different variants:

A flat surface is successively aligned with the rough bearing surface (compare
Figure 5a). If local overlaps occur, the bearing nodes are shifted until the intersection
is eliminated.
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In order not to wear the bearing surface to an ideal flat surface, a random value
(Figure 5b) is added to the local wear height ∆whm. The amount of the random wear value
follows a normal distribution N (µ,σrand). Where for µ the overlap of the nodes is used and
sigma is determined as a function of the standard deviation for the run-in surface σrun_in,
the current wear height whact, and the run_in wear height whrun_in:

σrand =

(
whrun_in
1 + whact

)1/kr and

σrun_in (1)

The exponent krand can be determined by the unworn (initial) and the run_in surface
conditions (the values have to be inserted in µm):

krand =
lg(whrun_in)

lg
(

σinitial
σrun_in

) =
lg(5.0)
lg
( 0.3

0.15
) = 2.32 (2)

For the present test conditions, this results in krand = 2.32.
Third, instead of the smooth surface, a section of the rough shaft surface is discretised

and is continuously shifted towards the bearing surface. Again, nodes, where the overlap-
ping occurs, are displaced (Figure 5c). Thus, the transient trend of the surface adaptation
can be mapped easily and with little computational effort. The elastic deformation of the
bearing and shaft is not considered in this methodology.

2.2.2. Elastic Modelling Approach

To consider the elastic deformation of the asperities due to the local contact pressure in
the contact zone, an FE model was created in Abaqus© (ABAQUS Inc., Palo Alto, CA, USA).
For the determination of the local wear heights, the widely used wear equation according
to Archard (Equation (3)) is implemented in local notation (Equation (4)) [3,24,35].

Vw =
K
H

FNs (3)
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The quotient of the dimensionless wear coefficient K and the hardness H can be
combined into a dimensioned wear coefficient k. The wear coefficient k is specific to the
present tribosystem. By dividing Equation (3) by the contact area per node, the Archard
wear equation is obtained in local form [35]:

whm = kpms (4)

For wear modelling, a constant shaft surface velocity is assumed. Furthermore, it is
supposed, that each node on the surface has the same velocity v = vm. A time-dependent
consideration allows the local wear rate to be written as:

∂whm

∂t
= kpmv (5)

Hence, the local wear height for a discrete time step can be written as:

∆whm = kpmv∆t = Cpm∆t (6)

In the commercial FE program Abaqus©, a node shift can be implemented with the
user subroutine UMESHMOTION. The script for the subroutine is written in Fortran. This
is an established form to simulate wear [25,27,35].

A static/general study is prepared for implementation. Since the local wear height
∆whm only shifts the surface nodes, the underlying nodes must be shifted proportionally to
the surface wear to avoid excessive mesh distortion. This is realised with ALE adaptive
meshing. Since ALE adaptive meshing can only be applied to static/general studies, this
type is used [36].

The local displacement of each node is calculated according to Equation (6). This
corresponds to a displacement in the vertical direction. Using the subroutine Umeshmotion
the node displacements can be applied related to the local node coordinate system ALO-
CAL [36]. Therefore, the local wear height in vertical direction whm must be transferred
into a displacement vector ULOCAL, which is referred to as the local coordinate system
ALOCAL. For nodes within a surface, the wear height can be directly assigned to the 3rd
component in the locale wear vector ULOCAL(3). For nodes at an edge, or on corners, the
components of ULOCAL have to be calculated (Figure 6).

Lubricants 2022, 10, x FOR PEER REVIEW 7 of 22 
 

 

ℎ = 	  (4) 

For wear modelling, a constant shaft surface velocity is assumed. Furthermore, it is 
supposed, that each node on the surface has the same velocity v = vm. A time-dependent 
consideration allows the local wear rate to be written as: ℎ = 	  (5) 

Hence, the local wear height for a discrete time step can be written as: Δ ℎ = 	 =  (6) 

In the commercial FE program Abaqus©, a node shift can be implemented with the 
user subroutine UMESHMOTION. The script for the subroutine is written in Fortran. This 
is an established form to simulate wear [25,27,35]. 

A static/general study is prepared for implementation. Since the local wear height 
Δwhm only shifts the surface nodes, the underlying nodes must be shifted proportionally 
to the surface wear to avoid excessive mesh distortion. This is realised with ALE adaptive 
meshing. Since ALE adaptive meshing can only be applied to static/general studies, this 
type is used [36]. 

The local displacement of each node is calculated according to Equation (6). This cor-
responds to a displacement in the vertical direction. Using the subroutine Umeshmotion 
the node displacements can be applied related to the local node coordinate system ALO-
CAL [36]. Therefore, the local wear height in vertical direction whm must be transferred 
into a displacement vector ULOCAL, which is referred to as the local coordinate system 
ALOCAL. For nodes within a surface, the wear height can be directly assigned to the 3rd 
component in the locale wear vector ULOCAL(3). For nodes at an edge, or on corners, the 
components of ULOCAL have to be calculated (Figure 6). 

 
Figure 6. Applying node displacement in Abaqus usersubroutine UMESHMOTION. 

The direction of the global wear vector ℎ  is from a surface node to the nearest 
subjacent neighbour node. The wear height Δwhm for the corresponding node m is first 
split into the global components whGmi (i ∈ 1...3) of the respective vector. 

The base vectors of the local coordinate system ALOCAL are combined in the base 
matrix B. Here, bij corresponds to the components of the 3 basis vectors (i ∈ 1...3, j ∈ 1...3). 
The global components of the wear vector can be represented by: 

Figure 6. Applying node displacement in Abaqus usersubroutine UMESHMOTION.



Lubricants 2022, 10, 335 8 of 21

The direction of the global wear vector
→

whGm is from a surface node to the nearest
subjacent neighbour node. The wear height ∆whm for the corresponding node m is first
split into the global components whGmi (i ∈ 1 . . . 3) of the respective vector.

The base vectors of the local coordinate system ALOCAL are combined in the base matrix
B. Here, bij corresponds to the components of the 3 basis vectors (i ∈ 1 . . . 3, j ∈ 1 . . . 3). The
global components of the wear vector can be represented by:

→
whG = B

→
uL =

b1,1 b1,2 b1,3
b2,1 b2,2 b2,3
b3,1 b3,2 b3,3

uL1
uL2
uL3

 =

whG1
whG2
whG3

 (7)

The transformation of the global wear vector
→

whG to the local system ALOCAL is
carried out by multiplication with the inverse B-matrix (Equation (8)).uL1

uL2
uL3

 = B−1

whG1
whG2
whG3

 (8)

An area of 100 × 100 µm is scanned by confocal microscope (Section 2.1.3). This point
cloud is converted into a .stl-file by a Matlab© routine to mesh a cuboid with a rough
surface using Hypermesh [37]. Since ALE adaptive meshing is only compatible with linear
mesh elements [36], the mesh consists of linear hexahedral elements with 1µm side length.

In the FE model, the counter body (shaft) is pressed against the rough bearing surface.
For each node, the local displacement ∆whm is calculated depending on the local pressure.

If the time increment (Equation (6)) is chosen small enough, the bearing surface
assumes the contour of the shaft surface. In the case of a smooth shaft surface, the bearing
surface is increasingly flattened.

In order not to produce an ideal smooth surface, a normal distributed random value
N (µ,σrand) with µ = C pm ∆t and σ according to Equations (1) and (2) is used for the local
wear height whG (Figure 5b).

Instead of “roughening” the surface with artificial random values during the simula-
tion, the third approach is introduced. Instead of a smooth surface, a rough shaft surface
is pressed onto the bearing. The three implemented methods for simulating wear with
Abaqus are visualised in Figure 5.

For the FE simulation, the bearing is fixed at the bottom side. The body, representing
the shaft, is fixed in both horizontal directions. In the vertical direction, a force Fv = 0.225 N
acts on the shaft, which induces the local asperity contact pressures pm. To avoid nu-
merical complications, the shaft is constrained by a spring until the first contact with
the bearing takes place. For more information about the boundary conditions please
refer to [37]. An ideal elastic material behaviour is assumed for the bearing and shaft
(EBearing = 77,590 N/mm2, EShaft = 210,000 N/mm2).

For the individual surface parameter evaluation, the modified point clouds are pro-
vided as a function of the wear height. For these point clouds, the asperity contact model
and other surface parameters can be evaluated.

The contact model is evaluated according to Greenwood and Williamson [38]. This
is based on one rough and one smooth surface. Further assumptions are made for this
contact model [38]: the asperities are approximated by elastic spheres with the same radius,
the roughness follows a normal distribution, the asperities do not influence each other in
their deformation and the surface roughness can be characterised by statistical parameters.
To calculate the asperity contact pressure curves for different wear heights, the current
surface topography and a flat surface are used in each case. For more information on the
evaluation of the contact model, please refer to [33].

For the worn surfaces, which were generated with the Matlab routine, in addition
to the GW contact model, the contact stiffness was determined using a FEM model. For



Lubricants 2022, 10, 335 9 of 21

this purpose, the point cloud of the bearing surface for specific wear heights is exported
from the Matlab© wear routine and a solid is meshed with the rough bearing surface using
HyperMesh. A smooth cuboid is modelled opposite the rough surface. For both bodies, a
linear elastic material behaviour (EBearing = 77,590 MPa, νBearing = 0.32, EShaft = 210,000 MPa,
νShaft = 0.30) is assigned. The cuboid is pressed against the rough bearing surface in a
displacement-controlled way. The reaction force, generated by the displacement, is evaluated
as a function of the mean gap height between the rough and smooth surfaces, and pAsp(h) can
be determined. For more information on the used FE contact model, please refer to [37].

3. Results
3.1. Experimental Results

Experiments were carried out with different test times and surface cut-outs were
measured for 12 different wear heights centered on the bearing shell (Figure 3). The trend
of the mean arithmetic height Sa and the maximum height Sz for the shafts and bearings for
specific wear heights on the bearing shell is visualised in Figure 7. In addition to the Sa- and
Sz- values, respectively, the 95% confidence bands are shown. In the initial state (at wear
height 0 µm), the bearing shows a roughness of Sa~0.22 µm and Sz~2.5 µm, respectively.
As the wear height increases, a decreasing surface roughness is obvious, until it reaches a
constant value of Sa~0.09 µm and Sz~0.9 µm from approximately 5 µm wear height. For the
harder shaft surface, it can be seen, that the roughness remains at nearly constant values
of Sa~0.11 µm and Sz~1.1 µm with increasing wear. Thus, it can be assumed, that in the
present tribological system, wear occurs mainly on the bearing surface.
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The change in surface roughness with increasing wear suggests, that the topography
is also changing. The effect of continuous roughness development on contact stiffness can
be analysed by evaluating the contact models for different wear heights.

Starting from the initial state (wh = 0, blue line with error bars in Figure 8), the shift of
the asperity contact curve towards smaller lubrication gap heights with increasing wear
height is observed (Figure 8). As the wear height increases, the highest asperities are
successively removed. As a result, the two contact surfaces come into contact at lower gap
heights h.
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For the initial state, the averaged asperity contact curve of three surface sections includ-
ing error bars is shown. For the curves with increased wear heights, it is assumed, that the
error bars can be adopted from the initial state. From a wear height of wh = 5 µm, all the
respective pAsp(h) curves lie within the error band. Thus, it is supposed that from wh = 5 µm
the run-in state is reached, which confirms the conclusion from Figure 7.

3.2. Geometric Modelling Approach—Results

Up to a wear height of ~0.8 µm, the wear-dependent surface parameter Sa shows an
approximately identical curve for the three different modelling methods (Figure 9). For
wh~0.8 µm, the methodology (b) (rough/smooth + random) has a higher Sa value than
the methodology (a) (rough/smooth), due to the additional random wear value. Since
sigma in the normal distribution function for the random wear value is adjusted with
progressive wear (Equation (1)), the rate of change ∂Sa

∂wh for methodology (b) is dependent
on the wear height.
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The simulation of methodology (a) (rough/smooth) shows a rapid decrease in Sa until
the bearing surface is fully smoothed (Sa = 0). The methodology (c) (rough/rough) gives
similar results to (a) (rough/smooth), but Sa takes a constant value of (~0.1 µm), which
corresponds to the roughness value of the used rough shaft surface.

In Figure 10, the evolution of the asperity pressure contact curves according to GW for
the geometric modelling methodologies is shown. For the different modelling approaches,
the pAsp(h)- curves for the initial condition (wh = 0, blue line with o-marker) intersect the
ordinate at ~400 MPa. For the three variants, the curves develop differently:
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(b) rough/smooth +random, (c) rough/random.

Method (a) (rough/smooth): With increasing wear the asperities are gradually flat-
tened. As wear increases, the asperities only come into contact at lower gap heights h. The
contact model according to GW assumes the same sphere radius for all asperities. With
increasing wear, the number of asperities is reduced (as individual asperities are removed
and these then form a plateau), thus the stiffness decreases with increasing wear at low
gap heights. At wh = 1.39 µm, the bearing surface is completely flattened and the asperity
contact model is no longer applicable.

Method (b) (rough/smooth + random): Starting from the initial state, the asperity
contact pressure increases for the first couple of evaluated wear steps, since artificial asper-
ities are added by the random wear value (individual nodes form additional roughness
peaks). As wear increases, the surface approaches the run-in condition (wh = 5 µm) and the
contribution of the random wear amount decreases.

Method (c) (rough/rough): Again, it can be seen, that with increasing wear, the asperity
contact curve shifts from the initial state to smaller lubricating gap heights. Gradually,
the bearing shell adopts the surface topography of the shaft. From the wear height of
wh = 1.11 µm, there is no longer any essential change in the pAsp(h)- curves, since the
bearing shell has taken on the shaft topography.

The development of the FEM contact model for the surfaces generated by the geometric
wear routines is shown in Figure 11. Starting from the pAsp(h) curve for the initial condition
(wh = 0), the asperity contact curve determined by FEM evolves differently for the three
wear methodologies.
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Method (a) (rough/smooth): As the wear height wh increases, the roughness peaks
are gradually completely flattened. This implies, for the FEM asperity contact curve, that
for a certain lubrication gap height hdef, the flattened area of the bearing surface comes into
contact with the shaft surface, resulting in an abrupt increase in of the contact pressure.
From a wear height of wh = 0.84 µm, the bearing surface is completely flattened. Therefore,
the pAsp(h) curve suddenly ramps up at h~0.

Method (b) (rough/smooth + random): Compared to method (a), it can be seen that
the shift of the pAsp(h) curve occurs at higher wear heights, which can be attributed to the
additional random wear amount, which adds additional rough peaks to the areas that are
flattened in method (a). The FEM contact model does not use statistical surface parameters
to determine the pAsp(h) curve. Therefore, in comparison to the GW evaluation (Figure 10b),
no intermediate increase of the asperity contact pressure is analysed.

Method (c) (rough/rough): With increasing wear height, the bearing surface takes the
topography of the real shaft surface. From a wear height of ~0.8 µm, the bearing surface
has adopted the surface topography of the shaft and the run-in condition is reached.

3.3. Elastic Modelling Approach—Results

As described in Section 2.2.2, a routine in Abaqus© was set up as an alternative to the
geometric wear modelling methods. With the Abaqus methodology, elastic deformations
are considered. This has an effect on the trend of the mean arithmetic roughness Sa and Sz.
Compared to the geometric approach, this shows lower values for Sa and Sz, because the
high asperities are reduced by the deformation and the surface parameter Sa is evaluated
in the deformed state. To evaluate this influence, an analysis was carried out in which the
surface roughness in the unloaded condition was evaluated. For the early wear stage, a
difference of ∆Sa~0.006 µm is obtained, which can be neglected compared to the absolute
values. For the three different modelling approaches, analogical curves can be determined
as with the geometric Matlab© routine (Figure 12).
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The asperity contact pressure curves for the worn surfaces, generated by the elastic
modelling approach, also show similar values to the geometric approach (Figure 13). The
curves for the initial state show higher pressure values.
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For methodology (a) (rough/smooth), it can be seen that the asperity contact curve for
wh = 5 µm does not become horizontal. This shows that the surface does not become ideally
smooth. Depending on the minimum used calculation increment and the local pressure
(Equation (6)), the surface nodes are displaced. Thus, the surface would become ideally
smooth only at infinitely small time increments.

For method (b) (rough/smooth + random), which is equivalent to the geometric
approach (Figure 10), an increase in the contact pressure can also be observed due to the
additional roughness peaks. As the wear height increases, the random contribution to wear
again decreases and the asperity contact pressure decreases.

For method (c) (rough/rough), it can be seen that the pAsp values are also generally
higher than those of the geometric wear approach. This is again explainable by the fact, that
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the surface is additionally roughened by the time increment ∆t > 0 (Equation (6)). Thus,
the bearing in the run-in state does not exactly assume the shaft surface topography, but is
additionally overlaid with a number of small peaks caused by the time discretisation.

4. Discussion

In this work, different simulation tools for modelling the wear of surface topogra-
phy are developed and compared. For the validation of the simulation results, surface
parameters from experiments are used.

4.1. Mean Arithmetic Surface Height Sa and Maximum Height Sz

The comparison of the evolution of the surface parameter Sa from experiments and
simulations allows a validation of the used modelling approaches. In Figure 14 the tran-
sient courses of Sa and Sz for the geometric simulations are shown next to the values
carried out by the tests. The simulation results show a rapid decrease in the roughness
compared to the experiments. Since surfaces never become infinitely smooth under real
wear conditions, the applicability of method (a) (rough/smooth) is limited. Method (b)
(rough/smooth + random) shows a decrease in the rate of change of ∂Sa

∂wh , ∂Sz
∂wh and leads

to a value that is approximately equal to that of the run-in condition of the bearing shell
from the experiments. Additionally, for method (c) (rough/rough), the values for Sa and
Sz stabilise at ~0.10 µm and ~0.80 µm, respectively, which approximately correspond to
that of the run-in state of the bearing. However, the surfaces in the simulation models are
flattened too fast, i.e., the surface roughness values of the run-in condition are reached at
lower wear heights wh compared to the experiment. If the results of the simulations are
modified by multiplying the wh values by a factor fRG = 5.0 (this corresponds to a stretching
of the Sa/Sz- curves to higher wear levels), the resulting curves for methods (b) and (c) are
approximately in the range of the experiment.
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geometric modelling approaches compared to experimental results.

From this, it can be concluded that during the running-in process the surfaces are not
only smoothed but new roughness is constantly added during the wear process. This results
in the conclusion, that the wear model, according to Archard, is limited in the applicability
for wear simulations of rough surfaces, since with increasing wear the wearing surface
becomes similar to the contour of the opposite surface and no new roughness is formed.
However, in the case of the simulation methods (b) and (c), in combination with the
roughness generation factor fRG, good agreements of the surface parameters Sa(wh) and
Sz(wh) are obtained from the simulations and the experiments.
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The Sa(wh) curves determined with the elastic modelling methodology (Figure 15)
correspond approximately to those of the geometric simulations. In the initial state (wh = 0),
it is visible, that the Sa and Sz values, which are determined from the simulation model, does
not correspond to that of the experiment. For the FE-wear model, a .stl- file is generated
from the point cloud, which is then meshed to a solid (according to Section 2.2.2.). When
generating the .stl-surface by using the Matlab© routine, the point cloud is smoothed
(sgolayfilt()). This results in an offset (∆Sa ~ 0.03 µm) for the Sa values at the beginning of
the wear simulation.
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As shown in Figure 14 it is also evident with the Abaqus simulation that the surfaces
are smoothed too fast. Even with a roughness generation factor of fRG = 5.0, the surfaces are
smoothed slightly too fast compared to the experiment. In the FE- wear simulation model,
the elastic shaft cutout (made of steel) is pressed onto the more compliant, wearing-bearing
body (made of AlSn20). This results in deformations of local asperities on the bearing
surface. The coordinates of the nodes on the surface are evaluated in the deformed state
and the surface parameter Sa is calculated from them. This results in lower values for Sa
compared to the geoemetric wear simulation. However, the difference between the evalua-
tion of the Sa values in the loaded and unloaded conditions is very small (∆Sa~0.006 µm).
Hence, the difference in the Sa curve, between the geometric and elastic simulation ap-
proaches, can be attributed to the smoothing influence of the discretisation of the Abaqus
simulation model.

4.2. Development of Asperity Contact Pressure Curves

Asperity contact curves are used to describe the solid contact forces in lubricated contacts.
The pAsp(h) curve is determined based on the existing surface topography. Since the surface
condition is adapted to the occurring wear, the asperity contact curve can also be written as a
function of the wear height pAsp(h,wh). Based on the pAsp(h) curves for the respective wear
heights wh (Figure 8), a surface can be approximated as a function pAsp(h,wh) (Figure 16).
To prepare this two-dimensional function, first, a fit for the pAsp(h) curve in the initial state
(wh = 0) is required. The coefficients a, b, c for the fit pAsp(h,wh = 0) = a eb h + c are found
by minimising the Euclidean norm of (pAsp_fit-pAsp_Exp) using the function fminsearch() in
Matlab©. In the second direction (development of the asperity contact pressure with wear),
also a function is also fitted. For this purpose, the asperity contact pressures pAsp(h = 0.1,wh)
for a lubrication gap height of h = 0.1 µm and different wear heights are used to find a fit of
the form of pAsp(h = 0.1,wh) = d ef wh + g. Assuming that the functions are valid for all wear
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heights and lubrication gap heights, these can be combined as Equation (9) and Equation
(10), respectively, which represents the asperity contact pressure as a surface (Figure 16).

pAsp(h, wh) =
(

a eb h + c
)(

d e f wh + g
) max(pAspExp(h))

max
((

a eb h + c
)(

d e f wh + g
)) (9)
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The analysis of the worn surfaces of the experiment provides the parameters for
Equation (9). For this research, the wear height depending on the asperity contact pressure
according to GW leads to Equation (10):

pAsp(h, wh) = 0.32
(

489.9 e−4.59 h − 2.82
)(

217.2 e−0.314 wh + 72.9
)

(10)

The comparison of Figures 10 and 11 shows that the contact model according to GW is
not applicable for worn surfaces generated by method (b) (rough/smooth + random). Since
the assumptions for the GW model (all asperities have the same radius or asperities follow
a normal distribution) are no longer fulfilled. To compare the contact stiffness behaviour
of the experimental surfaces (Figure 16) and the simulated surfaces, the surfaces of the
modelling methods (a) (rough/smooth) and (c) (rough/rough) are used.

In the upper two diagrams in Figure 17, the asperity contact pressure curves for certain
wear heights, which were determined by the geometric modelling approach, are compared
with the asperity contact curve pAsp(h,wh) (Equation (10)) from the experiment. It can be
seen, that for both simulation methods, the asperity contact pressure decreases too fast
compared to the experiment. Using method (a) (rough/smooth), the bearing surface is
completely smoothed, while in (c) (rough/rough), the bearing surface adopts the surface
topography of the shaft with increasing wear. In Section 4.1, it was already discussed, that
the roughness is not continuously smoothed during the wear process, rather the surface is
roughened during the material removal. Since no roughening of the surface is modelled in
the simulation model, the factor fRG was introduced to obtain comparable Sa(wh) values
from the simulation and the experiment. An equivalent behaviour can be observed for the
asperity contact pressure. If the same value of fRG = 5.0 is used for the scaling of the Sa(wh)
and Sz(wh) values (Figure 14), the resulting situation is shown in the bottom diagrams
in Figure 17. For better visibility, the pAsp(h,wh) surface of the experiment is not shown,
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only individual pAsp(h) curves for specific wear heights (blue triangles) are shown. If a
smooth contact body is used in the wear simulation model (method (a)), the calculated
asperity contact curves with the scaling factor fRG = 5.0 approximately agree with pAsp(h,wh)
from the test up to wh = 3 µm. Then, the surface is even further worn to a flat plane
and the calculated asperity contact curves give too low asperity contact pressures. If a
rough counterpart is used in the simulation model (method (c)), the scaling with the factor
fRG = 5.0 gives a good agreement between the simulation and the experiment.
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for specific wear heights wh from geometric simulations.

With the wear methodology of a smooth counter body (method (a)), the surface
parameter Sa can be estimated up to a wear height of ~3 µm by including the factor fRG.
If wear progresses, the surface is increasingly smoothed, which does not reflect natural
wear mechanisms. To avoid the bearing surface wearing to an ideal flat surface, method (b)
represents the possibility of artificially roughening of the worn area. The artificial, normally
distributed roughening peaks allow a good estimation of the Sa(wh) curve. However, the
surface topography created in this way does not correspond to any real surface geometry.
Consequently, the further usability of this geometry, e.g., for the calculation of flow factors,
is limited. Method (c) enables the surface not to be roughened randomly but is based on
the rough, normally distributed shaft surface. In comparison to method (b), individual
nodes are not displaced from the surface and thus a more continuous surface topography
is generated.

For the wear calculation of journal bearings considering a wear-dependent surface
topography, the surface is modified in [18] in the following way: It is assumed that with
increasing wear, the softer bearing surface adopts the enveloping surface topography of
the shaft surface. The system observed in [18], corresponds to the experimental setup
used in this study. To validate the geometric rough/rough modelling approach, the wear-
dependent asperity contact pressure pAsp(h,wh) is compared with the rough/enveloping
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method used in the literature (Figures 18 and 19). In comparison to the experiment, it is
evident, that the surfaces are flattened too fast in both modelling approaches, and thus
the asperity contact pressure curves are shifted too quickly to smaller lubrication gap
heights with increasing wear. With the factor fRG = 5, which shifts the individual asperity
contact pressure curves to higher wear heights, better agreement with the experiment can
be achieved for both simulation methods (Figure 18).
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Figure 19. Asperity contact pressure curves for specific wear heights (a) without and (b) with fRG.

For better visualisation, Figure 19 shows the asperity contact pressure curves from the
experiment and the two wear modelling approaches (rough/rough, rough/enveloping)
for selected wear heights. For a wear height of 2.5 µm, higher asperity contact pressures
are calculated based on the surfaces from the experiment than for the surface topographies
from the wear simulations (Figure 19a). However, by stretching the asperity contact model
pAsp(h,wh) to higher wear heights (factor fRG = 5), the simulation method rough/rough,
as well as the rough/enveloping method used in the literature, show good agreement
with the experimental results. Therefore in Figure 19b, a wear level of 7.5 µm from the
experiment and ~1.7 µm from the wear modelling approaches (which corresponds to
~7.5 µm in combination with the factor fRG = 5) are compared.

For a deeper insight, the surface development for the two geometric wear approaches
rough/rough and rough/enveloping is shown in Figure 20.
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5. Conclusions

In this research work, different methodologies were presented to simulate the wear
of rough surfaces numerically and determine the influence of running-in on the surface
parameters of rough surfaces. The most relevant points of this research are:

• The surface topography is mapped as a function of the wear height. Therefore, it is
irrelevant under which conditions the wear occurs (speed, pressure, temperature), as
long as the wear mechanism remains the same;

• The Sa(wh), Sz(wh) and pAsp(h,wh) parameters are used to characterise the surface to-
pography. The validation of these surface parameters with experimental data provides
an estimation of the applicability of the different modelling methods;

• The difference between the geometric Matlab approach and the elastic FE analysis
in the results of the surface parameters is mainly limited to the offset caused by the
additional smoothing of the surfaces due to the discretization;

• The methods used (a) (smooth/rough) and (b) (smooth/rough + random) are only
partially applicable. The development of the roughness values of Sa and Sz can be
estimated, but the surface topography is not suitable for a further use (e.g., calculation
of flow factors). Furthermore, due to the artificial surface modification in method
(b), the conditions for statistical contact models are no longer achieved and these
models are not suitable for these surfaces. These restrictions do not apply to method
(c) (rough/rough);

• A scaling factor fRG is necessary to achieve agreement of the surface parameters
between the experiment and the simulation. This implies that new roughness valleys
are formed during the wear process and not only the roughness peaks are ablated.
Since only the removal of the peaks is modelled in the simulation model, the roughness



Lubricants 2022, 10, 335 20 of 21

generation factor fRG is necessary. As a result, the wear model, according to Archard,
which can be used to model the wear on asperities, is not suitable in unmodified form
for the wear simulation of rough surfaces.

The following points can be considered in order to advance wear simulation on a
micro scale:

• To consolidate the factor fRG, the presented methodology should be applied to other
surfaces and validated with experiments;

• Instead of implementing random wear heights, an alternative variant could be created,
that wears the surface to a realistic surface. This requires alternatives methods for the
generation of rough surfaces [39];

• To avoid the factor fRG, an alternative method must be introduced, in which not only
the roughness peaks are removed, but also new roughness valleys are formed during
the simulative wear process.
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