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Abstract: Specific surface textures may reduce the friction and increase the lifting forces in lubricated
contacts. For the detrimental operating condition of mixed friction, wear is induced by the solid
contact. In this study, a methodology for wear calculation in textured, lubricated contacts is presented
that considers the wear-induced surface topography evolution. Based on the Reynolds differential
equation, the mass-conserving cavitation model according to Jakobsson, Floberg, and Olsson (JFO), a
wear-dependent asperity contact pressure curve and the wear equation according to Archard, wear
in a wedge-shaped, textured lubrication gap was calculated. The results show the wear behavior of
textured lubrication gaps. Based on the wear simulations, the tribological behavior of the textured
surfaces compared to smooth surfaces is discussed. It is evident that textures, which improve the
tribological performance in the hydrodynamic lubrication regime, are not necessarily associated
with low wear values in a lubrication condition in the mixed friction regime. The analysis of the
wear-dependent parameters initially showed a ‘recovery’ of the tribological system with increasing
wear until the performance decreased again after a specific reversal point. This behavior is attributed
to the relative position of the surface textures in the lubrication gap.

Keywords: micro/macro tribology; functional surfaces and interfaces; lubrication; friction and wear
behaviour; surface modification

1. Introduction

The relative movement of two contacting bodies results in friction. A lubricant in the
contact zone enables a reduction in friction. The friction performance of the contact can
be further increased by specific surface textures. Special surface texturing is not a new
achievement; nature shows us a variety of geometries that can increase the tribological
performance. For example, the special topography of fish skins allows for efficient move-
ment [1,2], or the surfaces of plant leaves have evolved to be hydrophobic and self-cleaning,
which is known as the lotus effect [3]. Around one fifth of worldwide energy consumption
is caused by friction in tribological contacts [4]. Consequently, friction reduction in technical
applications is of particular importance in times of global climate change. In lubricated
contacts, surface texturing, in addition to reduced oil viscosities and interim stops, is a key
factor in this context. Numerous studies have been conducted in the field of surface textur-
ing in lubricated contacts over the past decades. Texturing may positively or negatively
affect friction and lifting forces, depending on the operating condition [5–7]. For example,
Filgueira Filho et al. [8] showed that chevron-shaped textures in hydrodynamic journal
bearings can increase the load-carrying capacity. For a hydrodynamic journal bearing, it
has also been shown that with different texturing geometries, the friction coefficient can be
reduced [9,10].

Within the scope of this study, the impact of the surface topography on the wear
development in the mixed friction regime was investigated for a textured geometry, which
has positive effects in the hydrodynamic operating regime. Using numerical methods
for wear calculations, the wear development of textured and untextured surfaces was
compared. To calculate wear in the mixed friction regime, the physics has to be represented
accordingly. To describe the fluid flow in the lubrication gap, the Navier–Stokes equation
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can be used in combination with the continuity equation. Using these equations, it is
possible to calculate the flow in three dimensions considering the turbulence and inertial
effects. However, high computing power is required for the numerical solution of these
equations. Assuming simplifications, the Reynolds equation, which is commonly used in
applications in the field of tribology [11], can be derived from the Navier–Stokes equations.
Inertia and gravity forces are neglected and the lubrication gap height is small compared to
the length and width dimensions of the lubrication gap. As a result, the pressure gradient
in the lubrication gap height direction and the velocity gradients in the length and width
direction can be neglected [11]. The advantage of the easy implementation and fast solution
of the Reynolds differential equation is opposed by the limited applicability. Particularly
in the area of tribological contacts with textured surfaces, the application limits must
be considered, which are defined by Dobrica [12]. In this work, the limit values for the
Reynolds number and a ratio value, which is determined from the texture geometry, are
presented. In the mixed friction regime, asperities come into contact due to the reduced
lubrication gap heights. Therefore, the external load is supported by hydrodynamic and
asperity contact forces. Contact models based on the roughness topography are used to
quantify these contact forces. In the past, numerous statistical and deterministic models
have been published to determine the solid contact forces [13–17]. Operation in mixed
friction is associated with wear, which changes the macroscopic geometry (component
scale) and the microgeometry (roughness) [18]. In recent years, models have been presented
that consider the wear-induced change in the asperity contact pressure curve [19–22]. To
calculate wear, Archard developed an equation that allows for the calculation of the wear
volume in relation to the normal force, the sliding distance, the hardness of the wearing
material, and a wear coefficient [23], and is often used for wear simulation given its
simple implementability (e.g., [24]). An alternative energy-based model was developed by
Fleischer, where the friction force was used instead of the normal force [25]. Both models
were linear equations in their original form, so run-in processes cannot be modeled.

It has been shown by experimental and numerical methods that surface texturing
in lubricated contacts can have a positive effect on the frictional and lifting performance.
Furthermore, with microstructural adaptation of the materials in terms of nanoparticles, the
mechanical properties can be improved, and thus the wear behavior can be enhanced [26,27].
In the scope of this study, the influence of a texture pattern with different texture heights
is determined for an operating condition in the hydrodynamic lubrication regime. How
these textured surfaces influence the wear development was investigated by numerical
wear simulations.

2. Materials and Methods
2.1. Macro Model

To determine the influence of textures on the hydrodynamics, the lifting and friction
forces of a smooth and textured lubrication gap were compared. In this study, a lubrication
gap of 10 × 10 mm was analyzed. The angle of the upper surface was α = 0.02◦, which
ensures that hydrodynamic pressure builds up, even for variants without texturing. The
chosen angle corresponded approximately to the geometry conditions in a hydrodynamic
journal bearing with a bearing clearance of 1.6‰ and a relative eccentricity of 0.95. For an
operating point in the hydrodynamic friction regime, the force equilibrium consisting of

the external load (
→

FLoad) and the hydrodynamic force (
→

FHyd) (Equation (1)) must be fulfilled.

→
FHyd +

→
FLoad = 0 (1)

Due to the relative velocity between the upper and lower surface, the present geometry,
and the lubricant, a hydrodynamic pressure is induced in the lubrication gap. In this work,
the hydrodynamic pressure was determined numerically using the Reynolds differential
equation. For the numerical calculations, the multiphysics package Netgen/NGSolve [28]
was used whereby the pressure build-up was determined by solving the Reynolds equa-
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tion using the finite element method (FEM). For this purpose, the height field hdef(x,y) is
necessary. Therefore, the lubrication gap geometry was drawn in a 3D CAD software and
exported as a .stl file. The raycasting method can be used to determine the height field
of the lubrication gap, which was implemented in python using the trimesh library [29].
On the bottom surface of the lubrication gap, the velocity u is assigned, while the top
surface is stationary. This corresponds to a relative velocity of u. Furthermore, the ambient
pressure p0 is set at the vertical outer surfaces of the lubrication gap. The overall setup of
the computational model is depicted in Figure 1.
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Figure 1. (a) Dimensions and velocity boundary conditions of the lubrication gap, (b) pressure
boundary condition, (c) force equilibrium for hydrodynamic lubrication, (d) force equilibrium for
mixed lubrication.

At low lubrication gap heights, the roughness has an influence on the flow conditions
in the lubrication gap. Depending on the orientation of the roughness topography, the
lubricant supply can be either enhanced, or reduced. Patir and Cheng [30,31] considered
this influence with factors in the Reynolds equation. For the observed case of the lubrication
gap, pressure flow factors in the x- and y-direction as well as a shear flow factor in x-
direction were implemented in the Reynolds Equation (2). The flow factors were determined
according to the analytical equations of Patir and Cheng and implemented into the Reynolds
equation.

−
∫
Ω

[
Φp

x 0
0 Φp

y

]
ρh3

12η
∇p·∇v d

→
x =

∫
Ω

Φs
x

u1 − u2

2
ρ

∂h
∂x

v d
→
x (2)

To consider cavitation, the mass conserving JFO [32] model was used. In the pressure
region (p > pcav), the gap filling factor was set to θ = 1 in the cavitation region 0 < θ < 1.
Thus, according to the implementation of Elrod, a two-phase flow can be modeled with the
gap filling factor θ.

For an operating condition in the hydrodynamic friction regime, the external load must
correspond to the hydrodynamic force (Figure 1c). In the simulation model, the clearance
height h0 was adjusted in an iterative process until FHyd =

∫
A pHyd dA corresponded to

FLoad. The frictional shear stress in the fluid can be calculated by Equation (3) [11].

τx = u
θη

h

(
Φ f + Φ f s

x

)
+

h
2

∂p
∂x

Φ f p
x (3)

The resulting fluid friction force is the integral over the calculation area FDrag_Hyd =∫
A τx dA. If an operating condition in the hydrodynamics is assumed, for a given load,

speed, and viscosity, the resulting clearance height of the lubricating gap and the associated
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frictional force can be determined. The parameters for the hydrodynamic simulation of the
flat and textured lubrication wedge are summarized in Table 1.

Table 1. Parameters of the simulations in the hydrodynamic lubrication regime.

Parameter Value

Load FLoad = 200 N
Velocity u = 5 m/s
Density ρ = 819.63 kg/m3

Dynamic viscosity η = 0.01021 Pas

With an increasing load, reduced speed, or viscosity, the clearance h0 decreases and
the operating point shifts more and more into the mixed friction regime. Consequently,
asperities come into contact and the force equilibrium is extended by the asperity contact
force (Figure 1d). In the mixed friction regime, in addition to the hydrodynamic frictional
force, the friction due to solid body contact FDrag_Asp = µ0 FAsp has to be considered. The
total coefficient of friction in the mixed friction can be determined with Equation (4).

µ = µHyd + µAsp =
FDrag_Hyd

FLoad
+

FAsp

FLoad
µ0 (4)

2.2. Micro Model

The value of the local asperity contact pressure is determined via an asperity contact
pressure curve, which represents the contact pressure as a function of the local lubrication
gap height. For an elastic half-space, the asperity contact pressure curve can be determined
based on the potential Equation (5) according to Boussinesq [33], which describes the
relationship between elastic deformation and pressure on a surface.

wel =
1− ν2

πE

∫ ∫ p(x′, y′)√
(x− x′)2 + (y− y′)2

dx′dy′ (5)

The flow factors and the contact model depend on the roughness topography. Due to
the size dimensions, this is known as the micromodel. In the context of this work, AlSn20
was specified for the upper stationary (eventually textured) surface of the lubrication gap,
and 34CrNiMo6 for the lower moving surface, which corresponded to the bearing and shaft
material in previous works [17,34].

To determine the parameters in the micromodel, the initial state of a surface section of
400 × 400 µm of the lower and upper surface was scanned with an Alicona© Infinite Focus
3D (Munich, Germany) confocal microscope. A magnification of 100 and a resolution of
0.33 µm in the lateral and 10 nm in the vertical direction was used [35]. The determination
of the flow factors and the asperity contact curve relies on the optically determined point
cloud; for more information on the parameter definitions in the micro model, please refer
to [34].

2.3. Wear

The reduced lubrication gap height in the mixed friction area results in contacting
asperities of the two contact surfaces, which leads to increased friction. Furthermore, wear
occurs mainly in this suboptimal operating condition [36]. Wear leads to a modified contact
geometry, which results in a change in the tribological behavior. The wear causes a change
in the macroscopic geometry (component scale), which leads to adapted flow conditions.
Furthermore, the surface topography (microscale) is subject to change, which can be
represented by corresponding flow factors and asperity contact pressure curves [18,20].

In the framework of this paper, the multiscale wear simulation model according to [34]
was used to evaluate wear in textured contacts. Wear is calculated in the macro model
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according to Archard’s wear equation [23]. Using the local form of the equation, the local
wear height ∆wh can be determined in dependence of the wear coefficient C, the local
asperity contact pressure pAsp, the sliding velocity vu and the sliding time ∆t (Equation (6)).
The change in the macroscopic geometry due to the wear height wh was considered in the
calculation of the height field in Equation (7).

∆wh = C pAspvu ∆t (6)

h = hde f + wh (7)

To account for the roughness topography evolution, a geometric approach was used.
Mokhtar describes that in a sliding contact, the softer contact surface with increasing wear
takes on the roughness of a harder counterpart [37]. The material of the upper and lower
boundary surfaces of the lubricating wedge were similar to the materials in [38], therefore,
it can be assumed that the wear in this study mainly occurred on the softer upper surface.
The following methodology was used to model the roughness evolution: The inverted
envelope of the roughness geometry of the lower surface is successively overlapped with
the roughness of the softer upper surface until the latter has assumed the envelope shape of
the harder, lower geometry. The overlay is divided into several increments and the current
surface topography is evaluated for the corresponding overlay distances, which comes up
with the local wear heights in the macro model. For these surface topographies, the asperity
contact pressure curves can be determined, resulting in a wear-dependent formulation of
the asperity contact pressure pAsp(h,wh). Thus, in addition to the local lubrication gap height
h, the local wear height wh was used as a coupling variable between the micro and macro
models. For further information regarding the wear-dependent micro model, respectively,
the multiscale wear simulation, please refer to [21,34]. The load and sliding velocity were
defined in order to obtain the same nominal surface pressure and relative velocity as in [34].
In Table 2, the parameters for the calculations in mixed friction and the accompanying wear
simulations are summarized.

Table 2. Simulation parameters for the micro and macro models.

Parameter Value

Load Fload = 200 N
Velocity u = 0.124 m/s
Density ρ = 819.63 kg/m3

Dynamic viscosity η = 0.01021 Pas
Wear coefficient C = 3.72 × 10−14 m3/Nm

Static friction coefficient µ0 = 0.132
E-Modulus upper body Eupper = 77,590 N/mm2

E-Modulus lower body Elower = 210,000 N/mm2

Poisson’s ratio upper body νupper = 0.3
Poisson’s ratio lower body νlower = 0.3

For an overview and better understanding of the simulation methodology, the schematic
procedure is shown in Figure 2.
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Figure 2. Methodical approach—interaction of the macro and micro models.

For this investigation, in addition to the smooth lubrication wedge geometry, variants
with wedge-shaped texture geometries on the upper lubrication gap surface were analyzed.
The lubrication gap geometry is shown in Figure 3. A parameter study was performed by
varying the texture depth ht. Texture heights of 5, 10, 20, and 50 µm were used.
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Figure 3. Dimensions of the textured lubrication gap.

3. Results
3.1. Micro Model

Wear of the upper boundary surface of the lubrication gap was associated with a
change in its surface topography. This resulted in a shift of the characteristic curves of
the micro model. Using the presented surface modification approach of the micro model,
the roughness topography of the upper wearing surface gradually assumed the inverted
envelope of the topography of the lower surface with increasing wear height. Since the
roughness orientation in the initial state aligns with the direction of the relative velocity,
a change in the roughness orientation can be neglected [20]. With increasing wear, a
tendential smoothing of the roughness topography was detectable, which resulted in a shift
in the asperity contact pressure curves and the flow factor curves toward lower lubrication
gap heights (Figure 4). In accordance with the literature [17,20,36,39], with increasing wear,
asperities come into contact at lower lubricating gap heights, which corresponds to the
running-in of a contact. With increasing wear, the surface is increasingly flattened, and
therefore the lubrication flow is less affected due to the micro topography. The shift in
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the flow factor curves to lower lubrication gap heights was in good correlation with the
literature [36,40].
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3.2. Hydrodynamic Simulation

In a first step, the hydrodynamic performance of the smooth lubricating wedge was
compared with those of the textured wedges. With the presented calculation method, for
one operating condition (Table 1), the clearance height h0 and the hydrodynamic friction
force FFric were evaluated.

Since the external load was specified, a corresponding lubrication gap height was
obtained for the different geometries (Figure 5a). The clearance height can be interpreted as
a parameter for the bearing capacity. A higher value for the clearance height corresponds
to a higher bearing capacity of the texture. Figure 5a shows the relative clearance heights
of the lubrication gaps in comparison to the smooth wedge. It can be seen that for texture
heights of 5 µm and 10 µm, the corresponding lubrication gap heights and thus the load
bearing capacities of the textured surfaces were approximately the same as for the smooth
surfaces. For ht = 20 µm and 50 µm, the load-bearing capacity decreased significantly. In
Figure 5b, it can be seen that for all texturing heights, the hydrodynamic friction force was
lower than for the smooth wedge. For texture heights of 5 and 10 µm, the friction was
reduced while the lubrication gap clearance remained the same, which corresponded to an
improvement in the tribological performance for the considered operating condition in the
hydrodynamic lubrication regime.

An analytical solution of the hydrodynamic pressure distribution for the smooth
lubricating wedge was used to validate the implemented simulation model. For the
operating condition in the hydrodynamic lubrication regime (Table 1), a clearance height of
h0 = 4.12 µm was obtained. For this lubrication gap geometry, the pressure distribution
was calculated, on one hand, using the simulation model, and on the other hand, using the
analytical solution according to Schiebel [41]. In Figure 6, the hydrodynamic pressure in
the middle of the smooth lubrication wedge (section at y = 5 mm) is depicted. It can be seen
that the difference had the highest value in the center and decreased continuously toward
the edges. The average deviation between the simulation model and analytical solution
was ~1.9%. However, due to the small difference, the correct implementation was ensured.
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3.3. Wear Simulation

In Figure 7, the simulation results for the wear calculations in the mixed friction regime
are shown. The characteristics of the hydrodynamic lifting force FL_Hydro, solid contact
force FL_Solid, friction coefficient µ, wear volume VW, minimum lubrication gap height
hmin, and the maximum wear height whmax, depending on the time in mixed friction of
the smooth lubrication wedge, were compared with those of the textured variants with
different texture heights. Selected textures exhibited beneficial tribological performance
in the hydrodynamic friction regime (Figure 5). It was evident for all textured variants
that in the initial condition, for the operating point in mixed friction (Table 2), lower
hydrodynamic lifting forces and higher solid contact forces were determined, resulting
in a higher coefficient of friction. Even the textured surfaces exhibited lower friction
coefficients for the considered operating point in the hydrodynamic lubrication regime.
In the case of the smooth wedge, the hydrodynamic lifting force decreased successively
with increasing time in mixed friction, which was related to the wear in the lubrication gap
and the associated change in the lubrication gap geometry toward a parallel gap. For the
textured surfaces, an intermediate increase in the hydrodynamic lifting force was evident
before it rapidly decreased with increasing wear. Furthermore, it was observed that the
textured surfaces showed higher wear values, even if they showed better performance in
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the hydrodynamic lubrication regime. Neither the maximum wear height nor the wear
volume showed an advantageous trend compared to the smooth lubrication gap.
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and the associated wear.

In Figure 8, the wear−dependent parameters of the lubrication gap are shown as
surface plots. The superposition of the smooth lubrication wedge (α = 0.02◦) with the
texturing was evident by the lubrication gap height hfilm in the initial state (t = 0). In
the initial state, the smallest lubrication gap height hmin was very localized at the outlet
end of the lubrication gap. With an increasing time in mixed friction, the wedge became
increasingly flattened, whereby the minimum lubrication gap height occurred in larger
areas and reached a higher value (compared with Figure 7). This was also evident with the
development of the asperity contact pressure. In the initial condition, high asperity contact
pressures could be observed at the edge along the clear height h0. This area was rapidly
worn due to the high asperity contact pressures (according to Equation (6)). The wear led
to areas with the same lubricating gap heights. As the wedge effect decreased, it can be
seen that the hydrodynamic pressure buildup was reduced. The pressure buildup due to
the separate texturing can be seen in Figure 8. With increasing wear, the proportion of the
pressure buildup of the texturing increased in relation to the pressure buildup of the main
lubrication wedge. The plot of the wear height showed that the lubricating wedge mainly
was subject to wear and the texture, due to its depth, remained almost unaffected.
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In Figure 9, the parameters for the smooth lubrication gap are depicted in relation
to the time in mixed friction. The results showed that with increasing wear, the wedge
geometry was reduced. As a result, the hydrodynamic pressure peak shifted, and the
magnitude of the hydrodynamic force decreased (compared with Figure 7).
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4. Discussion

If the Reynolds equation is used for the calculation of the fluid flow in textured contacts,
its limitation, that inertial forces are neglected, has to be verified. Dobrica et al. [12] bound
the applicability with limits for the Reynolds number Re = ρuh

η and the texture aspect

ratio λ = lt
ht , which characterizes the geometry. If the Reynolds Re number is below a

defined limit, and the texture aspect ratio λ is above a threshold, the Reynolds equation is
applicable. In the context of this study, for the considered operating conditions, a maximum
Reynolds number of Remax = 0.076 and a minimum texture aspect ratio of λmin = 20 were
obtained, hence the applicability of the Reynolds equation is given.

In Figure 7, it is evident that the wear-dependent characteristics tended to follow the
characteristics of the smooth lubrication gap as the texture height ht decreased. In the initial
condition, it can be seen that for larger texture heights, the hydrodynamic force for the
operating condition in the mixed friction regime was more reduced. With increasing wear,
an intermediate increase in the hydrodynamic lifting force was evident for the textured
surfaces before the hydrodynamic force decreased rapidly. The reversal point depends on
the texture depth (Figure 10) and ranged between 24 s and 35 s. Up to the reversal point,
the hydrodynamic lifting force for the textured surfaces increased, which can be interpreted
as a ‘recovery’ of the hydrodynamic performance.
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Furthermore, it can be seen in Figure 10 that the reversal points occurred at maximum
wear heights between 1.55 µm and 1.78 µm. The maximum wear height was at the outflow
side of the lubrication gap. Hence, based on lw =

whmax
tan(α) , it can be deduced that the

lubrication gap was worn over a length of lw = 4.4–5.1 mm for all texture heights. This
means that up to the time of a half worn lubrication wedge, the hydrodynamic pressure
buildup is increased compared to the initial condition. For better clarification, the surface
plots at the times of the reversal points for the textured surfaces are shown in Figure 11.

Rosenkranz et al. [42] discussed the influence of the texture position in the lubrication
wedge for different convergence ratios K (K = hinlet

houtlet
− 1) on the hydrodynamic friction

coefficient (where hinlet corresponds to the lubrication gap height at the inlet and houtlet to
the lubrication gap height at the outlet). In scope of the present study, it was evident that in
the first stadium of the wear, up to the reversal point, the performance improved (FL_Hydro
was increased, µ was reduced). With increasing wear, the relative position of the texture
was more at the outlet side and the convergence ratio also decreased. At the reversal point
of the characteristic curves, a convergence ratio of approx. K ~1.5 was observed for all
texture heights ht. Up to this point, an intermediate improvement was evident before
the tribological performance dropped again. This corresponds to the trend of the friction
coefficient in [42].

The comparison of the surface plots of the textured lubrication gap (Figure 8) with the
smooth lubrication gap (Figure 9) conclusively showed that locally higher asperity contact
pressures arose for the textured lubrication gaps. According to Archard’s wear equation,
this lead to higher wear heights. On one hand, surface texturing can act as a lubricant
reservoir and thus preserve the lubricant film in the mixed friction regime, resulting in
lower friction and wear [43–45]. On the other hand, surface textures can trap wear particles,
protecting the surface from abrasive wear [45,46]. These effects were not considered in
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the current version of the presented simulation model, and thus corresponding potential
positive effects were not considered.
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5. Conclusions

In the framework of this study, a simulation methodology for wear calculation in
lubricated contacts considering the wear-related surface topography changes was presented.
The main findings of this research are summarized below:

• Surface textures show the potential to positively affect the performance of lubricated
contacts in the hydrodynamic lubrication regime in terms of reduced friction and
increased lifting force.

• For a given texture shape, the texture height ht has a significant influence on the
operating performance.

• A specific texture geometry, which has a positive effect on tribological performance in
a specific operating point in the hydrodynamic lubrication regime, is not inevitably
associated with lower wear values. Hence, it can be inferred that a certain texture
geometry only improved the tribological performance within the range of a certain
operating point.

• With increasing wear, an intermediate improvement in the tribological performance
for the textured surfaces could be observed. From a reversal point, which occurred for
all considered textured heights at a maximum wear height of ~1.6 µm, respectively, a
convergence ratio of K ~1.5, the tribological performance deteriorated again, which
corresponded to the observations regarding the coefficient of friction for different
convergence ratios of another author [42].
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• In the present study, the ability to trap wear particles in the texturing dimples was
not modeled. This mechanism can improve the wear behavior, therefore, the obtained
simulation results should be interpreted as relative values. The presented simulation
model is intended to provide a better understanding of the contact conditions, par-
ticularly the asperity contact pressure, in the lubricated and textured contacts and
considering the wear dependent surfaces.
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