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Texturing of functional surfaces has gained attention in the past year as a technique for reducing friction in
engineering applications. However, the relying mechanism is not yet completely understood. It has been
stated that the dimples work as hydrodynamic bearings and a net pressure build up occurs as the contact area
slides over a dimple. In this paper, the contribution of the elastic deformation that the borders of the dimples
undergo during sliding contact is investigated using the Reynolds equation. The results show that changes of
the dimple morphology in the micrometer range substantially affect the pressure distribution.
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The use of textured surfaces as a way for
decreasing friction in lubricated contacts has
steadily gain attention in the past years [1].
The reason for the decrease in friction of
textured surfaces in the hydrodynamic regime
has been analysed by many authors using
different computational fluid dynamics tools.
The most common approach is based on
modelling a flat surface sliding over a single
dimple using the Reynolds equation [e.g. 2].
The results always follow the same trend
independently of the dimple geometry. For a
given  film  thickness, there is an
antisymmetric pressure distribution,
characterized by a pressure decrease at the
diverging region of the dimple followed by an
increase in the converging zone. The pressure
decrease is typically attributed to cavitation
phenomena and is conveniently treated by
using the (half/full) Sommerfeld or Reynolds
boundary conditions or eventually by using a
more realistic cavitation algorithm [3]. In all
cases, the pressure rise at the convergence
zone of the dimple is the responsible of the
pressure build up and, consequently, of the
reduction in friction. An analogous result can

be obtained using the Navier-Stokes (NS)
equation. For low Reynold numbers the
predictions of both equations are similar. For
large Reynolds numbers, NS predicts a
pressure distribution with a net pressure rise
as a consequence of convective forces [4,5].

In the present work, textured surfaces under
hydrodynamic lubrication are analysed using
the Reynolds equation. The contribution of
the dimple morphology and the flow
conditions to friction reduction are analysed
with special attention to geometrical changes
caused by elastic deformation during contact.
The results of finite element simulations show
that during sliding contact, the magnitude of
the elastic deformation of a textured surface is
comparable to the film thickness. This effect
causes that the surface beneath the contact
area briefly descends under normal loading
and recovers its original position after
unloading, when the sliding contact area has
moved away. This oscillatory movement in
the vicinity of the dimple may cause the
dimple to behave as a micropump and
contribute to friction reduction. A similar
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squeeze effect was proposed by other authors
[6-8] as a mechanism for friction reduction in
textured surfaces.

FINITE ELEMENT SIMULATIONS

Finite element simulations were performed
using the code Z-Set/ZéBuLoN [9]. The 2D
plane strain model represents a cylinder and a
flat surface. The surface contains dimples
with a diameter of 100 um and a depth of 10
um. The distance between dimples is set to
200 pum. The simulations were performed
under a constant load, with values ranging
from 20 to 90 N. The selected parameters
represent typical experimental conditions. For
further details concerning the finite element
simulations, the reader is referred to [10].

Under dry contact conditions, the contact area
slides over a single dimple at a time. The
finite element simulations predict an elastic
deformation — or elasto-plastic depending on
the load — as a consequence of the Hertzian
contact. The magnitude of the deflection is

rather small, of the order of 0.5 to 1.0 um.
However, this range of values has the same
order of magnitude as typical film thickness
in hydrodynamic lubricated contacts. This
means that, during wet contact, the surface
area below the sliding cylinder may deform,
as schematically shown in Figure 1. The
cylinder slides over the plane from right to
left. Firstly, the right edge of the dimple
deforms vertically (Fig. 1a). Afterwards, the
contact area moves and is placed over the
dimple. In this case, both edges of the dimple
are compressed (Fig. 1b). Then the right edge
is released while the left is kept compressed
(Fig. 1c) before finally being released in order
to return to the original configuration.

During this process, the dimple morphology
is changed and the film thickness between the
contact surfaces will be different at the
contact position. In what follows, this
deformation will be imposed when applying
the Reynolds equation, in order to study its
consequences in the pressure distribution
during hydrodynamic sliding contact.

a) b)

Figure 1. Finite Element simulation showing a cylinder sliding over a dimple. Below, it is shown an
schematic representation of the vertical displacement undergone by the textured surface in the

vicinity of the dimple.
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HYDRODYNAMIC SIMULATIONS

Reynolds Equation

The pressure distribution caused by a dimple
is calculated using the Reynolds equation.
The variables used in the equations are
illustrated in Figure 2.

al discl disc2 2
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Figure 2. Sketch of a dimple showing the most
relevant variables.

Since the borders of the dimple are allowed to
oscillate, the Reynolds equation includes the
squeeze term in its right-hand side and has the
following form:
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where p denotes the pressure, 7 is the
viscosity of the lubricant and h; is the film
thickness in the i section of the dimple.

At the deep part of the dimple, the film
thickness ho is constant and equation (1)
becomes the Laplace equation

0° 0?
ot Foyt O @

At the edges of the dimple, the film thickness
is allowed to oscillate and h; takes the
following values:

h, = h,. +Ahcos(wt) 3)

and
h, =, + Ahsin(wt) (4)

In both equations, hyrer and hyres are the central
values of the oscillation and 4h is the
amplitude. The film thickness oscillates with
an angular frequency w, which is given as 2z
divided by the period of the oscillation

27U
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where U is the sliding velocity and the term b;
+ bp + by is the length of the dimple plus its
edges.

The system is completely defined by applying
the flow continuity equation at the
discontinuity points, indicated as discl and
disc2 (Fig. 2).

3
__hap yh (6)

ST 2

As boundary condition, the pressure p is set to
zeroat x =0and x = by + by + b..

RESULTS

Reference Case

The Reynolds equation (1) and the flow
continuity equation (6) are transformed into a
system of algebraic equations using finite
differences. This system of algebraic
equations is solved using the Gauss-Seidel
algorithm and implemented into a stand alone
Fortran code.

The parameters for the dimple dimensions
and the tribological conditions are selected to
represent  values typically found in
experiments (Table 1).
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Table 1. Simulation parameters for the
reference case.

Parameters for the reference case
Dimple Morphology

by 50 um

b, 100 um
b, 100 um
Nyret 10 pm
Naret 10 pm

hg 15 um
4h 0.1 um
Tribological Conditions

] 0.5m/s

N 46.107 Pas

Firstly, as a reference, the pressure
distribution for an undeformed dimple is
calculated, so that 4h is set to 0 (Fig. 3). This
pressure profile corresponds to the classical
pressure distribution characterized by a
pressure decrease in the diverging zone of the
dimple and Dby a pressure rise in the
converging zone. As mentioned, negative
pressures in the diverging zone are typically
attributed to lubricant cavitation or starvation.

The results of the simulations are presented
for four different values of an oscillation
cycle, namely wt = 90, 180, 270 and 360 (Fig.
4). The position of the dimple is indicated by
the dashed lines.

For wt = 90, the left edge of the dimple starts
moving down, while the other edge is at the
highest position. This describes the situation
where the contact area is in the first edge of
the dimple. Under these conditions, the
pressure distribution shows a pressure profile,
charac-terized by a smaller minimum pressure
in the diverging zone and a higher maximum
pressure in the converging zone (Fig. 4a).
Additionally, the pressure distribution in the
diverging zone has a smaller decreasing rate,
when compared with the undeformed case.
Both characteristics of the pressure profile
lead to a net pressure rise when the pressure
distribution is integrated over the whole
dimple length.
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Pressure Profile over a Dimple
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Figure 3. Pressure distributions over an
undeformed dimple.

For wt = 180, the first edge of the dimple is at
its minimum position, while the second edge
is at the intermediate position. This
morphology builds up a pressure distribution
similar to wt = 90, characterized by a region
of negative pressure values over the first edge
of the dimple followed by a pressure rise (Fig.
4b). At this point of the oscillation, the
maximum pressure value of the whole cycle is
achieved.

After wt = 180, the situation of the edges of
the dimple changes and the second edge of
the dimple starts being in a higher position
than the first edge. For instance, when ot =
270, the first edge of the dimple is in the
intermediate position, while the second is at
its minimum. This situation is the opposite of
the situation found for wt = 180 and for this
reason, the pressure distribution shows a
profile antisymmetric to the former one (Fig.
4c). In this case, the pressure build up at the
second edge of the dimple is smaller, while
larger negative pressure values are found at
the first edge of the dimple.

Finally, for wt = 360, the first edge of the
dimple is at its maximum position and the
second edge is at the intermediate position.
The pressure distribution is antisymmetric to
the one found at wt = 90 (Fig. 4d). Obviously,
the results for wt = 0 are identical to the ones
obtained for wt = 360.
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Figure 4. Pressure distributions over a dimple during sliding hydrodynamic contact for a) wt = 90,

b) wt = 180,
¢) ot =270 and d) wt = 36

Influence of the Oscillation Amplitude

The influence of the oscillation amplitude in
the pressure distribution is studied for four
different values of 4h, namely 0.1, 0.2, 0.3
and 0.5 um. The results are shown in Figure
5. The two curves presented in each graphic
correspond to the situation where wt = 90 and
180. As mentioned in the previous section,
the results for wt = 270 and 360 are
antisymmetric to the former ones.

For our reference value (4h = 0.1 um) it can
be observed in both curves that the pressure
distribution has negative values in the
diverging zone and larger positive values in
the converging zone (Fig. 5a). Since most of
the area below the pressure profile
corresponds to positive values, a net pressure
build up is obtained.
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Figure 5. Pressure distributions over a dimple during sliding hydrodynamic contact for and

amplitude oscillation of

4h =0.1,0.2,0.3and 0.5 um ( wt = 90 and wt = 180)

As the amplitude of the oscillation increases,
the regions with negative pressure values
become smaller (Fig. 5b, 5c¢). For instance, for
Ah = 0.5 pum (Fig. 5d), no negative values are
present in the pressure distribution for wt = 90
and they are very small for ot = 180. For
increasing value of the oscillation amplitude,
the maximum pressure values achieved
become also larger.

34

According to these results, a larger oscillation
as a consequence of elastic deformation is
beneficial for obtaining a larger pressure build
up and consequently, a larger friction
reduction.
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Influence of the Dimple Border Length

This section studies the influence of the
dimple border length on the pressure
distribution. It is expected that the length of
the dimple border, which is deflected in
vertical direction, increases for larger contact
pressures. In what follows, we study the
pressure distribution for the following dimple
border lengths: b; = b, = 20, 50, 100 and 200
um (Fig. 6 a-d).

Firstly, it is observed that the difference
between the pressure profiles obtained at
different values of wt during an oscillation
cycle increase. For small dimple border
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lengths, by = b, = 20 um (Fig. 6a), the
pressure profiles almost overlap each other,
while for b; = b, = 200 um (Fig. 6d), the
difference between pressure profiles is
evident for wt = 90 and 180. Further, the
pressure values increase and decrease linearly
for shorter lengths, as they do in the
undeformed case (Fig. 3), which is not valid
for longer lengths.

Finally, when the length of the dimple border
which is in oscillation increases, higher
pressure values are obtained, which means a
higher friction reduction.
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Figure 6. Pressure distributions over a dimple during sliding hydrodynamic contact for a dimple
border length oscillation of b; = b, = 20, 50, 100 and 200 um ( wt = 90 and wt = 180).
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CONCLUSIONS

Finite Element Simulations suggested that for
typical texturing parameters, the contact area
of the dimples undergoes elastic deformation.

When small vertical oscillations of the dimple
borders in the order of (sub)microns are
allowed in hydrodynamic simulations, it is
observed that they have a strong influence in
the pressure distribution profile. This impact
increases for larger oscillation amplitudes and
for larger dimple border lengths.
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