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Abstract Micro-surface texturing design is becoming an
important part of surface engineering since engineering
practices and analyses have indicated that surface textures
may significantly affect the tribological performance of
contact interfaces. Advances in the manufacturing technol-
ogies of surface finishing and micro-machining, such as laser
surface texturing, photolithography, and etching, LIGA
process, have made it possible to fabricate different fine
structures on various engineering surfaces. Though the
influence of micro-surface texturing on hydrodynamic
lubrication has been widely investigated over the last dec-
ade, such an influence may be complicated and difficult to
characterize with only a few statistic surface parameters.
Thus, very little attention has been paid to the effects of
different textural shapes and orientations on hydrodynamic
lubrication, which is the main topic of this article. A theo-
retical model based on a single dimple was established to
investigate the geometric shape and orientation effects on
the hydrodynamic pressure generated between conformal
contacting surfaces. Using the Successive Over Relaxation
method, the average hydrodynamic pressure generated by
the texture pattern with the dimples in shapes of circle,
ellipse, and triangle at different orientations to the direction
of sliding are obtained. The results indicate that geometric
shape and orientation have obvious influences on load-car-
rying capacity of contacting surfaces. With the same dimple
area, area ratio and dimple depth given in this research,
ellipse dimples perpendicular to the sliding direction showed
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the best load-carrying capacity. This result agrees with
previous experimental results very well.
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1 Introduction

Over the last decade, surface texturing has emerged as a
viable means of enhancing tribological performance of
mechanical components. As technology evolves, surface
grinding, polishing, and finishing tools become available
and enable the development of modern bearing surfaces.
Cross-hatching of diesel cylinder liners to prevent seizure
was introduced in 1940s. In recent years, modern manu-
facturing technologies of surface finishing and micro-
machining have been developed so that it is possible to
fabricate different fine structures on various engineering
surfaces. As a result, various texturing techniques have been
employed to improve the tribological properties of surfaces,
and both theoretical and experimental studies on surface
texturing for tribological applications is being carried out
worldwide. For example, today, surfaces of modern mag-
netic storage devices are commonly textured and surface
texturing is also considered as a means for overcoming
adhesion and stiction in MEMS devices; Laser surface
texturing (LST) is already applied successfully to
mechanical seals. Both laboratory and field tests show
substantial friction reduction and up to threefold increase in
seal life [1]. At the same time, reactive ion etching (RIE) [2]
and micro-blaster [3] are the effective texturing techniques
for ceramics; micro-electrolytic etching shows great
potential on the efficient texturing of metal surfaces [4]
without undesirable effects on the surfaces.
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Fig. 1 Surface texture of
different shapes [4]. a circle,
b ellipse, ¢ triangle

Surface texturing design is an important part of surface
engineering. Significant improvement in load-carrying
capacity, wear resistance, friction coefficient, etc. of tri-
bological mechanical components can be obtained by
forming reasonable surface textures on their surfaces. The
mechanisms of improvement can be explained as follows:
serving as a micro-hydrodynamic bearing in cases of full or
mixed lubrication to generate additional hydrodynamic
pressure to increase the load-carrying capacity [5]; acting
as micro-reservoirs for lubricant in cases of starved lubri-
cation conditions [6]; trapping debris to prevent severe
wear on the surfaces [7]. Among these mechanisms, gen-
erating additional hydrodynamic pressure is usually con-
sidered as the most significant effect of surface texture
under low-load and high-speed conditions, so that it has
drawn much more focused attention [8—13]. Recently, this
mechanism has begun to be studied in the elasto-hydro-
dynamic lubrication regime [14, 15].

Table 1 Geometry parameters of the patterns of dimples [4]

In order to maximize the texture effect on the tribo-
logical performance, a great deal of fundamental research
study has been carried out. For example, Halperin et al.
[16] performed an experiment on laser-textured seal rings
made of steel with micro-pits (pores) of various depths to
demonstrate the potential of surface texturing technology.
It was found that spherical segment pits with optimized
size can maximize the film stiffness and the PV factor at
seizure inception over untextured rings by at least 150% in
oil lubrication. Wang and Kato [17] studied the anti-seizure
ability of a SiC seal in water with RIE texturing. Results
indicated that more than three times the critical load can be
obtained with a pit diameter of 150 um, a pit depth of
13.3 um, and a pit area ratio of 5%.

Recently, several studies involving numerical simulation
[10, 11, 18-21] used in the optimization of these surfaces
have been published. Most researches focus on the texture
of circular dimples since it is easy to be fabricated, and the

Pattern and sliding Depth Radius Area of a Pitch Area

directions (pum) (um) dimple (umz) (um) ratio (%)
Circle 8 75 17671 500 7
Ellipse 8 150/37.5 17671 500 7
Triangle 8 188 (side length) 17671 500 7
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parameters such as dimple density and size are studied and
optimized to enhance lubrication. There are only few
studies paying attention to the shape and orientation effect
of the surface texture. Nanbu et al. [22] studied the effect of
different texture bottom shapes on lubrication enhancement
using an EHL numerical simulation. The results suggested
that the texture bottom shapes involving a micro-wedge
and/or a micro-step bearing tend to yield thicker films. In
Ref. [4], Wang and Hsu investigated the effect of surface
textural shape on the friction of lubricating steel on steel
pair. Different textural shapes chosen in this article are
shown in Fig. 1. The tests were conducted to check for
surface-texture-orientation effects. For the non-isotropic
cases, the surface features were aligned parallel and per-
pendicular to the direction of sliding. “Ellipsel” and
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Fig. 2 Stribeck curves of the surface features parallel to the direction
of sliding ( is the viscosity of the lubricant, V is the sliding speed, B
is the contact width, and W is the normal load) [4]
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Fig. 3 Stribeck curves of the surface features perpendicular to the
direction of sliding ( is the viscosity of the lubricant, V is the sliding
speed, B is the contact width, and W is the normal load) [4]

“Ellipse//” present the cases that sliding direction is per-
pendicular or parallel to the major axis of ellipse, respec-
tively; “TriangleAT” and “TriangleA|” show the sliding
direction that lubricant is driven toward the apex or base of
the triangle, respectively. In order to obtain the effect of
dimples shape and orientation, all features have the same
depth, equivalent area, and same area ratio as shown in
Table 1. Figures 2 and 3 show the Stribeck curves of un-
textured and textured specimens with the surface features
oriented parallel and perpendicular, respectively, to the
sliding direction. As can be seen from the figures, different
geometric shapes have a different influence on friction.
Ellipses placed perpendicular to the direction of sliding
showed the best result of friction reduction.

In order to explain the mechanism of the effect of geo-
metric shape and orientation reported in Ref. [4], it is
required to answer whether the hydrodynamic effect is still
significant in this case. Therefore, this research has devel-
oped a numerical model of a single dimple based on the
steady-state Reynolds equation; the effects of different
textural shape and orientation on hydrodynamic pressure
were evaluated by numerical calculation.

2 Analytical Model

Because it is complicated and difficult to obtain analytical
solution in this research, we utilize a numerical simulation
method to study the effect of different textural shapes and
orientations on hydrodynamic lubrication. The contacting
model of two plates with relative sliding speed is displayed in
Fig. 4a. The upper plate is fixed and fabricated with surface
texture, and the lower plate is smooth and moving with a
relative speed of U to the upper plate. The regular network of
micro-dimples is textured on the upper plate with an area
density Sp. An axisymmetric segment with a depth ki, stands
for each micro-dimple. Each dimple is contained within an
imaginary square cell of length L. According to Ref. [18], if
the area ratio of dimples is not more than 20%, the distance
between neighboring pores, L, is large enough to neglect
interaction between two dimples. Therefore, this imaginary
square cell was used as the basic unit for calculations and the
theoretical model was developed based on this unit with
single dimple. Because of the difference between this single
dimple model and dimples array in Ref. [4], it would intro-
duce a certain error, but it saves computing time without
altering the qualitative results.

Figure 4b shows one elliptical dimple with a long axis
length of 2a, short axis of 2b, and a local Cartesian coor-
dinate positioned at the center of the imaginary cell. In
order to investigate the hydrodynamic pressure generated
between these two surfaces, it is assumed that two plates
are separated by a uniform clearance ¢ as shown in Fig. 4a,
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Fig. 4 a Physical model and b
a dimple cell
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the lubricant is Newtonian fluid, incompressible, and with a
constant viscosity 7. These assumptions are normal ways
similar to that in Refs. [19-21].

The two dimensional, steady-state Reynolds equation,
which relates the pressure distribution to the spacing
between two disk interfaces, is given by:

3 3

3 () | 2[5 o
Ox\ n ox Oy \ n 0y Ox

where x and y represent coordinates in a global Cartesian
coordinate system, p is the fluid film pressure, and 4 is the
local film thickness at a specific point. In the whole square
cell, & is the summation of clearance ¢ and the dimple
depth A, when the point is located in the dimple area,

otherwise, & equal to clearance c. It can be expressed in the
following form:

h— { c+h, (x,y)€ dimple area 2)

c else

To translate Eq. 1 into dimensionless form, the following
dimensionless coordinates X and Y, dimensionless local film
thickness H and dimensionless pressure P are defined as
following:

Cp=r ()

where P, is ambient pressure, r, = v ab, in the case of an
ellipse. The dimensionless local film thickness H as a
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function of the dimensionless local coordinates X and Y for
one cell is given by:

g=J1+ h—c" (x,y) € dimple area 4)
1 else

When combining Egs. 1 and 3, the Reynolds equation in
its dimensionless form becomes:

i H36_P _|_i H36_P _}L@_H (5)
ox\'"ox) ov\' or) “ox
Wherei:wzM

¢“po

In order to get film pressure distribution between two
plates, the following boundary conditions are assumed
similar to Refs. [18-21]. The pressures at the boundaries of
inlet (X = —L/2r,) and outlet (X = L/2r,) of lubricant are
considered as ambient pressure. And the pressures at other
two boundaries between adjacent dimple rows (¥ = —L/2r,
and Y = L/2rp) are equal and changes periodic from row
to row.

P(X=—k P
P(X,y =) =P

p

X,Y = A) (6)

oP _ _ L) _2oP

Lxy=—k)=F(x.y=4£

The Reynolds equation 5 was solved by a finite
difference method. A grid of 100 x 100 nodes/cell was
chosen based on the consideration on both computing time
and accuracy. The finite difference method leads to a set of
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linear algebraic equations for the nodal values of the
pressure which should be solved with the boundary
conditions Eq. 6. The Successive Over Relaxation
Method (SOR) was used to solve this linear equation set,
and an over-relaxation factor of ¢ = 1.3 was chosen to
obtain a faster convergence of the pressure distribution.
The converging condition is confirmed by the following
equation:

’max(P[J)k—max(P,-J)kfl‘ <107 (7)

where P;; is the pressure value at the point (i, j), k is
iterative time.

3 Results and Discussion

In order to focus on the shape and orientation effect, the
dimples used in this numerical analysis have same area,
same area ratio, and same depth. And the specific texture
parameters were selected to be the same as that in the
experiments reported in Ref. [4], as is shown in Table 1.
These specific texture parameters of the circular dimple
pattern are optimized to be effective for friction reduction
by the experiments. The other necessary value of param-
eters for calculation as follows:

ambient pressure, Py = 0.101325 Mpa;
lubricant viscosity, 1 = 0.0228 Pa s;

the speed of the lower plate, U = 0.1, 0.2 m/s;
clearance, ¢ = 1, 2 pm.

The average value P,, of pressure distribution P(x, y) is
chosen as an index to evaluate the ability of hydrodynamic
pressure generation of surface texture. Considering the
Reynolds condition, on the cavitation boundary, the
pressure gradient with respect to the direction normal to
the boundary is zero and the pressure inside the cavitation
region is retained constant close to ambient pressure. So in
the course of numerical calculation, only the positive
pressure was used to calculate the average value P,,, and
the negative pressure is illustrative in the following figures.

Figure 5 shows five dimensionless hydrodynamic pres-
sure distributions generated by different textual shapes and
orientations. The flow direction of the lubricant is parallel
to the X axis. As is depicted, the maximum of dimen-
sionless pressure can be found at the right edge of the
dimple. The reason for this is that additional hydrodynamic
pressure was produced by the converging wedge in this
area. At the left edge of the dimple, however, there is a
diverging wedge resulting in a negative pressure. But the
cavitation can occur in this negative pressure region
according to the Reynolds boundary conditions. Conse-
quently, there is a net additional hydrodynamic pressure.

Compared with the circular texture, Fig. 5b, d has a smaller
converging wedge region and therefore a smaller hydro-
dynamic benefit can be found. However, Fig. 5c, e has a
larger converging wedge and produce significant additional
hydrodynamic pressure. So one can see that not only the
textural shape can affect the additional hydrodynamic
pressure but also the textural orientation. Compared with
the “Ellipse//”, the “Ellipsel” can produce additional
hydrodynamic pressure more easily. The most likely reason
is that, “Ellipse L ” results in a greater converging wedge at
for the same textural parameters. “TriangleA?” and “Tri-
angleA|” also displays the same trend. Of all the textural
shapes and orientations, the “Ellipse L” shows the largest
hydrodynamic pressure. Namely, the “Ellipse L ” possesses
the optimum load-carrying capacity.

As marked in the Figs. 6 and 7, “Ellipsel” and
“Ellipse//” present the cases that the sliding direction is
perpendicular or parallel to the major axis of ellipse,
respectively, “TriangleA1” and “TriangleA|” show the
sliding directions that lubricant is driven toward the apex or
base of the triangle, respectively. As mentioned above,
these dimples have the same area, same area ratio, and
same depth.

Figure 6 shows the effects of dimple shape and orien-
tation on the dimensionless average pressure at a sliding
speed of 0.1 and 0.2 m/s. The calculated results showed
that all the texture shapes generate a hydrodynamic pres-
sure. When the sliding speed is 0.2 m/s, the hydrodynamic
pressure is higher than the pressure generated at the sliding
speed of 0.1 m/s. This indicates that the effect of surface
texture on hydrodynamic pressure generation is more
pronounced at high speed. Most significantly, Fig. 6 shows
that different texture shapes have different influences on
the dimensionless average pressure even the area and depth
of the dimple are the same. Compared with the circle
dimple, the average dimensionless pressure P,, generated
by “Ellipse L” at speed of 0.2 m/s increased by 26.3%,
“Ellipse//”, however, decreased by 10.5%. Similarly,
“TriangleA|]” increased by 10.5% when compared with the
circle dimple, “TriangleA1” decreased by 22%. Namely,
when the texture is oriented perpendicular to the sliding
direction, both “TriangleA]|” and “Ellipsel” all show
dramatic improvement in the average pressure than circular
texture, moreover, “Ellipsel” has a higher P,, than
“TriangleA]”. However, “TriangleA1” and “Ellipse//” all
show smaller average pressure value than the circular
dimples. The same trend is depicted as well as in Fig. 7,
“Ellipse L” shows the best result on load-carrying capacity
under the clearance of 1 and 2 um. And the effect of tex-
ture on hydrodynamic pressure generation is more
remarkable when the clearance is small.

Beside the results above, the simulation was also carried
out by varying the area ratio from 3 to 30% as shown in
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Fig. 5 Dimensionless pressure
distribution of different textural
shapes and orientations.
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Fig. 6 Average pressure P,, of different textural shapes and orien-
tations at the speed of 0.1 and 0.2 m/s

Fig. 8. The dimple depth and area kept the same as shown
in Table 1, and the cell length was changed to obtain dif-
ferent area ratio. The relative velocity is 0.1 m/s. As is
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clearly seen from the figure, “Ellipse L” still generated
maximal dimensionless average pressure P,, for all these
five different area ratio of dimples.
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So we can conclude from Figs. 6, 7, and 8 that
“Ellipse L” generated the maximum hydrodynamic pres-
sure of all texture shapes and orientations used in this study.

According to the observations given above, it can be
presumed that “Ellipse L” has an optimal ratio of long
elliptical axis over short axis probably when the parameters
such as dimple area, area ratio, and dimple depth are fixed.
Figure 9 shows the results as a function of axis length ratio.
It can be seen that the maximum load-carrying capacity can
be obtained at the ratio range between 4 and 6. However,
when the ratio is larger than 7, the load-carrying capacity is
smaller than for circular dimples. Certainly, this parameter
needs further study.

4 Conclusion

A theoretical model was developed to investigate the effect of
different textural shapes and orientations on hydrodynamic

pressure between conformal contacting surfaces. The dif-
ferent dimple shapes including circle, ellipse, triangle, and
different orientations to the sliding direction were studied.
The average dimensionless pressure was calculated and used
as an index to evaluate the additional load-carrying capacity
generated by the micro-dimple. It was found that the geo-
metric shapes and orientations of dimples have an obvious
influence on the load-carrying capacity. Under the condition
of having the same area, same area ratio, and same dimple
depth, both “Ellipse//” and “TriangleAT” have smaller load-
carrying capacity when compared with the circular dimple,
On the contrary, “TriangleA|” and “Ellipse L have larger
load-carrying capacity, showing a strong orientation effect.
Among all the cases studied in this article, ellipses placed
perpendicular to the direction of sliding showed the best
result of load-carrying capacity, which increases by 26.3%
over the circle dimple at the sliding speed of 0.2 m/s.

However, the theoretical model was developed just with
a single dimple, the texturing parameters selected in the
course of analysis are fixed, and the comparison is carried
out between different geometries but with the same area,
same area ratio, and same dimple depth. These fixed
parameters may be different from the optimum ones cor-
responding to each of the individual geometries. Hence, the
present conclusion is limited to that way of comparison
only. Further studies need to be carried out for an array of
dimples rather than just a single one, and also comparing
the different geometries following optimizations of the
texturing parameters for each individual geometry. Such a
comparison will truly provide the ultimate best geometry
for maximum load-carrying capacity.
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