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Surface topography can affect the tribological performance in many applications. The influence of surface
roughness and topographic orientation on friction and wear in dry and oil lubricated steel vs steel and diamond-
like carbon (DLC) coated steel vs DLC coated steel sliding contacts was investigated. The surfaces had a centerline
average roughness (R,) between 0.004 and 0.11 pm and a topographic groove orientation of 0°, 45° and 90° with
respect to the sliding direction. Tests conducted showed that the strongest effect of the orientation of the
topographic directions occurs in dry sliding DLC vs DLC contacts. A super-lubricious DLC surface layer was
efficiently formed, exhibiting low friction coefficients of 0.04 for smooth surfaces, and rough surfaces with
grooves oriented along the sliding direction. The process of surface layer formation was most severely disturbed
for average surfaces roughness with grooves oriented at 45° to the sliding direction. For these surfaces, the
coefficient of friction was about five times higher (0.21) as compared to smooth samples (0.04). In dry sliding
steel contacts, the coefficient of friction decreased with increasing surface roughness. On the other hand, the
coefficient of friction increased with surface roughness in oil lubricated steel contacts. Adding a synthetic oil into
the DLC vs DLC sliding contact prevented the formation of the super-lubricious surface layer. In tests with
rotational steel vs steel sliding the friction coefficient was about 10% lower than in test with linear reciprocal
sliding but was higher in DLC vs DLC contacts.

1. Introduction

issues.
Over the last fifty years tribological contact mechanisms have been

The effect of friction and wear on energy use, environment and
economy has recently been calculated in a series of studies conducted by
Holmberg et al. [1-4]. The studies showed that 23% of the world’s total
energy consumption is wasted in tribological contacts. Out of that 20% is
used to overcome friction and 3% is used to remanufacture worn parts
and replacement equipment due to wear and wear-related failures. In
some industrial areas, like in mining industry, as much as 40% of the
consumed energy is used to overcome friction and the economic losses
caused by wear are significant. Globally friction and wear are respon-
sible for 8120 million tons of CO, emissions per year. It is thus imper-
ative to find new technological means to reduce both friction and wear
in industrial and other applications used by our society for economic and
energy saving reasons, and also in light of the ongoing climate change
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extensively studied; theoretically, experimentally, application related
and on scales all from macroscale down to nanoscale [5-7]. In tribo-
contacts friction is often better understood than wear processes occur-
ring which in many cases are more complex and difficult to describe and
also to model. The contact mechanisms become even more complex
when the surfaces are modified, e.g., coated, in order to reduce friction
and wear. Thin surface coatings, such as hard ceramic or very lubricious
carbon-based coatings, as well as thicker composite coatings, have
successfully been applied in a great number of applications [8].

Often, for simplicity, surfaces in tribocontacts studied are often
assumed to be smooth. However, in reality they always exhibit some
topographic pattern influencing the shear plane at the contact where
both friction and wear take place. In dry contacts, elastically or

Received 3 February 2021; Received in revised form 13 July 2021; Accepted 4 September 2021

Available online 9 September 2021

0043-1648/© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:kenneth.g.holmberg@gmail.com
www.sciencedirect.com/science/journal/00431648
https://www.elsevier.com/locate/wear
https://doi.org/10.1016/j.wear.2021.204093
https://doi.org/10.1016/j.wear.2021.204093
https://doi.org/10.1016/j.wear.2021.204093
http://crossmark.crossref.org/dialog/?doi=10.1016/j.wear.2021.204093&domain=pdf
http://creativecommons.org/licenses/by/4.0/

K. Holmberg et al.

plastically deformed surface asperities will influence the real contact
area [6,9-11]. The form and orientation of asperities can affect the
lubricant flow and generation of partial hydrodynamic forces acting
between the asperities in lubricated contacts [12]. Typical industrial
applications where the surface roughness has an important effect on
friction and wear are the cylinder liners in heavy duty diesel engines.
Typically, the cast iron cylinder liners are honed in order to induce
smooth surfaces with deep valleys. These valleys act as lubricant res-
ervoirs. The smoothness of the surfaces between the valleys has been
found to result in a quicker formation of protecting tribofilm and gen-
eration of low initial real contact pressure [13].

Diamond-like carbon (DLC) coatings have been largely investigated
during the last three decades due to their excellent tribological prop-
erties in machine components and in manufacturing [8]. These includes
lubricated contacts, influenced by the interactions between the base oil
structure, lubricant additive chemistry and doped materials in DLC
coatings [14-16]. There have been a number of studies on the influence
of surface roughness on friction and wear in DLC coated surface con-
tacts. However, the results are still not clear and sometimes even con-
tradictory, probably, at least partly, due to differences in the structures
of DLC coatings investigated. Different mechanical response to loading
and varying tribochemical effects have been reported [17-20]. An in-
crease in wear is often reported for higher surface roughness.

Surface texturing is the technique used to intentionally modify the
surface topography by introducing well-defined dimples, pockets,
grooves or protrusions of various shapes and configurations. This can be
done on macro scale by machining the surface, on micro scale by, e.g.,
laser-based texturing and on nano scale by, e.g., lithographic techniques
developed for micro-electro-mechanical-systems (MEMS) and nano-
electronics [21-23]. These new surface manufacturing techniques, bet-
ter understanding of the basic contact mechanisms, novel surface
characterization methods and contact modelling allow for the devel-
opment of new tools for optimization of the tribological performance of
textured surfaces [23-25]. The synergistic effects of surface textures and
solid lubricants to tailor friction and wear have been studied [62].

Surface texturing has been most beneficial in cases of conformal
contacts with parallel sliding and full film lubrication [26,27]. Friction
reduction has also been reported in mixed and boundary lubricated re-
gimes, and to a lesser degree in hydrodynamic lubrication [23,28,29].
The combination of surface texturing in the form of dimples combined
with a DLC coating deposited on the cylinder surfaces of a motorcycle
improved tribological performance and increased a maximum power
output by up to 5.8% [30]. A computational method for analyzing the
combined effect of surface roughness and coating’s mechanical prop-
erties in elasto-hydrodynamic lubricated contacts of spur gears with
regard to contact performance, film thickness, friction and surface stress
field was developed and showed a significant effect of surface roughness
[31].

The influence of surface roughness in tribological contacts was early
recognized [9,10,32,33] and has been utilized in various industrial ap-
plications [34,35]. Standard surface characterization parameter, i.e., the
centerline average value (R,) is a commonly used measure of surface
roughness used in shop floor engineering. However, the commonly used,
standard parameters have considerable limitations [36], i.e., they tend
to work well only with isotropic surfaces and are not able to provide
detailed information about surface’s anisotropy and roughness at
different scales of measurement. This is important, because topography
of engineering surfaces, including DLC coated, exhibit multi-scale and
anisotropic nature [37-39]. This means that surface topography char-
acteristics changes with scale and direction of measurement.

The influence of surface roughness or surface pattern orientation
with regard to sliding direction has been the subject of only very few
investigations and the results obtained are not straightforward. This is
probably due to the difficulty in defining and controlling the several
different and competing contact mechanisms which have effect on
friction and wear. The main difficulties are associated with the
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lubrication transition mechanism from hydrodynamic to dry sliding,
contact area and adhesion at dry contacts, surface pattern alignment,
sliding speed, load, contact surface chemistry, scale effects, and detailed
surface topography characterization.

It has been shown, when modelling the transition from hydrody-
namic to boundary lubrication regimes at low lambda ()) ratios, that the
average film thickness in rough contacts is often slightly greater than in
smooth contacts. The surface topography and orientation had noticeable
effects on asperity contact area and load sharing, but they show limited
influence on average film thickness. The film thickness seemed to be
mostly determined by the conditions in the contact inlet region where
surface roughness does not have much of the influence [40]. In
boundary lubricated typical galling test conditions the effect of dimples
as lubrication reservoirs has been shown but topographic effects in dry
sliding were negligible [41].

Ball-on-plate experiments in dry sliding conducted in a linear
reciprocating tribotester showed reduced friction when an un-patterned
ball was sliding over perpendicular grooves compared to sliding over
aligned grooves. Lower friction was measured when grooves on both
plate and ball were perpendicular compared to surface with parallel
grooves. In general, the patterned surfaces exhibited lower friction than
the smooth reference surfaces [42].

Recent surface characterization methods allow for studying the ef-
fects of surface topographic features on friction and wear in greater
details both experimentally and numerically [43-45] on micro and nano
scales [19,46]. Some of the works also include the studies of the topo-
graphic orientation effects [23,40,42,47,48]. The influence of surface
roughness on wear in DLC coated surfaces has also been demonstrated
[17,49].

In our earlier works, we have conducted the experiments to inves-
tigate the influence of surface topography, especially the effects of
topographic orientation on steel vs steel and DLC vs DLC coated surfaces
under dry sliding conditions [50,51]. We have also conducted computer
simulations and modelling using the same contact conditions [52,53].
The steel and DLC coated surfaces have been characterized using vari-
ance orientation transform (VOT) method [50,53]. The VOT method
calculates fractal signatures (FS, sets of fractal dimensions) in different
directions, and at individual scales. We found that the VOT provides
vital information about surface roughness and anisotropy which can be
used in analysis of surfaces, also in steel vs steel and DLC vs DLC coated
contacts. The simulations showed a significant influence of the topo-
graphic orientation on the stress-strain state within the roughness peaks
and thus on the local tensile stresses resulting in local cracking and wear.
The surface structure was up to four times more rigid in the direction of
grooves as compared to the flexible behavior in the perpendicular di-
rection. The macro topography dominated the tendency for surface
cracking and plastic deformation which in turn, was influencing wear
and friction. The micro-topographical features contributed to cracking
and deformation by less than 40%.

The current study is a continuation of our previous work by
extending the scope to oil lubricated contacts. The same materials and
characterization data of topographies and mechanical properties are
used. In this work, we compare friction and wear performance with
respect to surface roughness and topographic orientation for both dry
and oil lubricated surfaces, and also to explore the basic tribological
contact mechanisms involved.

2. Methodology

The approach we use in this work is Process-Structure-Properties-
Performance (PSPP) presented in detail in by Holmberg et al. [54,55].
Detailed description of micro scale of microstructural and
micro-topographic features of the sample surfaces and tribological ex-
periments, i.e., linear reciprocating ball-on-plate and rotational
ball-on-disc sliding, is included. As the results for dry sliding have pre-
viously been reported [50] they are only partially included where the
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comparison with lubricated conditions is required. In order to better
understand the physical contact mechanisms influencing friction and
wear we have modelled the contact conditions using finite elements
method. We also conducted computer simulations of microscale sliding
using the empirical contact conditions. The computational results will
be reported separately as part four of this series of articles.

3. Materials and their mechanical properties

Discs of bearing steel (AISI52100) with three different roughness
levels common in engineering applications were investigated. The discs
were heat treated to 6.3 GPa hardness. On some of the discs a hydrogen-
free amorphous diamond-like carbon (DLC a-C) coating was deposited
by physical vapor deposition (PVD) magnetron sputtering technique.
This was a Graphite-IC variant rooted from the non-hydrogenated DLC
coatings developed by Dennis Teer [50,71,73,74]. The DLC coating had
a multilayer structure. Attached to the substrate surface on top of each
other were Cr buffer, CrCx gradient and DLC layers, as shown in Fig. 1.

The steel samples were ground to give them a surface topography
with oriented grooving. Two smoother surface finishes were produced
by polishing the ground discs with two grades polish media. The ground
surface was classified as rough (R), while the two polished surfaces as
average rough (A) and smooth (S). The three-dimensional (3D) surface
topography was measured by chromatic confocal surface profilometer
and analyzed using the VOT method as described in our earlier work
[50]. Using the VOT, FSs were calculated in three directions 0° (FSp),
45° (FS45) and 90° (FSg() along with texture aspect ratio signature (StrS)
at scales ranging from 0.36 to 0.84 mm 3D images of the surfaces tested
are shown in Fig. 2.

The thickness of the individual coating layers was measured from FIB
(focused ion beam) cross-section, using a dual beam SEM/FIB facility as
shown in Fig. 1. The layers were analyzed in the SEM using electron
spectroscopy. The layer’s structure was practically homogenous, i.e.,
virtually free from microstructural features like pores, defects, etc. on
sub-micron scale. Indentation tests were performed both at nano and
macro scales, in order to assess the elastic and plastic behavior of the
coated system and its constituent components.

The lubricant used in the experiments was pure, free of additives and
contaminants, low molecular weight polymerized high viscosity poly-
alpha-olefin (PAO) oil with 408 cSt viscosity at +40 °C and a viscosity
index of 149. Details of the surface samples and the lubricant are

Fig. 1. Section of the smooth DLC coated surface showing from top the
thickness of the DLC, CrCx gradient, and Cr buffer layers and the steel
(AISI52100 100Cr6) substrate.
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summarized in Table 1.

The DLC coated steel plate and ball counter-surface differ in
measured hardness. The difference is attributed to different scale
hardness measurement techniques used (nano vs micro).

4. Experimental methods

The experiments were carried out using two different test configu-
rations in order to gain information on sliding over the defined surface
topography both in rotational and in linear directions, i.e., in unidirec-
tional (ball-on-disc) and reciprocal sliding (ball-on-plate). The tests were
carried out using an Anton Paar Tritec Ball-on-disk tribometer TRB®
[64].

4.1. Linear reciprocating ball-on-plate tests

The ball used in ball-on-plate (BOP) tests was of 10 mm diameter
steel ball with a roughness of R; 0.01 pm, sliding in linear reciprocating
movement over the test plate. The stroke was 0.01 m and the sliding
speed was 0.01 m/s. The normal load was stepwise increased from 1 N to
20 N over a period of 10 min followed by continuous sliding at 20 N load
for 20 min. The sliding was carried out in three directions, 0°, 45° and
90° to sliding direction, see Fig. 3. Two or three test were repeated for
each direction. The tests were conducted at room temperature of 22 +
1 °C and a relative humidity of 50 + 5%.

4.2. Continuous unidirectional ball-on-disc tests

In ball-on-disc (BOD) tests, the same steel ball with a diameter ball of
10 mm and a roughness of R, 0.01 pm was used. The sliding track had a
diameter of about 30 mm while the sliding speed was 0.034 m/s. A
normal load force of 20 N was applied and the sliding time was 3 h. The
sliding friction was measured, and the wear rates were calculated
accordingly using optical microscopy and 2D profilometry. The tests
were conducted at room temperature of 22 + 1 °C and a relative hu-
midity of 50 + 5%. A few dry low-speed tests with a sliding speed of
0.01 m/s were carried out in order to obtain results with same speed that
was used in the BOP testing for comparison.

5. Experimental results

As already mentioned two sets of tests were carried out. During ball-
on-disc tests, described in section 4.2, the sliding direction was contin-
uously changing with each rotational cycle of 360°. In this case, the
effects of topography orientation could not be determined from the re-
sults. For this reason, a second set of tests was carried out with the same
surfaces and under similar test conditions but using a reciprocal linear
sliding test, as described in section 4.1.

The detailed test results are presented in Appendix 1 Tables A1 and
A2 and they are also presented as graphs in Figs. 4, 5, 8, 9, 11 and 12
together with earlier results published for dry conditions [50]. Figs. 4
and 5 represent a summary of all test results. Results for different
topographic orientations are presented only as average values. Figs. 8, 9,
11 and 12 show the results for the four topographic orientations inves-
tigated in DLC vs DLC dry and lubricated contacts. The impact on fric-
tion and wear of the following five key parameters:

surface material: steel and DLC,

- lubrication condition: dry and oil lubricated,

surface roughness: smooth, average rough and rough surface,
topographic orientation: 0°, 45° and 90°, and

sliding direction: reciprocal linear and continuous rotational,is
shown.

Test results and observations are summarized below following the
same order as they are presented in Figs. 4 and 5, in four parts from left
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Fig. 2. Examples of 3D images of the steel surfaces (AISI52100 100Cr6) with three levels of surface roughness, (a) smooth surface with R, = 0.004 pm, (b) average

rough surface with R, = 0.01 pm, and rough surface with R, = 0.1 pm.

to right. Steel vs steel contacts, dry and lubricated, are first presented
followed by DLC vs DLC contacts, dry and lubricated. The results are
further discussed in Section 6. For the DLC vs DLC contacts more
detailed results are presented in Figs. 8, 9, 11 and 12.

Similar graphs for the steel vs steel contacts have not been included
as no clear topography effects could be observed. In dry sliding the
surface topography pattern was quickly destroyed. Also in lubricated
sliding no effect of topography orientation could be measured. This is
demonstrated by both the wear scar and wear track images in Figs. 6 and
7 as well as by the data presented in Tables A1 and A2 in Annex 1.

5.1. Dry sliding with steel vs steel contacts, part one (Figs. 4 and 5)

High values of the friction coefficient of 0.65-0.72, were observed
for smooth surface contacts (R, = 0.004 pm) while for rougher surfaces
(up to Ry = 0.1 pum) these values were lower, i.e., 0.51-0.57 in both
linear and rotational sliding. In general, the friction coefficient was
about 10% lower in rotational sliding compared to linear reciprocating
sliding.

The sever wear conditions for steel vs steel dry sliding with four
topography orientations with average surface roughness are shown in
Fig. 6. The wear resulted in the formation a steel layer that inhibited the
effect of topography pattern.

In linear siding both the smooth and the rough surfaces showed
lower ball wear rates (28 and 23 - 10~® mm®/Nm) at 0° orientation and
slightly increased wear (up to 31 and 33 - 10~® mm®/Nm) with 45° and
90° orientations. The average rough surface exhibited the highest wear
rate (38 - 10~® mm®/Nm) at 0° orientation with decreasing rate (down to
28 - 10~ mm®/Nm) with 45° and 90° orientations.

The flat disc wear was in the range of 0.01-0.023 - 10~ mm®/Nm in
linear sliding with smooth surfaces. Also, a layer formation with average
and rough surfaces was observed.

During rotational sliding the wear rate of the ball was of the same
order of magnitude as in linear sliding. The disc wear observed was low
<0.012 - 10~® mm®/Nm. For details see Table 6 in [50].

5.2. Lubricated sliding with steel vs steel contacts, part two (Figs. 4 and 5)

The smooth surface yielded low coefficient of friction both in linear
and rotational sliding (0.08 and 0.10 respectively). They increased with
increasing surface roughness up to 0.13 for the rough surfaces in all
sliding directions investigated. No influence of topographic orientation
was observed.

The lubricant film protected the surfaces from wear so that the wear
was in many cases hardly detectable, see Fig. 7. The surface of balls wore
less than 0.01 - 10~® mm®/Nm in linear sliding. In rotational sliding, it
showed a slightly increasing wear rate (from 0.01 to 0.04 - 10~® mm®/
Nm) with surface roughness. Wear of the flat disc surface was hardly
detectable (<0.005 - 10" mm®/Nm). The topographic orientation and
surface roughness had no considerable influence on wear.

5.3. Dry sliding with DLC vs DLC contacts, part three (Figs. 4 and 5)

The coefficient of friction for smooth surfaces (R, = 0.005 pm) was
extremely low of only 0.04 in linear sliding. The friction was equally low
for the average and rough surfaces with 0° topography orientation.
Slightly increased values of 0.05 and 0.07 for the two rougher surfaces
and 90° orientation was recorded, see Fig. 8.

A noteworthy observation was made that the coefficient of friction
was the highest, of 0.21, with average surface roughness and 45°
orientation. For the 45° orientation and rough surface it was 0.12 for
comparison. The coefficient friction, of 0.10-0.17, was clearly higher in
rotational sliding with increasing roughness.

The ball wear rate was very low in linear sliding (0.005 - 10~% mm?®/
Nm) with smooth surfaces and increasing with surface roughness to 0.01
-107% mm3/Nm, see Fig. 9. The disc surface wear was hardly detectable
(<0.01 - 107 mm3/Nm), as can be seen in Fig. 10. The ball wear was
also very low in rotational sliding with wear rates of only 0.01-0.08 -
107% mm®/Nm and again increasing with surface roughness. The disc
surface wear was hardly detectable (<0.05 - 10~% mm®/Nm). In both the
linear and in rotational sliding with 45° topography orientation the DLC
coating on the ball was worn out, see Fig. 10 b and d.

5.4. Lubricated sliding with DLC vs DLC contacts, part four (Figs. 4 and
5)

The coefficient of friction was in all cases studied between 0.07 and
0.10, see Fig. 11. In linear sliding the lower and higher values of the
coefficient correspond to smooth surfaces and rough surfaces
respectively.

The ball wear was very low in linear sliding (below 0.03 - 10~ mm?®/
Nm), see Figs. 12 and 13. The disc surface wear was hardly detectable
(<0.002 - 107 mm3/Nm). The ball wear was also very low in rotational
sliding with wear rates of only 0.01-0.08 - 10"® mm®/Nm and again
increasing with surface roughness while the disc surface wear was
hardly detectable (<0.002 - 107 mmB/Nm).

5.5. Friction in linear and rotational sliding, the speed effect

The difference in the friction and wear results measured in contin-
uous rotational sliding with ball-on-disc and reciprocal linear sliding
with ball-on-plate was both confusing and interesting. In order to find
out if this could be due to the difference in sliding speed additional low-
speed experiments with DLC vs DLC were carried out using the BOD test
at the same sliding speed 0.01 m/s as used in the BOP test. The results
obtained showed no significant difference in the coefficient of friction
due to sliding speed. At a sliding speed of 0.034 m/s the friction coef-
ficient was 0.10 + 0.02 while at 0.01 m/s it was 0.11 + 0.03. Friction
measurements in similar test conditions carried out by Velkavrh and
Kalin [16] also indicate only a minor influence of speed on friction
within the range investigated.
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Table 1

Details of surface samples and lubricant.

Properties Symbol DLC coatings Steel samples
(unit) and substrates
Flat plate surface DLC coated steel disc Uncoated steel
disc
Surface material Diamond-like carbon AISI52100
(100Cr6)
Substrate material AISI52100 (100Cr6) -
steel, see column to the
right
Total coating h (pm) 1.76 +0.04 -
thickness
Surface hardness H (GPa) 18 +£1.3 6.3
(nano)
Surface elastic E (GPa) 205 £10 220
modulus (nano)
Surface Poisson’s v (=) 0.202" 0.3%
ratio
Surface roughness
- smooth Ry (pm) 0.005 0.004
- average rough Ra (pm) 0.01 0.01
- rough R, (pm) 0.11 0.1
Surface roughness Mean
VOT
- smooth FSo/FSs4s/  2.37/2.47/2.57/0.62 2.21/2.29/2.29/
0.88
- average rough FSoo/StrS 2.55/2.66/2.78/0.58 2.66/2.76/2.72/
0.62
- rough 2.39/2.76/2.79/0.42 2.65/2.94/2.94/
0.33
Yield strength MPa - 2100
Tensile strength MPa - 2300
Tangent modulus GPa - 22.0
Strain hardening N - 20.0
exponent
1
Ball counter- DLC coated steel ball Uncoated steel
surface ball
Surface material Diamond-like carbon AISI52100
(100Cr6)
Substrate material AIS152100 (100Cr6) -
steel, see column to the
right
Diameter mm 10 10
Roughness Ra (pm) 0.01 0.01
Surface hardness H (GPa) 8 7
(micro)
Surface elastic E (GPa) 206 220
modulus (micro)
Surface Poisson’s v(-) 0.202" 0.3
ratio
Yield strength MPa - 2100
Tensile strength MPa - 2300
Strain hardening exp N - 20.0
1
Lubricant, Synton
PAO40
- viscosity at +40°C ¢St 408
-viscosity at +100 °C ¢St 40.5
-viscosity-index - 149
-density at +15 °C kg/m3 858
-sulphur ppm 11
-additives ppm 0
-contamination ppm 0

2 From literature.

6. Discussion

6.1. Analysis of friction and wear results from dry and lubricated

experiments

Our objective was to investigate the effects on surface roughness and
topographic orientation on friction and wear in dry and lubricated
sliding. Four main contact mechanisms involved were observed as
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(a) (b) (c) (d)
Fig. 3. The sliding directions in linear ball-on-plate tests (a) perpendicular 90°,

(b) 45°, and (c) parallel 0°, and in rotational ball-on-disc tests (d) 0°-360°
continuous unidirectional.

illustrated in Fig. 14.

6.1.1. Dry sliding with steel vs steel surfaces

The friction and wear results obtained from the dry sliding steel vs
steel experiments are similar to those reported in previous studies [16,
56]. The coefficients of friction, from 0.51 to 0.72, that we measured are
typical values as well as the ball wear rates from 20 to 40 - 107°
mm>/Nm and disc wear rates from 0.01 to 0.023 - 10~% mm®/Nm.

In line with previous studies we observed the reduction in friction
with higher surface roughness [5,56]. This can be explained by high
adhesive force when smoother steel surfaces are in contact with each
other. For rougher surfaces with ridges and valleys the sliding contact
occurs at the contacting asperities, and thus is the real contact area that
participates in the adhesive friction smaller, see Fig. 14.

No clear influence or trend was observed for the three topographic
orientations. This is not surprising since the contact conditions in dry
steel vs steel sliding are very severe. Thus, almost immediately after
sliding begins the surface topography pattern is destroyed and a steel
layer forms especially on the disc surfaces. The severity of the contact
conditions is reflected by the high wear. This can be seen on the wear
scar and wear track images in Fig. 6. It is interesting to compare our
results with the findings of Rosenkranz et al. [42]. They observed
topography orientation effects under much milder steel vs steel recip-
rocal linear sliding contacts with a load of 0.001 N and a speed of 0.001
m/s. They found lower friction for perpendicular 90° grooved topog-
raphy compared to parallel 0° grooved topography. They measured a
high friction coefficient of 1.2 for unpatterned steel surfaces but 0.5 for
0° parallel grooved and 0.4 for 90° perpendicular grooved surfaces.

An interesting novel feature, not previously observed or reported in
the literature, was observed. In the experiments where the contact
conditions were similar, we measured about 10% lower coefficient of
friction in the ball-on-disc rotational experiments compared to those
carried out with linear reciprocal sliding. The ball wear was in linear
sliding of the same order of magnitude as in rotational sliding, and no
difference could be observed in disc wear. This trend was the same for
smooth, average and rough surfaces. This is perhaps due to the linear
reciprocal sliding movement producing more commensurable grooves
resulting in a larger real contact area and resulting in higher adhesive
friction compared with the rotational movement where such grooves are
not easily formed. Alternatively, maybe the reciprocal movement in
linear sliding there is a surface texture destroying effect that is not seen
in the same extent in continuous rotational sliding. Or alternatively, the
higher static friction at the turning points could have some influence.
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6.1.2. Lubricated sliding with steel vs steel surfaces

The lubricated sliding experiments with steel vs steel surfaces
showed a similar friction and wear behavior to that what has been re-
ported previously with coefficients of friction between 0.08 and 0.13
and with low wear rates below 0.04 - 10~® mmS3/Nm [16,57,58].
Different from the dry contact experiments we now observed an
increasing trend in the coefficient of friction with increasing surface
roughness both in linear from 0.08 to 0.13 and in rotational sliding from
0.10 to 0.13. The experiments were carried out with low-speed sliding
movement of only 0.01 m/s to prevent hydrodynamic effects. Thus, the
lubrication mechanism in all experiments can be considered as bound-
ary lubrication.

Under these conditions the adhesive friction was mainly prevented in

lubricated sliding by a boundary lubrication film. The shearing of the
film can much easily take place between smooth surfaces as compared to
rough surfaces where the topography interferes with the shearing pro-
cess and may cause some asperity collision effects. The typical structure,
composition and properties of such synthetic oil boundary lubricant
films have been described in the literature [6,8,65-67]. The PAO
lubricant without boundary additives has relatively poor boundary
lubrication properties as no surface chemical reactions are expected to
take place at asperity vs asperity contacts [59].

The coefficient of friction as well as the measured wear were
marginally higher in rotational sliding compared with linear sliding, but
the difference is too small for any conclusions to be made. No topo-
graphic orientation effects could be observed in linear sliding. This
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g) h)

Fig. 6. Images of the wear scars of the balls and discs with average surface roughness after linear dry sliding of steel vs steel surfaces with 90° (a and e), 45° (b and f),
and 0° (c and g) topographic orientation with regard to sliding direction and after rotational dry sliding (d and h). The red arrow indicates the sliding direction of the
ball and the white bars show the scale of 100 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)
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Fig. 7. Images of the wear scars of the balls and discs with average surface roughness after lubricated sliding of steel vs steel surfaces with 90° (a and e), 45° (b and f),
and 0° (c and g) topography orientation with regard to sliding direction and after lubricated rotational sliding (d and h). The red arrows indicate the sliding direction
of the while the white bars show the scale of 100 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

indicates that the boundary lubrication film efficiently prevents steel to
steel contacts between the sliding surfaces and offers a slippery layer for
low shearing to take place both with smooth and rougher surfaces, see
Figs. 7 and 14.

6.1.3. Dry sliding with DLC vs DLC surfaces
Extremely low friction with a coefficient 0.04 was measured in linear
dry sliding for smooth DLC vs DLC surfaces. The low level of friction was

also observed for average rough and rough surfaces with 0° topographic
orientation. This extremely low level of friction has previously been
reported by other investigators [15,16,18,58,60,61,71,73] and it can be
attributed to the formation of a graphitic super-lubricious and stable
thin DLC surface layer on the asperity tips. It is well known that the dry
friction of DLC coated surfaces can be very low, and several explanations
related to H termination of the DLC surface have been published. The
typical structure, composition and properties of such super-lubricious
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Fig. 8. Coefficients of friction (COF) in linear and rotational dry sliding with smooth (S), average rough (A) and rough (R) DLC vs DLC surfaces and with four

topographic orientations.
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Fig. 9. Ball (column) and disc (star) wear rates in linear and rotational dry sliding with smooth (S), average rough(A) and rough (R) DLC vs DLC surfaces and with

four topographic orientations.

DLC surface layers formed on steel surfaces have been described in the
literature [8,68-71,73].

The slippery super-lubricious layer formation process seems to be
interrupted by topographic effects especially at 45° orientation during
linear sliding with average rough surfaces and to some extent also by 90°
and 45° orientations with rough surfaces as well as in rotational sliding,
as can be seen in Fig. 8. Corresponding effects could also be observed in
the wear results, see Fig. 9, but here the uncertainty is much higher
because of the extremely low values of wear measured.

An interesting result is that the most severe topographic disturbance
on the layer formation accompanied by the highest coefficient of friction
was during linear sliding with average roughness and 45° topographic

orientation. Then the coefficient of friction increased about five times to
a value of 0.21. The remarkable difference in contact mechanics, when
sliding with 0° and 45° topographic orientation, is also clearly reflected
in the ball wear scars morphology as shown in Fig. 10 b and c. This
behavior can probably be explained by the contact dynamics in the
situation where both the ball and the disc surfaces have about the same
surface roughness R, of 0.010 and 0.012 pm. Thus, the commensurate
surfaces interlock strongly into each other and the 45° orientation re-
sults in strong disruptions to the film formation and strong side forces
when sliding and subsequent high friction. It is worth noticing that for
the average rough surface, the FSy and FS45 were 2.55 and 2.65
respectively, which may indicate that the higher FS in the direction of
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Fig. 10. Images of the wear scars of the balls and average rough discs after linear dry sliding of DLC vs DLC surfaces with 90° (a and e), 45° (b and f), and 0° (c and g)
topographic orientation with regard to sliding direction and after rotational dry sliding (d and h). The red arrows indicate the sliding direction of the ball while the
white bars show the scale of 100 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 11. Coefficients of friction (COF) in linear and rotational lubricated sliding with smooth (S), average rough (A) and rough (R) DLC vs DLC surfaces and with four

topographic orientations.

45°, as compared to 0°, reflects on the increased friction observed. The
coating was worn out with 90° and 45° topographic orientation as seen
in Fig. 10.

There was an increase in both friction, from 0.10 to 0.17, and in
wear, from 0.01 to 0.08 - 10°® mm3/Nm, with increased surface
roughness in rotational sliding. The same trend of increased friction and
wear of the same magnitude, with increasing surface roughness in BOD
testing with tungsten and chromium doped DLC coatings has been re-
ported by Svanh et al. [18] and for non-doped DLC by Jiang and Arnell
[171.

It is also interesting to note that the super-lubricious film is fully

formed and works well with smooth as well as rougher surfaces when
the topography orientation is same as the direction of sliding as is in the
case of 0° topographic orientation. The surface layer formation is to
some extent disturbed when the topography orientation is perpendicular
to sliding direction, as it is with 90° orientation, and most disturbed with
45° orientation. The uninterrupted and continuous sliding on the
counter surface, as it takes place both with smooth surfaces and along
the topography ridges in 0° orientation, seems to offer good and stable
conditions for the super-lubricious layer to be produced.

Considerably higher values of the coefficient of friction were
measured during rotational sliding compared with the ideal low friction
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Fig. 12. Ball (column) and disc (star) wear rates in linear and rotational lubricated sliding with smooth (S), average rough (A) and rough (R) DLC vs DLC surfaces and

with four topographic orientations.

Fig. 13. Images of the wear scars of the ball and average rough discs after lubricated sliding of DLC vs DLC surfaces with 90° (a and e), 45° (b and f), and 0° (c and g)
topographic orientation with regard to sliding direction and after rotational lubricated sliding (d and h). The red arrows show the sliding direction of the ball while
the white bars show the scale of 100 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

in linear sliding indicating that the rotational movement is also dis-
turbing and represents no ideal condition for the formation of the super-
lubricious surface layer.

6.1.4. Lubricated sliding with DLC vs DLC surfaces

The friction and wear results, i.e., coefficient of friction between 0.07
and 0.10 and wear rate below 0.08 - 10" mm®/Nm in lubricated sliding
with DLC vs DLC surfaces, are similar to those measured with steel vs
steel lubricated surfaces under the same conditions. This indicates that
oil lubrication affects the contact conditions as reported earlier [63,72,
73]. A proper boundary lubricant film, as described in § 6.1.2, is formed

10

on the asperity tops of the DLC coated surfaces and the shearing takes
place within this layer without influence of the DLC layer below, as
illustrated in Figs. 13 and 14. The lubricant film prevents the
super-lubricious DLC layer to be formed. Similar observations under the
same contact conditions, where friction is about three times higher in oil
lubricated DLC vs DLC contacts compared to dry contacts, have been
reported by Velkavrh and Kalin [16]. However, Abdullah Tasdemir et al.
[58] report very low friction coefficients, between 0.02 and 0.04, for
PAO base oil and three PAO + additive packages with ta-C DLC vs ta-C
DLC coated surfaces at a higher speed of 0.1 m/s and a lower load of 5 N.
Miyake et al. [59] have shown that PAO itself is not lubricating well DLC
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Fig. 14. Illustrations of the sliding contact mechanisms observed with steel and
DLC surfaces.

coated surfaces but additives, such as esters, can reduce friction
compared to pure PAO in lubricated contacts.

It is interesting to note that the coefficient of friction was of almost at
the same level in all cases investigated while an increase in ball wear
with surface roughness was observed, as seen in Figs. 4 and 5. The disc
wear was all the time very low and hardly detectable. This discrepancy is
explained by the contact conditions, i.e., move from smooth lubricated
DLC vs DLC sliding into a harsher transition region where increasing disc
surface roughness interrupts the smooth sliding. The disturbance in the
contact is interestingly first observed as increased ball wear, i.e., when
the point contact pressure is very high. At this early stage of transition,
the friction and disc wear are still on an unchanged level. The changes in
contact conditions are then reflected in the wear scar and wear track, as
shown in Fig. 13.

6.2. Comparison with others results

We found in literature three studies where friction and wear mea-
surements had been carried out with materials and in conditions com-
parable to ours [16,42,58]. The key parameters used by these
investigators and in our study are presented in Table 2.

By comparing the results from these four investigations we can make
the following observations:

- No topographic orientation effects could be observed in the tests of
the present investigation due to the severe contact conditions that
quickly destroyed the topography profiles. Rosenkranz et al. [42]
found topographic effects under much milder contact conditions
with extremely low load and sliding speed. They found that a
perpendicular 90° grooved topography resulted in less friction than a
parallel 0° grooved topography.

Table 2

Wear 486-487 (2021) 204093

- Both Velkavrh and Kalin [16] and our present investigation found
super-lubricious very low friction in dry DLC sliding (0.04) while
friction was about two to three times higher (0.08-0.12) when PAO
oil was introduced.

- Abdullah et al. [58] measured ultralow friction with a coefficient of
about 0.02 for PAO lubricated and 0.02-0.04 for PAO with additive
(glycerol mono-oleate and/or ZnDTP) lubricated sliding. This
discrepancy is not clear but may be due to the sliding conditions.
Abdullah et al. used with much higher speed, lower load and a cy-
lindrical pin surface, which can easily create hydrodynamic effects at
higher velocities. A problem with Abdullah’s et al. work is that they
do not report any results for dry DLC sliding for comparison.

6.3. Experimental uncertainty

The analysis and the subsequent conclusions are mainly based on the
measured friction results. The wear results are used as complementary
information because of the uncertainty that arises from the uncontrolled
nature of wear process and the very low wear values measured. In some
cases, wear was even below what was possible to detect. The experi-
mental repeatability was good as can be seen in Tables A1 and A2 in
Appendix 1.

The results obtained for dry linear sliding with DLC vs DLC coated
surfaces were double checked against the results reported earlier by
Holmberg et al. [50]. It was noted that the reported ball wear results
were two orders of magnitude higher compared with what they were in
reality. This error has been corrected in the present work.

The comparison of our results with those obtained by Velkavrh and
Kalin [16] with steel vs steel and DLC vs DLC contacts under similar
conditions shows a very good agreement. However, their study was
limited in scope since the they did not investigate the influence of sur-
face roughness and topography, as they carried out all their experiments
with only one roughness combination of R, value 0.05 pm for the steel
disc and 0.03 pm for the spherical steel pin.

7. Conclusions

Tribological experiments were carried out with smooth, average
rough and rough (in range of 0.004-0.11 R, values and FSs in range from
2.21 to 2.94) steel and DLC coated surfaces under dry and synthetic PAO
oil lubricated conditions. The grooved topography surface pattern
orientation with regard to sliding direction was 0°, 45° and 90° in linear
reciprocal sliding and 0-360° in continuous rotational sliding. The load
was 20 N and the sliding speed 0.1 m/s. Based on friction and wear
measurements and wear scar observations the following conclusions can
be drawn:

1. In dry sliding steel vs steel contacts, the coefficient of friction
decreased with increasing surface roughness from values of about
0.67 down to 0.53. The decrease in friction with higher surface

Key tribo-parameters and observations in four investigations on topography effects on friction and wear.

Investigators Load (N) & speed (m/ Sliding Lubrication Materials Roughness, Ra Observations
reference s) movement (pm)
Holmberg et al.” 20 & - linear - dry - steel 0.004-0.11 - no orientational effects in steel vs steel
0.01 reciprocal - PAO -DLC a-C grooved - dry DLC p < 0il DLC p
- rotational - ultralow friction only for dry DLC
Velkavrh & Kalin 10 & - linear - dry - steel 0.03-0.05 - dry DLC p < 0il DLC p
[16] 0.003-0.04 reciprocal - PAO -DLC a-CH - ultralow friction only for dry DLC
Rosenkranzetal. [42]  0.001 & 0.001 - linear - dry - steel 0.35 grooved - orientational effects in steel vs steel, p 90° < p
reciprocal 0°
Abdullah et al. [58] 5& - rotational -PAO - DLC ta-C 0.003-0.25 - ultralow friction for dry and PAO lubricated
0.1 - PAO + DLC
additives - no results from dry DLC

# = present investigation; p = coefficient of friction.
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roughness is due to lower adhesive friction in contacts with rougher
surfaces as the load is carried to a larger extent by the asperity tips.
The topography orientation had almost no effect as the topographic
pattern was largely destroyed by the wear process. Topography
orientation effects in steel vs steel contacts have been observed at
considerably lower load and speed conditions by others [42].

. In oil lubricated steel vs steel contacts, the coefficient of friction,
on the other hand, increased with surface roughness from values of
0.08-0.13. The oil prevents efficiently the adhesive friction between
the surfaces. The increase in friction for rougher surfaces is explained
by the effect of the lubricant film shearing, which is easier between
smooth than with rougher surfaces. This results in disturbances in the
shear plane and the shearing process. The topographic orientation
had almost no effect as the film exhibited good load carrying capacity
allowing for the shearing to take place in the lubricant film on
asperity tips regardless of the topographic pattern.

. In dry sliding DLC vs DLC contacts, there was a considerable effect
of surface roughness and topographic orientation on friction and
wear. A super-lubricious DLC surface layer was efficiently formed in
the contact and resulted in very low coefficients of friction of 0.04
with smooth and rough surfaces when the surface topographic di-
rection was the same as the sliding direction. However, the surface
layer formation was most severely disturbed and resulted in a coef-
ficient of friction five times higher of 0.21 with 45° topographic
orientation and surfaces with same level of roughness on both sides
in the contact. This resulted in strong surface topographic inter-
locking combined with strong side directional disturbing forces. The
super-lubricious layer formation was also disturbed by the rotational
sliding direction resulting in high friction coefficients of 0.10-0.17.
. In oil lubricated DLC vs DLC contacts, the oil prevented the for-
mation of the super-lubricious surface layer both in linear and
rotational sliding. It resulted in contact conditions where the
shearing took place in the boundary lubricant film without the in-
fluence from the DLC layers. This is similar to the tribological contact
mechanism observed in lubricated uncoated steel vs steel contacts. A
slight increase in friction and wear could be observed in lubricated
DLC contacts, however, only minor topographic orientation effects
were observed.

. Impact of sliding direction. In continuous rotational sliding the
coefficient of friction was 10% lower compared to linear recipro-
cating sliding with dry steel vs steel surfaces for all three roughness

Wear 486-487 (2021) 204093

levels. This may be due to the differences in the formation of
commensurable wear grooves or in variations in the surface texture
destroying effects. The favorable super-lubricious low friction DLC vs
DLC sliding conditions with a coefficient of friction of 0.04 appeared
only during linear sliding. In rotational sliding, the coefficient of
friction was between two up to two and a half times higher.
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Appendix

Table Al
Friction in lubricated linear reciprocating ball-on-plate and rotational ball-on-disc testing.

Coeffcient of frction in linear ) Retetionslpia-on-
reciprocating pin-on-plate and rotational Linear reciprocating pin-onplate test pesizploy
pinon-disc testing
Surface material Orientation 1steycle, 1IN 2ndcycle, 1IN  Xd oycle, 1IN &h oydle, 1IN Sthoycle, 1N 10th orcle, 1N 100th cycle, 3N 30min, 20N Stable fiction, 20N Rable friction, 20N

Odegrees  10,0840.04 0.0620.02 0.05:002 0.0520.02 0.0520.02 0054002 0.08:+0.01 007£002  0.0840.02

DLC smooth 4 degrees 0.05£0.02 0.0520.02 08+0.01 0.080.02
90 degrees 0.05£0.02 0.05£0.02 0.0820.02
Odegrees  (0.0840.02 007£0.02 0.07£002 0.0720.02 0.06:0.02 0064002 0.0840.01 007£003 0.07£0.02

DLC average 4 degrees 0.08£0.02 0.0820.02 007+0.02 0.09:0.01 008003 0.09:0.02
SOdegrees  |0.0940.03 0.0940.03 0.08£002 0.08£0.02 0.0840.02 0.08£0.02 0.09:0.01
Odegrees  10,1240.04 0122005 0.12£¢005 0.1220.05 0.1240.05 0.10£0.04 0.11:0.02

DLC rough @degrees  10.1140.03 0.1040.03 0.09£003 00940.03 0.0940.03 0094003 0.1040.02

Sdegrees  |0.1040.03 0.10£0.03 0.09:003 0.0920.03
Odegrees  10,0640.03 0.0620.03 0.06£003 0.0620.02 0.0720.03 007£003 0.08:+0.01 0.08£0.02

steel smooth & degrees 0.05£001 0.0520.02 08+0.01 0.080.02
degrees  (0.0640.03 007£0.03 0.06£003 00620.03 0.06:0.03 006003 0.08£0.01 007£003 0.0840.02
Odegrees  10,1240.04 0122005 0.12¢005 0122006 0.12:0.06 0.10£0.04 0.11:0.02 010:003  0.10:0.02

steel average & degrees 0.08£003 0.0840.03 0.09:0.02
90 degrees 0.08£0.02 0.0820.03 0.09£0.02
Odegrees  10.2740.08 0.2920.07 0.30£008 03120.09 0.3120.09 030£009 0.24+0.05 0122005 0.1340.03

steel rough “degrees  |0.1440.03 0.14£0.02 0.14£003 0142003 0.1440.03 0142003 0.14£0.03 012£004 0.13:0.03
90 degrees 0.1320.03 0.1340.03 0134003 0.

* = coating on ball worn out in two or more test
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Table A2

Friction and wear in lubricated linear reciprocating ball-on-plate and rotational ball-on-disc testing.

Wear 486-487 (2021) 204093

Performance Symbol (unit) DLC-S vs DLC-B DLC-A vs DLC-B DLC-R vs DLC-B STE-S vs STE-B STE-A vs STE-B STE-R vs STE-B

Linear reciprocal
ball-on-plate test

1. Friction in PoP at p (dimensionless) 0.08+0.02 0.07+0.02 0.10+0.02 0.08+0.02 0.09+0.02 0.13+0.03
0°

2. Wear rate in PoP Kpin (1076 mm® /Nm) <0.005 /<0.002 <0.005 /<0.002 <0.005 /<0.002 <0.005 /<0.002 0.005+0.003 0.010+0.003
at 0° /Kgisk (107® mm® /Nm) /<0.002 /<0.002

3. Friction in PoP at p (dimensionless) 0.08+0.02 0.09+0.02 0.10+0.02 0.08+0.02 0.09+0.02 0.13+0.03
45°

4. Wear rate in PoP Kpin (107% mm® /Nm) <0.005 /<0.002 <0.005 /<0.002 0.030+0.010 <0.005 /<0.002 0.005+0.0030 0.010+0.003
at 45° /Kgisk (1078 mm® /Nm) /<0.002 /<0.005 /<0.005

5. Friction in PoP at p (dimensionless) 0.08+0.02 0.09+0.02 0.10+0.02 0.08+0.02 0.09+0.02 0.13+0.03
90°

6. Wear rate in PoP Kpin (107% mm® /Nm) <0.005 /<0.002 <0.005 /<0.002 0.010+0.003 <0.005 /<0.002 0.005+0.003 0.010+0.003
at 90° /Kgisk (1078 mm® /Nm) /<0.002 /<0.005 /<0.005

Rotational ball-on-
disc test

7. Friction in PoD p (dimensionless) 0.10+0.02 0.09+0.02 0.10+0.01 0.10+0.01 0.11+0.01 0.13+0.02

8. Wear rate in PoD Kpin (107% mm® /Nm) 0.010+0.003 0.040+0.006 0.080+0.010 0.010+0.006 0.010+0.006 0.040+0.006

/Kdisk (107° mm® /Nm) /<0.002 /<0.002 /<0.002 /<0.005 /<0.005 /<0.005

NW = No wear observed (<0.002 - 10"° mm?> /Nm); MW = mild wear observed (0.002-0.005 - 10~° mm® /Nm).
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