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Micro-Dimple Rolling Operation of Metallic Surfaces
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“ Department of Mechanical Engineering, Isfahan University of Technology, Isfahan, 84156-83111, Iran

® Department of Mechanical Engineering, The University of Sheffield, UK

Abstract

The presence of micro-dimples on the surface of workpieces has long been known to have a positive
impact on the friction control and wear resistance at the sliding surfaces. Several manufacturing
processes have been used to generate micro-dimples on the surfaces of parts subjected to mechanical
contact. Among those methods, metal forming based techniques have received little attention in the
literature mainly due to the challenges present in formation of sub-millimetre dimples using these
processes. In this study, a micro-dimple rolling apparatus was developed to rapidly generate dimples
with square cross-sections and side dimensions of smaller than 200 um. The dimples were formed on
the surface of a low carbon structural steel and the effect of generated texture on friction and wear was
studied through pin-on-disc test. In comparison with untextured surfaces, the results proved that the
dimples formed by the proposed system could effectively reduce the friction coefficient by up to 23%

and weight loss due to wear by up to 50%.

Keywords: Surface texturing; micro-dimple; micro-forming; friction; wear.

1. Introduction

Friction plays an important role in mechanical systems. It can play a positive role, e.g. brake systems in
automotive applications, or a negative role as a mean to dissipate the productive energy, e.g. in moving

parts in an automobile engine, where friction may dissipate up to 40% energy [1]. Therefore, controlling
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the friction characteristics of contacting surfaces is of prime importance in engineering systems. Surface
texturing, in which micro-dimples or micro-channels are intentionally created on the surface, has proven
to be an effective method for controlling friction. The use of intentionally created surface irregularities
to improve tribological properties was first discussed in the 1960’s [2]. Several theoretical and
experimental studies have been devoted to surface texturing and its effect on tribological properties of
different workpieces such as piston ring [3,4], bearings [5-8], bushings [9,10], mechanical seals [11,12]
and even in medical needles [13]. The micro-dimples usually improve the tribological properties through
different mechanisms depending on the working conditions. The micro-textures may act as reservoirs
for lubricant [14], and thereby decrease lubricant leakage and also lubricate the surfaces for a longer
time compared to untextured surface (UTS). It is reported that the build-up pressure in the dimples may
increase the film thickness and thus change the lubrication regime from mixed to hydrodynamic
lubrication [15]. Zhou et al. [16] reported that the wear debris were trapped into the dimples and
reduced the risk of scratching the surfaces during sliding contact. In dry contact conditions where no
lubricant is used, the effective contact area is reduced due to the presence of dimples resulting in
smaller frictional force compared to UTS [17]. Greiner et al. [18] reported that surface texturing may
reduce the friction forces by up to 80% and the smaller dimples are more effective at larger velocity

gradients.

Several manufacturing processes have been employed to generate micro-dimples on the workpiece
surfaces. The main established techniques include laser ablation [18-21], photochemical machining
[22,23], electrochemical machining [24-27] and mechanical micro-machining [28-30]. The selection of an
appropriate technique to fabricate dimples is dependent on several parameters such as workpiece
material, dimple size, dimple shape, required accuracy and workpiece shape and size. A high energy
pulsed laser beam is used in Laser texturing to selectively melt and vaporize the workpiece surface and
generate the required pattern. One dimple is generated at a time by the laser beam but the processing
times are relatively short as the pulse durations are very short, i.e. microseconds to femtoseconds. This
process is considered accurate and can be used for almost all materials. However, expensive equipment
is required for laser texturing and the process generates a recast layer on the workpiece surface.. The
contacting surfaces are collectively etched using a photoresist resin mask and a chemical etchant in
photochemical machining process. The process can be used for mass production but it is not generally
an environmentally friendly process as the waste materials and chemicals are hazardous and expensive
to dispose. The electrochemical machining removes the workpiece particles using a high current

electricity that is passed between the tool and the workpiece through an electrolytic material. Although



formation of defects such as burrs, cracks or heat-affected zones can be prevented upon the selection of
proper process parameters, this technique is only applicable for electrically conductive materials.
Additionally new masks are also required for each individual workpiece to be textured which adds to the
cost and time of the process. In the mechanical micro-machining operation, a miniature cutting tool cuts
through the workpiece and removes the unwanted material. The main drawbacks of this process is the
need for an expensive micro-milling machine tool and relatively long processing time as only one dimple
is created at a time. Other techniques such as deformation-based texturing [16], reactive ion etching
[31], ultrasonic nanocrystal surface modification [32], abrasive jet machining [33] and LIGA (Lithography,

Electroplating, and Molding) [34] have also been utilized to create surface textures.

Deformation-based techniques could potentially be a better choice for mass production due to
inexpensive equipment, low manufacturing cost, environmentally friendly process, without negative
side effect and material waste. However, there are several challenges associated with these techniques
that need to be addressed. The metal forming systems often generate one dimple at a time, and
therefore it is usually time consuming to generate thousands of dimples on a regular workpiece. In
addition, as the dimple size decreases, due to the so-called size effect phenomenon, the effects of high
sensitivity to backlash in motion mechanisms as well as elastic deflections of tooling because of forming
forces on the produced dimples become more prominent. Therefore, tooling systems with closer
manufacturing tolerances are required. It is reported that except the deformation-based techniques,

other operations are capable to fabricate dimples with diameters of smaller than 50 um.

According to the available advantages of micro-metal forming, this process could potentially be used for
surface texturing in mass production of practical workpieces. Futamura et al. [35] developed a micro-
dimple forming tool to generate dimples on the inner wall of pipes to improve the anti-seizing
properties of sliding surfaces of mechanical components. They used roller-burnishing process to flatten
the bumps formed around the dimples. Zhou et al. [36] developed a micro-forming system to generate
micro-channels on the surface of thin sheet metals. Pre-textured rollers were used to create an array of
micro-channels through a combination of rolling and indentation actions. Zhou et al. [37] later used the
system to study the features of formed micro-channels such as the channel profile and uniformity of its
depth. Their measurements showed that channels of approximately 100 um wide by 15 um deep were

successfully formed on AA5052 aluminium alloy with a nominal thickness of 500 um.

The purpose of this work is to develop a cost-effective micro-dimple rolling apparatus for high-speed

fabrication of micro-dimples on a flat surface. In this context, it is necessary to use relatively simple and



inexpensive equipment and to create several dimples in a short time. The system was mounted on a
milling machine to provide the required motions for the tool and hold the workpiece. The effects of
generated micro-dimples on wear resistance and frictional contact of the test samples was studied in
order to determine the effect of the produced dimples on friction and wear rate of the material under

different normal loads, relative sliding velocities and lubrication conditions.

2. Design Procedure

2.1. micro-dimple rolling apparatus

A bespoke experimental setup was designed (Figure 1a) to create dimples using a controlled axial
motion of derive axes combined with a free rotational motion of specially designed forming tool (Figure
1b). The designed forming tool consists of indentation teeth resembling a circular saw blade that indents
into the surface of the workpiece to create the required dimples with selected parameters including
depth, area etc. The workpiece is fixed on a bed that allows in-plane orthogonal displacement while the
forming tool is attached to a load actuator in order to provide the required indentation force that is
predicted as one of the process parameters using finite element modelling approach. The applied
compressive force results in the formation of initial dimples. The table is moved in the longitudinal
direction forcing the tool to rotate around its axis while it is compressed on the surface of the
workpiece. The tool rotation brings the next tooth into contact with the workpiece generating additional
dimples in a row. The forming tool is then moved in the transverse direction with the required pitch size
followed by longitudinal motion of the table to create the next row of dimples. The process continues

until the whole surface is swept by the tool.

The tool geometry was designed based on the required area density, shape and size of the dimples. In
this study, the forming tool was designed assuming that the dimple shape was a square pyramid with a
vertex angle equal to the Vickers indenter tip, i.e. 136°. Table 1 shows the characteristics of the dimples
utilized to design the tool in this work. The dimple size is dependent on its depth and it can be calculated
when the depth and the tool vertex angle are known. According to Figure 2, the relationship between
the dimple size, depth and vertex angle is written as follows:

tan(g) = % (1)



where a, H and f8 are the dimple size, height and vertex angle, respectively. The dimple size and area

shown in Table 1 were calculated using the dimple depth and vertex angle.
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Figure 1. (a) Schematic of the designed bespoke experimental setup to create dimples using a (b) specific forming
tool.

Figure 2. A dimple with square cross-section



Table 1. Characteristics of the dimples used to design the forming

Area density (%) Depth (um) Area (um?) Size (um) Cross-section

6 30 31415 177 Square

The designed forming tool was made of DIN 1.2080 alloy steel with hardness of 772 HV, diameter of 40
mm, thickness of 1 mm and 174 teeth. The teeth were cut using a computer numerical control wire-cut
machine. Ideally, if the mechanical properties of the surface does not change throughout the surface,
the dimple depth remain unchanged as well. A large variation of mechanical properties of the surface
results in large deviation of dimples depth. In order to control the dimples depth more accurately,
piezoelectric actuators can be used. For the chosen size of dimples in this study, it was observed that the

dimple depth did not considerably deviate using the pneumatic cylinder.

2.2. Pin-on-disk apparatus

A set of pin-on disk experiments were used to evaluate the effect of surface textures on friction and
wear behaviour. The experiments were performed on a pin-on-disc apparatus where a stationary Mo40
steel pin was pressed against a rotating disc made out of St-37 structural steel. The applied compressive
and tangential forces as well as the disk weight loss were measured during the experiments in order to

calculate the friction coefficient and the wear resistance of the disk material, respectively.

In order to observe the effects of the generated textures by the micro-dimple rolling apparatus on
friction and wear resistance, several discs were prepared using St37 structural steel with diameter of 50
mm and hardness of 220 HV. The pins were also made of Mo40 alloy steel with diameter of 15 mm and
hardness of 270 HV. All pins and discs were ground and polished to a surface roughness of Ra=0.32 um

before surface texturing. The discs were then textured using the deformation-based system.

The tests were stopped after relative distance of about 250 m. The specimens were placed into an
acetone bath before and after the pin-on-disc tests. The tests were conducted at relative sliding
velocities of 0.1 m/s and 0.2 m/s and with the applied normal loads of 25 N and 50 N. The experiments

were carried out at dry and lubricated conditions using SAE 10w40 oil as the lubricant.



The standard ball-end pins used for similar experiments have a very small contact area with the disc,
reducing the effect of surface texture on the test. Therefore, a flat-end pin with a larger contact area
was used instead. A self-adjusting mechanism was also designed to eliminate the effect of misalignment
on the test and ensure a complete contact between the sliding flat pin and the textured surface (TS) of
the disk. As shown in Figure 3, a ball joint mechanism was used to allow the flat-end pin rotate and
adjust itself with the disc. In fact, if the contact pressure becomes larger on one area of the flat-end pin,
it creates a moment about the ball joint centre and rotates the pin to reach equilibrium. Therefore, a
uniform contact pressure is applied on the contact surface and the whole surface of flat-end pin touches

the disc.

Pin

| / Ball joint

| _— Flat-end pin
| Disc |

Figure 3. Schematic of the self-adjustment pin-on-disc mechanism.

2.3. Finite element analysis

In order to estimate the required forming load, finite element simulations were run using
ABAQUS/Explicit commercial finite element package. Only a small portion of the tool, i.e. five teeth,
were modelled in the simulations to save CPU run time. The tool was modelled as a three-dimensional
discrete rigid body. The workpiece measures 3500 x 600 x 160 um and is made of St-37 structural steel.
The material response of St-37, as shown in Figure 4, was obtained by uniaxial tensile test. A side view of
the assembly is shown in Figure 5. The interaction between the workpiece and the tool was defined
through a surface-to-surface contact formulation. The friction was enforced using penalty method with

a constant Coulomb friction coefficient of 0.1. The boundary conditions were imposed in two
consecutive steps. During the first step, the workpiece bottom surface was fixed and the tool was
displaced 30 um towards the workpiece until the first tooth penetrated into the workpiece. In the

second step, a displacement boundary condition was applied at the workpiece bottom surface to move



the workpiece, while the tool’s reference point was fixed in all directions except for the rotation around
its axis. The 8-noded brick elements in reduced integration mode, denoted by C3D8R in ABAQUS, and a
mesh size of 30 um were used to mesh the workpiece. The rigid tool meshed using rigid 4-noded

elements, denoted by R3D4 in ABAQUS, with approximate size of 35 um as shown in Figure 6.
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Figure 4. Stress-strain response of St-37 steel in uniaxial tensile test.
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Figure 6. Isometric view of the meshed tool.

3. Results and discussions

Figure 7 shows the distribution of equivalent plastic strain on the final deformed shape of the
workpiece. The predicted forming load by finite element was extracted from the simulation results
and the required pressure for the load actuator was calculated. The results showed that a pressure
of 2.5 bar was required to form dimples of 30 um on St-37 steel. This pressure was set on the
pneumatic actuator utilized to provide the forming load for the tool. It will be shown later in this
section that the dimples size and depth predicted by the finite element simulation correlates well

with the corresponding experimental dimensions.
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Figure 7. The equivalent plastic strain contour on the final deformed shape of the workpiece.

The TS samples were analysed using optical and scanning electron microscopes (SEM) in order to
determine the size of the dimples and the possible mechanisms of deformation within the material.
Figures 8a and 8b show the dimples at low and high magnifications where the formation of bumps
around the free edges of the dimples makes it difficult to quantify the cross-section of the generated
dimples. The discs were polished after the texturing process until the bumps were removed. The
dimples on the textured-polished surface (TPS) samples were again observed using the optical
microscope as shown in Figures 8c and 8d. The size of six randomly selected dimples were
approximately measured, before and after polishing, using optical microscopy images. Figure 9 shows
the measured dimples sizes for the surface before and after removing the surface bumps showing a
minimal change in the measured values. The high magnification SEM micrographs of the dimples, Figure
10, indicates that the material has been pushed away from the dimple to form the burr along the
longitudinal and transverse side of the dimples. Additionally, Figure 11 shows that according to the
presence of large shear bands within the dimples, the material has experienced a large
shear/compressive deformation during the process. This may results in severe slip bands formation

within the grain at the direct vicinity of the surface.



(c)

(d)

Figure 8. Optical images of dimples (a,b) before polishing and (c,d) after polishing and removing the surface bumps
at low (250X) and high (600x) magnifications (L denotes the measured length and DLO and DL1 refer to the
horizontal and vertical distances, respectively).
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Figure 9. Measured dimples sizes for TS and TPS samples with the calculated standard deviation of 9.6 and 9.3 um,
respectively.

Figure 11. SEM micrograph of a dimple after polishing at magnification of 2000X.



The depth of the formed dimples were measured using a surface profilometer (Mitutoyo-5SJ.210 model)
and an average depth of about 29.8 um (with standard deviation of 0.4 um) was obtained for the
dimples. The obtained measurement is in close correlation with the predicted results by the finite
element model (30 um) which indicates the validity of the simulation outputs. Figures 12a and 12b
show the surface profile of one dimple before and after the polishing process. The predicted surface
profile by finite element simulation was also compared with the experimental one for two consecutive
dimples in Figure 13. This figure shows that the predicted profile correlates fairly with the measured

profile. The presence of the bumps is also evident in the graphs of Figures 12a and 13.
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Figure 12. The surface profile of dimples: (a) before polish and (b) after polish.
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Figure 13. Comparison of the experimentally measured profile with the profile predicted by finite

element simulation for two consecutive dimples.

In order to study the effect of bump formation on friction and wear, three types of specimens were
prepared: a) without dimples, b) with dimples but without subsequent polishing and c) with dimples and
subsequent polishing. The pin-on-disc tests were run at relative sliding velocity of 0.2 m/s and normal
load of 50 N. The surface of the discs smeared with SAE 10w40 oil before the tests. The average friction
coefficient during the total time of the test was calculated. The effect of subsequent polishing process
on friction coefficient and wear is shown in Figures 14 and 15. Figure 14 shows that the friction decrease
for the TS and TPS is 0.6% and 4%, respectively. Surprisingly, the mass of material loss for the TS was
70% more than that of the UTS. However, the material loss of about 30% was observed for the TPS
compared with the UTS. The bumps start to wear rapidly at the beginning of the test for the TS sample
without polishing and more mass is therefore lost during the test. As shown in Figure 16, the friction
coefficient is relatively high at the beginning of test. As the test continues, it starts to decrease and
eventually saturates to a constant value. This is because of the fact that the asperities formed by bumps
increase the coefficient of friction at the beginning of test. However, the friction coefficient stabilizes as

the bumps are flattened and it finally becomes smaller than that of the UTS.
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Figure 14. The effect of subsequent polishing on the coefficient of friction.
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Figure 16. The coefficient of friction for TS without polish during the test.

Figure 17 compares the coefficient of friction for the TPS and UTS in the dry contact condition. The
reduction in coefficient of friction is observed for all TPS samples. The figure shows that surface
texturing reduces the friction coefficient from 6% to 19% depending on the normal load and velocity.
This is because the contact area in TPS is smaller than that of the UTS. The mass of material loss is also
compared in Figure 18 for the TPS and UTS. The figure shows that surface texturing reduces the mass
loss from 22% up to 32% depending on the applied normal load and sliding velocity. The smaller contact

area and trap of wear debris are the main reasons for wear rate reduction of TPS.
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Figure 17. The effect of surface texture on friction in dry condition.
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Figure 18. The effect of surface texture on wear in dry condition.

One of the main functions of dimples is to reserve the oil and lubricate the surfaces during contact. In
order to study the effect of texturing on friction and wear for lubricated conditions, both the UTS and
TPS discs were lubricated by smearing the SAE 10w40 oil before the tests. The coefficient of friction for
the TPS and UTS samples are compared in Figure 19. The friction reduction for the TPS in comparison
with UTS is from 4% to 23% depending on the normal load and relative sliding velocity. The mass of
material loss is also compared in Figure 20 for the TPS and UTS. Compared to the UTS, the mass loss
decreases by 30% to 50% for the TPS depending on the normal load and relative sliding velocity. In
general, the results show that the dimples reduce both friction and wear by acting as oil pockets and
more efficient lubrication of contacting surfaces. In addition, as it can be seen from Figure 19, the
friction reduces at larger loads and higher velocities for both UTS and TPS. This is because the pressure
increases in the lubricant at larger normal loads and higher sliding velocities which results in formation
of a thicker film of lubricant. When the lubricant film is thick enough to maintain hydrodynamic
lubrication for the UTS, the dimples do not considerably reduce the friction coefficient for the TPS (4% at
normal load of 50 N and velocity of 0.2 m/s). However, as shown in Figure 20, the role of dimples on
wear rate reduction is still considerable at larger normal loads and higher velocities. This is because the
dimples collect some of the wear debris and reduce the chance of scratching the surfaces. A comparison

between the percent of mass loss reduction of TPS in dry and lubricated condition reveals that a larger



decrease is observed when surface texturing is used in lubricated condition where the dimples act both

as an oil reservoir and as a micro-trap for wear debris.
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Figure 19. The effect of surface texture on friction in lubricated condition.

=
[e)]
)

®TPS mUTS

= =
N B

[EnY

o
<)}

Mass of material loss (mg)
o o
IS o

©
N

25N -0.1m/s 25N -0.2m/s 50N -0.1m/s 50N - 0.2m/s

Figure 20. The effect of surface texture on wear in lubricated condition.



Finally, it is worth mentioning that the proposed rolling tool can form hundreds of dimples in less than a
minute. It is obvious that more than one tool can also be mounted on a shaft to generate more than one
row of dimples with a single travel of the tool and even further reduce the cycle time. The depth of
dimple can also be adjusted by changing the force of actuator. However, a new tool must be designed
and manufactured for dimples of different shapes and/or different area densities. Therefore, in terms of
flexibility, the proposed mechanism may not be able to compete with other texturing methods such as
laser ablation process. The application of the proposed mechanism is also limited to the ductile metals

with good formability at room temperature.

4. Conclusion

In this study, a rolling tool mechanism was developed to quickly generate micro-dimples on the surface
of metals. The system was used to texture the surface of St-37 steel discs. The discs were used in a pin-
on-disc apparatus to show that the generated texture could effectively change the frictional and

tribological behaviour of the surface. In summary the following conclusions can be drawn:

e Square dimples with sides of approximately 175 um and depth of 30 um can be generated on
the surface of structural steel.

e The micro-dimples generated by the proposed mechanism are effective to reduce friction and
wear both in dry and lubricated contact conditions.

e The system is able to generate hundreds of dimples in less than a minute.

e The bumps formed around the dimples have a negative impact on wear and friction and should
be removed to enhance the tribological characteristics of the surface
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