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Effects of laser dimple texturing on the sliding wear of friction pairs
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In order to reduce the sliding wear of friction pairs under dry friction condition, the surfaces of
friction pairs were textured with morphology of dimples using laser etching technique, and the
influence of surface micromorphology on the wear rate of friction pairs was studied. The results
show that the laser dimple texturing can reduce abrasive wear of the friction pairs when they were
in rolling contact and sliding movements, the occurrence of pear-shaped ditches was eliminated
and damage of the surface oxide layer was relieved. The well-preserved surface oxide layer would
restrain the penetration of air oxygen molecules into the friction pair, thanks to the dense oxide
layer, and thereby reduce the wear rate. For the friction pair textured with morphology of etched
dimples, the oxide layer is well preserved, its wear rate is reduced, and the oxygen atomic mass
percentage on the surface is rather low. © 2013 Laser Institute of America.

Key words: wear, rolling contact friction pair, oxide layer, laser dimple texturing

. INTRODUCTION

The rolling contact of a wheel on a rail is the key to
many wheel-rail related problems such as wear rate, plastic
deformation, rolling contact fatigue, vehicle dynamics, and
vehicle—track interaction. The wear rate of wheel surface
during rolling and sliding is originated from creep movement
between the wheel surface and the rail. The present paper
focuses on the effect of laser dimple texturing on the
improvement of the wheel’s wear rate and its variation rules
so as to promote the engineering applications of laser surface
texturing technique to the manufacture of high speed trains.

Milan er al.' found that an increase in test temperature
and normal load facilitated the generation of oxide and
assisted in the compaction of the debris, thus producing a
wear protective layer and, as a consequence, a reduction in
wear rate as well as in friction coefficient. Birol> found that
the friction and wear conditions were quite stable owing to a
stable oxide layer. Wong er al.® found that rolling cycles gen-
erated more oxide on the surface of the patches, and the pres-
ence of these patches provided a relatively low and stable
friction. Stott* employed some of the models developed to
account for the generation of oxide during sliding and studied
the effects of such oxides on the wear rate. And it was found
that oxidation of the contacting metal or alloy surfaces could
result in a decrease in wear rate, usually associated with a
change from metallic debris to oxide debris. Jiang er al.®
researched the mechanisms of establishment of this layer and
found that the relatively low wear rate in the mild wear regime
could be accounted for by the formation of a compact layer of
oxide or oxide debris particles. Huttunen-Saarivirta’ found
that the oxide scales played a more important role as the tem-
perature increased, particularly in the case of uncoated speci-
mens. On coated specimens, the oxide scales were extremely
thin, particularly at the lowest temperatures, and were able to
deform plastically with the base metal: they played a minor
role in the erosion process. Voisey e al.® found that laser sur-
face melting created a refined microstructure that increased
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the effective diffusion coefficient for Cr in the alloy by intro-
ducing a higher density of rapid diffusion paths and thus pro-
moting the formation of a protective oxide scale. And the
resistance of alloys to corrosion relies on the formation of a
dense, adherent oxide layer that separates the alloy from the
corrosive environment. The result of Joos et al.” showed that
for a disc of temperature below 650 °C, the decrease of the
friction coefficient was essentially due to the disc oxide scale
for both grades. And above 650 °C, the contribution of the pin
oxide scale influenced the friction evolution. Rainforth er al.'®
found that an increase in oxide coverage of the surface was
associated with a decrease in Lancaster wear coefficient. The
oxide at the surface of the 316L and H21 + 7% TiC was
found to deform with the substrate, forming a mechanically
mixed layer that enhanced the surface wear resistance.

In previous studies, since surface morphology of the roll-
ing contact friction pair was uncontrollable and the forma-
tion of oxide layers in friction was stochastic, it is very
difficult to study the variation rules governing the wear rate
of friction pairs. In the present paper, the formation of sur-
face oxide layer is affected and controlled by changing the
morphology of the laser-textured surface of friction pairs so
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FIG. 1. The testing rig.
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TABLE I. The chemical components and mechanical performances of the materials.

Steel o(C) (%) (Si) (%) o(Mn) (%) w(Ni) (%)

o(Cr) (%)

(S) (%) w(P) (%) o5 (MPa) oy, (MPa) HRC

45C 0.45 0.27 0.65 0.25

0.25 <0.02

<0.02 600 800 26

that the effects of surface oxide layer on the wear rate of fric-
tion pairs can be studied in detail. The results of Seo'' show
that when the dimple diameter in the wear area is less than
certain threshold, this dimple has little influence on the wear
situation nearby, and the dimple will gradually fade away
under the action of wearing; while as the dimple diameter
surpasses the threshold, fissures and lots of debris will be
found around the dimple due to the action of wearing. The
result proves that the laser dimple texturing on the surface of
friction pairs would not affect the friction pairs themselves,
i.e., the laser texturing technique is feasible.

Il. EXPERIMENTAL PROCEDURE

Wear between the wheel surface and the rail is a rolling
and sliding (creep) wear. The key for reducing the wear rate
is to accelerate the formation of an oxide layer on the friction
pair surface and to delay the damage of this oxide layer.

The experiment was carried out on a rolling friction test-
ing rig, as shown in Fig. 1, in which the rolling and sliding are
generated by applying a load of eddy resistance to the follower
wheel. The base material of the follower wheel is Steel 45C,
and its chemical components are given in Table 1. The material
of the drive wheel is Steel 45C after quenching heat treatment,
the HRC of which is 52. The follower wheels were divided
into three groups: the first were those without laser treatment,
the second those treated by laser dimple texturing with etched
dimples, as shown in Fig. 2(a), and the third those treated by
laser dimple texturing, in which the dimple has melted crater,
as shown in Fig. 2(b); the experimental results would also be
grouped into three cases in the following presentation. In this
test, the dimples were produced in air without special environ-
mental requirement by a 5 kHz pulsating Nd:YAG laser with
power of 200 W, focus length of 80 mm, and pulses of 5 us du-
ration, and 10 mJ for each pulse. In the experiment, one dim-
ple was produced by two repeat laser pulses, and the laser
peak power density was 3.74 x 10’ W/em?® for case 2 [Fig.
2(a)] and 3.14 x 10’ W/cm? for case 3 [Fig. 2(b)], respectively.
The drive wheel is 45.4mm in diameter and 5 mm in width,

and the follower wheel is 45.4 mm in diameter and 10 mm in
width. And then comparative experiments were performed,
the laser beam is 140 um x 140 um in focus size and the
diameter of laser etched dimple is 100 um (for dimples with
crater, the diameter is measured from the crater’s border),
and the dimple depth is 30 um (the same for dimples with
crater, whereas the height of the crater is about 8 um). In
experiments, the rotating speed is 400 r/min, the treatment
duration is 26 h, and the load is 500 N. Each experimental
run had a grinding-in duration of 5min and then a resistant
load was applied on the follower wheel, in which the eddy
current was 0.75 A and the friction coefficient of the friction
pair was steady and kept at 0.17.

lll. RESULTS

Figure 3 showed that the surface morphology of the fol-
lower wheels with laser treatment: the laser dimple texturing
with etched dimples, as shown in Fig. 3(a), and the laser
dimple texturing with melted crater, as shown in Fig. 3(b).
Figure 4(a) shows the results for case 1, i.e., morphology of
the untreated friction pair after the wearing test, in which in-
terrupted pear-shaped ditches could be clearly seen in wear
area. These interrupted pear-shaped ditches were caused by
the rolling and sliding movements of debris particles that
were generated during the wearing test. These debris par-
ticles damaged and prolonged the formation of oxide layer
on the friction pair surface so that the wear state became
deteriorated. The thickness of the oxide layer was approxi-
mately 10 um, as seen in Stott.” On the other hand, for case
2, i.e., for the treated friction pair of the second group (laser
texturing with etched dimples), the wear situation after the
wearing test was shown in Fig. 4(b), in which the interrupted
pear-shaped ditches were not observed. This is because the
dimples blocked the sliding movements of debris particles
on the friction pair surface, leading to quick formation of ox-
ide layer on the friction pair surface. The oxide layer was not
liable to be damaged by debris particles, and thereby the
wear rate was significantly reduced. For case 3 [where the

FIG. 2. Magnification of the dimples.
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FIG. 3. Morphology of the dimples.

laser-textured surface changed from morphology of etched
dimples to morphology of dimples with craters, as shown in
Fig. 2(b)], since the crates on the surface of the follower
wheel generated lots of debris particles on the drive wheel
surface in the sliding movements, thus the oxide layer took
the longest time to form and was difficult to be preserved
and soon be damaged by debris particles. The pear-shaped
ditches formed regular connected grooves on the drive wheel
surface, and furthermore, the movements of these debris par-
ticles also generated lots of grooves on the surface of the fol-
lower wheel, as shown in Fig. 4(c), so that the wear rate of
the friction pair was greatly elevated.

follower wheel

Abrasion loss of the friction pair is compared in Table
II. For case 2 (where the follower wheel is laser-textured
with morphology of etched dimples), the reduction in abra-
sion loss of the follower wheel is (16.8 — 5.4)/16.8 = 67.8%,
and that of the drive wheel is (7.9 — 0.7)/7.9=91.1%. For
case 3 (where the follower wheel is laser-textured with mor-
phology of dimples with craters), the increment in abrasion
loss of the follower wheel is (25.1 — 16.8)/16.8 =49.4% and
that of the drive wheel is (39.0 — 7.9)/7.9 =390%. The oxy-
gen atomic mass percentage on the worn surface with no
laser treatment was 5.88% from the energy spectrum analy-
sis, the oxygen atomic mass percentage on the worn surface

_riv ﬂ&l ]

FIG. 4. Wear situation [(a) no treatment; (b) dimples; and (c): craters].
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TABLE II. Effects of laser texturing on the abrasion loss of friction pairs in rolling and sliding.

Abrasion loss of the
follower wheel (mg)

Laser treated follower wheel

Abrasion loss of the
drive wheel (mg)

Oxygen atomic mass
percentage (%)

Without laser treatment
Laser texturing Morphology of etched dimples

Morphology of dimples with craters

16.8 7.9 5.88
54 0.7 4.72
25.1 39.0 6.96

with dimples was 4.72%, and the oxygen atomic mass per-
centage on the worn surface with craters was 6.96%, as in
Table II.

IV. DISCUSSION

After wearing tests, the colors of the three friction pairs
were eye-observed, the untreated pair exhibits sandy beige
color, the friction pair textured with etched dimples is dark
brown, while the friction pair textured with dimple with cra-
ter is grey white.

Figure 5(a) shows the oxide layer on the surface of the
untreated drive wheel together with its energy spectrum. The
oxide layer was fragmentary, and the oxygen atomic mass
percentage on the worn surface was 5.88% from the energy
spectrum analysis. Figure 5(b) shows the oxide layer on the
surface of the drive wheel for case 2 (where the follower
wheel was textured with morphology of etched dimples) and
its energy spectrum. The oxide layer was quite intact, and no
obvious fragments were observed. The oxygen atomic mass
percentage on the worn surface was 4.72% from correspond-
ing energy spectrum analysis. Figure 5(c) shows the oxide
layer on the drive wheel surface for case 3 (where the fol-
lower wheel was textured with morphology of dimples with
craters) together with its energy spectrum. The oxide layer
was seriously worn off with obvious stripping, and the oxy-
gen atomic mass percentage on the worn surface was 6.96%
from corresponding energy spectrum analysis.

For the oxide layer on the friction pair surface, the high to
low rank of the intactness is case 2 (the laser-textured surface
with morphology of etched dimples)—case 1 (the untreated
surface)—case 3 (the laser-textured surface with morphology
of dimples with craters). The high to low rank of the oxygen
atomic mass percentage on the worn off surface is case 3 (the
laser-textured surface with morphology of dimples with cra-
ters)}—case 1 (the untreated surface)—case 2 (the laser-
textured surface with morphology of etched dimples).

The intactness of the oxide layer on the friction pair sur-
face reflects the degree of difficulty for oxygen molecules to
penetrate into the surface. The denser the oxide layer on the
friction pair surface, the less liable for the oxide layer to
fracture, the longer the oxide layer lasts, the stronger the
capability of the friction pair to resist further oxidation, and
the lower the oxygen atomic mass percentage in the energy
spectrum analysis. In this case, the oxide layer can effec-
tively prevent the friction pair from further wear and tear,
leading to the reduction of wear rate of the friction pair.
Otherwise, if the oxide layer is liable to be damaged in
movements, as shown in Fig. 4(a), even peeled off in case of
severe wear, as shown in Fig. 4(c), then air oxygen mole-
cules are easy to penetrate into the surface, leading to
enhanced oxygen atomic mass percentage on the surface. In
this case, the oxide layer cannot effectively prevent the fric-
tion pair from wear and tear. It can thus be concluded that
the laser dimple texturing can reduce the wearing action of
debris particles on the friction pair during rolling and sliding,
delay the damage of the surface oxide layer, and reduce the
wear rate.

V. CONCLUSIONS

The influence of surface micromorphology on the wear
rate of friction pairs was studied in the present paper and the
following conclusions are drawn.

Surface oxide layer plays the role of restraining wear
and tear in rolling—sliding movements. The intactness of the
surface oxide layer in movements can be controlled via the
control of the micromorphology of friction pair surfaces.
When the surface oxide layer is well preserved, the oxygen
atomic mass percentage on the surface is rather low, which
restrains the penetration of air oxygen molecules into the sur-
face. For laser dimple textured friction pairs, the surface ox-
ide layer is well preserved and thus the wear rate is rather
low.

FIG. 5. Oxide layer on the drive wheel surface [(a) no treatment; and (b) dimples; and (c) craters].
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