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Abstract: Abrasive wear mechanisms—including two-body and three-body abrasion—dominate the performance
and lifespan of tribological systems in many engineering fields, even of those operating in lubricated conditions.
Bearing steel (100Cr6) pins and discs in a flat-on-flat contact were utilized in experiments together with 5 and
13 um AL O;-based slurries as interfacial media to shed light on the acting mechanisms. The results indicate
that a speed-induced hydrodynamic effect occurred and significantly altered the systems’ frictional behavior
in tests that were performed using the 5 um slurry. Further experiments revealed that a speed-dependent
hydrodynamic effect can lead to a 14% increase in film thickness and a decrease in friction of around 2/3,
accompanied by a transition from two-body abrasion to three-body abrasion and a change in wear mechanism
from microcutting and microploughing to fatigue wear. Surprisingly, no correlation could be found between
the total amount of wear and the operating state of the system during the experiment; however, the wear
distribution over pin and disc was observed to change significantly. This paper studies the influence of the
hydrodynamic effect on the tribological mechanism of lubricated abrasive wear and also highlights the

importance to not only consider a tribological systems” global amount of wear.

Keywords: abrasive wear; two-body abrasion; three-body abrasion; hydrodynamic effect; steel

1 Introduction

When hard particles are forced to move along a
solid surface, abrasive wear occurs. This effect is of
significance in harsh environments, such as construction
and mining industries, where machinery is directly
exposed to severe tribological conditions. Several
studies affirm the substantial impact of abrasive wear,
generating 50% of all wear problems in industries
with dusty environments [1-3]. Although most
machines are designed to perform in the presence of
a lubricant to ensure a steady tribological performance,
particles being trapped between interacting surfaces
are inevitable. This can cause abrasive wear in lubricated
contacts and lead to tribological failure, corroborating
the need for fundamental and applied research in the
field of abrasive wear.

To accurately describe the acting mechanism during
abrasive wear processes, researchers classified it into
two-body abrasion and three-body abrasion [4-7].
Two-body abrasion denotes wear by “stuck” particle
sliding against the surface of a counter body. During
sliding, the particles can cut and plough the counter
body’s surface. Three-body abrasion means that
wear is generated by free rolling particles between
interacting surfaces. Commonly it is assumed that
the wear rates caused by two-body abrasion are higher
than those caused by three-body abrasion because
particles are continually cutting and ploughing during
two-body abrasion, while particles are assumed to be
rolling most of the time during three-body abrasion.
With different experimental conditions and materials,
abrasive particles can generate wear through cutting,
ploughing, fatigue, and cracking [3, 8, 9].
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Misra and Finnie [7, 10-12] studied the tribological
performance of two-body and three-body abrasion
under dry conditions. In their research, two-body
abrasion was found to be about nine to twelve times
as effective in removing material as three-body
abrasion. Williams and Hyncica [13, 14] revealed the
mechanism of abrasive wear in lubricated contacts
using a model based on the particle dimension d and
film thickness h. Beyond a critical ratio d/h, the wear
mechanism was reported to change from three-body
abrasion to two-body abrasion, and wear increased
with d/h. Wear mechanism and wear performance were
also found to be linked to further parameters, such
as abrasive size [15, 16], abrasive type [17], abrasive
concentration [18, 19], or load [20, 21]. Most of the
results and theories indicate that the wear rates caused
by two-body abrasion are much higher than those for
three-body abrasion.

Considering the above, efforts have been made to
enhance the abrasive wear performance of tribological
systems. Xiao et al. [22] investigated the effects of
two additives (polystyrene and silicon nitride) on
the tribological performance of water-based slurries
with silicon dioxide or alumina abrasives. Polystyrene
reduced wear but increased friction, while silicon
nitride showed a positive effect on both abrasion
resistance and friction reduction. Da Silva et al. [23]
studied micro-textured tools in machining and
micro-abrasion tests. Texturing increased the tool life
in the machining tests, but resulted in a pronounced
increase in the coating wear rates in the micro-
abrasion experiments. In addition to these attempts,
coatings [24] and novel materials [25] were also
investigated as strategies for friction and wear
reduction in abrasive wear. However, only limited
research [26, 27] associates lubricated abrasive wear
with hydrodynamic effects along the Stribeck curve
[28], causing a lack of experimental support on the
Stribeck curve’s applicability for lubricated abrasive
wear. The Stribeck curve visualizes how friction in
a system may change due to a hydrodynamically
induced fluid film that can separate contacting
asperities and partially carry the applied normal
load, which is a conventional approach to suppress
wear under normal lubrication [26, 29-32]. However,
to the best of our knowledge, how an increasing
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fluid film thickness influences lubricated abrasive
wear remains unclear.

This work aims to investigate the influence of
sliding speed on lubricated abrasive wear utilizing
both multi-step and constant speed tests. In the
multi-step speed experiments, the influence of the
abrasive size on the hydrodynamic effect was studied
using two kinds of slurries with different particle
sizes (5 and 13 um). The presence of a speed-induced
hydrodynamic effect was only observed when using
the 5 um slurry as interfacial media. The 5 yum slurry
and two speeds were then chosen to study how the
hydrodynamic effect influences abrasive wear, including
friction and wear of both pin and disc. Furthermore,
a brief explanation of the wear results is given based
on the wear mechanism.

2 Experimental

2.1 Materials

The tribological experiments were carried out using a
pin-on-disc configuration with pins and discs made
from bearing steel (100Cr6, AISI 5210). The bearing
steel discs, having a diameter of 70 mm, were purchased
from Eisen Schmitt (Karlsruhe, Germany). They
underwent a hardening and tempering process to
reach a hardness of nominally 800 HV. All the discs
were fine-ground on a cup grinding machine (G&N
MPS 2 R300, Erlangen, Germany) with corundum
grinding wheels of grit EK200, resulting in mean
roughness values ranging from Ra = 0.08 to 0.12 pm
(measured by the tactile surface profilometer; TS8000
R120-400, HOMMEL-ETAMIC, Villingen-Schwenningen,
Germany). The radial flatness along the frictional track
was below 1 um (measured by the FRT MicroProf
optical surface profilometer; MPR 1024, Bergisch
Gladbach, Germany). The pins were purchased in the
form of 8 mm diameter spheres and then flatted to a
circular area of 7.33 mm in diameter by grinding and
polishing. They were purchased from KGM (Fulda,
Germany) and employed in an as-received condition
with a hardness of 700 HV. The flattened surfaces had
roughness values ranging from Ra = 0.02 to 0.04 um
and a flatness below 0.6 um. All pins and discs
were demagnetized and cleaned with isopropanol for
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15 min in a sonicating process before the tribological
experiments.

Two kinds of water-based aluminum oxide abrasive
slurries with different particle sizes (5 and 13 pm,
according to the FEPA grain standards) were purchased
from Joke (Lapping medium BIOLAM®, Bergisch
Gladbach, Germany) with a nominal concentration
of 12.5 wt%. The size distribution of the particles in
the slurries was measured by the laser granulometer
(CILAS 1064, Orléans, France), presented in Fig. 1(a).
Both slurries show a narrow and slightly bimodal
particle size distribution. The scanning electron
microscopy (SEM) image of a dried slurry shown
in Fig. 1(b) confirms that no specific shape exists.
The results for dynamic viscosity measurements are
presented in Supplementary Note 1 in the Electronic
Supplementary Material (ESM).

2.2 Tribological testing

Tribological tests were carried out on a pin-on-disc
tribometer (Fig. 2) built by Swiss Center for Electronics
and Microtechnology, Inc. (Neuchatel, Switzerland).
During the experiments, the pin was mounted on a
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Fig. 1 Characterization of the particles in the slurry: (a) particle
size distribution; (b) SEM image of alumina particles in the 5 pm
slurry.

Fig. 2 Experimental set-up of the pin-on-disc tribometer.

self-aligning pin holder to ensure proper flat-on-flat
contact, and a normal force of 2 N was applied to
the pin by dead weights. To limit the influence of a
velocity gradient due to the large contact area [33], a
mean sliding radius of 21 mm was selected. For each
test, 100 ml slurry was added to the experimental setup
before the experiment to ensure a bath-like condition
around the contacting surfaces throughout the test.
The friction force was determined by measuring the
deflection of an elastic arm.

Two kinds of speed sets were utilized: multi-step
and constant speeds. For the multi-step speed
experiments with the 5 and 13 um slurries, the
sliding speed was decreased stepwise from the fastest
(400 mm/s) to the slowest (50 mmy/s) speed (the change
in speed is visualized in Fig. 3), holding each of the
nine steps for 2 min in order to generate the data that
can be evaluated as Stribeck curves. Each complete
multi-step speed set (referred to as a ramp) was
repeated five times, resulting in a total sliding distance
of 846 m. To avoid any impact that may originate from
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Fig. 3 Friction coefficient and relative variation in film thickness

R, of frictional surfaces as a function of sliding speed.
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a potential running-in process, only the last three
ramps were chosen to calculate the mean value of
the friction coefficient at each sliding speed. All the
experiments were carried out at least three times
with completely new pins and discs.

The fastest (400 mm/s) and the slowest (50 mm/s)
speeds of multi-step speed set were selected to perform
constant speed tests with the 5 pm slurry to reveal
the wear mechanism in different lubrication regimes.
The second variable in the constant speed tests was
the sliding distance, with values of 0.13 (1 revolution
of the disc), 1, 10, 50, and 846 m for each speed.
With the aim of evaluating the wear performance
at 400 and 50 mm/s, experiments with the longest
sliding distance (846 m) were repeated three times
with fresh samples.

2.3 Characterization

For the multi-step speed tests, the distance between
the pin and the disc was measured with a capacity
sensor on the top of the pin holder. When the speed
varies during the multi-step speed experiments, the
change of the distance between the pin and the disc
can also be monitored and interpreted as the change
in the film thickness Ah. The values of Ah are also the
average of three experiments. With this approach, the
changes in separation between pin and disc due to
wear are inevitably included. However, the change
in film thickness only considers 14 seconds before
and after the speed change; thus, wear-induced
separation changes are negligible and as a first-order
approximation ignored. The film thickness value at
50 mm/s is regarded as the reference, where the film
thickness is assumed to only be determined by the
particle size d of the slurry, 5 and 13 um. With this
assumption, the relative variation in film thickness
R, can be calculated (Eq. (1)):

R =A7h-100% 1)

Wear was considered for both pin and disc. The pins’
wear was measured as a loss in weight with a precision
scale (R160P, Sartorius research, Germany), with a
resolution of 0.01 mg. The wear-induced volume loss
of the discs was determined with the FRT MicroProf
optical surface profilometer’s data and then converted
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to a weight loss. Details of the volumetric wear
calculating are provided in Supplementary Note 2
in the ESM.

For the microstructural characterization, the focused
ion beam/scanning electron dual-beam microscope
(FIB/SEM; Helios NanolLab Dual-beam 650, FEI,
USA) was used. The worn surfaces of both pin and
disc were observed by the SEM. Cross-sectional SEM
images were taken perpendicularly to the sliding
direction to study the effect of abrasive wear on
the subsurface material. Two platinum layers were
deposited before ion milling to limit the damage due
to the ion beam, the first one deposited with the
electron beam and the second by the ion beam.

3 Results

3.1 Multi-step speed experiments

The results of the multi-step experiments are presented
in Fig. 3, giving an overview of the friction coefficients
under abrasive wear as well as the relative variation
in film thickness R, between the two frictional surfaces
as a function of the sliding speed. As the speed
increases, the friction coefficient decreases from 0.31
at 50 mm/s to 0.08 at 400 mm/s—a drop in friction of
about 2/3. Simultaneously, a significant variation in
film thickness can be observed for the 5 um slurry
with sliding speed; the film thickness increases 14%
at 400 mm/s under abrasive wear. The results for the
13 um slurry exhibit a different trend compared to
the 5 um one, and the sliding speed has a negligible
effect on the friction coefficient. The friction coefficient
only drops from 0.25 to 0.23 when the sliding speed
increases from 50 to 400 mm/s. Simultaneously, the
increase in film thickness is negligible and about 1%.

3.2 Constant speed experiments with 5 um slurry

In Fig. 4, the friction coefficient and wear loss for the
experiments with the 5 um slurry at two constant
speeds are shown. For a sliding speed of 400 mm/s,
the friction coefficient almost doubled, from 0.06 at
the beginning of the experiment to approximately
0.12 in the later stages. For a low speed of 50 mm/s,
the friction coefficient rises from 0.15 at the beginning
of the test to around 0.25 at the end. If we compare
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Fig. 4 Results for the 5 pm slurry at constant sliding speeds of 50 and 400 mm/s for a maximum sliding distance of 846 m: (a) friction

coefficient as a function of sliding distance; (b) wear results of pin and disc for the two constant speeds.

the overall average friction coefficients for the constant
speed experiments, the ratio between the value for the
tests at 400 mm/s to the one at 50 mm/s— a0/ tiso—1s
approximately 1/3. Another marked contrast is the
deviation of the friction coefficient, which was much
more prominent throughout the whole constant speed
tests at the low speed (50 mm/s).

The data in Fig. 4(b) show the results of the wear
analysis of both frictional surfaces after experiments
at different constant speeds. The sum of the wear of the
entire tribological system after high speed (400 mm/s)
and low speed (50 mm/s) experiments are 3.54+0.67
and 3.34+0.52 mg, respectively. Although the total
amount of wear remains almost the same for the two
different constant speeds, the wear loss has a different

distribution between pin and disc. At the low-speed
(50 mm/s) tests, the wear produced on the pin is only
about 1.24+0.18 mg, whereas the disc has significantly
more wear, resulting in a weight loss of 2.1+0.34 mg,
which is 1.7 times that of the pin. The wear distribution
is inverted for the high-speed (400 mmy/s) tests,
leading to a wear loss of 2.29+0.36 mg for the pin and
1.27+0.32 mg for the disc.

Figure 5 presents the SEM images of pin surfaces
after different sliding distances at constant speeds for
the sliding distances of 10, 50, and 846 m. All worn
surfaces were imaged in the center of each pin. After
10 m of sliding at 50 mm/s, clear and dense grooves
are visible on the worn surface of the pin in Fig. 5(a),
and the width and depth of grooves do not differ

Fig. 5 SEM images of pins after constant speed experiments: (a) sliding 10 m at 50 mm/s; (b) sliding 50 m at 50 mm/s; (c) sliding 846 m
at 50 mm/s; (d) sliding 10 m at 400 mm/s; (e) sliding 50 m at 400 mm/s; and (f) sliding 846 m at 400 mm/s.
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considerably. As the sliding distance increases to
50 m at 50 mm/s (in Fig. 5(b)), the worn surface of the
pin does not change much compared with that after
10 m, with plenty of grooves and few indents. With
the sliding distance increasing to 846 m, where the
material had suffered severe damage, wider grooves
and more indents can be seen in Fig. 5(c) compared
to the surfaces after 10 and 50 m. The worn surfaces
of the pins after high-speed (400 mm/s) experiments
show different features from low-speed (50 mm/s)
ones. In Fig. 5(d), which shows the worn surface
after 10 m at 400 mm/s, only some indents and very
few grooves can be seen. After 50 m at 400 mmy/s (in
Fig. 5(e)), indents have covered most of the wear track,
and grooves are rare and shallow. With the sliding
distance rising to 846 m at 400 mm/s (in Fig. 5(f)), one
can observe that the wear track is entirely covered
by indents. As for the short-distance experiments
at 400 mm/s (10 and 50 m), sparse grooves can be
distinguished with unclear traces. The difference in
the worn surfaces at different constant speeds also
appears on the discs (Fig. 6), which are the counter
bodies for the pins presented in Fig. 5. The worn
surfaces of the discs show the same trends as the
pins, with more grooves after low-speed experiments
(Figs. 6(a)-6(c)) and more indents after high-speed
experiments (Figs. 6(d)-6(f)). Notably, the grooves

in Fig. 6 are not all formed during the tribological
test; those grooves perpendicular or approximately
perpendicular to the sliding direction are the vestiges
of the grinding process during sample preparation.

For a better understanding of the different acting
mechanisms of abrasive wear, Fig. 7 shows the
cross-sectional SEM images of the tribologically
deformed subsurface material, which were taken
in the middle of the pin; a cross-sectional image of
an undeformed pin is shown in Fig. 7(e). For the
unloaded pin, the surface is smooth, and no cracks
can be observed in the subsurface area. The general
fine-grained layer [34] results from the grinding process
during sample preparation. For the pin after sliding
50 m at 50 mmy/s and the one after 846 m (Figs. 7(a)
and 7(b)), a geometry alteration in the vicinity of the
surface can be noticed. Hardly any subsurface cracks
can be found in the cross-sectional SEM images after
50 m at 50 mm/s (Fig. 7(a)). Similarly, only sporadic
cracks exist in the subsurface after 846 m at 50 mm/s
(Fig. 7(b)). A considerable number of subsurface cracks
can be observed in the early stage of the experiments
at 400 mm/s (Fig. 7(c)). For the high-speed experiments
(400 mmy/s) after 846 m, a network of cracks has
developed into a defect rich subsurface microstructure,
forming a fractured subsurface with depths from 200
to 650 nm (Fig. 7(d)).

846 m at 50 mm/s; (d) sliding 10 m at 400 mm/s; (e) sliding 50 m at 400 mm/s; and (f) sliding 846 m at 400 mm/s.
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Fig. 7 Cross-sectional SEM images of pins: (a) sliding 50 m at 50 mm/s; (b) sliding 846 m at 50 mm/s; (c) sliding 50 m at 400 mm/s;

(d) sliding 846 m at 400 mm/s; and (e) undeformed pin.

4 Discussion
4.1 Friction

In the multi-step experiments conducted with the
5-um slurry as the interfacial medium, a drastic
decrease in friction coefficient was observed with
increasing sliding speed (Fig. 3), combined with a
significant relative variation in film thickness. Such
speed-induced hydrodynamic effects are common
in the literature, whether the interfacial media are
oil-based lubricants [35-37] or abrasive slurries [26, 27].
At low speed of up to 50 mm/s, the film thickness
does not change much with increasing speed. The
load is mostly carried by particles between the frictional
surfaces, so the friction coefficient is only slightly
decreasing with speed in this low-speed regime
(50-80 mmy/s). This is an indication of “boundary
lubrication” at low speeds for the multi-step
experiments. A sharp increase in film thickness exists
at higher speeds (200-400 mm/s), and a maximum
value of a 14% increase in film thickness can be
measured. This points to “mixed lubrication” as it
was reported before [28, 38, 39]. The increasing film
thickness can help separate contact asperities and
partially carry the tribological load. At this point, the
load is supported by both particles and the solvent in
the slurry, which leads to a significant drop in friction
coefficient at high speeds (200—400 mmy/s). Similar to

the previous research using abrasive slurries as an
interfacial medium [40, 41], pure “hydrodynamic
lubrication” —a full separation of contacting surfaces
resulting in very low friction coefficients—cannot be
observed in our experiments.

For the multi-step experiments with the 13 pum
slurry, both friction coefficient and film thickness
did not change significantly with the sliding speed
(Fig. 3). The initial separation between the frictional
surfaces is 13 um when working with the 13 pm
slurry as interfacial medium, which is 2.6 times the
separation for the 5 um slurry. On the one hand, the
large initial film thickness will make the speed-induced
thickness change negligible; on the other hand, the
wide gap will also make it difficult to build up enough
hydrodynamic pressure to carry the tribological load.
This is why the gap between the frictional surfaces
remains rather constant. With the speed increasing
from 50 to 400 mm/s, we observe only little change
in film thickness and friction coefficient during the
multi-step experiments. This demonstrates that the
particle size plays an essential role under lubricated
conditions; larger particles between frictional
surfaces seem to hinder the generation of sufficient
hydrodynamic pressure to separate the two contacting
bodies.

When it comes to the constant speed experiments
using the 5 pm slurry as the interfacial medium, the
hydrodynamic effect at 400 mm/s lowers friction
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by about 2/3 compared with the friction coefficient at
50 mm/s (Fig. 4). According to Refs. [26, 29, 30], one
would expect a wear reduction for the 400 mm/s
experiments compared to the 50 mm/s ones. This is
however not what we observe when the wear for both
pin and disc are considered (Fig. 4(b)).

4.2 Wear mechanisms

Wear analysis was performed for the samples utilized
in constant speed experiments and the 5 um slurry.
As the experiments were carried out in bath conditions
for the slurries, there were always sufficient particles
between the frictional surfaces. The size of the particles
in the slurry (5 um) is a factor of one order of
magnitude higher than the flatness (pin < 0.6 um,
disc < 1 um) and roughness (pin: Ra = 0.02-0.04 um,
disc: Ra = 0.08-0.12 pum) of the frictional surfaces,
which indicates that solid contact primarily was formed
between particles’” and samples’” surfaces. In other
words, there was no directly tribological contact
between the pin and the disc. The indents and grooves
on the worn surface (Figs. 5 and 6) likely were
generated by the particles. The results of the SEM
examinations show that from the beginning (10 m) to
the end (846 m) of the tribological experiments, more
deep grooves can be seen for the 50 mm/s experiments
(Figs. 5(a)-5(c)) and Figs. 6(a)-6(c)), and more indents
appear on the surfaces for the 400 mm/s experiments
(Figs. 5(d)-5(f) and Figs. 6(d)-6(f)). The dependence

of the wear mechanism on the sliding speeds can
be clarified by using the model from Williams and
Hyncica [13, 14]. This model illustrates the transition
from sliding to rolling to be associated with a critical
ratio of d/h, where d is the particle dimension and &
is the separation of the surfaces. In their work, an
increase in particle size or decrease in film thickness
led to more effective attack angles, which can result
in the generation of grooves on the worn surface.
In contrast, a small ratio of d/h allows particles to roll
or tumble between the surfaces, associated with
characteristic indentations on the surfaces showing
slight directionality. In our experiments, the particle
size d is constant and narrowly distributed (Fig. 1),
and a speed-induced hydrodynamic effect determined
the film thickness h (h = d + Ah). Based on the results
presented in Fig. 3, the increase in film thickness can
reach values up to 14% when the sliding speed
increases from 50 to 400 mm/s. The resulting gap at
400 mm/s presumably allows more particles to roll
between pin and disc, while at 50 mm/s particles are
more inclined to cut or groove, which leads to two
very different characteristics of the worn surfaces
(Figs. 8(a) and 8(b)). This line of reasoning strongly
suggests a change in how the particles move through
the contact from sliding to rolling as the speed increases
from 50 to 400 mm/s (Figs. 8(c) and 8(d)). In addition,
this can be regarded as a transition from two-body
abrasion to three-body abrasion [3, 7] or from grooving
abrasion to rolling abrasion [42].

Fig. 8 Two distinct worn surfaces generated by particles in different kinematic states and their schematics: (a) heavily-grooved surface

at 50 mm/s by two-body abrasion; (b) scattered indented surface at 400 mm/s by three-body abrasion; (c) schematic of two-body

abrasion in the lubricated contact; and (d) schematic of three-body abrasion in the lubricated contact.
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Another observation strengthens this hypothesis:
In several SEM images, a periodic pattern of indents
was found on the samples’ surfaces after high-speed
(400 mm/s) experiments. Figure 9(a) shows the SEM
image of a disc’s surface after 846 m of sliding at
400 mm/s. Here, two distinctly different shapes of
indents alternately appear along the sliding direction.
As shown in the schematic (Fig. 9(b)), e.g., one can
imagine particles with large aspect ratios, or that are
less sharp in a specific direction, and that would create
such periodic patterns of indents. A Supplementary
Video is provided in the ESM to illustrate the
formation of a periodic pattern of indents. Although
the typical worn surface of three-body abrasion has
been widely studied [14, 43], such a trajectory of an
individual rolling particle was seldom reported.

To further understand the processes behind
the changes in wear mechanisms, cross-sectional
investigations of the tribologically deformed subsurface
layers were performed (Fig. 7). A cross-section under
parallel grooves (Fig. 7(a)) shows no recognizable
subsurface cracks when the sliding distance is 50 m
(Fig. 7(a)). Only a few subsurface cracks can be observed
even if the sliding distance is at its maximum value
of 846 m (Fig. 7(b)). To some extent, particles are
“stuck” in the contacting counter surface, resulting in
microcutting and microploughing [14], which did not
lead to subsurface cracks in our tribological model
experiments. The limited amount of subsurface cracks
(highlighted with an arrow in Fig. 7(b)) inside the
groove might be the result of small particles that were
able to roll inside the groove [44]. Perceptible ridges in
Figs. 7(a) and 7(b) were formed by the displacement
of material due to plastic deformation [45, 46]. Thus,

the predominant wear mechanism at 50 mm/s is
two-body abrasion, and material is removed from the
contact by microcutting and microploughing.

In contrast to the cross-sections at 50 mm/s, a
considerable amount of cracks can be observed already
at the beginning of the test at 400 mm/s and for 50 m
of sliding (Fig. 7(c)). As the sliding distance increases
to 846 m, a very high defect density in the subsurface
is observed with a depth of around 200 nm to 650 nm.
When the sharp edges of the particles (Fig. 1(b)) indent
the surface during the rolling process (Fig. 7(d)), each
contact can be seen as an indentation. Based on earlier
research [47-50], such sharp indentations can generate
a localized plastic deformation zone and material
displacement beneath the indentation contact. Compared
with the repeated plastic deformation inside the
grooves for the experiments at 50 mm/s, the surface
after testing at 400 mm/s with scattered indents
indicates an intersected and non-directional plastic
deformation. One could expect this to result in more
wear for the samples at 400 mm/s, as it has been
proven that distributed plastic deformation is more
destructive than a repeated plastic contact at the same
location [51]. Furthermore, many particles rolling
between the contact’s gap might result in cyclic loading
and unloading of the surface, creating a series of closely
spaced indentations. A period of repeated elastic—plastic
loading would certainly cause microstructural changes
[52-55] together with cyclic softening or hardening,
leading to crack formation and propagation in the
plastic deformation zone below or at the surface, which
eventually can lead to surface fatigue (Fig. 7(d)).
Meanwhile, the fractured subsurface with a certain
thickness (around 200 to 650 nm) seems reasonable if

Fig. 9 Periodic pattern of indents: (a) SEM image of a disc after 50 m of sliding at 400 mm/s, and a periodic pattern of indents can be

observed; (b) schematic of periodic indentation generation in (a).
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one considers each indentation as a hardness test by
a particle. The depth of the plastic deformation zone
is then determined by the materials’ hardness, the
contact pressure, and the particles’ geometry, which
are within a small range in the experiment. The
indented surface as well as the fractured subsurface is
very similar to that observed by previous researchers
[3, 8, 56-60], indicating the existence of surface fatigue.
Since subsurface cracks occurred already at the early
stages (50 m of sliding), surface fatigue could make
the materials vulnerable to removal during subsequent
impacts. As a consequence, with particles’” kinematic
changed due to a hydrodynamic effect, surface
fatigue might be a determinant factor for the wear at
400 mm/s.

A reference experiment at a constant speed of
400 mm/s was performed using the 13 pm slurry,
where the tribological system cannot benefit from
hydrodynamic pressure because of the big particle
size in the slurry (Fig. 3). In line with the so far
presented hypothesis, the surface mainly shows
indications of two-body abrasion caused by particle
sliding (Fig. 10(a)). Only very few subsurface cracks
appear after 846 m of sliding at 400 mm/s (Fig. 10(b)).

4.3 Wear

Using the terms two-body abrasion and three-body
abrasion or grooving abrasion and rolling abrasion to
clarify the mechanisms on abrasive wear is still under
debate [61, 62]. Nevertheless, to the best of our
knowledge, the majority of published research reported
that three-body abrasion generates less wear compared
to two-body abrasion [3, 6-8, 11, 13, 14, 43, 61, 62].
For the high-speed (400 mm/s) experiments conducted
with the 5 um slurry, there is both a change in the
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kinematics of how the particles move in the contact
as well as an additional hydrodynamic effect. Still,
our results cannot be interpreted in accordance with
the previous theory above. The wear results have at
least two aspects, which cannot easily be understood:
First, the total amount of wear for the high-speed
(400 mm/s) and low-speed (50 mm/s) experiments do
not vary much; second, the wear distribution between
pin and disc is inversed (Fig. 3(b)).

As stated by previous researchers, abrasion of a
metal involves a certain minimum strain energy,
sufficient to saturate its capacity for work hardening
under tribological load [63]. This energy, for some
metals at least, happens to be close to the melting
energy. Therefore, the energy approach might be a
very effective way to explain the wear results [64].
The dissipated energy E in the frictional surfaces is
calculated as the work of the friction force F. For each
sliding distance Ax, the dissipated energy AE can be
calculated in Egs. (2) and (3):

AE= [ "Fdx @)

P= 3)

E
t
The total dissipated energy E for a sliding distance
of 846 m in the constant speed experiments can be
calculated by Eq. (2). Then, the friction power P can
be calculated from E and the testing time t as shown
in Eq. (3).

The results for the dissipated energy and the
frictional power for the constant speed experiments
after 846 m of sliding can be seen in Table 1. Due to a
hydrodynamic effect, the dissipated energy decreases
from 447 J at 50 mm/s to 170 J at 400 mm/s. However,

Fig. 10 Pin after testing with the 13 pm slurry at 400 mm/s: (a) SEM image of the worn surface; (b) cross-sectional SEM image of the

worn surface.
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Table 1 Wear results for the experiments with the 5 pm slurry
and after a sliding distance of 846 m.

Total wear Dissipated Friction power
Speed (mm/s
peed M) (ng)  energy () (mW)
50 3.34 447 26.4
400 3.56 170 80.6

if the experiments’ run times are taken into account,
the friction power at 400 mm/s is three times the one
at 50 mm/s. The combination of high friction power
and fatigue surface could exacerbate the wear on
the frictional surfaces at 400 mm/s, causing the total
amount of wear observed after sliding at 400 m/s to be
almost the same as after sliding at 50 mm/s—despite
the lower friction coefficient. Friction power—or the
rate of energy dissipation—appears to play a key
role in the generation of abrasive wear during the
experiments.

Another question that remains is why at 400 mm/s
the wear of the pin increases, and the wear of the disc
decreases compared to experiments at 50 mm/s.
As discussed above, surface fatigue generated by
indentations is an essential factor for the wear
performance during the experiments at higher speeds.
Possibly the contact area A could play an essential
role since different indent densities would induce
variable levels of subsurface deformation. Thus, the
dissipated power density p could be an important
parameter when it comes to finding a possible
explanation for the different reactions of pin and disc
to a speed-induced change of wear mechanism; it
has previously already been used to compare friction
pairs with different contact areas [65]. The dissipated
power density p is defined as the ratio between the
friction power and the contact area A:

P= A (4)
For our pin-on-disc experiments, the pin’s contact
area is in permanent contact, while any given point
on the disc is only in intermittent contact. The disc’s
contact area is almost 23 times that of the pin, which
means that the dissipated power density for the pin
is as well higher than that for the disc. When—as
assumed —surface fatigue dominates the wear
generation at 400 mm/s, a high dissipated power

density will most likely result in more severe wear
conditions for the pin when compared to the
experiments run at 50 mm/s—resulting in a higher
material loss due to fatigue. Contrarily to this effect,
the disc’s wear decreases at 400 mm/s compared to
50 mm/s as the dissipated power density may not be
high enough to cause a completely fatigued surface
on the disc.

This line of thinking can not only be supported by
the evidence that a more severe fatigued surface can
be observed in Fig. 5(f) than that in Fig. 6(f), but also
by a cross-sectional SEM image of the disc after
846 m at 400 mm/s (Fig. 11), where fewer cracks can
be observed compared with that of the pin (Fig. 7).

Owing to the complexity of tribology —especially
in abrasion—not one single mechanism can explain
all the observations in an experimental study. There
are two antithetical hypotheses in the literature on
the correlation between speed and abrasive wear rate.
Bose and Wood [66] reported a positive correlation
between speed and abrasive wear rate, which they
attributed to the more severe hydrodynamic interaction
between the slurry and the test specimen at higher
speeds. In our results, the increased wear on the pin
with speed was also contributed by hydrodynamic
interaction. In contrast, an opposite trend was observed
by Gee et al. [19], where the wear volume was largely
independent of sliding speed but increased somewhat
for very low speeds. The hydrodynamic film in
abrasive wear (Fig. 3) may help support Gee’s point
of view on the free ball machine; the film thickness
increases with speed, which may result in the tendency
of the ball to slip on the shaft, and then finally lead to
an apparent decrease in wear.

Fig. 11 Cross-sectional SEM image of disc after testing for 846 m
at 400 mm/s.
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Interestingly, if the wear of the pin and disc are
both considered, as we did in this paper (Fig. 4(b)),
these two conflicting results can show up in one set
of experiments. We throw light on a dark corner of
the wear mechanism under lubricated abrasive wear,
illustrating that three-body abrasion can cause more
wear than two-body abrasion, and also highlight the
importance of taking care of the wear from both
contact sides. Many important parts of this puzzle are
still worth investigating. For example, will particle size
effects be different from previous reports [9, 16, 67]
because of a change in wear mechanism? How do
the friction power and the friction power density
influence wear when using a slurry with a bigger
particle size?

5 Conclusions

In this contribution, we investigated the tribological
mechanisms of abrasive wear in lubricated tribological
model systems. Bearing steel (100Cr6) was chosen for
both pin and disc to form a flat-on-flat contact, with
5 and 13 pm slurries as interfacial media. Two kinds
of speed experiments were performed for different
purposes: multi-step speed experiments with sliding
speeds between 50 and 400 mm/s aimed at studying
the influence of abrasive particle sizes on the
hydrodynamic effect. The 5 pm slurry and two
constant sliding speeds were chosen to study how
the hydrodynamic effect influences abrasive wear,
including friction and wear of both pin and disc. From
these experiments and electron microscopy of the worn
samples, the following conclusions can be drawn:

1)In the multi-step speed experiments, a
hydrodynamic effect only affects friction and wear
when using the 5 um slurry as interfacial medium.
No notable hydrodynamic effect can be observed for
bigger particles (13 pum); because the large initial
gap (13 um) will make the speed-induced thickness
variation negligible.

2) For multi-step speed experiments using the 5 pm
slurry, a classical Stribeck curve-like behavior can be
observed for friction as well as an increase in film
thickness. The speed-induced hydrodynamic effect
can extend the film thickness up to 14% and lead to a
friction reduction of about 2/3.

v
ua Univer:

3) An indent trajectory of distinct geometrical shapes
appears on the worn surface at 400 mm/s, indicating
that rolling of particles creates the indents.

4) For constant speed experiments using the 5 um
slurry and as a result of speed-induced hydrodynamic
effect, a change from two-body abrasion to three-body
abrasion and a change of the dominating wear
mechanism from microcutting and microploughing
to fatigue wear can be observed when the sliding
speed increases from 50 to 400 mm/s.

5) A change in how the slurry particles move
through the contact combined with a hydrodynamic
effect at high speeds (400 mm/s) does not cause a
reduction in the total amount of wear. However, the
wear distribution between pin and disc changes
significantly when the speed varies from 50 to
400 mm/s. These unexpected results are caused by
the difference in friction power and dissipated power
density in the tribological system.
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