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The present study discusses sliding wear characteristics of a gray cast iron over a range of applied loads in
oil lubricated condition. Effects of MoS2 and graphite addition to the oil lubricant in governing the wear
behavior have also been studied. The wear rate increased with load in general with a few exceptions in the
case of oil plus 5% MoS2 wherein it had a tendency to show a reverse trend in the intermediate load range.
Addition of 5% graphite to the oil brought about a decrease in the wear rate without affecting seizure
resistance. Increasing quantity of graphite in the oil from 5 to 10% practically did not affect the wear rate
at lower loads. However, it led to significantly lower wear rates at higher loads and also offered higher
seizure resistance. In the case of oil plus 5% MoS2 lubricant mixture, the wear rate of the samples was
higher than that of the lubricant with 5% graphite when tests were conducted at lower loads while identical
response was observed at higher loads in both cases. Seizure resistance of the samples was not affected by
the addition of 5% graphite and MoS2 to the oil. The frictional heating also increased with load in general,
except in the case of oil containing 5% MoS2 and 10% graphite wherein it remained practically unaffected
in the intermediate load range. The presence of 5% graphite and MoS2 in the oil lubricant brought about
reduced frictional heating, except in the case of oil plus 5% graphite mixture wherein the trend reversed,
and oil plus 5% MoS2 leading to comparable frictional heating during specimen seizure. Increasing test
duration caused higher frictional heating. Adhesion was observed to be the principal wear mechanism while
microcracking assisted delamination and abrasion also contributed to material loss.
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1. Introduction

Cast iron has been in use as tribocomponents in several
engineering applications (Ref 1-3). Many of the applications
involve sliding in the presence of lubricants. There exist several
types of lubricants, oil being one of the most popular ones
used in practice. It contains a variety of additives including
solid lubricants with a view to realize improved performance
(Ref 4-28). The recent trend in this context has been to add
nano-size particles of metals like Al, Sn, and Ni as well as those
of WS2 to the oil lubricants (Ref 15-17). Some studies also refer
to the addition of graphite and MoS2 particles as a suspension
in the oil in this direction (Ref 4, 8-10, 13, 14, 18, 19, 21,
23-28). The two solid lubricants possess very low hardness (1-2
Mohs) and favorable crystal structure (Ref 4-7, 29-33), (http://
www.dynamiccoatingsinc/mdy.htm). Further, graphite stands
much lighter and cheaper than that of MoS2.

It may be mentioned that graphite possesses an open
hexagonal layered structure with the ratio of interplanar to
interatomic distances as 2.403 that is much higher than that of
an ideal hexagonal close packed structure (Ref 5, 29, 34). This

makes the bonds between the parallel layers, i.e., basal planes,
relatively weaker (van der Waals type) in contrast with covalent
bonds in the basal plane (Ref 5). The ability of graphite to form
strong chemical bonds with gases and water vapor adsorbed
onto the crystalline edges further adds to the solid lubricating
capability of graphite since the adsorbed mass further weakens
the interlayer bonding resulting in the easy shear and transfer of
the crystalline platelets of the material onto the mating surfaces
(Ref 5, 31, 32). MoS2 also has a layered structure like graphite
(Ref 30, 35, 36). Because of the weak van der Waals interaction
between the sheets of sulfide atoms, MoS2 acts as a solid
lubricant (Ref 30). In its appearance and feel, MoS2 is similar to
graphite and indeed it is widely used as a solid lubricant
because of its low friction properties, sometimes at relatively
higher temperatures (Ref 30).

Studies have shown that the influence of solid lubricant
additives on the performance of oil lubricants is controlled by
factors like the nature and characteristics of the solid and base
lubricants as well as that of sliding pair and conditions (Ref 8, 9).
The content and mode of their incorporation and distribution
into the sliding material system and base lubricant also has an
important bearing on their overall response during sliding. A
solid lubricant could be used either by mixing with the base
(oil/grease) lubricant (Ref 4, 8-11, 13-20) or through its
dispersion in the sliding material system (Ref 37-39). Soft
nature (hardness level 1-2 Mohs) of the solid lubricants
adversely affects the relevant mechanical properties like
strength of the matrix material system (Ref 40). Also, cracking
tendency imparted by the (mechanically) dispersed solid
lubricant particles also makes the material system crack
sensitive thereby adversely affecting the sliding wear response
under the condition of its predominance (Ref 41-45).
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Accordingly, beneficial effects of solid lubricants could be
realized in very specific cases only in the case of materials
containing dispersed solid lubricant particles (Ref 41-45). This
limitation could be taken care of to a great extent by mixing the
solid lubricant phase with the base (oil/grease) lubricant
wherein the lubricant particles get a better opportunity to reach
the contacting surfaces and smear producing lubrication effect
more effectively.

Sliding wear behavior of cast iron has been studied over the
past investigating the effects of material microstructure, applied
load/pressure, sliding speed, and test environment on the wear
response (Ref 9, 10, 12, 23-28, 46-54). Some of them also refer
to the effect of adding solid lubricant particles in oil on the wear
behavior of cast iron (Ref 9, 11, 12, 23-28). Parameters studied
therein include quantity and type of the solid lubricant, sliding
material (cast iron) type and microstructure, sliding speed, and
load/pressure (Ref 9, 11, 12, 23-28). The studies suggest that
the mentioned parameters have a strong bearing on the overall
wear performance of the material system (Ref 9, 11, 12, 23-28).
However, information pertaining to the direct comparison of the
relative performance of graphite vis-a-vis MoS2, when mixed in
oil lubricant, in terms of controlling the sliding wear response
of cast irons does not exist to the best of our knowledge.
Further, since the wear response of materials depends on a
number of material and test (operating) parameters and a
synergistic effect on wear behavior is produced by such factors,
examination of wear performance of materials on a case-to-case
basis gives a more realistic picture.

In view of the above, an attempt has been made in this study
to investigate the effect of adding graphite and MoS2 particles
on the lubrication capability of an oil lubricant toward
controlling the wear response of a gray cast iron over a range
of applied loads. The observed wear behavior has been
discussed in terms of specific features of various microconstit-
uents of the samples and substantiated through the features of
wear surfaces, subsurface regions, and debris particles.

2. Experimental

2.1 Material and Specimen Preparation

The cast iron (Table 1) was prepared in the form of 20-mm
diameter and 150-mm long cylindrical castings. Specimens for
microstructural and wear property characterization were pre-
pared from the castings. The samples for microstructural studies
were in the form of 20-mm diameter and 15-mm thick discs.
They were polished metallographically and etched with 2%
nital solution prior to their microstructural examination. The
samples for wear property characterization were prepared in the
form of 8-mm diameter and 53-mm long cylindrical pins. They

also comprised of a 1.5-mm diameter hole drilled at a distance
of 1.5-mm from the contacting surface. The pin and the disc
were polished up to a roughness (Ra) level of 0.82 lm and
cleaned well with acetone and carbon tetrachloride prior to
and after wear testing. The specimens for wear surface and
subsurface studies were prepared from the wear tested samples.
The samples for wear surface examination were cleaned well,
mounted on brass studs and sputtered with gold prior to their
examination. The specimens for subsurface characterization
were cut as longitudinal sections normal to the wear surface in
the direction of sliding. They were mounted in polyester resin,
polished as per standard metallographic techniques and etched
with 2% nital solution prior to mounting on the brass studs and
gold sputtering. The debris was cleaned with carbon tetrachlo-
ride and acetone. It was spread on a glass slide and fixed on
brass studs with the help of a double sided tape prior to gold
sputtering.

2.2 Sliding Wear Tests

Sliding wear tests were performed using a Cameron-Plint
make pin-on-disc machine at a sliding speed of 4.2 m/s over a
range of applied loads for a predetermined sliding distance of
2500 m or prior to seizure. The applied load on the specimens
was increased in steps from 50 N (corresponding to 1 MPa
pressure for the 8-mm diameter pin sample) to until specimen
seizure prior to negotiating the specified sliding distance. A
schematic representation of the test configuration is shown in
Fig. 1. The disc was fabricated using En25 (corresponding to
AISI 4340) steel. Table 1 show the nominal chemical compo-
sition and hardness of the disc. The track diameter used
was 80 mm. The load on the samples was applied using

Table 1 Chemical composition and hardness of the experimental pin and disc materials

Material

Chemical composition, element (wt.%)

Hardness, HVFe Si C Mn Ni Cr Mo

Cast Iron (Pin) a 2.58 3.25 0.49 ÆÆÆ ÆÆÆ ÆÆÆ 220
EN25 Steel (Disc) a 0.23 0.30 0.58 2.50 0.70 0.50 318

aRemainder

Fig. 1 A schematic representation of the wear test configuration
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a hydraulically operated loading mechanism. The temperature
near the specimen surface was monitored during the tests by
inserting a chromel-alumel thermocouple in the hole made near
the contacting surface. The cleaned pin samples were weighed
prior to and after the wear tests using a Mettler microbalance
with a precision level of 0.01 mg. Wear rate was computed by
weight loss technique and an average of three observations
considered. The lubricant mixture was prepared by thoroughly
mixing (severe hand stirring using a glass rod) graphite or
MoS2 particles in SAE 40 oil. The viscosity of the oil was 319
centipoise. The particle size range of graphite was 10-100 lm
while that of MoS2 1-20 lm. Figure 2 show the solid lubricant
(graphite and MoS2) particles. Layered structure was observed
in the case of graphite (Fig. 2b, c) as well as MoS2 (Fig. 2e).
The concentration of graphite was varied in the range of
5-10 wt.% while that of MoS2 was fixed at 5 wt.% in a bid to
maintain homogeneity of distribution of the suspended particles

in the lubricant mixture. The mentioned range of concentration
of graphite selected in this study was based on earlier studies
suggesting it to offer the best wear response (Ref 12, 24).

The test procedure involved immersing the polished and
cleaned disc in the lubricant mixture and rotating the lubricated
disc at a speed of 2.68 m/s for 5 s in order to make the
thickness of the lubricant uniform on the disc surface and
maintain condition close to mixed lubrication where both
elastohydrodynamic and boundary lubricated regions within a
single contact are suggested to exist (Ref 17). This was
followed by loading the polished and cleaned specimen against
the lubricated disc with the help of a hydraulically operated
loading mechanism and allowing the disc to rotate for a
predetermined distance of 2500 m or until specimen seizure.
Load on the samples was increased in steps until the occurrence
of specimen seizure prior to traversing the predetermined
sliding distance. Seizure was monitored in terms of substantial

Fig. 2 Micrographs of (a-c) graphite and (d, e) MoS2 powder particles used as the solid lubricant in the oil lubricant mixture
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adhesion of the specimen material onto the disc, burning of the
lubricant and abnormal noise in the pin-disc assembly.

2.3 Microscopy and Microstructure

Microstructural characterization of the samples was carried
out on metallographically polished and etched samples using
optical and scanning electron microscopes. The wear surfaces,
subsurface regions, and debris particles were studied with the
help of a scanning electron microscope (SEM). The SEM was
JEOL make JSM5600 while the optical microscope was Leitz
make. Figure 3 show the microstructure of the cast iron.
Different microconstituents observed were pearlite, (free) ferrite
and graphite.

3. Results

3.1 Wear Behavior

Figure 4 show the wear rate of the samples plotted as a
function of applied load. The effects of adding MoS2 and
graphite to the oil on the wear rate are also evident from the
figure. The wear rate increased with load in general except in
some cases wherein a reverse trend was noted in the
intermediate range of load. The wear rate versus load plots
revealed three slopes in general. The slope was high in the low
and high load ranges while a mixed trend was noticed in the
intermediate range of load. Addition of 5% solid lubricant
particles to the oil lubricant led to lower wear rate. The wear
performance of the samples in the oil lubricant containing 5%
MoS2 was somewhat inferior to the one with 5% graphite
especially at lower loads, while it became comparable in the
higher load range. Further, increasing the graphite content of
the oil from 5 to 10% did not affect the wear rate at lower loads.
However, this exercise led to significantly lower wear rates at
higher loads and also offered higher seizure resistance.

Figure 5 show temperature near the specimen surface as a
function of test duration. The severity of frictional heating

increased with the test duration. The rate of temperature
increase was high initially. This was followed by a reduction in
the rate of frictional heating at longer test durations. In some
cases, especially at high loads, the slope became high once
again toward the end of the test (Fig. 5d). The frictional heating
increased with load while the test environment produced a
mixed effect.

The maximum temperature near the specimen surface has
been plotted as a function of applied load in Fig. 6. The
severity of frictional heating increased with load while the
presence of MoS2 and graphite particles in the oil lubricant
caused the severity of temperature increase to reduce in general.
Further, the changing concentration of graphite produced a
mixed influence on temperature.

3.2 Wear Surfaces

Wear surfaces of the samples tested in the oil plus graphite
lubricant mixture are shown in Fig. 7. The wear surfaces were
smooth in general at low loads (Fig. 7a). Deep grooves were
also observed (Fig. 7a). A magnified view showed microcracks
on the surface (Fig. 7b). The surface damage became more
severe as the load was increased (Fig. 7c vs. a). The changing
graphite content in the oil lubricant did not affect the trend
significantly as far as the effect of load on the nature of wear
surface is concerned (Fig. 7f vs. d). Exposure of graphite and
its smearing on the sliding surface were noted (Fig. 7e).
Microcracks may be seen in Fig. 7g.

Figure 8 show the wear surfaces of the samples tested in the
oil plus MoS2 lubricant mixture. The severity of surface
damage increased with load (Fig. 8d vs. a). Entrapment of the
solid lubricant phase (Fig. 8b) and its flow in the sliding
direction may be seen in Fig. 8c. Presence of deep grooves,
dark patches and smearing of the lubricant phase were also
observed (Fig. 8c-e, respectively).

Fig. 3 Microstructural features of the samples showing various
microconstituents [A: pearlite, B: ferrite, and single arrow: graphite]

Fig. 4 Wear rate versus applied load plots of the samples tested in
different environments
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3.3 Subsurface Regions

Figure 9 show subsurface regions of the samples.
Figure 9(a) show a typical example of a practically undeformed
region in a process of being separated from the bulk at low
applied pressures. A magnified view show the presence of
microcracks (Fig. 9b). Broadly speaking, the degree of defor-
mation decreased with increasing depth below the wear surface.
The topmost region undergoing most severe deformation
comprised of finest microconstituents (Fig. 9e, f). This was
followed by the presence of flow of microconstituents in the
sliding direction and unaffected bulk structure (Fig. 9a-d).

3.4 Wear Debris

Figure 10 show the debris particles. The debris comprised of
deformed flakes in general (Fig. 10a, d). The region marked by
single arrow in Fig. 10a showed layered structure (Fig. 10b).

Machining chips and particles with sharp tips and edges were
also noticed in the debris (Fig. 10c, d, respectively).

4. Discussion

The wear response of materials is greatly controlled by the
specific nature of their various microconstituents and predom-
inance of one set of parameters bringing about improved wear
behavior over the other leading to an opposite influence. As far
as the cast iron studied in this investigation is concerned, ferrite
being soft and ductile (Ref 34) provides compatibility to the
weak and poorly wettable graphite flakes and hard pearlite
(Ref 41-45). The sharp tips and edges of cementite within
pearlite provide potential sites for the nucleation and propaga-
tion of microcracks while pearlite as a whole being hard and

Fig. 5 Temperature near the specimen surface vs. test duration plots tested at (a-d) different environments at (a) 50 N, (b) 150 N, (c) 250 N,
and (d) 350 N loads
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strong imparts load bearing capability to the material system
(Ref 11, 55). Graphite in the cast iron is the softest among all
the microconstituents and, from strength point of view, behaves
as porosity thereby causing weakening of the material (Ref 40,
41). Also, due to negligible solid solubility, graphite exists as a
mechanical mixture (Ref 40-45) despite its precipitation from
within the melt (matrix). Accordingly, graphite/matrix interface
acts as a potential site for the nucleation and propagation of
cracks (Ref 40). However, graphite provides solid lubrication
through smearing and forming lubricant film on the contacting
surfaces under optimized sliding conditions (Ref 38-45). The
presence of an external lubricant like oil suppresses the
cracking tendency of the material and allows more effective
formation of lubricant films (Ref 8, 9, 12). The graphite in the
cast iron also gets a better opportunity to smear and form a solid
lubricant film. The triboinduced reaction products such as self-
generated oxide films form during sliding that increase the
resistance of the contacting asperities against crumbling
(Ref 56). The external (oil) lubricant also imparts good
wettability to the solid lubricant films formed. The presence of
a solid lubricant phase in the oil lubricant enables to realize more
effective formation of lubricant films that have greater stability
and cover a wider portion of the sliding surfaces leading to
improved wear behavior. This continues up to a critical content
of the solid lubricant in the oil (Ref 8, 9, 12). Solid lubricant
particles in quantities higher than the optimum make the
lubricant mixture inhomogeneous in view of segregation of the
suspended mass; higher the density of the solid lubricant, greater
the degree of segregation in the lubricant mixture. The
segregation renders the film too dry and too thick to stick
effectively onto the contacting surfaces resulting into its peeling
off and thus adversely affecting wear response (Ref 8, 12).

Reduced wear rate of the samples at lower loads (Fig. 4)
could be substantiated through smoother and less damaged
wear surfaces (Fig. 7a vs. c, 7d vs. f, and 8a vs. d) and less

frictional heating (Fig. 5, 6). A decrease in the slope of the wear
rate versus load plots in the intermediate range of loads (Fig. 4)
could be due to the more effective formation and greater
stability of the triboinduced lubricant film. On the contrary,
very high slope during specimen seizure results from mass
adhesion of the fused material onto the disc surface in view of
high frictional heat generated due to severe wear condition
(Ref 45). Somewhat inferior (at lower loads) or comparable (at
higher loads) wear performance of the samples in the oil
containing 5% MoS2 to that of the one with 5% graphite was
observed. This was despite the fact that MoS2 is a more
effective solid lubricant than that of graphite (Ref 30). The
reason to this could be the fact that factors controlling the wear
performance of the solid lubricants include particle size and
density apart from their intrinsic chemical and structural
characteristics. Higher density (5.06 g/cc) of MoS2 than that
of graphite (2.09-2.23 g/cc) (Ref 30) suggests (a) greater
possibility of MoS2 getting more of its particles thrown out of
the rotating disc surface due to centrifugal force during sliding,
thus leaving less of the compound left on the contacting
surfaces to smear and produce solid lubricating effect, (b) less
effective volume fraction in the oil lubricant mixture thereby
covering less area for forming solid lubricant film on the sliding
surfaces, and (c) greater tendency toward segregation in the oil
lubricant mixture. The mentioned factors arising out of higher
density adversely affect the performance of MoS2. However,
the finer particle size of MoS2 (1-20 lm) than that of graphite
(10-100 lm), as also evident from Fig. 2, suggests more
surface area of the MoS2 particles available for establishing
contact with the sliding surfaces. Under the circumstances, their
smearing and subsequently lubricant film formation becomes
more effective thus leading to improved performance. The
adverse effects of higher density of MoS2 on its solid
lubricating characteristics seem to dominate the positive
influence of its finer particle size making it to perform
comparable to the lighter and coarser graphite in this study
despite the reported better lubricating characteristics of MoS2 as
compared to that of graphite (Ref 30).

High rate of frictional heating with increasing test duration
in the beginning of the tests (Fig. 5) could be attributed to the
abrasion caused by the fragmentation and work hardening of
the initially contacting asperities that constitute only a minor
fraction of the apparent area of the contacting surfaces (Ref 57-
59). This makes them to carry the entire applied load that far
exceeds their yield stress and makes them to yield, fragment
and work harden in the due course of sliding (Ref 59).
Fragmentation of the initially contacting asperities increases the
number of subsequently contacting asperities thereby making
the wear condition mild. This finally leads to a reduced rate of
temperature increase at longer test durations (Fig. 5). A further
increase in the rate of frictional heating toward the end of the
tests in some cases could be attributed to the destabilization of
the lubricant film.

Smearing and flow of the solid lubricant phase (Fig. 7e, 8c-e),
presence of dark patches on the wear surfaces (Fig. 7d, 8d) and
flow of graphite in the sliding direction in the subsurface
regions (Fig. 9b-d) suggest the formation of lubricant film
during sliding. Further, the flow of microconstituents and the
presence of plastically deformed regions on the wear surface
(Fig. 7d, f, 8c, d) as well as in the subsurface regions (Fig. 9),
and deformed flakes in the wear debris (Fig. 10a, d) indicate
adhesion to be the dominant wear mechanism. On the contrary,
the presence of microcracks on the wear surfaces (Fig. 7b, g)

Fig. 6 Maximum temperature near the specimen surface vs. applied
load plots for the cast iron tested in different environments
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Fig. 7 Wear surfaces of the samples tested in the oil lubricant mixture containing (a-c) 10% graphite and (d-g) 5% graphite at the applied load
of (a, b) 50 N, (c) 550 N, (d, e) 250 N, and (f, g) 350 N. indicates the sliding direction [A: deep grooves and arrow: microcracks]
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and below the contacting surfaces (Fig. 9b) indicates delami-
nation also to contribute to material loss. Deep grooves on the
wear surfaces (Fig. 7a) are caused by the abrasive action of
machining chips (Fig. 10c) and other hard microconstituents of
the sliding pair that get entrapped in between the contacting
surfaces (Ref 41-45, 57). They suggest abrasion also to play a
role in causing material removal. The layered particles
(Fig. 10b) and the ones with sharp edges (Fig. 10d) are the
solid lubricant phase suspended in the oil lubricant mixture.
They get removed from the contacting surfaces due to the
centrifugal force experienced during sliding. Their features

(Fig. 10b, d) identical to those of the ones in Fig. 2 further
strengthen the view.

Changing microstructural features of the regions below the
wear surfaces (Fig. 9) correspond to the varying severity of
wear-induced plastic deformation experienced by the regions
(Ref 58-61). Highest degree of deformation experienced by the
regions in the nearest vicinity of the wear surfaces made them
to delineate finest microconstituents (Fig. 9e, f). Factors like
high rate of thermal cycling and straining, and high dislocation
density have been observed to be responsible for such a
microstructural alteration (Ref 62, 63). Decreasing severity of

Fig. 8 Wear surfaces of the samples tested in the oil lubricant mixture containing 5% MoS2 particles at the applied load of (a-c) 50 N and
(d-e) 350 N. indicates the sliding direction [Single arrow: entrapped solid lubricant particle, double arrow: flow of graphite flake in the
sliding direction, triple arrow: deep grooves, A: dark patches and B: smearing of the solid lubricant (graphite/MoS2) phase]
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deformation with increasing depth below the wear surface
causes the regions next to the topmost one to reveal flow of
microconstituents in the sliding direction (Fig. 9c, d) and the
ones still below remaining practically unaffected to display
features (Fig. 9a, c) identical to those of the bulk (Fig. 3).

5. Conclusions

1. Wear rate of the samples increased with load in general.
However, a reverse trend was also noted in the intermediate

load range in some cases. The wear rate versus load plots
showed three slopes in general wherein the slope was high
in the low and high load ranges while a mixed trend was
noticed in the intermediate range of load.

2. Addition of MoS2 and graphite particles to the oil lubri-
cant led to lower wear rate in general. However, the wear
performance of the samples in the oil containing 5%
MoS2 was somewhat inferior to the one with 5% graphite
at lower applied loads while it was comparable at higher
loads. Also, increasing the graphite content of the oil
from 5 to 10% practically did not affect the wear rate at

Fig. 9 Subsurface regions of the samples tested in the oil lubricant mixture containing (a-c) 10% graphite and (d-f) 5% MoS2 particles at the
load of (a, b) 50 N, (c) 550 N and (d-f) 350 N. indicates the sliding direction [A: topmost region revealing negligible plastic deformation,
B: bulk structure, C: cracks, single arrow: flow of microconstituent in the sliding direction, and D: heavily deformed structure]
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lower loads. However, this exercise led to significantly
lower wear rates at higher loads and, at the same time,
offered higher seizure resistance as well. These observa-
tions become significant in the sense that higher graphite
contents could be useful in more severe conditions of
sliding and that cheaper and lighter graphite could work
more effectively than MoS2 in specific conditions like
the ones in this study. Moreover, alteration in the slope
of the wear rate plots indicates the changing operating
mechanism in typical load regimes. Higher slope corre-
sponds to severe wear regimes while lower slope repre-
sents mild wear condition.

3. Temperature near the specimen surface increased with the
test duration. The rate of temperature increase was high
initially. This was followed by a reduction in the rate of
frictional heating at longer test durations. In some cases,
especially at high loads, the slope became high once
again toward the end of the test. The frictional heating
increased with load while the test environment produced
a mixed effect. Minimal slope of the wear rate versus
pressure plots in the intermediate range of applied pres-
sures indicates the formation of more stable lubricating
films on the contacting surfaces to a greater extent.

4. The observed wear response of the samples could be sub-
stantiated through the specific features of wear surfaces,
subsurface regions, and debris. The latter ones also
enabled to understand the operating material removal
mechanisms. Adhesion was observed to be the principal

wear mechanism while microcracking assisted delamina-
tion and abrasion also contributed to material loss.
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