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This work aims to characterize and compare the coefficient of friction (CoF) and wear rates of some
metallic materials (AISI 6061-T6 alloy, AISI 316 L stainless steel and ASTM F1537 CoCrMo alloy) under
different wear modes, namely, micro-abrasion abrasion (rolling and mixed rolling/grooving abrasion), and
wet and dry sliding abrasion. The wear modes were achieved by conducting testing under muddy envi-
ronment at different SiC abrasive particles concentration and wet and dry conditions at three different
loads (1, 2 and 3 N) using an instrumented micro-abrasion tester. Wear volumes were measured by optical
profilometry to estimate wear rates, while wear patterns were visualized in detail by SEM. CoF, wear rate
and mode results for all materials and conditions are reported and discussed. Wear modes were found to
have a considerable effect on CoF and wear rate for the materials. Pure rolling abrasion generated the
highest wear rates for all materials. Mixed rolling abrasion/grooving produced higher CoFs, but lower wear
rates than those produced by pure rolling abrasion. Wet sliding promoted the highest CoFs for AISI 316L
SS and AISI 6061-T6 meanwhile dry sliding generated the lowest CoFs and wear rates.

Keywords CoF, micro-abrasion, rolling abrasion, wear mode,
wear rate

1. Introduction

The micro-abrasion wear test is a suitable method used for
characterization and evaluation of wear rate and resistance of a
wide range of materials, namely, metals (Ref 1-3), ceramics
(Ref 4-7), polymers (Ref 8, 9) and thin coatings (Ref 10-12)
under rolling abrasion mechanism. The method basis is to
produce a wear crater with defined geometry, commonly
spherical or ellipsoid cap, on a small and thin flat specimen by
loading it against a rotary hard ball, usually with 25.4 mm in
diameter, in presence of an abrasive slurry made of deionized
water and hard abrasive particles (4-8 lm) (Ref 13, 14). The
advantage of this test is the formation of defined small wear
scars (micro-scale) with rolling abrasion patterns and, in some
cases, plowing or grooving features depending on some testing
conditions (Ref 15-17). Both are variants from micro-abrasive
wear depending on the dynamics of the abrasive particles which
can involve rolling of the particles at the interface (rolling
abrasion) or sliding of the abrasive particles at the interface
(grooving or plowing) (Ref 15, 18-20). Rolling abrasion is
produced by free hard micro-particles rolling at the sliding
interface promoting commonly numerous micro-indentations

with ductile or brittle behavior in the scar as wear feature (Ref
20), while plowing or grooving is generated by the asperities
or/and hard micro-particles fixed at one counterface sliding
against the other. The main wear feature of plowing or
grooving is the formation of micro-grooves or scratches
inducing the mechanisms of micro-cutting, micro-plowing
and micro-cracking along the scar in the sliding direction.
Besides, some materials, commonly soft materials at high loads
and large abrasive particles, are prone to exhibit ridging in
micro-abrasion tests (Ref 9, 14, 15, 17, 21). Ridging or ridge
formation is caused because the abrasive particles fail to
become fully entrained into the wear contact but instead flow
around the sides promoting an unworn region in the scar
aligned parallel to the sliding direction (Ref 22). Those wear
patterns are difficult to obtain with acceptable reproducibility in
other testers. Since the micro-abrasion wear test was introduced
by Rutherford and Hutchings in 1996 (Ref 13), a great amount
of work has been done to improve the test reproducibility and
to implement it as a standard wear test method (Ref 22-29).
Taking advantage of the accuracy and effectiveness of this test,
different research groups (Ref 30-40) have modified the tester
and procedure implementing additional devices to carry out
friction measurements and corrosion analysis as complement
for deeper explorations.

The measurement of friction to estimate the corresponding
coefficient of friction (CoF) of materials in a micro-abrasion
test is a significant contribution. This idea was firstly proposed
and reported by Gee and Wicks in 2000 (Ref 30). They
measured tangential forces (friction force) of some coatings
including TiN, DLC and CrN under dry sliding condition in a
micro-abrasion tester with fixed ball configuration. They found
the tester modification to be very effective to evaluate CoF
behavior of those coatings. In 2009, Cozza et al. (Ref 31)
studied the influence of constant pressures on the CoF of an
AISI H10 steel in a micro-abrasion tester. They used a solution
of deionized water with suspended 3lm SiC particles as
abrasive slurry for the tests. They found that constant applied
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pressures reduce variation in friction. Also, CoF was found to
decrease as the degree of micro-rolling abrasion increases.
Afterward, using the same test equipment, Cozza et al. (Ref 32)
investigated the effects of hardness on CoF and wear rates for
TiN and TiC coatings deposited in an AISI D2 steel. They
found that hardness did not have influence on the CoF. Later, in
a similar research, Cozza et al. (Ref 33) examined the influence
of applied load and concentration of abrasive particles on CoF
behavior of an AISI H10 steel. They concluded that neither
applied loads and abrasive concentration have influence on CoF
for the material and test conditions used in their investigation.
More recently, Peng et al. (Ref 34) used a modified micro-
abrasion tester to evaluate wear resistance and CoF behavior of
a Mn16 steel in simulated iron ore mill conditions. The tests
were conducted under dry sliding conditions, in presence of
iron ore powder, and using a slurry made of iron ore powder
with distilled water. They reported that CoF increases when
applied load increases if no abrasive particles are present, while
CoF decreases if abrasive particles are present. They also found
that applied load has major influence in CoF than the rotational
speed of the counterpart.

Despite the above attempts to measure and report CoF of
different materials under different contact conditions in a
micro-abrasion tester, the method has not explored broadly for
this purpose. Also, CoF and wear rates for most materials have
not been investigated under different micro-abrasion wear
modes, namely, rolling abrasion and mixed rolling abra-
sion/grooving. Thus, the aim of this work is to contribute with
a broader study to characterize and compare CoF and wear rate
of some metallic materials (AISI 6061-T6, AISI 316 L SS and
ASTM F1537 CoCrMo) under different wear modes, namely,
both variants of micro-abrasion (rolling abrasion, mixed rolling
abrasion/grooving), and wet and dry sliding abrasion.

2. Experimental Procedure

2.1 Materials and Sample Preparation

4 mm thickness samples were cut from 25.4 mm diameter
bars of three different materials (AISI 6061-T6, AISI 316 L SS
and ASTM F1537 CoCrMo) and polished to have a roughness
of Ra =0.03 ± 0.01 lm. AISI 52100 steel balls (diameter
25.4 mm) were used as counterface for all tests. They were
etched in a mixture of nitric acid (30 vol.%) and ethyl alcohol
(70 vol.%) to generate a pitting surface with a mean surface
roughness, Sa and Ra of 0:4� 0:05 lm for all the balls. The
surface roughness, in terms of Sa and Ra, was measured by an
optical profilometer. The surface conditioning is suggested in
the original micro-abrasion method to obtain acceptable repro-
ducibility of rolling micro-abrasive mechanisms and consistent
wear rates (Ref 22). Recently, Costa et al. (Ref 41) have found
that different ball’s surface topography/roughness, in terms of
Sa, can promote differences in the dynamics of the abrasive
particles and therefore on micro-abrasion coefficients. So, it is
important to control as much as possible the surface roughness
of balls for micro-abrasion tests. The materials to be tested were
chosen to evaluate materials with different mechanical proper-
ties (AISI 6061-T6 – high ductility/low hardness, AISI 316 L
SS - Medium ductility/medium hardness, and ASTM F1537
CoCrMo - low ductility/high Hardness) and possessing high
corrosion resistance to curtail effects of corrosion on wear and

friction results. The hardness and Young’s modulus values of
the materials are in Table 1. They were obtained by Vickers
depth-sensing indentation tests by using an applied load of 300
mN and then calculated by following the Oliver-pharr method
(Ref 42).

2.2 Test Set-Up and Conditions

The tests were carried out using a homemade apparatus with
a fixed ball micro-abrasion tester configuration. A photograph
and schematic diagrams of the test set-up arrangement are
shown in Fig. 1a-c. Basically, the test is to load a flat material
specimen against a rotating steel ball with predefined normal
force, speed and cycles to produce sliding contact under
specific conditions. Either an abrasive slurry or water are
dripped continuously onto the ball and entrained into the
contact interface by the ball rotary effect for the micro-abrasion
or wet conditions, respectively. In the tester, the steel ball
sample is clamped between two coaxial driving shafts rotated
by an electric motor. The electric motor is controlled to rotate at
constant speed and specific ball cycles or testing time through
an encoder with 0.75� of rotation precision connected to a
USB-6009 data acquisition (DAQ) device. The material
specimen is held in a plate (sample holder) located at the
bottom of the pivoted L-shaped arm. The plate is fixed to one
end of a 1 kg load sensor (straight bar weight sensor), while the
other end of the sensor is fixed to a metallic support which is
also fixed to the L-shaped arm. Besides, the back of the plate is
contacted to rolling bearings fixed in the L-shaped arm. This
allows the plate to move freely in the vertical direction limiting
horizontal displacements. The load sensor is also connected to
the USB-6009 data acquisition (DAQ) device and a computer
for monitoring and acquiring the tangential force generated by
friction produced by the steel ball sample that slides against the
flat material sample. CoF was calculated by Eq 1 where Ff is
the friction force measured with the load cell, while N is the
normal applied load.

l ¼ Ff

N
ðEq 1Þ

The L-shaped arm is balanced by the counterbalance before
the load is applied via dead-weight from a horizontal lever. An
extra load sensor with similar specifications to those from the
tangential force sensor is installed to measure and acquire the
normal load applied to the material sample before the test, and
then it is removed to locate the steel ball and start the test. It is
very useful to assure statically the load applied to the contact.
The test conditions are in Table 2. Muddy conditions were
conducted by using two slurries with different abrasive particles
concentrations to achieve pure rolling abrasion and rolling
abrasion combined with grooving, respectively. One slurry was
made of deionized water with F-1200 SiC particles with
hardness of HV ¼ 25:5 GPa and size of 4� 8 lm at a

Table 1 Mechanical properties of the used materials

Sample material Hardness, GPa Young’s modulus, GPa

AISI 6061-T6 1 69
AISI 316 L SS 4.8 200
ASTM F1537 CoCrMo 7.8 241
AISI 52100 steel balls 3.7 210
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concentration of 80 gr=100 ml for the high abrasive concen-
tration (MHC) tests meanwhile the other slurry was prepared at
an abrasive particles concentration of 20 gr=100 ml for the low
abrasive concentration (MLC) tests. The micro-SiC particles
are recommended and widely used for caring out characteri-
zation of materials through conventional micro-abrasion tests
(Ref 28). Apart of using common abrasive particles for micro-
abrasion testing, it was selected to obtain a first overview of
CoF variation by the wear mechanism (rolling and grooving),
but not by varying the abrasive particles material. These
particles were pure deionized water was applied to the contact
for wet tests meanwhile no slurry or deionized water were used
for the dry tests. Preliminary tests were carried out to determine
the wear steady-state for each test condition. It was found that
wear rate for all the conditions reached stability after 15 m of
sliding distance. So, 20 m sliding distance was chosen for all
tests. The tests were run at three different normal loads (1, 2
and 3 N) and constant speed of 0.1 m/s. A new ball (condi-
tioned) was used for each test. The sliding distance was selected
since friction and wear steady-state was reached and minimal
ball surface roughness, Sa £ 0.05 lm, variation was produced
for all the conditions tested. Three repetition tests were carried
out for each condition. So, the corresponding standard devia-
tion from the three friction and wear measurements was
obtained and reported for each condition. The wear scars
generated were visualized in detail by scanning electron
microscopy (SEM) and measured in an optical profilometer to
determine wear volumes.

3. Results and Discussion

3.1 Coefficient of Friction and Wear Under Rolling Abrasion

Figure 2a-d shows the average values of CoF and wear rates
obtained at 1, 2 and 3 N, and the CoF behaviors for 1 and 3 N
for the materials tested under MHC conditions. Figure 3 a-c
shows SEM images from the typical wear scars obtained for
each material by testing at 3 N since they can be considered as
the most representative. Wear rates measured in mm3/m units
were compared for the materials and the different loads tested
instead of reporting the specific wear rate values (mm3/Nm).
The first is useful when wear behavior with load is unknown or
different wear mechanisms transition are expected meanwhile
the last one is more commonly used for distinguishing the wear
resistance property of different materials assuming or meeting
wear rates proportional to load according to Archard wear
equation described in (Ref 43). The AISI 6061-T6 alloy
presented the highest CoF values from 0.44 for applied loads of
1 and 2 N to 0.56 for 3 N meanwhile the AISI 316L SS and
ASTM F1537 CoCrMo alloy presented lower average values of
0.37 and 0.39, respectively. CoF of AISI 6061-T6 was risen
significatively (from 0.44 to 0.56) with load increase, while
CoF of AISI 316L SS and ASTM F1537 CoCrMo had a
minimal growth with load increase. The wear scars of all the
materials exhibited pure rolling abrasion features, namely,
micro-indentations. However, the scars generated in the AISI
6061-T6 presented substantial amounts of embedded SiC
particles at 3 N as identified by EDS analyses as shown in

Fig. 1 (a) Photograph of the tester; (b) Schematic view of the instrumented micro-abrasion test set-up; (c) Schematic view of the instrumented
load sensor in the test set-up

Table 2 Test conditions

Parameter
Muddy at a high abrasive particles

concentration (MHC)
Muddy at a low abrasive particles

concentration (MLC) Wet Dry

Wear mode Rolling abrasion Mixed rolling abrasion/grooving Wet sliding abrasion Dry sliding abrasion
Load (N) 1, 2, 3 1, 2, 3 1, 2, 3 1, 2, 3
Sliding distance (m) 20 20 20 20
Abrasive media or fluid Abrasive slurry

80gr /100 ml
Abrasive slurry
20 gr/100 ml

Deionized water ÆÆÆ

Sliding speed (m/s) 0.1 0.1 0.1 0.1
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Fig. 4. It is due to its low hardness promoting easier and deeper
SiC indentations and embedment. The CoF increase obtained
for AISI 6061-T6 at 3 N was related to the large amount of SiC
particles embedment. Those embedded particles in the scar do
not roll, but they abrade the steel ball surface in some extent as

an effect of two-body-abrasion mechanism generating higher
shear forces. All materials exhibited a wear rate increase with
load which was proportional in some cases. The ASTM F1537
CoCrMo and AISI 6061-T6 presented the lowest and highest
wear rates, respectively. The ASTM F1537 CoCrMo presented

Fig. 2 (a) Average CoF for the different loads under MHC condition; (b) Wear rates for the different loads under MHC condition; CoF
behavior for MHC condition (c) 1 N; (d) 3 N

Fig. 3 SEM images from typical wear scars obtained under MHC condition for the materials at 3 N: (a) AISI 316L SS; (b) ASTM F1537
CoCrMo; (c) AISI 6061-T6

Journal of Materials Engineering and Performance Volume 29(9) September 2020—6231



values ranging from 4.6 9 10�7 mm3/m at 1 N to 13.4 9 10�7

mm3/m at 3 N, while AISI 6061-T6 exhibited values from 37 9
10�7 mm3/m at 1 N to 83.7 9 10�7 mm3/m at 3 N. It is
ascribed to the high hardness of ASTM F1537 CoCrMo and the
low hardness of AISI 6061-T6, respectively.

3.2 Coefficient of Friction and Wear Under Mixed Rolling
Abrasion/Grooving

The average CoF and wear rate values at 1, 2 and 3 N, and
the CoF behaviors for 1 and 3 N obtained for the materials
tested under MLC condition are shown in Fig. 5a-d. The SEM
images from the typical wear scars obtained for the materials

tested at 3 N are illustrated in Fig. 6a-c. The wear patterns
generated at MLC were different than MHC only for ASTM
F1537 CoCrMo and AISI 316L SS for the three loads tested as
expected. Grooving marks with few indentations caused by
rolling abrasion were the characteristic patterns found. This
mixed process occurs when a significant proportion of the
particles are embedded in the surface of the ball or dragged by
the ball asperities acting as fixed indenters, as also reported in
(Ref 22, 44). So, it generates a series of fine parallel grooves in
the specimen surface. Besides, free particles roll at the interface
also promoting micro-indentations (rolling abrasion). In con-
trast, aluminum alloy�s scars exhibited mainly micro-indenta-
tions with large amounts of embedded SiC particles like those

Fig. 4 EDS analysis over AISI 6061-T6 Aluminum alloy for MHC condition

Fig. 5 (a) Average CoF for the different loads under MLC condition; (b) Wear rates for the different loads under MLC condition; CoF
behavior for MLC condition (c) 1 N; (d) 3 N
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wear patterns found under MHC. However, few grooving
marks were also identified in some scars. In addition, ridging
was produced in the AISI 316L SS scars at 2 and 3 N and AISI
6061-T6 at the three loads. It has been widely reported that
ridging occurs at high loads and/or MLC testing for soft
materials (Ref 21). Basically, a ridge is formed in the central
part of the sliding contact area (highest contact pressure region)
due to abrasive particles are restricted to entry into the sliding
contact generating two-body abrasion wear instead of rolling
abrasion. The wear rates obtained at MLC were considerably
lower than those obtained under MHC for all materials.
Ridging effect promoted a wear rate decrease with increase of
load applied under MLC for AISI 6061-T6 while it promoted a
minimal wear rate increase with load applied for AISI 316L SS.
In contrast, ASTM F1537 CoCrMo exhibited a consistent wear
rate increase with load because ridging was not produced at any
load. All materials presented higher CoF values for MLC than
those under MHC condition even with the ridge formation. CoF
reached mean values of 0.58, 0.50 and 1.35 for ASTM F1537
CoCrMo alloy, AISI 316 SS and AISI 6061-T6, respectively.
Thus, it can be assumed that rolling/grooving abrasion
generated higher shear forces than rolling abrasion, which
promoted CoF increase. In the case of AISI 6061-T6, CoF did
not increase with load at MLC opposite to MHC. Besides, it
approached the CoF values obtained for MHC at 3 N since the
wear patterns for the three loads were almost similar. However,
rolling abrasion produced higher wear rates than rolling/groov-
ing according to these findings. Higher wear rates were
obtained for the ASTM F1537 CoCrMo alloy with values
ranging from 3.5 9 10-7 mm3/m at 1 N to 10.8 9 10-7 mm3/m
at 3 N compared to the wear rate values of AISI 316L SS which
are around 2.5 x 10-7 mm3/m for the three loads. The wear rate
for AISI 6061-T6 aluminum alloy reached values of 17.2 x 10-7

mm3/m for 1 N but it decreased to 10 x 10-7 mm3/m at 3 N.
Both the negligible increase of wear rate exhibited in AISI

316L SS and the wear rate decrease in AISI 6061-T6 aluminum
alloy with load increase is ascribed to ridging formation.

3.3 Coefficient of Friction and Wear Under Wet Sliding

The average CoF and wear rate values at 1, 2 and 3 N, and
the CoF behaviors for 1 and 3 N obtained for the materials
tested under wet condition are shown in Fig. 7a-d. The SEM
images of the typical wear scars produced at 3 N are depicted in
Fig. 8a-c. Grooving was found to be the predominant wear
mode for AISI 316L SS and ASTM F1537 CoCrMo. It was less
severe as that found in MLC tests since the scratches formed
under wet condition are much thinner. Those scratches could be
generated primarily by the steel ball asperities (two-body
abrasion) and secondly by debris detached from the material
sample or steel ball producing three-body abrasion in some
extent. In the case of AISI 6061-T6, scuffing was found to be
the predominant wear mode under this condition. Scuffing
occurs when macroscopic adhesions formed at the interface
produce plastic shearing of aluminum forming aluminum
patches on the counterface and free aluminum debris (Ref
45). In the scuffing process, gross plastic deformation produces
local delamination and deep grooves on the scuffed surface (as
shown Fig. 8c) which can be formed either by aluminum debris
(three-body abrasion) or steel ball� asperities (two-body abra-
sion). It was observed that water facilitates the aluminum debris
entrance into the sliding contact in contrast to those experi-
ments under dry condition as explained later. Although the
water was not recycled, the water dropped to the sliding contact
tended to be adhered to the ball surface in some extent, so the
continuous motion of the ball promotes inherent water auto-
recirculation through the test. This process allows the returning
of some debris immersed in water to the sliding contact.
According to these observations, it is proposed to implement a
meticulous continuous cleaning process for the ball that could
be suitable for reducing this mechanism if it is desired for other

Fig. 6 SEM images from typical wear scars obtained under MLC condition for the materials at 3 N: (a) AISI 316L SS; (b) ASTM F1537
CoCrMo; (c) AISI 6061-T6
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research purposes. Most of aluminum debris that entrained into
the contact could be dragged, deformed plastically and adhered
producing very high shear and adhesive forces during sliding. It
can be confirmed with the high CoF values obtained for this

material and condition. CoF values were slightly affected by
load increase for all materials under wet condition. However,
AISI 6061-T6 presented the highest CoF value compared to
average CoF values of 0.60 and 0.50 for the AISI 316L SS and

Fig. 7 (a) Average CoF for the different loads under wet condition; (b) Wear rates for the different loads under wet condition; CoF behavior
for wet condition (c) 1 N; (d) 3 N

Fig. 8 SEM images from typical wear scars obtained under wet condition for the materials at 3 N: (a) AISI 316L SS; (b) ASTM F1537
CoCrMo; (c) AISI 6061-T6
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ASTM F1537 CoCrMo alloy, respectively. Wear rates of
ASTM F1537 CoCrMo and AISI 316L SS were considerably
lower than those obtained at MHC and MLC conditions with
values ranging from 0.06 9 10-7 mm3/m at 1 N to 0.11 9 10-7

mm3/m at 3 N for the CoCrMo alloy and from 0.18 9 10-7

mm3/m at 1 N to 0.43 9 10�7 mm3/m at 3 N for the AISI 316L
SS. The wear rates of AISI 6061-T6 were higher than those
obtained under MLC condition reaching values from 20.2 9
10�7 mm3/m at 1 N to 40.9 9 10�7 mm3/m at 3 N. Scuffing on
AISI 6061-T6 promoted a significant higher wear rate than
those obtained for ASTM F1537 CoCrMo and AISI 316L SS
by grooving under wet condition.

3.4 Coefficient of Friction and Wear Under Dry Sliding

The average CoF and wear rate values at 1, 2 and 3 N, and
CoF behavior for 1 and 3 N obtained for all tested materials
under dry condition are illustrated in Fig. 9a-d. The SEM
images from the wear scars obtained at 3 N are shown in
Fig. 10a-c. Several grooving marks were found in the scars
from all tested materials, but they were slighter than those
obtained under MLC and wet condition. Dry sliding produced
some debris due to wear. Although it could be believed that
debris fall once they are detached from the sample, many of
them are adhered or engaged to the ball surface and are returned
to the sliding interface by the continuous ball rotation. It can be
evidenced by the accumulation of debris identified at the
superior region of a wear scar contour of the AISI 6061-T6 by
EDS analyses, as shown in Fig. 11. In this case, the debris got
embedded due to the material’s softness in contrast to ASTM
F1537 CoCrMo and AISI 316L SS which have high hardness.

However, debris generated by dry condition do not entry and
move as freely at the interface as under MLC or wet condition
since the sliding surfaces are not separated by any lubricant
film. So, it can be assumed that grooving caused by steel ball
surface asperities (two-body abrasion) was the main wear mode
for dry condition. The wear rates produced under this condition
were the lowest for all materials and loads. The wear rate values
ranged from 0.01 9 10�7 mm3/m at 1 N to 0.03 9 10�7 mm3/
m at 3 N for ASTM F1537 CoCrMo. The wear rate values for
the AISI 316L SS were from 0.03 mm3/m at 1 N to 0.07 9
10�7 mm3/m at 3 N meanwhile for the AISI 6061-T6
aluminum alloy were from 0.7 9 10�7 mm3/m at 1 N to 1.3
9 10�7 mm3/m at 3 N. It is related to the hardness of the ball
since it is lower than that of SiC particles interacting in the
sliding contact under MHC and MLC, or even, those detached
debris from AISI 316L SS and ASTM F1537 CoCrMo under
wet condition. CoFs obtained under dry condition were also the
lowest for all materials tested with values of 0.30, 0.33 and 0.35
for the ASTM F1537 CoCrMo, AISI 316 SS and AISI 6061-
T6, respectively. These values are comparable with those
obtained in some studies carried out using the same materials
under dry sliding conditions. For example, Campos et al. (Ref
46) evaluated the tribology performance of the ASTM F1537
CoCrMo alloy against Al2O3 balls in dry sliding using a
reciprocating friction tester with applied loads of 5, 10, 15 and
20 N obtaining an CoF value around 0.4. Cuau et al. (Ref 47)
obtained a CoF of 0.35 for the ASTM F15-12 CoCrMo alloy
against Al2O3 balls in dry sliding at applied load of 40 N. Li
et al. (Ref 48) evaluated the performance of an AISI 316L SS
manufactured by selective laser melting against AISI 52100
steel balls under dry sliding at applied loads of 10, 20 and 30 N

Fig. 9 (a) Average CoF for the different loads under dry condition; (b) Wear rates for the different loads under dry condition; CoF behavior
for dry condition (c) 1 N; (d) 3 N
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obtaining CoF values about 0.42. Chen et al. (Ref 49) obtained
CoF values about 0.44 for an Aluminum-Silicon alloy against
nodular cast iron pins under dry sliding condition at applied

load of 20 N. The whole data of CoF, wear rates and modes
obtained for all materials are summarized in detail in Table 3.
Considering that wear progression in the test samples promotes

Fig. 10 SEM images from typical wear scars obtained under dry condition for the materials at 3 N: (a) AISI 316L SS; (b) ASTM F1537
CoCrMo; (c) AISI 6061-T6

Fig. 11 EDS analysis in AISI 6061-T6 Aluminum alloy for dry condition

Table 3 Summary of CoF, wear rate and mode results obtained

Material Load [N]

MHC MLC Wet Dry

CoF WR WM CoF WR WM CoF WR WM CoF WR WM

CoCrMo
alloy

1 0.37 0.46 RA 0.56 0.35 RA/G 0.50 0.006 G 0.30 0.001 G
2 0.37 0.95 RA 0.57 0.72 RA/G 0.46 0.009 G 0.30 0.002 G
3 0.41 1.34 RA 0.60 1.08 RA/G 0.53 0.011 G 0.31 0.003 G

Stainless steel 1 0.37 0.71 RA 0.54 0.25 RA/G 0.60 0.018 G 0.33 0.003 G
2 0.35 1.29 RA 0.48 0.26 RA/G/R 0.58 0.027 G 0.32 0.005 G
3 0.39 1.60 RA 0.46 0.32 RA/G/R 0.63 0.043 G 0.34 0.007 G

Aluminum alloy 1 0.44 3.70 RA 0.59 1.72 RA/G /R 1.10 2.02 S 0.36 0.07 G
2 0.41 6.73 RA 0.59 1.37 RA/G/R 1.00 3.71 S 0.35 0.10 G
3 0.56 8.37 RA 0.58 1.00 RA/G/R 1.00 4.09 S 0.35 0.13 G

WR, Wear Rate (�10�6mm3=m); WM, Wear Mode; RA, Rolling abrasion; R, Ridge; G, Grooving;
S, Scuffing
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wear crater depth increase, it is possible that load applied
changes, in some extent, through the test since the L-shaped
arm tends to lose the initial position from the no-wear initial
condition. Measuring load applied dynamically in the micro-
abrasion tester would be valuable for getting deeper tribological
analysis which is subject of further research in our research
group.

4. Conclusions

• The findings reported and discussed in this work demon-
strated that wear mode had a considerable effect on wear
rate, but also, on CoF in the metallic materials tested.

• Pure rolling abrasion generated the highest wear rates for
all the materials and loads tested.

• Mixed rolling abrasion/grooving produced higher CoFs,
but lower wear rates than those produced by pure rolling
abrasion.

• Wet sliding abrasion produced grooving patters for the
ASTM F1537 CoCrMo alloy and AISI 316L stainless
steel while it produced scuffing for the AISI 6061-T6 alu-
minum alloy. It also promoted the highest CoFs for AISI
316L stainless steel and AISI 6061-T6 aluminum alloy.

• Dry sliding abrasion generated grooving patterns for all
materials and loads. It also promoted the lowest CoFs and
wear rates for all materials and loads tested.

• The tester used was found to be very useful, practical and
appropriated as an efficient tool for CoF evaluation of dif-
ferent tribo-pairs and conditions. Consistent reproduction
of specific wear modes and good reproducibility were
achieved with relative ease.

References

1. G.B. Stachowiaka, G.W. Stachowiaka, and O. Celliers, Ball-Cratering
Abrasion Tests of High-Cr White Cast Irons, Tribol. Int., 2005, 38, p
1076–1087

2. M.T. Mathew, M.M. Stack, B. Matijevic, L.A. Rocha, and E. Ariza,
Micro-Abrasion Resistance of Thermochemically Treated Steels in
Aqueous Solutions: Mechanisms, Maps, Materials Selection, Tribol.
Int., 2008, 41, p 141–149

3. F. Marques, W.M. da Silva, J.M. Pardal, S.S.M. Tavares, and C.
Scandian, Influence of Heat Treatments on the Micro-Abrasion Wear
Resistance of a Superduplex Stainless Steel, Wear, 2011, 271, p 1288–
1294

4. P. Vale Antunes and A. Ramalho, Study of Abrasive Resistance of
Composites for Dental Restoration by Ball-Cratering, Wear, 2003, 255,
p 990–998

5. G.B. Stachowiak and G.W. Stachowiak, Tribological Characteristics of
WC-Based Claddings Using a Ball-Cratering Method, Int. J. Refract.
Met. H., 2010, 28, p 95–105

6. S. Sharifi, M.M. Stack, L. Stephen, Wang-Long Li, and Moo-Chin
Wang, Micro-Abrasion of Y-TZP in Tea, Wear, 2013, 297, p 713–721
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