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ABSTRACT: In this research, a diesel engine lubricant, modified with Multi-Walled Carbon
Nanotubes (MWCNTs) was evaluated. Carboxylic group functionalized MWCNTs were
dispersed in 15W40 mineral oil for Diesel engines and retaining ring and cylinder sleeve
materials from F300 diesel engine were used for tribological tests. The Nanofluid (0.1
0.5 and 1% wt.) rheological behavior was characterized. Nanolubricants with 1% wt
and base oil were evaluated on a Pin-on-Disk test. Results suggest both wear rate and
coefficient of friction reduction when MWCNTs are used, while no significant rheological
properties changes were observed.

RESUMEN: En este trabajo se evaluó un lubricante aditivado con nanotubos de carbono
multicapa (MWCNTs) para motores diésel. Se emplearon MWCNTs funcionalizados
con grupos funcionales (carboxílicos) y se dispersaron en un aceite mineral para
motores diesel 15W40. Se usaron materiales para pruebas de desgaste y fricción de
anillos retenedores y camisa de un motor diésel estacionario F300. Se caracterizo el
comportamiento reológico de los nanofluidos aditivados (0.1 0.5 y 1% wt.) Se evaluó el
comportamiento tribológico del lubricante base y el nanofluido a 1% en una máquina
de ensayos tipo pin-on-disk. Los resultados sugieren una disminución del coeficiente
de fricción con la aditivación de MWCNTs, mientras que la reología del lubricante no
presenta un cambio significativo en sus propiedades.

1. Introduction

Regulations becoming increasingly strict both in
environmental and safety aspects for the automotive
industry has brought interest in developing Internal
Combustion Engine (ICE) lubricants aiming to increase

fuel efficiency while decreasing the wear to mobile pieces.
Approximately 21% of fuel energy in a passenger car is
used to overcome undesired friction, and 60% of these
undesired energy losses are technologically solvable in
the midterm [1]. Multiwall carbon nanotubes (MWCNTs)
have been found promising in tribological applications due
to their remarkable mechanical and thermal properties
[2]. They have been widely studied in tribology applications
such as ionic fluids [3], cutting fluid [4], water-based
substitutes for oil-based lubricant [5], AP/WP mineral
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lubricants [6]; tribological applications on ICE evaluation
using MWCNTs nanolubricants have been reported both
in bio lubricant [7] and mineral based lubricant [8, 9]. In
particular, for internal engine components, Kałużny et
al. [10] showed that lubricants modified with MWCNTs
help reduce fuel consumption and wear rate since lower
friction-related energy losses would be involved under
lower COF lubrication conditions.

The characterization of tribological and rheological
properties was carried out by contrasting various
concentrations of MWCNTs as the main strategy to
evidence the effect of the nanotube’s addition to the
lubricant, commonly using pin on disk [11], disk on disk
[12] or block on disk [13]. Evaluating the rheological
and tribological behavior of nanolubricants in accurate
materials probes an adequate concentration finding for
further experiments involving engine testing and gives
a glance at wear rates and mechanisms changes if
further surface characterization could be done. Current
research results show evidence of decreasing both
coefficient of friction and wear rate when adding MWCNTs
to mineral-based lubricant oils for Diesel engines.

2. Methods

This research aims to evaluate the effect of adding
MWCNTs to a mineral oil lubricant 15w40 for a Diesel
engine by testing both tribological and rheological effects
of MWCNTs added to oil lubricant. Figure 1 shows
the general methodology, which consisted of MWCNTs
production, purification, and dispersion in lubricant
samples to evaluate rheological behavior and tribological
performance when employing Piston ring-cylinder sleeve
tribo-pair.

2.1 MWCNTs Synthesis

Multiwalled carbon nanotubes were synthesized by
chemical vapor deposition (CVD) at 700°C, as seen in
Figure 2. Acetylene was used as a carbon source and
Si-supported nickel nanoparticles were synthesized via
sol-gel as a catalyst. The gas mixture was composed of
nitrogen (N2), acetylene (C2H2), and hydrogen (H2). The
processing sequence included catalyst reduction (H2),
MWCNTs growth (C2H2 −N2), and cooling (N2). Further
details can be found elsewhere [14].

Functionalization and purification

For the process of purification and functionalization of
the nanotubes, the methodology previously reported by
Cornelio et al. [12] was used. Once synthesized, the
MWCNTs were subjected to purification by acid treatment
with HF and HCl.

Table 1 Pin-on-disk test conditions

Parameter Unit value
Linear velocity m/s 1.00530965

wear track radius mm 80
Pin radius mm 6

Load Kg 5
Cycle number - 3600
Linear distance m 1809.55737
Pin Surface finish µm 2.857
Disk surface finish µm 2.857

Test time
seg 1800
min 30

The functionalization of carbon nanotubes was carried out
by means of acid for the generation of functional groups.
2 mg per nanotube of a solution composed of 3:1 (V/V)
HNO3 and H2SO4 were used and the MWCNTs were
subjected to mechanical stirring for 4 H. Subsequently,
the MWCNTs were washed in deionized water to eliminate
excess acid until reach a pH of around 5 and finally dried
[12].

SEM was used in different steps of purifying process in
order to determine the synthesis’ success, estimate the
average length and check the purity of used MWCNTs.
TEM was used to determine the diameter and the average
number of layers in MWCNTs.

Dispersion of CNT in the lubricant

Oil concentrations were determined as 0.1%, 0.5%, and
1% according to evidence showing no significant effect
obtained from MWCNT over 1% [16], and 60ml oil-based
solutionswere preparedwith concentrations of 0.1%, 0.5%,
and 1% wt. of MWCNTs with mechanical stirring for 30 min
and ultrasonic stirring for 5 min.

2.2 Pin-on-disk test

The tribological evaluation was performed using the ASTM
G-99 procedure on a pin-on-disk test apparatus (see Figure
3) with test conditions according to Table 1.

In order to determine the Coefficient of Friction (COF), a
load cell attached to the Pin-on-disk apparatus measures
the tangent force applied to the pin so that the friction
coefficient can be calculated according to ASTM G99
standard procedure. To evaluate the tribological behavior,
a concentration of 1% MWCNTs was selected to be
contrasted against the base oil results.
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Figure 1 Experimental methodology schematics

 

 

Figure 2 Schematic diagram of CVD for the synthesis of MWCNTs [15]

2.3 Material characterization

In order to identify the properties of the materials,
metallography of piston rings and cylinder sleeves was
made using the standard tests for sample polishing
with Al2O3 and 3% nital etching. Figures 4a and 4b
show microstructures of both sleeve and retaining ring
materials, respectively, being concordant with ASTM A48
microstructure [18].

Both Sleeve and retaining rings were defined as grey
cast iron by microstructure comparison; even though
etching stains are present in sleeve samples, typical grey
cast graphite flakes are evident [18]. Both pin and disk

were manufactured using grey cast iron (see Figure 4c),
being consistent in microstructure with typical material of
Cylinder sleeve and ring (see Figure 4 a, b). Disks were
manufactured to a surface finish with Ra=2.87 µm and
wear track radius=80mm; the same cut variables were
used for spherical pin sample machining with a 6mm
radius. Both pins and disk hardness were measured as
Brinell 260

2.4 Viscosity test

The characterization of the lubricant was carried out in
a conventional Brookfield LVDV-II + Pro viscometer with
temperature bath, a bidirectional RS-232 PC interface, and

19



S. Meneses-Múneraet al., Revista Facultad de Ingeniería, Universidad de Antioquia, No. 109, pp. 17-24, 2023

 

 

Figure 3 a) Schematic of Pin-on-Disk system: being F the
normal force applied to pin, R, the wear track radius, D and d
disk, and pin diameters, respectively, W disk angular velocity

[17]; b) Pin-on-disk arrangement design

 

 

Figure 4 Microstructures at 200x. 3% nital: a) Cylinder sleeve
microstructure at 200x, b): Retaining ring microstructure at
200x, c) Locally sourced grey cast iron used for pin-on-disk

testing specimen

Rheocalc software. The equipment has a variable speed
capability of 0.01 to 200 rpm, a test temperature range of
0 ° C to 100 ° C, and a maximum cutting speed of 57 s-1
at 195 RPM. Controlled Rate Ramp tests were performed
by using a SC4-16 LV spindle in such a way that the
spindle rotational speed increased RPM every 30 seconds,
and viscosity changes were recorded to determine the
Newtonian or non-Newtonian behavior. The effect of
temperature on viscosity was studied by performing tests
in the range between 40 °C and 100 °C with a fixed speed
of 30 rpm. Finally, the lubricants were tested at a specific
shear rate for 600 seconds to observe any change in
viscosity over time.

3. Results and discussion

3.1 MWCNTs synthesis

Pre-purifiedMWCNTs are shown in Figure 5a; the presence
of amorphous carbon and other impurities in the samples,
which are seen as round-like particles with an average
diameter between 1 and 2 µm, is evident. Figure 5b shows
purified MWCNTs after removing carbon-based, Si, and Ni
impurities. MWCNTs agglomeration is attributed to the
drying process after purifying process. TEM examination
of purified MWCNTs growth around 50 layers and 40nm
out diameter as seen in Figures 6a and 6b. MWCNTs
average length was estimated to be around 50 µm by SEM
examination.

 

 

Figure 5 SEM image of MWCNTs grown on nickel catalyst
particles. a) Unpurified b) Purified. Amorphous carbon and

other impurities in the samples are seen as round-like particles
with average diameters between 1 and 2 µm

 

 

Figure 6 TEM image of grown MWCNTs: a) Pristine MWCNTS
and b) MWCNTs with∼ 50 layers

3.2 Rheological test results

Shear rate effect

The viscosity behavior when increasing shear velocity for
temperatures 40°C and 100°C is shown in Figure 7a. The
results evidence no substantial change in viscosity among
different MWCNTs concentrations. However, at 100°C, the
viscosity increases with shear rate until 30 s−1 showing a
shear thickening behavior (see Figure 7b). Passing 30 s−1

lubricants show a stable behavior; this could be associated
with MWCNTs distribution reorganization on fluid.

Temperature effect

Table 2 shows the variation of the viscosity for
different tested temperatures. The obtained results
for non-modified lubricant show a slight difference with
manufacturer-reported values; this can be attributed to
atmospheric conditions of the test place and equipment
sensibility. No major viscosity behavior changes were
observed between concentrations. Figure 8 shows
viscosity variations with respect to time to a fixed 30 s−1

shear rate.

Shear stress vs Shear rate

In order to evaluate the rheological behavior of MWCNTs
added lubricants, shear stress and shear rate relationwere
analyzed for 0.1, 0.5 and 1% wt. at 40 and 100 ° C.
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Figure 7 Viscosity vs. Shear rate: a) 40°C b) 100 °C

 

 

Figure 8 Viscosity vs. Time: a) 40 °C and b) 100 °C

Table 2 Tested lubricants viscosity

Lubricant
Viscosity 40 ° Viscosity 100 °C

(cP) (cP)
Manufacturer spec 98 12
Lubricant oil (AB) 100 0
AB-MWCNTs (0.1%) 98 0
AB-MWCNTs (0.5%) 92 0
AB-MWCNTs (1%) 96 0

A fluid will behave as Newtonian if shear stresses increase
linearly with shear rates. Figure 9 shows shear stress vs.
shear rate for 40°C and 100°C; results show regardless of
MWCNT concentration, there is a Newtonian fluid behavior.
The rheological results are in accordance with similar
studies in lubricant oils, where the Newtonian behavior
wasmaintained with MWCNTs addition, as well as viscosity

stability with time and shear stress [19].

3.3 Tribological test results

The coefficient of friction was calculated according to
the standard procedure proposed by ASTM [18]. COF
was determined as a mean of values in the time range
where tribometer control indicated stable measurement,
resulting in friction coefficients according to Table 3.
Figure 10 shows COF variations over time during the
test. The COF of MWCNTs added oil is significantly lower
than base oil; this may be attributed to a tribo-layer of
nanotubes in the wear surface. The MWCNTs reduce the
vibration making a smooth frictional response.
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Figure 9 Shear stress vs. shear rate: a) 40°C and b) 100°C

Table 3 Tested lubricants viscosity

Parameter Base oil MWCNTs 1% wt. Delta (%)
COF 0.1194±0.0011 0.1098±.0011 8.04

 

 

Figure 10 Coefficient of friction for pin-on-disk test for Base oil
(up) and lubricant with the addition of 1% MWCNTs (down)

3.4Wear mechanisms

Pin specimenmass was measured before and after testing
using a 0.00001g significance scale to determinemass loss
proportion due to wear; results are shown in Table 4. The
volume loss was determined by measuring the wear scar
diameter in pins, as shown in Figure 11 for base oil and 1%
wt. MWCNTs oil, and the results are summarized in Table
5. The wear volume was calculated according to ASTM
G99 standard method, while the wear rate was given by

 

 

Figure 11 Wear scar textures and measurements of worn pins
at 40x: a) Base oil test; b) 1% MWCNT added lubricant

Equation 1:

Wear rate
[
mm3

Nm

]
=

Wear volume 1000
(Load* 2π ∗ Track radius*#Cycles)

(1)

Figure 11 shows an increment of the contact area for the
test with the base oil lubricant. The MWCNTs- modified
lubricant shows a lower COF and smaller contact area,
making the maximum contact pressure higher in the tests
performed with MWCNTs-modified lubricant. Accordingly,
a higher-pressure distribution capacity may be attributed
to the tribosystem containing carbon nanotubes.

Table 4 Wear rate results

Wear rate [mm3/Nm]
Base Oil 1%MWCNTs
5.66x 10−3 3.16x10-10−3

Change [%] 44.20

Major signs of abrasive wear are evident in the base
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Table 5 Wear rate results

Wear scar analysis for a pin radius = 6mm
Parameter Base Oil 1%MWCNT Change %

Scar diameter (mm) 2.8 2.42 13.57142857
Volume loss (mm3) 0.503 0.281 44.20

oil-lubricated pin (Figure 11a) in comparison withMWCNTs
lubricated pin (Figure 11b). This result, in combination
with the higher volume loss of samples tested with a
base oil, indicates a positive effect of the addition of
MWCNTs to the lubricant. The observed surface texture
when MWCNTs are present suggests changes in wear
mechanisms with respect to the tests performed with base
oil. For instance, the darkening of the contact surface and
the presence of small crazes are in concordance with the
formation of a protective tribo-layer that helps avoiding
metal surfaces from being in direct contact. Additionally,
the mechanism of friction reduction known as “roller
formation” is expected to occur during the tests [16].
Confirming the relevance of each of these mechanisms
requires further characterization in order to determine
the details of the interaction between the metal surface
and the MWCNTs.

4. Conclusions

In the present work, a tribological and rheological
evaluation of MWCNTs as friction modifier additives was
developed with the purpose of evaluating their feasibility
for further engine tests; the main conclusions are:

The results evidence a reduction in friction coefficient
and wear rate when MWCNTs are added to the lubricant,
suggesting that a better performance in ICE could also be
expected.

The experimental analysis confirms no significant
rheological behavior variations, being then feasible to
continue further experimental evaluation in operating
engines; however, in order to do so, previous research on
other possible technical challenges needs to be reviewed.

The results suggest tribo-layer formation on the wear
surface, composed of amorphous carbon originated by
nanotubes, helping distribute the pressure on the contact
area. Further advanced characterization needs to be
done in order to have a better understanding of this
phenomenon.

5. Future work

Further worn surface characterization may provide
information about the wear mechanisms and

carbon-based compounds in the wear surface.

A more complete experimental design is needed in
order to find interactions Load-COF and Velocity-COF to
have a better understanding of actual wear mechanisms
happening in the Sleeve-cylinder tribosystem as well as
friction coefficient sensibility to these variables. Finally, by
granting adequate viscosity and a promising coefficient of
friction, this research suggests engine performance tests
as the next research step.

6. Declaration of competing interest

We declare that we have no competing interests,
including financial or non-financial, professional, or
personal interests interfering with the full and objective
presentation of the work described in this manuscript.

7. Acknowledgments

This article has been published as part of the XVI Simposio
Internacional de Energía - Expotecnológica (XVI SIE–2021)
organized by the Institución Universitaria Pascual Bravo.

The authors acknowledge DIPMA laboratory in Institucion
Universitaria Pascual Bravo for machining specimens and
tribotest assembly.

8. Funding

This work was supported by Institución Universitaria
Pascual Bravo Grand 614, ”Talento Pascualino”

9. Author contributions

Sebastian Meneses Conceived and designed the analysis
and wrote the paper, J.S. Rudas contributed to the
experimental design and analysis of results and critical
manuscript revision, A. Performed the tribological
analysis, Jesus Cornelio Synthesized and functionalized
the CNTs, contributed data or analysis tools, A. Toro, Lina
M. Hoyos Palacio and Maria I. Ardila were involved in the
analysis of results and critical manuscript revision.

10. Data availability statement

where the data associated with a paper is available, and
under what conditions the data can be accessed. They also
include links (where applicable) to the data set.

23



S. Meneses-Múneraet al., Revista Facultad de Ingeniería, Universidad de Antioquia, No. 109, pp. 17-24, 2023

References

[1] K. Holmberg, P. Andersson, and A. Erdemir, “Global energy
consumption due to friction in passenger cars,” Tribology
International, vol. 47, Mar. 2012. [Online]. Available: https:
//doi.org/10.1016/j.triboint.2011.11.022

[2] W. Zhai, N. Srikanth, L. B. Kong, andK. Zhou, “Carbon nanomaterials
in tribology,” Carbon, vol. 119, Aug. 2017. [Online]. Available:
https://doi.org/10.1016/j.carbon.2017.04.027

[3] B. Yu, Z. Liu, C. Ma, J. Sun, W. Liu, and et al., “Ionic liquid
modified multi-walled carbon nanotubes as lubricant additive,”
Tribology International, vol. 81, Jan. 2015. [Online]. Available:
https://doi.org/10.1016/j.triboint.2014.07.019

[4] A. K. Sharma, J. K. Katiyar, S. Bhaumik, and S. Roy, “Influence
of alumina/mwcnt hybrid nanoparticle additives on tribological
properties of lubricants in turning operations,” Friction, vol. 7,
no. 2, Apr. 2019. [Online]. Available: https://doi.org/10.1007/
s40544-018-0199-5

[5] Y. Peng, Y. Hu, and H. Wang, “Tribological behaviors of
surfactant-functionalized carbon nanotubes as lubricant additive in
water,” Tribology Letters volume, vol. 25, no. 3, Mar. 2007. [Online].
Available: https://doi.org/10.1007/s11249-006-9176-7

[6] D. L. Cursaru, C. Andronescu, C. Pirvu, and R. Ripeanu, “The
efficiency of co-based single-wall carbon nanotubes (swnts) as an
aw/ep additive for mineral base oils,”Wear, vol. 290-291, Jun. 2012.
[Online]. Available: https://doi.org/10.1016/j.wear.2012.04.019

[7] M. Habibullah, H. H. Masjuki, M. A. Kalam, I. M. Rizwanul, A. M.
Ashraful, , and et al., “Biodiesel production and performance
evaluation of coconut, palm and their combined blend with
diesel in a single-cylinder diesel engine,” Energy Conversion
and Management, vol. 87, Nov. 2014. [Online]. Available: https:
//doi.org/10.1016/j.enconman.2014.07.006

[8] W. Khalil, A. Mohamed, M. Bayoumi, and T. A. Osman, “Tribological
properties of dispersed carbon nanotubes in lubricant,” Fullerenes,
Nanotubes and Carbon Nanostructures, vol. 24, no. 7, Jul. 2016.
[Online]. Available: https://doi.org/10.1080/1536383X.2016.1188804

[9] A. Kotia, R. Kumar, A. Haldar, P. Deval, and S. K. Ghosh,
“Characterization of al2o3-sae 15w40 engine oil nanolubricant
and performance evaluation in 4-stroke diesel engine,” Journal
of the Brazilian Society of Mechanical Sciences and Engineering,
vol. 40, no. 1, Jan. 2018. [Online]. Available: https://doi.org/10.1007/
s40430-018-0998-7

[10] J. Kałużny, A. M. Guranowska, M. Giersig, and K. Kempa,
“Lubricating performance of carbon nanotubes in internal
combustion engines – engine test results for cnt enriched

oil,” International Journal of Automotive Technology, vol. 18,
no. 6, Dec. 2017. [Online]. Available: https://doi.org/10.1007/
s12239-017-0102-9

[11] H. Singh and H. Bhowmick, “Tribological behaviour of hybrid ammc
sliding against steel and cast iron under mwcnt-oil lubrication,”
Tribology International, vol. 127, Nov. 2018. [Online]. Available:
https://doi.org/10.1016/j.triboint.2018.06.030

[12] J. A. C. Cornelio, P. A. Cuervo, L. M. H. Palacio, J. L. Romero, and
A. Toro, “Tribological properties of carbon nanotubes as lubricant
additive in oil and water for a wheel-rail system,” Journal of
Materials Research and Technology, vol. 5, no. 1, Jan. 2016. [Online].
Available: https://doi.org/10.1016/j.jmrt.2015.10.006

[13] K. P. Lijesh, S. M.Muzakkir, and H. Hirani, “Experimental tribological
performance evaluation of nano lubricant usingmulti-walled carbon
nano-tubes (mwcnt),” International Journal of Applied Engineering
Research, vol. 10, no. 6, May. 12, 2021. [Online]. Available:
http://www.ripublication.com

[14] J. A. C. Cornelio, E. E. Blanco, J. L. Romero, J. S. Rudas,
G. S. Guerrero, and et al., “Development of multiwalled carbon
nanotubes (mwcnt’s) functionalized with molybdenum disulfide
(mos2) by separate methodology,” Diamond and Related Materials,
vol. 122, Feb. 2022. [Online]. Available: https://doi.org/10.1016/j.
diamond.2021.108814

[15] L. M. Hoyos, D. P. Cuesta, I. C. Ortiz, L. E. Botero, B. J. Galeano,
and et al., “Compounds of carbon nanotubes decorated with
silver nanoparticles via in-situ by chemical vapor deposition (cvd),”
Journal of Materials Research and Technology, vol. 8, no. 6, Nov. 2019.
[Online]. Available: https://doi.org/10.1016/j.jmrt.2019.09.062

[16] L. J. Pottuz, F. Dassenoy, B. Vacher, J. M. Martin, and T. Mieno,
“Ultralow friction and wear behaviour of ni/y-based single wall
carbon nanotubes (swnts),” Tribology International, vol. 37, no.
11-12, Nov. 2004. [Online]. Available: https://doi.org/10.1016/j.
triboint.2004.07.019

[17] Standard Test Method for Wear Testing with a Pin-on-Disk Apparatus
1 This international standard was developed in accordance with
internationally recognized principles on standardization established in
the Decision on Principles for the Development of Int, International
ASTM, International ASTM.

[18] Metals Hanbook. Metallography and microstructures, 9th ed., ASM,
Washington, DC, 1985.

[19] L. Echandía, S. Mejía, D. Osorio, and N. Rojas, “Efecto
reolÓgico de la agregaciÓn de nanopartÍculas a fluidos
lubricantes,” Revista Colombiana de Materiales, no. 5,
2014. [Online]. Available: https://revistas.udea.edu.co/index.php/
materiales/article/view/19437/16599

24

https://doi.org/10.1016/j.triboint.2011.11.022
https://doi.org/10.1016/j.triboint.2011.11.022
https://doi.org/10.1016/j.carbon.2017.04.027
https://doi.org/10.1016/j.triboint.2014.07.019
https://doi.org/10.1007/s40544-018-0199-5
https://doi.org/10.1007/s40544-018-0199-5
https://doi.org/10.1007/s11249-006-9176-7
https://doi.org/10.1016/j.wear.2012.04.019
https://doi.org/10.1016/j.enconman.2014.07.006
https://doi.org/10.1016/j.enconman.2014.07.006
https://doi.org/10.1080/1536383X.2016.1188804
https://doi.org/10.1007/s40430-018-0998-7
https://doi.org/10.1007/s40430-018-0998-7
https://doi.org/10.1007/s12239-017-0102-9
https://doi.org/10.1007/s12239-017-0102-9
https://doi.org/10.1016/j.triboint.2018.06.030
https://doi.org/10.1016/j.jmrt.2015.10.006
http://www.ripublication.com
https://doi.org/10.1016/j.diamond.2021.108814
https://doi.org/10.1016/j.diamond.2021.108814
https://doi.org/10.1016/j.jmrt.2019.09.062
https://doi.org/10.1016/j.triboint.2004.07.019
https://doi.org/10.1016/j.triboint.2004.07.019
https://revistas.udea.edu.co/index.php/materiales/article/view/19437/16599
https://revistas.udea.edu.co/index.php/materiales/article/view/19437/16599

	Introduction
	Methods
	MWCNTs Synthesis
	Pin-on-disk test
	Material characterization
	Viscosity test

	Results and discussion
	MWCNTs synthesis
	Rheological test results
	Tribological test results
	Wear mechanisms

	Conclusions
	Future work
	Declaration of competing interest
	Acknowledgments
	Funding
	Author contributions
	Data availability statement

