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Introduction / context:

Developing new solutions to solve energy and environmental problems must include tribology.
Although significant research has been carried out in tribology, with a large number of new
lubricants (coatings, oils, greases), the negative impact of friction and wear on the economy and the
environment remains significant, and efforts are still needed [1,2]. However, the challenge of
tribology is that a complete understanding of the processes governing tribological behavior and
wear life, in order to predict them, requires an understanding of the existing synergy between
mechanics, physical chemistry and thermodynamics within the contact [3]. The greatest challenge
is "the complexity of direct measurements and the inseparability of various multiphysical
mechanisms in real interfaces" [4] that must be considered. This is particularly true of the tribology
of dry-lubricated contacts, whose configuration (properties of the surfaces in contact, and the
nature of the interface) is constantly evolving. Whatever the purity of the materials making up dry
lubricants, once exposed to air they come into contact with ubiquitous contaminants. Some recent
studies have unexpectedly shown that low wear may be the result of a complex physico-chemical
competition between the materials in contact, their internal contaminants (in volume and surface)
and external contaminants (from the gaseous environment), to create lubricating interfaces through
mechanically activated chemical reactions [5—10]. These reactions have led to the self-elaboration
of multiphase lubricating and/or anti-wear composite materials (which we call 3™ bodies), within
the contact itself.

The mechanical properties of this 3rd body are very important, as they affect the friction response,
and therefore the level of friction and its stability. It is essential to develop strategies for accessing
the mechanical properties of the interfacial materials created during friction, and also of the wear
particles (3rd body ejected from the contact). The highly "chaotic" environment of a friction track
does not allow the use of traditional approaches [11,12] in large number of cases. Indeed, surfaces
can be rough (a few tens to a few hundreds of nanometers) for low material thicknesses, or in the
form of "patches" not necessarily chemically bonded to the substrate, with local topographic
elevations, and so on. The strategies commonly encountered in the literature remain "conventional"
and mainly use nanoindentation (ex-situ and in-situ) and micro/nano-pillar compression, without
being certain of satisfying all the appropriate conditions for these techniques. [11]. We recently
developed [13] an approach based on controlled gripping of wear particles. The particles are
sampled directly in the vicinity of the contact with an instrumented micro-gripper, and compression
tests are carried out to determine stresses and strains. However, the data obtained require further
study. Versatile and functional for particles, it is not as effective for 3rd bodies in the form of long
thin layers. To this end, we are proposing to complement our micro-comprehension by developing
an approach for measuring mechanical properties using atomic force microscopy (AFM), and in
particular by using the PeakForce QNM High Accuracy mode, available since this year at the FEMTO-
ST institute. The aim is to develop a strategy and a method for characterizing tribological materials,
providing access to elastic, plastic, and adhesion properties of the different materials presents inside




the contact interface. These data will be used to feed numerical models developed in parallel
through collaborations, such as discrete element models, notably for MoS2-based lubricant thin
deposition. [14].

Proposed work:

The thesis will be carried out in the MN2S department of FEMTO-ST Institute (Besangon, France,
https://www.femto-st.fr/en/Research-departments/MN2S/Presentation). The work envisaged will
focus on analyzing the mechanical properties of 3rd bodies generated in a dry lubricated contact by
a thin coating (M0S2) that underwent friction in various environments (vacuum, air, contaminated
air). We have extensive experience with MoS2 [5,14-18]. The SnO2 material, whose deposition we
have mastered [19], is a very interesting case study, as it is sensitive to very specific contaminants
which have a significant impact on its tribological performance (friction and wear). SnO2 can
therefore be used as a benchmark material to validate the approach. The application case will
remain MoS2. The aim is to develop small-scale analysis methods linking the mechanical properties
of the 3rd bodies to their physicochemical and microstructural nature, and to their friction/wear
behavior.

The objectives are :

1- Develop a generic method for the characterization and mechanical analysis of 3rd bodies at
nanometric scales using AFM and controlled in-situ sampling/characterization. We are
currently pioneering in-situ approaches with localized sampling. As the sampling is
functional, the student will mainly interact with the AS2M department at FEMTO-ST to use
the existing device.

2- Establish a first quantitative link between the mechanical properties of the 3rd bodies, their
chemical nature (linked to the test environment), and the coefficient of friction. Coupling,
using a well-proven investigation method, with surface analysis by Scanning Electron
Microscopy (SEM), and chemical analysis of the environment (mass spectrometry during
testing) and surfaces (XPS, Raman) will be used to complement the mechanical
measurements.

Références bibliographiques / Bibliography

[1] K. Holmberg, A. Erdemir, Influence of tribology on global energy consumption , costs and
emissions, Friction. 5 (2017) 263—-284.

[2] Mr. Ryan, H. res. 916 - Recognizing the impact of tribology on the United States economy
and competitiveness in providing solutions to critical technical problems in manufacturing,
energy production and use, transportation vehicles and infrastructure, greenhouse ga, The
House of Representatives, 2016.

[3] S.S. Perry, W.T. Tysoe, Frontiers of fundamental tribological research, Tribol. Lett. 19 (2005)
151-161. https://doi.org/10.1007/s11249-005-6142-8.

[4] A.l. Vakis, V.A. Yastrebov, J. Scheibert, L. Nicola, D. Dini, C. Minfray, A. Almqvist, M. Paggi,
S. Lee, G. Limbert, J.F. Molinari, G. Anciaux, R. Aghababaei, S. Echeverri Restrepo, A.
Papangelo, A. Cammarata, P. Nicolini, C. Putignano, G. Carbone, S. Stupkiewicz, J.
Lengiewicz, G. Costagliola, F. Bosia, R. Guarino, N.M. Pugno, M.H. Muser, M. Ciavarella,
Modeling and simulation in tribology across scales: An overview, Tribol. Int. 125 (2018) 169—
199. https://doi.org/10.1016/j.triboint.2018.02.005.

[5] G. Colas, A. Saulot, N. Bouscharain, C. Godeau, Y. Michel, Y. Berthier, How far does
contamination help dry lubrication efficiency?, Tribol. Int. 65 (2013) 177-189.
https://doi.org/10.1016/j.triboint.2012.12.011.

[6] G. Colas, A. Saulot, D. Philippon, Y. Berthier, D. Leonard, Time-of-Flight Secondary lon
Mass Spectroscopy investigation of the chemical rearrangement undergone by MoS2 under



https://www.femto-st.fr/en/Research-departments/MN2S/Presentation

[7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

tribological conditions, Thin Solid Films. 588 (2015) 67-77.
https://doi.org/10.1016/j.tsf.2015.04.051.

G. Colas, A. Saulot, D. Philippon, Y. Berthier, D. Léonard, Tribochemical competition within
a MoS2/Ti dry lubricated macroscale contact in ultrahigh vacuum: a Time of Flight
Secondary lon Mass Spectrometry investigation, ACS Appl. Mater. Interfaces. 10 (2018)
20106-20119. https://doi.org/10.1021/acsami.8b02999.

X. Chen, T. Kato, M. Nosaka, Origin of superlubricity in a-C:H:Si films: A relation to film
bonding structure and environmental molecular characteristic, ACS Appl. Mater. Interfaces.
6 (2014) 13389-13405. https://doi.org/10.1021/am502416w.

N. Argibay, T.F. Babuska, J.F. Curry, M.T. Dugger, P. Lu, D.P. Adams, B.L. Nation, B.L.
Doyle, M. Pham, A. Pimentel, C. Mowry, A.R. Hinkle, M. Chandross, In situ tribochemical
formation of self-lubricating diamond-like carbon films, Carbon N. Y. 138 (2018) 61-68.
https://doi.org/10.1016/j.carbon.2018.06.006.

P.-H. Cornuault, G. Colas, A. Lenain, R. Daudin, S. Gravier, On the diversity of
accommodation mechanisms in the tribology of Bulk Metallic Glasses, Tribol. Int. 141 (2020)
105957. https://doi.org/10.1016/j.triboint.2019.105957.

R.R. Chromik, Y. Zhang, Nanomechanical testing of third bodies, Curr. Opin. Solid State
Mater. Sci. 22 (2018) 142—-155. https://doi.org/10.1016/j.cossms.2018.05.001.

D. Siniscalco, O. Arnould, A. Bourmaud, A. Le Duigou, C. Baley, Monitoring temperature
effects on flax cell-wall mechanical properties within a composite material using AFM,
Polym. Test. 69 (2018) 91-99. https://doi.org/10.1016/j.polymertesting.2018.05.009.

R. Hannouch, V. Reynaud, G. Colas, J. Rauch, J. Agnus, O. Lehmann, F. Marionnet, C.
Clévy, In-situ SEM Microrobotics for Versatile Force/Deformation Characterization:
Application to Third-Body MoS2 Wear Particles, J. Micro Bio Robot. submitted (2024).

G. Colas, S. Pajovic, A. Saulot, M. Renouf, P. Cameron, Adhesion Measurements in MoS2
Dry Lubricated Contacts to Inform Predictive Tribological Numerical Models: Comparison
Between Laboratory-Tested Samples and Ball Bearings From The NIRISS Mechanism, in:
Conf. Proc. 17th Eur. Sp. Mech. Tribol. Symp., Hatfiel, UK, 2017.
http://esmats.eu/esmatspapers/pastpapers/pdfs/2017/colas.pdf.

G. Colas, A. Saulot, C. Godeau, Y. Michel, Y. Berthier, Decrypting third body flows to solve
dry lubrication issue - MoS2 case study under ultrahigh vacuum, Wear. 305 (2013) 192-204.
https://doi.org/10.1016/j.wear.2013.06.007.

G. Colas, P. Serles, A. Saulot, T. Filleter, Strength measurement and rupture mechanisms of
a micron thick nanocrystalline MoS2 coating using AFM based micro-bending tests, J. Mech.
Phys. Solids. 128 (2019) 151-161. https://doi.org/10.1016/j.jmps.2019.04.007.

P. Serles, H. Sun, G. Colas, J. Tam, E. Nicholson, G. Wang, J. Howe, A. Saulot, C.V. Singh,
T. Filleter, Structure-Dependent Wear and Shear Mechanics of Nanostructured
MoS<inf>2</inf> Coatings, Adv. Mater. Interfaces. 7 (2020).
https://doi.org/10.1002/admi.201901870.

P. Serles, E. Nicholson, J. Tam, N. Barri, J.B. Chemin, G. Wang, Y. Michel, C.V. Singh, P.
Choquet, A. Saulot, T. Filleter, G. Colas, High Performance Space Lubrication of MoS2 with
Tantalum, Adv. Funct. Mater. 2110429 (2022) 1-10.
https://doi.org/10.1002/adfm.202110429.

A. El Mohajir, M.A. Pour Yazdi, A. Krystianiak, O. Heintz, N. Martin, F. Berger, J.-B.
Sanchez, Nanostructuring of Sno2 Thin Films by Associating Glancing Angle Deposition and
Sputtering Pressure for Gas Sensing Applications, SSRN Electron. J. (2022) 1-15.

T. Arif, G. Colas, T. Filleter, Effect of Humidity and Water Intercalation on the Tribological
Behavior of Graphene and Graphene Oxide, ACS Appl. Mater. Interfaces. 10 (2018) 22537—-
22544. https://doi.org/10.1021/acsami.8b03776.

T. Arif, S. Yadav, G. Colas, C.V. Singh, T. Filleter, Understanding the Independent and
Interdependent Role of Water and Oxidation on the Tribology of Ultrathin Molybdenum
Disulfide (M0S2), Adv. Mater. Interfaces. 6 (2019). https://doi.org/10.1002/admi.201901246.

T. Arif, G. Wang, R.N.S. Sodhi, G. Colas, T. Filleter, Role of chemical vs. physical interfacial
interaction and adsorbed water on the tribology of ultrathin 2D-material/steel interfaces,




Tribol. Int. 163 (2021) 107194. https://doi.org/10.1016/.triboint.2021.107194.

Profil demandé / Applicant profile

Master 2 (or Engineering equivalent) in mechanics, materials sciences, surface sciences, physics of
solid

Preferred selection criteria:

- Knowledge of surface and materials characterization (physical chemistry, topography,
microstructure, and mechanics)

- Knowledge of atomic force microscopy

- Experience in experimental testing and data analysis

- Knowledge in tribology in a plus

Personal characteristics:

- Autonomy

- A taste for teamwork

- A taste for experimental work
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- At least 1 reference letter

- Transcript from Master, with ranking if available




