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"Soft and slippery: Microgel-coated surfaces under shear"

Keywords: water, graphene, slip length, atomic force microscope Phonon Transport at Molecular Interfaces -Lessons for Tribologists friction, instabilities, silica, Hessian methods

We have investigated the behavior of surfaces coated with dense layers of thermoresponsive pNIPAM-based microgels under compression and shear. We describe how the presence of a long-range repulsive interaction can modify the geometry of approaching surfaces, with significant consequences on normal and friction forces. We show that local surface deformations as small as a few nanometers must be considered to understand the lubrication of the system, in particular when the range of action of normal and friction forces are significantly different. Under these conditions, a subtle interplay between normal forces and surface compliance may significantly reduce friction increment by limiting the minimum approach of the surfaces under pressure. We found that stiffening of compressed microgels confined in the region of closest approach make it increasingly difficult to reduce the gap between the mica surfaces, limiting the contribution of microgels distant from the contact apex to the global friction. In dynamic conditions, we observed the presence of shear-induced lift forces, which can be large enough to entrain a fluid film that separates the surfaces out of contact, driving the dynamic system from conditions of boundary to hydrodynamic lubrication. The origin and consequences of this force will be discussed in detail. These findings suggest simple mechanisms for robust control of lubrication by properly tuning stiffness and geometry of the interacting bodies.

Two-dimensional materials provide a rich playground for exploring new and unexpected physical phenomena at the atomic limit of thickness. I will focus on friction behavior of nanoscale contacts with 2D materials measured with atomic force microscopy (AFM) and compared with molecular dynamics (MD) simulations. First, nanocontacts with 2-dimensional materials including graphene will be discussed. Friction is far lower than for typical bare substrates, but depends on the number of 2D material layers present. An initial model attributing this to out-of-plane puckering [1] is now enhanced by MD showing a strong role of energy barriers due to interfacial pinning which enhance contact quality, not quantity [2]. We also observe a non-monotonic dependence of friction on humidity for graphite. Using MD, this behavior is attributed to adsorbed water molecules that at low coverage act as pinning sites that enhance contact quality. At high coverage, adsorbates form a quasi-ordered layer that provides a low friction incommensurate interface [3].

We also discuss 2D transition metal dichalcogenides (TMD) including MoS2. TMDs exhibit intrinsically low friction, although not as low as graphene, which is attributed to the (PES) corrugation [4]. Moreover, friction anisotropy has an unexpected low symmetry, which MD simulations reveal to be due to contact quality effects resulting from the tip's amorphous structure [5]. Finally, we show that varying the chalcogen in MoX2 (X = S, Se, or Te) leads to an unexpected dependence: instead of the potential energy surface corrugation dominating static friction, the lattice spacing is found to be key; a simple model to explain this result will be presented, and is supported by comparison to the Prandtl-Tomlinson model [6].

A. Ollier 1,2 , M. Kisiel 1 , R. Pawlak 1 , U. Gysin 1 , E. Tosatti 3 , E. Meyer 1 1 Departement of physics, University of Basel, Klingelbergstrasse 82, 4056 Basel (CH) 2 Swiss Nanoscience Institute, Klingelbergstrasse 82, 4056 Basel (CH) 3 SISSA, Trieste, Via Bonomea 265, Italy (Corresponding author: A. Ollier, email: alexina.ollier@unibas.ch)

Understanding nanoscale energy dissipation is nowadays among few priorities particularly in solid state systems. Breakdown of topological protection, loss of quantum information and disorder-assisted hot electrons scattering in graphene are just few examples of systems, where the presence of energy dissipation has a great impact on the studied object [1]. It is therefore critical to know, how and where energy leaks. Pendulum geometry Atomic Force Microscope (pAFM), oscillating like a pendulum over the surface, is perfectly suited to measure such tiny amount of dissipation [2,3], since a minimum detectable power loss is of the order of aW.

We report on a low temperature (T=5K) measurement of striking singlets or multiplets of dissipation peaks above graphene nanodrums surface. The structure geometry leads to formation of few nanometre size graphene wrinkles and the observed dissipation peaks are attributed to tip-induced charge states transitions in quantum-dot-like entities. The dissipation peaks strongly depend on the external magnetic field (B=0T-2T). The magnetic field induce Peierls phase that shift the peaks to lower energy. At large magnetic field this shift induces the vanishing of the peaks. Due to their superlubric properties and their wear resistance, MoS2 surfaces are very attractive for applications and fundamental investigations in nanotribology.

In the first part, we will present a series of experiments on the collective manipulation of metal clusters on mono-and multilayer MoS2 surfaces as performed by AFM under ambient conditions. Starting with a general equation that relates the direction of motion of spherical particles to the scanning pattern, the influence of friction on the manipulated particle trajectory fluctuations, and the influence of particle shape on the manipulation process will be introduced. Atomic-scale effects become important when the cluster and substrate form commensurable contacts, as for triangular Au clusters on MoS2 [1]. In this case we observed a preferential motion along the zigzag direction of the substrate regardless of the moment imparted by the AFM tip. The formation of long Au stripes parallel to the fast scan direction is also an important effect observed when the cluster density is sufficiently high, albeit hampered by the corrugation of the underlying SiO2 substrate [2].

In the second part, we will discuss the formation of wear nanostructures from AFM lithography on mono-and multilayer MoS2. A typical result is the detachment of flakes with crack propagation along the zigzag direction of the MoS2 lattice [3]. On a monolayer, nanoexfoliation is also accompanied by surface rippling of the silica substrate [4]. This will lead to a final digression on the formation of wavy patterns on (non-layered) surfaces, which we are also attempting to model based on the frictional stick-slip accompanying the wear process.

On the modelling of triboelectricity and stress-induced ionization

Martin H. Müser and Sergey Sukhomlinov

Dept. of Materials Science and Engineering, Saarland University, Germany

Triboelectricity is one of the best and longest-known natural phenomena. While charge-transfer between metals can be said to be well understood, there is an ongoing debate as to the relevant charge-transfer mechanism for dielectrics rubbing against each other. Various experiments have been conducted and interpreted to be clearly in favour of either electron transfer or ion transfer, without coming to an agreed-upon, general mechanism. The modelling community has remained surprisingly silent. One of the difficulties may be that in order to model electronic charge transfer, systems can no longer be assumed to be in their electronic ground state. This causes tremendous difficulties for density-functional theory (DFT) based approaches. However, classical potentials can overcome this bottleneck [1], as will be presented in this talk. DFT can nevertheless be used to model stress-induced ionization. We find bulk systems containing various phosphor-containing molecules to ionize under pressures as small as 1 GPa when sufficiently sheared. The considered conditions are yet quite moderate for tribological contacts. Simply heating the systems only induces zwitterions but not free ions.

Graphene and many other 2D materials entered the physics and engineering scene in the last two decades. Their strong and yet membrane-like sheets permit -actually require --deposition, giving rise to interfaces whose tribological properties under shear stress must be understood and controlled. We carried out selected simulation case studies with variously twisted, structurally lubric interfaces involving graphene. There is first of all a basic difference between "small" and "large" twist angles --only the latter are structurally lubric and free sliding in the usual sense. The kinetic friction of a superlubric sliding island is linear with velocity ("viscous") at large velocity or large temperature --regimes where, dominated by the island's body, friction grows proportional to area. At low velocities and low temperatures, conversely, kinetic friction is, like static friction, dominated by the edges of the island. Therefore growing at most as the perimeter, and with a much weaker velocity dependence, as expected for stickslip friction. Recovering and extending many results already present in literature, the overall picture obtained applies to general 2D interfaces, including current and future bilayer and multilayer systems. 

Martin Rejhon, Elisa Riedo

Tandon School of Engineering, New York University, Brooklyn, NY, 11201, USA Two-dimensional (2D) materials, such as graphene, are usually exfoliated onto, or directly grown on a substrate. Since 2D films or flakes are only one or a few atoms thick, their interaction with the substrate is of key importance. Indeed, substrate and interlayer interaction can change 2D materials chemical [1][2], mechanical [1][2], and electronic properties [3]. From Fermi level pinning to strain engineering, phase transitions, and superlubricity, understanding the interfacial properties between an atomic layer and its substrate is of great interest at both the fundamental and technological level.

Here, we measure the hardly accessible interfacial transverse shear modulus of an atomic layer on a substrate [4]. By performing measurements on bulk graphite, and epitaxial graphene films on SiC with different stacking order and twisting, as well as in presence of intercalated hydrogen between graphene and SiC, we find that the interfacial transverse shear modulus is critically controlled by the stacking order and the atomic layer-substrate interfacial interaction. Importantly, we also demonstrate that this modulus is a pivotal measurable property to control and predict sliding friction in supported two-dimensional materials. Indeed, we observe a novel general reciprocal relationship between the friction force per unit contact area and the interfacial shear modulus for all the investigated graphitic structures, including twisted graphene and bulk graphite. This relationship is supported by simple friction models based on a point mass driven over a periodic potential, where the atomic layer-substrate interaction controls the shear stiffness and therefore the resulting friction dissipation.

The fascinating frictional properties of layered materials

Michael Urbakh

School of Chemistry, Tel Aviv University, Tel Aviv 6997801, Israel Tribology -the science of friction, wear, and lubrication -is of fundamental importance in many branches of pure and applied science. One of the most intriguing concepts of modern tribology, with exciting practical applications, is the idea of frictionless interface sliding in incommensurate contacts, a phenomenon termed superlubricity. Until very recently, observations of superlubric behavior have been limited to nano-and micro-scale graphitic contacts. One of the major problems in achieving superlubricity using such homogeneous graphitic contacts stems from the fact that graphene tends to spontaneously lock into highfriction states that suppress superlubricity. This fundamental problem has been resolved in our recent studies predicting theoretically and computationally, and thereafter demonstrating experimentally, that microscale heterogeneous layered material junctions exhibit robust superlubricity under ambient conditions and room temperature.

In this talk I will discuss results of fully atomistic numerical simulations of static and dynamical properties of graphite/graphite and graphite/hexagonal boron nitride (h-BN) junctions. We found that structural superlubricity at interfaces between graphite and h-BN persists even for the aligned contacts sustaining external loads. A negative friction coefficient, where friction is reduced upon increasing normal load, was predicted. It was demonstrated that further control over the physical properties of 2D layered materials can be gained via tuning the aspect-ratio of nanoribbons.

Scaling up structural superlubricity towards macroscopic dimensions inevitably involves forming junctions between surfaces of polycrystalline nature. The effects of corrugated grain boundaries on the frictional properties of extended planar graphitic contacts incorporating a polycrystalline surface were investigated via molecular dynamics simulations. This study revealed that collective dynamic effects at polycrystalline graphite grain boundaries may lead to unusual nonmonotonic variation of the friction with normal load and temperature. Our results are expected to be of general nature and should be applicable to other van der Waals heterostructures.

Colloidal AFM probes sliding on graphite: triboinduced material transfer, atomic-scale friction and superlubricity

Renato Buzio , † , Andrea Gerbi † , Cristina Bernini † , Luca Repetto ‡ , Andrea Vanossi Colloidal probe Atomic Force Microscopy (AFM) allows to explore sliding states of vanishing friction, i.e. superlubricity, in mesoscopic graphite contacts [1][2][3]. Superlubricity is known to appear upon formation of a triboinduced transfer layer, originated by material transfer of graphene flakes from the graphitic substrate to the colloidal probe. Previous studies suggest that friction vanishes due to crystalline incommensurability at the newly formed interface [1]. However this picture still lacks several details, such as the roles of the tribolayer roughness and of loading conditions. In this talk we discuss recent colloidal probe AFM experiments addressing the friction response of micrometric beads -of different size and pristine surface roughness -sliding on graphite under ambient conditions [3,4]. We show that such tribosystems undergo a robust transition towards a low-adhesion, low-friction state dominated by localized mechanical interactions at one dominant triboinduced nanocontact. Atomic-scale friction force spectroscopy reveals that such nanocontact can be superlubric or dissipative, in fact undergoing a load-driven transition from dissipative stick-slip to continuous superlubric sliding. This behavior is excellently described by the thermally-activated, single-asperity Prandtl-Tomlinson model. Our results indicate that upon formation of the transfer layer, friction depends on the energy landscape experienced by the topographically-highest triboinduced nanoasperity. Finally, we comment on the friction response of colloidal probes intentionally functionalized by graphene flakes from liquid solutions, and we underline remarkable analogies with the superlubric behavior enabled by the triboinduced nanocontacts. These findings are discussed in light of strategies to achieve robust mesoscale superlubricity.

E n e r g y d i s s i p a t i o n o n t wi s t e d b i l a y e r g r a p h e n e a t ma g i c a n g l e t wi s t

A. Ol l i e r 1 , M. Ki s i e l 1 , U. Gy s i n 1 , E. To s a t t i 2 a n d E. Me y e r 1 1 De p a r t me n t o f P h y s i c s , Un i v e r s i t y o f B a s e l , Kl i n g e l b e r g s t r a s s e 8 2 , 4 0 5 6 -B a s e l , S wi t z e r l a n d 2 S I S S A , V i a B o n o me a 2 6 5 , T r i s e t s 3 4 1 3 6 , I t a l y Un d e r s t a n d i n g n a n o s c a l e e n e r g y d i s s i p a t i o n i s n o wa d a y s a mo n g f e w p r i o r i t i e s p a r t i c u l a r l y i n q u a n t u m s y s t e ms . Wh i l s t t r a d i t i o n a l J o u l e d i s s i p a t i o n o mn i p r e s e n t i n t o d a y ' s e l e c t r o n i c d e v i c e s i s we l l u n d e r s t o o d , t h e e n e r g y l o s s o f t h e s t r o n g l y i n t e r a c t i n g e l e c t r o n s y s t e ms r e ma i n s l a r g e l y u n e x p l o r e d . T wi s t e d b i l a y e r g r a p h e n e ( t BL G) i s a h o s t o f i n t e r a c t i o n -d r i v e n c o r r e l a t e d i n s u l a t i n g p h a s e s , wh e n t h e r e l a t i v e r o t a t i o n i s c l o s e t o t h e ma g i c a n g l e ( 1 . 0 8 o ) .

He r e , we r e p o r t o n l o w t e mp e r a t u r e ( 5 K) n a n o me c h a n i c a l e n e r g y d i s s i p a t i o n o f t B L G me a s u r e d b y s h a r p t i p o f t h e p e n d u l u m a t o mi c f o r c e mi c r o s c o p e ( p AF M) . Ul t r a s e n s i t i v e c a n t i l e v e r t i p a c t i n g a s o s c i l l a t i n g p l u n g e r g a t e o v e r t h e q u a n t u m d e v i c e s h o we d g i a n t d i s s i p a t i o n p e a k s a t t r i b u t e d t o d i 0 e r e n t f r a c t i o n a l 1 l l i n g o f t h e 2 a t e n e r g y b a n d s . Di s s i p a t i o n s p e c t r o s c o p y a l l o ws t o d e t e r mi n e t h e t wi s t a n g l e d i s t r i b u t i o n o f t BL G. T h u s , n a n o me c h a n i c a l e n e r g y d i s s i p a t i o n p r o v i d e s a r i c h s o u r c e o f i n f o r ma t i o n o n t h e d i s s i p a t i v e n a t u r e o f t h e c o r r e l a t e d e l e c t r o n i c s y s t e m o f t BL G, wi t h i mp l i c a t i o n s f o r c o u p l i n g a me c h a n i c a l o s c i l l a t o r t o t h e q u a n t u m d e v i c e s . Ap p l i c a t i o n o f ma g n e t i c 1 e l d s p r o v o k e d s t r o n g o s c i l l a t i o n s o f t h e f o r c e a n d d i s s i p a t i o n s i g n a l wh i c h i s s t r o n g l y e n h a n c e d f o r f r a c t i o n a l 3 / 4 b a n d 1 l l i n g .

Olivier Noël 1)* , Pierre-Emmanuel Mazeran 2) , and AFM circular mode, used in this study, represents a novel experimental approach that provides a strictly controlled velocity and distance overextended sliding paths, see Fig. 1(a). This mode leads to a relative motion of the contact, without acceleration, deceleration, and any rest periods during sliding which necessarily occur with the conventional back and forth scanning mode. Our results demonstrate that a droplet may form by the accumulation of the adsorbed water (as a packman swallowing smaller water droplets) and stay within the sliding hydrophobic nanocontact, see Fig. 1(b). Then, the nature of the dynamic friction mechanism has been elucidated by considering the resistance of the water droplet driven by one side of the moving contact. We demonstrate that an intuitive paradigm must be refined, which asserts that water molecules are squeezed out of a hydrophobic contact. As a consequence, we introduce a new mechanism considering a droplet produced within the sliding nano-contact by the accumulation of water adsorbed on the substrate. Hence, our findings highlight new routes for controlling water-mediated friction in the air. J.G. Vilhena Understanding the motion/dynamics of a single molecule over a surface is a problem of a paramount importance in designing advanced molecular nanostructures/assemblies capable of meeting specific needs [1,2,3]. The interest is better realized by the broad spectrum of promising applications including molecular electronic devices, tribology/corrosion inhibition, and 3D nanopatterning [4]. One possible route to achieve a higher control on molecular diffusion along predetermined pathways would be to access the single-molecule mechanics during their on-surface displacements [5]. This in turn would provide a mean to rationally design molecules with improved assembly/diffusion properties. Nevertheless, to date, understanding the interplay between molecule mechanics, surface displacements and dynamics at a atomic level is highly challenging as it requires knowing not only the forces needed to manipulate them but also to relate them with particular molecular/atomic motion.

Almost 20 years passed after the first scanning probe microscopy [6] atomic-manipulation until it became possible to record the time variations of mechanical forces during manipulation [7]. As this technique [7,8,[START_REF] Pawlak | [END_REF][START_REF] Vilhena | Accepted in PRL (2022) Figure 1: Single molecule cryo-force spectroscopy: Lifting a single-stranded DNA molecule deposited over Au[END_REF] cryo-force-spectroscopy -relies on a dynamic AFM operated at 4.8K in Ultra-High-Vacuum it allow us to perform successive manipulations a in a clean and controlled environment but also enable us to characterize both the surface and the molecule with atomic resolution prior and after the manipulation. This breakthrough opened new and exciting possibilities to explore mechanical properties at a single molecule level with an unrepresented resolution and control over the system. In this talk I shall discuss some of the major achievement and the versatility of this technique including: the discovery of a state of almost vanishing friction of graphene nanoribbons when sliding over a gold surface [8,9,[START_REF] Gigli | Nanoscale just accepted[END_REF]; measuring the stiffness of a single DNA nucleotide and the detection [START_REF] Pawlak | [END_REF] of a C-C bond twist at a single bond level [START_REF] Vilhena | Accepted in PRL (2022) Figure 1: Single molecule cryo-force spectroscopy: Lifting a single-stranded DNA molecule deposited over Au[END_REF]. Altogether this provides a comprehensive understanding of complex on-surface dynamics of the molecules over surfaces and how dynamic balancing of intra-molecular mechanics and surface comensurability play out in a broad range of conditions.

How adhesion may interfer in friction mechanisms of viscoeleastic materials ?

Olivier NOEL 1 , Pierre-Emmanuel MAZERAN 2 , Laure FABIE 1 , Anh-Dung NGUYEN 1 1. Institut des Molécules et de Matériaux du Mans, UMR 6283, Université du Mans, France 2. Laboratoire Roberval, UMR 7337, Université de Technologie de Compiègne, Compiègne, France At the nanoscale, the friction forces are known to be strongly dependent on the sliding speed. Typically, for a 'dry' contact, they increase linearly with a logarithmic variation of the sliding speed, in good agreement with the Prandlt-Tomlinson model [1]. On the other hand, for hydrophilic surfaces and in the presence of a capillary meniscus (referred as 'wet' contact), the frictional force decreases linearly with the logarithm of the sliding speed [2]. In the case of polymers, Tocha et al [3] showed that the frictional force passes through a maximum as the sliding speed evolves. This transition in frictional force is legitimately associated with the βrelaxation of polymers (Rotation of -(CO)OCH3 groups in the case of PMMA). However, the mechanisms for linking this mechanical transition to the frictional force on these polymer substrates are still very poorly understood. For these materials, contact mechanics models such as JKR [4] or DMT [5] show that adhesion forces cannot be neglected. In particular, these forces are likely to deform the surfaces in the vicinity of a contact and to generate an adhesive bond. In this talk, I propose an experimental study of the influence of the adhesion force in a sliding nano-contact for the case of polymeric materials. The substrates used are glassy polymers at room temperature, such as poly-methyl methacrylate (PMMA) and polycarbonate (PC). Experimentally, the study is carried out using an original protocol, the circular AFM mode combined with the force spectroscopy mode [6] allowing to measure in a quasi-stationary regime and simultaneously, the adhesion forces and the friction laws for different sliding speeds.

THERMAL FRICTION ENHANCEMENT IN ZWITTERIONIC MONOLAYERS

Melisa M. Gianetti, 1 Roberto Guerra, 1 Andrea Vanossi, 2

Michael Urbakh, 3 and Nicola Manini 1 Hard particle adhesion and on the stability of spinning asteroids

B.N.J. Persson 1, 2 1 PGI-1, FZ Jülich, Germany, EU 2 www.MultiscaleConsulting.com
Most asteroids with a diameter larger than ∼ 300 m are rubble piles i.e., consisting of more than one solid object. All asteroids are rotating but almost all asteroids larger than ∼ 300 m rotate with a period longer than 2.3 hours, which is the critical period where the centrifugal force equals the gravitational force. This indicates that there are nearly no adhesive interaction forces between the asteroid fragments. We show that this is due to the surface roughness of the asteroid particles which reduces the van der Waals interaction between the particles by a factor of 100 for micrometer sized particles and even more for larger particles. We show that surface roughness results in an interaction force which is independent of the size of the particles, in contrast to the linear size dependency expected for particles with smooth surfaces. Thus, two stone fragments of size 100 nm attract each other with the same non-gravitational force as two fragments of size 10 m.

We study the humidity dependency of the adhesion (or pull-off) force between granite fragments and a silica glass plate. The particles bind to the glass plate via capillary bridges. The granite particles are produced by cracking a granite stone in a mortar and have self-affine fractal surface roughness. Theory shows that the surface roughness results in an interaction force between stone fragments and the glass plate which is independent of the size of the particles, in contrast to the linear size dependency expected for particles with smooth surfaces. We measure the adhesion force by depositing the granite particle powder, with particle sizes ranging from mm to µm (or less), on the glass plate. By turning the glass plate upside-down all particles with a gravitational force larger than the adhesion force will fall-off the glass plate. By studying the size (and hence the mass) of biggest still attached particles we obtained the adhesion force, which is found to be in good agreement with the theory prediction.

Hartmut Löwen 1

1 Heinrich-Heine Universität Düsseldorf, 40225 Düsseldorf, Germany Active particles which are self-propelled by converting energy into mechanical motion represent an expanding research realm in physics and chemistry. For micron-sized particles moving in a liquid (``microswimmers''), most of the basic features have been described by using the model of overdamped active Brownian motion [1]. Here friction plays the leading role in determining the dynamics. However, for macroscopic particles or microparticles moving in a gas, inertial effects become relevant such that the dynamics is underdamped but friction still plays an important role. Therefore, recently, active particles with inertia have been described by extending the active Brownian motion model to active Langevin dynamics which include inertia [2]. In this talk, recent effects of friction in the field of active matter will be described including: i) the influence of friction on inertial motility-induced phase separation and on the cluster growth exponent [3] and ii) the formation of self-motorized droplet-colloid composites (so-called "droploids").

The dynamics of amorphous matter with frictional interactions cannot be derived in general from a Hamiltonian and therefore displays oscillatory instabilities stemming from the onset of complex eigenvalues in the stability matrix. Here we derive and demonstrate the presence of oscillatory instabilities in a three-dimensional granular packing. We study binary assemblies of spheres of two sizes interacting via classical Hertz and Mindlin force laws for the longitudinal and tangent interactions, respectively. We formulate analytically the stability matrix in three dimensions and observe that a couple of complex eigenvalues emerge at the onset of the instability as in the case of frictional disks in two dimensions. The dynamics then shows oscillatory exponential growth in the mean-square displacement, followed by a catastrophic event in which macroscopic portions of mechanical stress and energy are lost. The generality of these results for any choice of forces that break the symplectic Hamiltonian symmetry is discussed [1]. Furthermore, we study atomic-scale plastic instabilities in a three-dimensional molecular dynamics model of silica glass under quasistatic shear. We identify two distinct types of elementary plastic events, one is a standard quasilocalized atomic rearrangement while the second is a bond-breaking event that is absent in simplified models of fragile glass formers. Our results show that both plastic events can be predicted by a drop of the lowest nonzero eigenvalue of the Hessian matrix that vanishes at a critical strain. Remarkably, we find very high correlation between the associated eigenvectors and the nonaffine displacement fields accompanying the bond-breaking event, predicting the locus of structural failure. Both eigenvectors and nonaffine displacement fields display an Eshelby-like quadrupolar structure for both failure modes, rearrangement, and bond breaking. Our results thus clarify the nature of atomic-scale plastic instabilities in silica glasses, providing useful information for the development of mesoscale models of amorphous plasticity [2]. In classical macroscopic friction bulk plasticity has an important role, but in many investigations of nanoscale single asperity sliding it is absent, with purely interface slip the dominant factor. The connection between nanoscale studies and macroscopic friction systems can thus sometimes be problematic. Explaining the phenomenon of static friction is also difficult. Many industrial applications are more concerned with reducing wear rather than friction and the two are not simply related. Third body particles, irregular surface geometries and compositions, and their effect on lubricant behaviour are important.

This talk will describe the use of a new 2-D nanoindentation system to investigate the initial stages of lateral deformation of contacts 1 . The apparatus accesses a much wider range of contact stiffnesse than techniques such as AFM and SFA and can thus study both purely elastic, and plastic deformations.

We show that static friction depends on indent sink-in arising from the combination of lateral and normal stresses. Material yield strain affects the evolution of contact area. As lateral strain increases the limit of junction growth is reached, and the onset of full sliding is controlled by interface friction and tip geometry, broadly in agreement with classical models. If sufficiently small normal loads and smooth tips are used the purely interface sliding and largely wear-free friction seen in AFM and SFA can be observed. Yield strain, tip geometry and interface strength can distinguish the pathways of initial sliding and transition between modes of behaviour. It might also be applied to multi-asperity contacts and friction of rough surfaces.

In these experiments it is shown that the dominant energy dissipation mechanism, as soon as there is steady sliding, is interface slip rather than bulk plastic flow. We comment on the significance for classical models of friction and wear. The mechanisms of frictional energy dissipation and the distinction between constitutive and local atomistic models will be discussed. 

Phase-Transitions in Nano-Friction

Dirk Dietzel and Andrè Schirmeisen

Institute of Applied Physics, Justus-Liebig-Universität Gießen, Gießen, Germany

In current nanotribology, one of the most intriguing questions concerns the atomic scale mechanisms of energy dissipation during the sliding process. Different energy dissipation channels have been proposed, including phonon and electron systems, plastic deformation, and crack formation. Still, how energy is coupled into these channels is debated, even for clean, low-wear sliding-contacts.

To address such questions, the analysis of phase-transition materials offers a unique approach, since limited but well-defined transformations can be induced if a specific control parameter, for instance the temperature, changes. Varying friction between a slider and the sample can then either be linked to the properties of different phases or the phase transition itself, with potentially a direct coupling to the reorganization of the material.

The potential of analyzing phase transitions in nano-friction is demonstrated for different examples. By analyzing a superconducting phase transition of BSCCO using friction force microscopy, the continuously decreasing friction in the superconducting state can be correlated to the number of remaining normal state electrons [1]. In addition, a structural transition of the charge density wave material 1T-TaS2 is linked to a process where the AFM-tip gradually induces local transformations of the material close to the spinodal point [2]. Based on load and velocity dependent friction analysis this excitation process can be described as a thermally activated and shear assisted process with a decreasing energy barrier close to the phase transition. Finally, we find that superlubric Sb nanoparticles sliding on HOPG reach different levels of friction when switching from amorphous to the crystalline state.

These experimental finding offer unique views into the atomic mechanisms of nano-friction, and in particular show how phase transitions influence the dominating energy dissipation channels.

[1] W. Wang, D. Dietzel, and A. Schirmeisen, Science Advances 6, eaay0165 (2020). 

Ashlie Martini, University of California Merced

Molybdenum disulfide is a lamellar solid used to lower friction and wear in applications ranging from additives in specialty greases to coatings on components that operate in space. However, the tribological behavior of MoS2 is extremely sensitive to synthesis parameters, the environment, and operating conditions, which impedes accurate and consistent prediction of performance in lubricant or component design. One approach to understanding this very complex behavior is to break it down into a fundamental "unit" of tribology, i.e., sliding of a single asperity. Single asperity friction is studied using atomic force microscopy and matched molecular dynamics simulations. Here, we share examples of such studies of the atomistic origins of temperature, velocity, and orientation dependence of friction, as well as head-to-head comparisons between MoS2 and other 2D materials, including graphene, a graphene-MoS2 heterostructure, and other transition metal dichalcogenides. These studies suggest correlations between friction behavior at the single asperity scale and fundamental atomic features of the materials that can ultimately be the starting point to guide design with MoS2 and beyond.

Single trapped and laser-cooled ions in Paul traps allow for a high degree of control of atomic quantum systems. They are the basis for modern atomic clocks, quantum computers and quantum simulators. Our research aims to use ion Coulomb crystals, i.e. many-body systems with complex dynamics, for precision spectroscopy. This paves the way to novel optical frequency standards for applications such as relativistic geodesy and quantum simulators in which complex dynamics becomes accessible with atomic resolution.

The high-level of control of self-organized Coulomb crystals open up a fascinating insight into the nonequilibrium dynamics of coupled many-body systems, displaying atomic friction and symmetrybreaking phase transitions. We discuss the creation of topological defects in 2D crystals and present recent results on the study of tribology and transport mediated by the topological defect, discussing both classical and quantum regimes.

Markov dynamics and entropy production in a Prandtl-Tomlinson model

Alberto Petri CNR -Istituto dei Sistemi Complessi, Dipartimento di Fisica Università Sapienza, Rome, Italy

The so called Prandtl-Tomlinson model represents the dissipative motion of a particle on a periodic substrate and has recently seen renewed interest for its suitability to describe atomic force microscopy. We consider the model in the case of a constant driving force and in the presence of thermal fluctuations and show that its dynamics can be e↵ectively reproduced by a simplified description obtained through a Markov process, even in the presence of potentials with several minima. From a general point of view, systems description in terms of Markov chains can be of help to make quantitative connection with experiments, and as a guide to formulate more detailed models, especially when dealing with complicated potentials. In the case considered here, besides obtaining the average velocity and friction at varying driving force and temperature, we take advantage of this approach calculating the entropy produced by the system. In the case of a potential with a single minimum we derive an explicit relation of the entropy production rate with the external force and the mobility at low temperatures, and find that the coe cient relating the entropy production to the force is a non monotonic function of the temperature. named "magnetic bubbles". An external rotating magnetic field can modulate the periodic energy
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Understanding the Rheology of Nanocontacts Ali Khosravi 1,2,3 , Antoine Lainé 4 , Andrea Vanossi Here we show theoretically that realistically simulated nanocontacts actually remain crystalline even under large oscillatory strains. Tensile and compressive slips, respectively of "necking" and "bellying" types, do take place, but recover reversibly even during fast oscillatory cycles. We also show that, counterintuitively, the residual stress remains tensile after both slips, driving the averaged stiffness from positive to negative, thus superficially mimicking a liquid's. Unlike a liquid, however, rheological softening occurs by stick-slip, predicting largely frequency independent stiffness with violent noise in stress and conductance, properties compatible with experiments. The baffling large amplitude rheology of gold nanocontacts and its consequences should apply, with different parameters, to many other metals.

Clodomiro Cafolla

Department of Physics, Durham University, DH1 3LE, UK

The dynamical and lubricating properties of solid-liquid nanointerfaces control many natural and industrial processes, from the functioning of our joints, to water purification and engine efficiency. Still, our understanding is largely based on semi-empirical macroscopic models, with only a few direct links between molecular-level effects and the technologically relevant macroscopic forces 1-3 . Furthermore, experimental and computational methods tend to assume an ideal solid-liquid interface, whereas in real life scenarios singularities and environmental factors significantly modify the system behaviour.

Here, we address the problem by Atomic Force Microscopy (AFM), complemented by molecular dynamics simulations, to build a functional picture of two model lubricated systems down from single molecule details and up to molecular group effects (~100 nm).

First, using polar model lubricants, we show the molecular mechanisms behind the detrimental impact of surface singularities and humidity on their lubricating properties 1-2 . Defects promote the ordering of fluid molecules, with the elastic-like characteristics of the boundary layer being responsible for an increase in lubricated friction 1 . The fluid effective dynamic response is detrimentally affected by the combined effect of temperature and humidity with water nanodroplets, adsorbed to metal surfaces from ambient humidity, appearing through a thermally-nucleated process, modifying the surface wetting properties and creating local pinning points 2 .

In the case of non-polar model fluids, the results suggest that the hydrogen bond network of the interfacial water induces a glassy-like behaviour that dominates lubrication and molecular diffusion. Here, epitaxial effects and the surface charge density directly influence the mobility of the water molecules and indirectly modulate the density of the hydration layers. Adding salt to the system promotes the spatial ordering of the water molecules into mesoscale domains further away from the surface. The results offer a complementary framework to interpret AFM spectroscopy with soft cantilevers: the AFM tip can probe not only the water densification in the hydration layers, but the dynamic mobility of water molecules and hydrated ions near the interface.

Overall, the results contribute to bridging the current gap between atomistic models and observed macroscale phenomena with the ultimate goal of developing efficient tribological solutions for real-life systems.

Energy storage and dissipation by forced wetting and drying of nanoporous materials

Alberto Giacomello

Dipartimento di Ingegneria Meccanica e Aerospaziale, Sapienza Università di Roma, Via Eudossiana 18, 00184 Roma, Italy Heterogeneous lyophobic systems (HLS) are composed of a nanoporous material immersed in a nonwetting liquid -in many cases water. By leveraging the peculiar behavior of nanoconfined liquids, it is possible to design such systems either for storing or for dissipating energy [1]. The simplicity, compactness, and low cost of such systems makes them ideal candidates for a number of applications, including the automotive and aerospace industries.

Dissipation of energy in HLS occurs because the liquid intrusion in nanopores (wetting) occurs, in the general case, at conditions different from those of the extrusion from nanopores (drying). For instance, in the case of pressure cycles, hysteresis between the intrusion and extrusion pressures leads to dissipate a portion of the supplied mechanical energy. On the other hand, materials with low pressure hysteresis can store mechanical energy in the form of interfacial energy and released upon decreasing pressure. The mechanism and the kinetics of wetting and drying both sensitively depend on the level of hydrophobicity, on the geometry, and on the size of confinement [2]. Understanding in detail these wetting and drying phenomena is therefore key to design HLS for a specific application.

In this study, we explore by means of experiments, theory, and molecular dynamics the effect of pore connectivity [3] and elasticity [4] on the intrusion and extrusion of liquids from hydrophobic nanopores. High-pressure water intrusion and extrusion experiments performed on two porous materials with similar nominal diameter and hydrophobicity showed similar behavior for intrusion but qualitatively different ones for extrusion [3]: the first material with cylindrical, independent pores displayed irreversible liquid intrusion, while the second one, characterized by interconnected pores, exhibited extrusion (vapor nucleation) at pressures as large as few megapascals. Leveraging macroscopic capillary models and extensive molecular dynamics simulations we propose an explanation of this peculiar behavior based on the internal morphology of the pores and, in particular, on the presence of small-scale roughness or pore interconnections in the second materials. Additional experiments with mercury confirmed that this mechanism is generic for nonwetting liquids and is indeed connected to the pore topology. The relevance of elasticity in determining liquid extrusion from nanopores will be further analysed [4]. Altogether the present results suggest a rational way to design heterogeneous systems for energy storage or dissipation in which the intrusion and extrusion behavior can be controlled via the pore morphology and elasticity. (2) In another work by conductive AFM, we find an atomic modulation of vertical conductance due to the interfacial stacking geometry. Based on the experimental observation, we establish an atomic-scale contact quality model, which provides a direct correlation between the contact conductance and the interfacial atomic geometries [2,3].

Open issues in pharmaceutical powders mechanics

Andrea Benassi

Chiesi Pharmaceuticals, Parma (Italy)

While designing pharmaceutical products, and the related manufacturing processes, meso-scale tribology and dissipation problems are often encountered. The flow of powders and other granular media is governed by adhesion and friction at the particle-particle contact points. Confined powders under shear stress sometimes display a stick-slip dynamics. Powder compaction and powder milling are examples of industrial unit operations whose outcome is governed by microscopic plasticity and brittleness properties of single powder particles and grains. Powders and aerosol particles subject to strong shearing conditions can undergo tribo-electrification, generating electrostatic phenomena altering the performances of products and plants. An overview on our recent experimental investigation of these kind of phenomena will be presented. The current limitations preventing both simple models and simulations from being predictive of such phenomena, will be also discussed. The motion of a drop on a solid surface attracts a lot of attention for its implications on microfluidics and wetting [1]. On a tilted surface, this motion is the result of a balance between the down-plane component of the drop weight and the viscous resistance, plus a capillary force related to the nonuniformity of the contact angle along the drop perimeter [2]. On Slippery Lubricated Surfaces (LIS) a suitable low surface tension lubricating liquid is trapped inside a surface texture [3]. This allows drops of an immiscible fluid to float on the lubricant layer with low friction, even for highly viscous solutions which otherwise would hardly move on solid surfaces [4].

Here we show the gravity induced motion of small viscoelastic drops deposited on inclined lubricated surfaces (Fig. 1-a,b). Viscoelastic fluids made of Polyacrylamide (PAA) and Xanthan gum exhibit shear thinning and, more importantly, a significant first normal stress difference N1. Despite the homogeneity of the surface and of the fluids, drops of sufficiently high N1 move down with an oscillating instantaneous speed whose frequency is found to be directly proportional to the average speed and inversely to the drop volume, collapsing on a master curve if the drop boundary is accounted (Fig. 1-d). The oscillatory motion is triggered by the polymer rheology, causing the formation of a bulge at the drop rear that starts a rolling motion (Fig. 1-c).

The nerve pulse as an electromechanical soliton, and how it is related to fluctuations and relaxation timescales in biological membranes

Thomas Heimburg Niels Bohr Institute, University of Copenhagen, Blegdamsvej 17, 2100 Copenhagen Ø, Denmark

Nerve pulses are usually considered as electrical phenomena. However, measurements show that they also display mechanical changes and reversible variations in temperature.

For this reason, we have proposed that the nerve pulse consists of an electromechanical soliton. Biological membranes display a melting transition slightly below body temperature, in which the order of the membrane lipids changes. During this transition, the heat capacity reaches a maximum, as do the volume and area compressibility as well as the relaxation time scales. This results in a frequency-dependent minimum of the sound velocity in the nerve membrane. This fact allows for the generation of solitons that display a remarkable similarity to nerve pulses. We show here how to obtain all relevant information from heat capacity profiles. Further, we show that the relaxation time scales also determine the width of the pulse such that the whole description is self-contained and free of parameters beyond those that can be directly obtained from experiment.

Where did that charge come from?

Karl Olson, Christopher Mizzi, Alex Lin and Laurence Marks

Department of Materials Science, Northwestern University

Almost as old as tribology, triboelectricity dates back to the work of Thales of Miletus in the sixth century BCE. It is demonstrated in high schools, can be a major issue in the processing of pharmaceutical powders, and is key to lightning and even the formation of planetsit is pervasive.

Triboelectricity and tribology shares the same grammatical root "tribo" for friction, and it has been known empirically for centuries that there is a connection. Despite decades of effort, some of which included full incorporation of established tribological processes such as asperity contacts, why charge transfer should occur has baffled scientists. The problem has been that none of the conventional approaches such as differences in work functions or piezoelectricity can explain experiments. There are many less rigorous, somewhat ad-hoc models without basis in other known physicsbut these only work in a few cases, and in general fail.

What are we missing?

We have recently pointed out [1] that there is one electromechanical term which had been missed in the analysis: flexoelectricity --see [2][3][4][5]. This is the coupling of strain gradients with polarization, different from piezoelectricity which is strain and polarization. Because it is a gradient term, it becomes very important at the nanoscale and there is now extensive experimental and theoretical evidence that it often dominates.

Asperities are often at the nanoscale, and deform during contact. It turns out that the polarization, and consequently the potential differences that the asperity deformations lead to can be several volts or even much more, certainly large enough to drive charge transfer [1]. This talk will discuss some of the analysis for a range of materials and geometries [6], plus work on the flexoelectric band-bending of sliding Schottky contacts based upon both experimental and theoretical data [7].

On the basis of a Maxwell gas model, it has long been assumed that liquids are viscous in the hydrodynamic regime and exhibit (shear) elasticity at high solicitation frequencies (MHz or GHz) only. By reinforcing the liquid/substrate interface interactions, recent experimental developments have proven that liquid exhibit also elasticity at very low frequency ( Hz); i.e. a "static" shear elasticity [1]. The shear elasticity is identified at mesoscopic scale, in both 

Grain Boundary Sliding and Low Friction in Metals

Michael Chandross

Material, Physical and Chemical Sciences Center Sandia National Laboratories, Albuquerque NM USA The observed friction in metallic contacts is a direct result of the nanoscale mechanisms that accommodate plastic deformation. Previous work has demonstrated that for metals, low friction acts is associated with the formation and persistence of a thin layer of ultrananocrystalline material (i.e., with grain sizes less than about 10 nm) at the sliding interface. At these grain sizes, shear is no longer accommodated by the creation and motion of dislocations, but rather through grain boundary sliding, in a manner similar to the softening observed in the inverse Hall-Petch regime. We present a theoretical treatment of grain boundary sliding that provides both a qualitative and quantitative description of low friction in metallic contacts. This framework --based purely on materials properties with no adjustable parameters --accurately predicts the strength of a variety of metals, including pure FCC, BCC, and HCP systems, as well as dilute alloys and metallic glasses. These calculations also imply fundamental limits on the lowest achievable friction coefficients in metals. By directly connecting interatomic bond strengths and nanoscale deformation mechanisms with the macroscale properties of metals, this work implies opportunities for the optimization of metal alloys for both low friction and high strength applications. 1 

Department of Physics, Shahid Beheshti University, Tehran, Iran

When the sharp tip of a scanning probe microscope is dragged on a perfect crystalline surface, crystallographic equivalent directions might seem to show the same friction patterns and dissipation behaviour. However, this is not the case if the tip apex is not structureless. We quantify the difference between the energy dissipation when the tip is dragged in opposite directions along a given scan line by simulation. The same is shown for other equivalent directions on the surface. When the tip apex is modelled with a small silicon cluster, the simulation results fit the experimentally observed asymmetry for forward and backward scans along a given scan orientation on NaCl(001) surface at room temperature [1]. The traditional Prandtl-Tomlinson model fails to explain the difference of the energy dissipation in opposite directions. We adapt the model by replacing the sinusoidal corrugation potential with our own ab initio based interaction potential which takes into account the apex atomic structure while both atomic and electronic relaxations of the tip apex in response to the interaction with the sample surface are considered. Then the dissipation difference is attributed to the direction dependent tip-apex trajectory. This is in perfect agreement with the experimentally captured trajectory of the tip. The effect of the tip-apex sharpness, the stiffness of the tip body-cantilever complex, temperature and the normal load on the trajectory anisotropy and energy dissipation are investigated in detail. Interestingly, the dominant factor is shown to be the apex atomic structure.

[1] G. Fessler, A. Sadeghi, T. Glatzel, S. Goedecker, E. Meyer, Tribol. Lett. , 59 (2019)

Interlayer electronic transport in sheared bilayer graphene systems

Elad Koren

Faculty of Materials science & engineering, Technion Israel Institute of Technology, Haifa, Israel. eladk@technion.ac.il

Weak interlayer coupling in 2-dimensional layered materials such as graphene gives rise to rich mechanical and electronic properties, in particular in the case where the two atomic lattices at the interface are rotated with respect to one another. The reduced crystal symmetry leads to anti-correlations and cancellations of the atomic interactions across the interface, leading to low friction 1 and low interlayer electrical transport 2 . Using our recent nanomanipulation technique, based on atomic force microscopy, we show that combined electro-mechanical characterization can uniquely address open fundamental questions related to electronic charge transport 2-3 through stacking faulted structures. To this end, we studied experimentally and theoretically the interlayer charge transport in twisted bilayer graphene systems separately for edges and bulk parts. We find that interlayer edge currents are several orders of magnitude larger than in the bulk and therefore govern the transport up until very large critical diameters depending on the potential across the adjacent layers and the angular mismatch angle 3 . In addition, we show that the strong edge transport across the interface is governed by strong quantum mechanical interference effects as opposed to simple interlayer atomic interactions 4 . Energy loss due to friction is a well-known characteristic of granular materials. The mechanical response of sand is largely dominated by the amount of water added to it [1]. Adding a small amount of water to sand increases the hardness which results in a decrease of the sliding friction [2]. Pouring even more water to sand results in a decrease of the hardness and a subsequent increase of the friction. This inverse correlation between hardness of a wetted granular material and its frictional response to sliding is found to be due to ploughing of the sledge. Our results show the influence of grains characteristics (size and shape) and properties of interstitial liquid (surface tension and viscosity). Earlier experiments were limited to low-viscosity liquids such as water and low-viscosity silicone oil. It was shown that viscosity also plays a role in the dynamic mechanical properties of wet granular matter. [3] M. Aliasgari, N. Maleki-Jirsaraei, S. Rouhani, Z Phys Chem, (2019). Molecular chirality is of fundamental importance in chemistry and biology and may hold the key to deciphering the enigmatic puzzle of the origin of life [1]. Despite its great significance, challenges remain in enantioseparation [2][3][4]. Herein, a novel strategy for spatial separation of different enantiomers with nonzero permanent dipole moment is proposed based on mechanical chiral resolution. We theoretically demonstrate that by partially pre-orienting chiral molecules with the help of a linearly polarized laser pulse in conjunction with a strong time-delayed homogeneous static electric field, a chiral field can be introduced to make the frictional surface scattering of different enantiomers in the opposite direction. Relying on classical molecular dynamics simulations, we find that friction determines the enantioseparation, where the electrostatic field-induced dipole orientation plays a central role in achieving a chiral field while the pulse-triggered molecular alignment contributes to the higher quality of the chiral field. Remarkably, the excellent agreement with quantum mechanical results confirms the classical nature of excitation methods, suggesting the operational robustness of this enantioseparation approach. Furthermore, because of the uncovered minor side effect of molecular deformation on enantioseparation, thoroughly numerical simulations promise this approach the feasibility and high efficiency in practical applications. It is noteworthy that terahertz (THz) pulses have recently been proven to facilitate the classical dipole orientation [5]. Thus, the use of THz pulses instead of the electrostatic fields allows for all-optical fieldfree modulation of this enantioseparation approach. Despite many advances in the fundamentals of nanotribology, friction processes at larger scales are poorly understood, since the material and geometrical features of multi-asperity contact surfaces change as they slide over each other. In this contribution, we present the results of AFM measurements on the friction dynamics of sliding contacts formed by colloidal AFM probes and (rough) laser-induced periodic surface structures (LIPSS). Polymethyl methacrylate (PMMA) microspheres have been scanned parallel and perpendicular to LIPSS on stainless steel. Depending on the ratio between the sphere diameters and the LIPSS periods, the friction response is governed either by the topographic convolution of the two surfaces in contact or by the stick-slip motion on the background of the LIPSS roughness (independently of the scan direction). We have also investigated the influence of the AFM feedback gain by progressively changing the scan conditions from constant load to constant height while sliding. Our results extend preliminary investigations on periodic wedge-shaped microgratings [1]. The ultimate goal is to shed light on the mechanisms of tactile perception in both living organisms and artificial sensors. 

Institute of Applied Physics, Academy of Sciences of Moldova

The present study focuses on newly observed rubber swelling detected in contact region of reciprocated ball-on-flat friction test. Flat Natural Rubber (NR) samples unfilled and filled with Carbon Black (CB) were subjected to 50 cycles of sliding friction, repeated for different normal forces. For all testing conditions swelling gradually increased in first 5-6 cycles, followed by a steady state stage, affected later by wear development. Bigger normal force led to bigger swelling. Such a rubber comportment during reciprocating friction test was considered by us as a consequence of Mullin's effect [1]. It was noticed the direct relation between swelling growth and friction coefficient decrease. Finally, was briefly discussed the influence of initial rubber deformation during static loading on later sliding trajectory.

[1] L. Mullins, Effect of stretching on the properties of rubber, J. Rubber Res. (1947), pp. 275-289

Andrea Silva

Title: Design principles for crystalline interfaces: directional locking, directional superlubricity and structural lubricity Abstract: Friction at nanoscale shows a wide range of phenomena from highfriction stick-slip motion to superlubricity and directional locking. At this length scales, the friction is largely dependent on the atomic arrangement of crystalline structures at the two contacting surfaces. Given an arbitrary interface, i.e. two mutually rotated 2D lattices, what is the qualitative friction behaviour to expect? We qualify the friction regimes solely on geometrical consideration, both in the infinite-size limit and for finite-size adsorbate. We calculate the interlocking potential energy of a rigid monolayer crystal in contact with a rigid periodic surface. Analytical theory is consistent with numerical simulation and colloidal experiments. The novel regime of directional superlubricity provides the potential to design nanoscopic high-speed rails with frictionlessly sliding along engineered directions.

Department of Physics, University of Basel, 4056 Basel, Switzerland

Molybdenum disulfide (MoS2), a single layer of Mo atoms sandwiched in between two layers of S atoms, shows a wide range of potential applications in the fields of electronics, optoelectronics and micro and nanomechanical systems requiring ultralow friction [1,2]. Due to its superior structural and mechanical characteristics, strong in-plane covalent bonding combined with weak interlayer van der Waals interaction, MoS2 has been used as solid lubricant especially in aerospace applications [3]. The structural and superlubric properties of single layer MoS2 on Au(111) forming moiré structures have been investigated by means of ultrahigh vacuum atomic force microscopy with bimodal and contact modes. We grow monolayer MoS2 flakes on an Au(111) surface having a hexagonal superstructure of patches with ~45 pm corrugation and about ~3.3 nm periodicity. Friction force microscopy measurements at the atomic scale indicate a superlubric regime between the tip apex and the MoS2 surface in which the friction force remains at an ultralow value and is independent from normal load. Superlubricity conditions are observed for different loads and velocities which indicates the absence of out-of-plane deformations. We do find that the MoS2 layer including the moiré superlattice modulation originating from the natural misfit between MoS2 and the Au(111) substrate is relatively rigid. We also demonstrate a nonmonotonic frictional speed dependence of the MoS2 surface induced by multi-slip effect. Our results open up a new avenue for minimizing friction in nanoscale electronic devices and other dry rigid contacts used in aerospace lubrication. The possibility to use computational fluid dynamics (CFD) techniques to study the behaviour of air and airborne aerosol particles in realistic airways geometries has attracted a lot of attention in the last two decades. Improving our understanding of particles transport and deposition in such complex flows is of significant importance in the development/optimization of orally inhaled drug products. Despite the great variety and quantity of works and reviews on the subject [1] [5], there are no common criteria for the reliability assessment of these simulations. With the present work, we aim at presenting a critical analysis of various technical aspects strongly influencing the simulation results and thus their overall reliability and exploitability for industrial applications. A critical overview of the numerical aspects, e.g. mesh sensitivity analysis, and of the main physical ingredients, e.g. time dependent fluctuations, turbulent dissipation, is presented along with their effects on particle dynamics and deposition.

Olivier Noël 1)* , Pierre-Emmanuel Mazeran 2) , and AFM circular mode, used in this study, represents a novel experimental approach that provides a strictly controlled velocity and distance overextended sliding paths, see Fig. 1(a). This mode leads to a relative motion of the contact, without acceleration, deceleration, and any rest periods during sliding which necessarily occur with the conventional back and forth scanning mode. Our results demonstrate that a droplet may form by the accumulation of the adsorbed water (as a packman swallowing smaller water droplets) and stay within the sliding hydrophobic nanocontact, see Fig. 1(b). Then, the nature of the dynamic friction mechanism has been elucidated by considering the resistance of the water droplet driven by one side of the moving contact. We demonstrate that an intuitive paradigm must be refined, which asserts that water molecules are squeezed out of a hydrophobic contact. As a consequence, we introduce a new mechanism considering a droplet produced within the sliding nano-contact by the accumulation of water adsorbed on the substrate. Hence, our findings highlight new routes for controlling water-mediated friction in the air. Two-dimensional (2D) materials, in particular graphene, displays low friction coefficient and good wear properties. However, the very frequent presence of defects highly influences the friction and other mechanical properties of graphene. Tribological studies of defective graphene up to date combine coexistent substitution and vacancy-like defects with different sizes [1], hindering a fundamental understanding of the role of defects on graphene friction.

In this work, we quantify the influence of controlled-induced monoatomic vacancies in graphene tribology using Atomic Force Microscopy (AFM). This simplest and very common defect demonstrated to very efficiently enhance the friction coefficient of graphene, yielding a 5-fold increase with a very low defect density, below 0.1% [2]. At the atomic-scale, we resolve monoatomic vacancies in friction force images showing a great correlation with Prandtl-Tomlinson model atomistic simulations. Thorough analysis of real-space distribution of friction data at the nanoscale reveals two main contributions to friction enhancement. One is related to reactivity of dangling bonds localized at monovacancy site (~1nm 2 ) and is responsible of ~20% of the increase. The other extends up to ~25nm 2 and arises from the long-range strain distribution around vacancies [3], being the main contribution to friction enhancement on defective graphene. These results elucidate the subtle connection between friction, reactivity, and mechanical properties in 2D materials. 

Djoumekam Mouafo Laure

Title: Anisotropie de friction des structures de bisulfure de molybdène et du graphite à l'échelle nanométrique Abstract: L'object de notre travail est d'étudié L'anisotropie comport de friction suivant toutes les directions sur les surfaces du bisulfure de molybdène et du graphite à l'échelle nanométrique avec le modèle de Prandtl-Tomlinson en considérant l'influence de la température et du paramètre de déformabilité.

Nous obtenons deux symétriques à savoir : la symétrie double et la symétrie sextuple.

Suivant les directions de symétrie double pour la surface du bisulfure de molybdène, l'amplitude de la force de friction est plus grand par rapport à celle des directions sextuple. Pour la surface du graphite l'amplitude de la force de friction est très faible suivant les directions de symétrie double. Avec l'augmentation du paramètre de déformabilité nous obtenons le régime de super lubrification.

In 1992 Leung and Goh [1] published a pioneering work in which they showed the ability of an AFM tip to generate a series of wavy patterns (usually known today as ripples) when scanning a polymer surface. There, the effect of the AFM is to mold the surface itself, which deforms under the pressure exerted by the tip. Leung and Goh's work opened an important experimental line in the field, which has led to remarkable advances. However, a theoretical approach to the underlying basic mechanisms under this effect has been elusive for many years.

Starting from previous works, we have developed a model that has allowed to study numerically in 3d the problem [2]. The theoretical approach used starts from the observation of the stick-slip phenomenon in the experiments and is built from the basic premises of the Prandt-Tomlinson model: a point object that interacts with the support and the surface. But its great novelty is that the tip-substrate interaction potential changes over time under the action of the tip. That is, the model combines the plastic deformation of the surface with the elastic deformation of the AFM tip, proposing a system of equations for the motion of the tip interacting with a surface potential that also changes in time under the action of a point moved by a support at a certain speed.

Based on this model, we have managed to reproduce various characteristics of the patterns found experimentally, obtaining both a quantitative and qualitative agreement between our simulations and the main experimental observations [2,3,4,5].

Prandtl-Tomlinson models (PT-models) in one or two dimensions (2D) are widely considered for explaining nanotribological experiments when these are performed by using a friction or atomic force microscope (AFM) [1]. In its original formulation [2], Prandtl was introducing this model while elaborating a kinetic theory of solids assuming a periodic interaction between the bodies. Curiously, in the other historical paper ascribed to the PT-models [3], Tomlinson was establishing a molecular theory of friction based on the Lennard-Jones potential. A numerical scheme was recently developed by the authors [4], for a statistically proper comparison of the frictional performance obtained by applying the 2D PT-model for describing the sliding on (a)periodic atomic structures and within various regimes, e.g., stick-slip or superlubric. This was motivated by the thermally induced random force entering the Newtonian equations of motion, which so are forming a set of stochastic differential equations within the 2D PT-model. This random force mimicking the impact of temperature on sliding, makes it necessary to statistically analyze and interpret, for example, in terms of distributions, the numerically determined frictional and reaction forces. Beyond this, the same statistical scheme will be applied here for also studying the work done by both frictional and reaction forces acting on an AFM-tip towards to obtain statistically proper insights on the dissipation in various sliding regimes, see Fig. 
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 1 Figure 1. (a) Mean friction force recorded during the repeated manipulation of a single gold nanoisland on graphite, as a function of scan number. Black arrows indicate switches from the high (blue dots) to low (red dot) friction branch that occur in an individual scan. (b) Friction force map recorded during Scan 8, whereby a high and low friction regime can be clearly distinguished.
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 11 Fig 1. (a) Circular mode coupled with the adhesion force/coefficient of friction spectra. (b) Accumulation of adsorbed water on moving hydrophobic substrate. Distance between successive images is 10nm, v=1m/s.
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  various types of contacts at the frictional interface and exhibits three different aging regimes: (i) linear aging at short hold times, (ii) logarithmic (or logarithmic-like) aging for intermediate time scales and (iii) levelling off in the static friction for long hold times. It is demonstrated that the linear aging regime is a universal feature of frictional aging for the interfaces including various types of contacts, and the slope of variation of the static friction with the hold time depends on a distribution of energy barriers for contact formation. The conditions for the existence of a pronounced logarithmic aging regime, covering a long-time interval, have been established. Frictional aging has been found to manifest itself not only in slide-hold-slide measurements, but also in sliding experiments exhibiting stick-slip mode of motion, and a relationship has been established between these two regimes of aging. The predicted dependencies of frictional aging on the normal load and temperature are in good agreement with the experimental observations. Our work shows that experimental studies of load and temperature dependencies of aging, carried out over a wide range of time scales, offer promising opportunities for understanding the microscopic mechanisms of frictional aging and revealing the physical meaning of state variables that determine temporal evolution of friction described by phenomenological rate and state laws.Tianbao MaState Key Laboratory of Tribology, Tsinghua University, Beijing 100084, China.Atomic force microscopy (AFM) has become important tool to understand interfacial phenomenon at single-asperity level. I'll introduce some of our recent works in the searching for superlubricity mechanism of diamond-like carbon (DLC) and electrical contact mechanism across two-dimensional (2D) material interface. (1) DLC has demonstrated macroscale superlubricity experimentally in recent decades.However, the microscopic mechanism still remains unresolved. By precisely controlling the test environment to ultra-high vacuum, superlubricity was achieved by AFM after a two-stage running-in behavior. The friction evolution mechanism has been attributed to ordering structural transformation and transfer film formation[1].
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  liquids and complex fluids (polymer melts, Van der Waals liquids, liquid water, H-bond liquids or physiological fluids) pointing out a generic character. As a result, liquids support the propagation of shear waves providing the liquid/surface interfacial conditions transmit the stress. New theoretical frameworks confirmed now the existence of a finite liquid shear elasticity [2,3]. It will be shown on some examples how the liquid elasticity has profound implications on flow, surface instabilities, thermodynamics, fluidic transport mechanisms and make possible the identification of new liquid properties like thermo-elasticity (Figure below)[4,5].

Figure 1 :

 1 Figure 1: By applying a low frequency mechanical stimulus (~ Hz), the liquid emits a modulated thermal signal synchronous with the stimulus (real-time mapping of the temperature of the PPG-4000 confined in a 240µm gap) [4,5].

Fig. 1

 1 Fig. 1 Schematic representation and corresponding curves of the sliding experiment (a) and hardness test (b). (c) Evolution of the friction coefficient μ (blue squares) and the penetration hardness Ph (red circles) for the water volume fraction Φw.

Fig. 2 (

 2 Fig.2(a) Dynamic friction coefficient vs viscosity for water and glycerol mixture as the interstitial liquid in the sand. The volume fraction of the interstitial liquid (mixtures of pure water and glycerol) is fixed at 3% for all experiments. Dynamic friction coefficient vs. volume fraction of interstitial liquid for (b) sand and water and (c) glass beads and silicone oil[3] 
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[ 1 ]Fig 1 .

 11 Fig 1. (a) Circular mode coupled with the adhesion force/coefficient of friction spectra. (b) Accumulation of adsorbed water on moving hydrophobic substrate. Distance between successive images is 10nm, v=1m/s.

:

  a) Friction coefficient vs mean defect distance. Inset: Friction force vs applied load curves from where friction coefficients are extracted. b)-g) Comparison of spatial distribution of monovacancy friction (c) and f) with molecular dynamics strain simulations (b) and UHV STM image (e)
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Fig. 1 :

 1 Fig.1: Time-resolved power and work done by an AFM-tip within a stick-slip (left) and superlubric (right) sliding regime .
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Friction, wear, lubrication and tribochemical reactions using in situ atomic force microscopy in liquids Nitya Nand Gosvami
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Abstract

Controlling friction and wear is crucial for reducing energy and material losses, harmful emissions, and improving the reliability of various engineering components. However, the complexities at the buried sliding interfaces under dry as well as lubricated conditions require deep scientific understanding to unravel the physical mechanisms controlling friction and wear. Atomic force microscopy (AFM) is a powerful tool to address a few of these challenges as it greatly simplifies the geometry of the sliding interfaces and allows nanoscale single-asperity level investigation of friction and wear. Based on a in situ AFM based approach, I'll discuss monitoring of tribochemical reaction under lubricated sliding contacts, resulting in robust tribofilm formation from commercial antiwear additive zinc dialkyldithiophosphate (ZDDP), mixed with the base oil. Experiments performed on various material combinations show that the reaction is driven by stress and temperature and provide valuable information on multiphase alloys of Al and Mg where the contribution of individual chemically and mechanically distinct regions on tribofilm growth can be investigated with unprecedented resolution.

It is observed that the tribofilms preferentially form on hard precipitate regions whereas significant wear of soft Al and Mg matrix regions occur. Amide based additives reveal significantly better tribofilm growth characteristics as well as substantially lower friction than ZDDP for Mg-based alloys. For Albased alloys (e.g., ADC12), combination of ZDDP with oil dispersed hexagonal boron nitride (hBN) promotes growth of antiwear tribofilm on Al matrix regions as well as reduced friction.

Structural Superlubricity: From Dissipation to Functioning Quanshui Zheng 1,2 , Ming Ma 1,2 , Zhiping Xu A simple and tractable approach proposed in previous publications 1 provides a good starting point for understanding routs of energy transfer in finite incommensurate contacts. The effects of sliding velocity, flake size, and amplitude of substrate potential corrugation on the frictional energy dissipation were studied. Different dynamical regimes of friction as a function of internal and external parameters of the system are investigated. The results obtained can be used for estimations of edge contribution 2 to overall friction in incommensurate macroscale contacts and for rational design of superlubric contacts. The feedstock nanocomposite powders of Fe-based amorphous matrix with various ratios of hard B4C nanoparticles were transferred to the coatings using a high-velocity oxygen fuel (HVOF) process. The results showed that the microstructure of the nanocomposite coating was divided into two regions, namely a full amorphous phase region and homogeneous dispersion of B4C nanoparticles. As the B4C content is increased, the hardness of the composite coatings is increased too, but the fracture toughness begins to be decreased. The optimal tribologycal properties are obtained with 15 vol pct B4C due to the reduced the friction coefficient from 0.49 to 0.28. The average specific wear rate of the nanocomposite coating (0.48 × 10 -5 mm 3 Nm -1 ) was much less than that for the single-phase amorphous coating (1.23 × 10 -5 mm 3 Nm -1 ). Consequently, the changes in wear resistance between both coatings were attributed to the changes in the brittle to ductile transition by adding B4C reinforcing nanoparticles.

Effect of entropy changes on time to failure caused by tribological causes V. V. Ryazanov
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In works [1][2][3], the first passage time (FPT) is associated with the entropy changes in the system that occur during this time. The impact of entropy changes on the mean FPT can be significant [4]. Such estimates can be made for the time until the failure of some node of the system or until the end of some stage of the operation process. Data on entropy changes are taken from tribological studies. The key issue is the choice of distribution for the FPT. One of the possible solutions can be the maximum entropy method with restrictions corresponding to the specifics of the process. This approach makes it possible to isolate the contributions from various processes (friction, wear, structural-phase transformations, physico-chemical processes, etc.), evaluate them, and choose the optimal ways of influencing the system.