
 
 
 

  

FOM - 15.0299 
 
 
 
 
 
 

 
 
 

Annual report 2014 
 

FOM programme nr. 129 
'Fundamental aspects of friction' 

 
 
 

Foundation for Fundamental Research on Matter 
www.fom.nl 

 

 
Molecular dynamics simulations show that wear between diamond surfaces is inhibited if more 

than one graphene layer is present between the sliding interface. 
 
 
 
 

May 2015 
 



 
 
 

 
 
 - 2 - 
 

Content 

 
1. Scientific results 2014 ................................................................................................................................ 3 

2. Added value of the programme .............................................................................................................. 5 

3. Personnel .................................................................................................................................................... 5 

4. Publications ................................................................................................................................................ 5 

10FAF01 ...................................................................................................................................................... 5 

10FAF02, 10FAF03 ..................................................................................................................................... 5 

10FAF04 ...................................................................................................................................................... 5 

10FAF05 ...................................................................................................................................................... 5 

10FAF08 ...................................................................................................................................................... 5 

5. Valorisation and outreach ........................................................................................................................ 6 

6. Vacancies .................................................................................................................................................... 6 

Fact sheet as of 1 January 2015 ...................................................................................................................... 7 

Historical overview of input en output ....................................................................................................... 9 

PhD defences ................................................................................................................................................... 9 

Patents (new/changes) .................................................................................................................................. 9 

Overview of projects and personnel .......................................................................................................... 10 

Workgroup FOM-A-03 ................................................................................................................................ 10 

Workgroup FOM-D-54 ................................................................................................................................ 10 

Workgroup FOM-D-55 ................................................................................................................................ 10 

Workgroup FOM-G-17 ................................................................................................................................ 10 

Workgroup FOM-L-14 ................................................................................................................................. 11 

Workgroup FOM-N-24 ................................................................................................................................ 11 

Workgroup FOM-T-17 ................................................................................................................................. 11 

 
 
 
 
  



 
 
 

 
 
 - 3 - 
 

1. Scientific results 2014 
The programme 129, Fundamental aspects of friction, is proceeding very well. At the yearly meet-
ing of November 2014, every PhD has presented results on a working project. There has been a 
large spreading in the appointments of the PhD’s so that some of them are close to completion 
whereas others are in the initial phase. The number of topics within the programme is relatively 
broad but connected by the general idea of understanding and controlling friction and wear and 
therefore the communication, also between the PhD students, does not suffer from a lack of com-
mon language or concepts. The individual projects range from friction in nanoscale systems, 
mostly based on graphitic materials, to the effect of plastic deformations at asperities in the contact 
area which are important for metals, to visualization of frictional contacts based on fluorescent 
molecules, and friction at solid/liquid interface. A large part of the activity is dedicated to the 
improvement or drastically new methods to measure friction and wear and to the growth of suita-
ble interfaces and structures. The research follows the lines of the original proposal, with some 
additions or changes. In particular the development of MEMS based on diamond has been found 
not viable and the focus has shifted to MEMS based on silicon and on nickel/graphene and theo-
retical studies of the effect of structural modulation due to hexagonal boron nitride (h-BN) sub-
strates have been added to the programme in view of the recent interest in this system. The scien-
tific production of this year is not large but of good quality and many papers on new results are 
now in preparation.  
 
In particular: 
The group of Lucia Nicola in Delft has performed simulations to analyse the plastic shear response 
during static friction of micron-sized asperities of different shape. The discrete dislocation plastic-
ity simulations show that the contact area controls the plastic shear response, because it determines 
the size of the zone where dislocation nucleation can occur. During the simulations many disloca-
tions pile up at the contact between two metal single crystal. It is then verified with molecular 
dynamics simulations that a train of dislocations impinging on the contact between two FCC crys-
tal does indeed form a pile-up. Only the first dislocation is absorbed in the contact also at room 
temperature.  
 
This work is connected, in a complementary way, to that of the group of 
Erik van der Giessen in Groningen who have analysed the ploughing of interlocking micro-scale 
asperities, as a unit event in frictional sliding, by discrete dislocation plasticity. Comparison with 
the force needed to shear-off a previously flattened asperity has shown that for sinusoidal asperi-
ties with a wavelength below a micrometer, the height of the asperity has a minor influence on the 
friction force. This observation has led to return to a model, developed previously in collaboration 
with Deshpande (Cambridge University), which incorporates adhesion in addition to plastic 
shearing below the contact area. Since plastic deformation in micrometer-sized contacts is size 
dependent, adhesion controls shearing-off when the contacts become sufficiently small. Currently 
they are trying to incorporate the results of these single asperity studies in a statistical model of 
multi-asperity contact as developed by Dr. Antonis Vakis who recently joined the Engineering 
Center in Groningen. 
 
In Nijmegen, the group of Annalisa Fasolino, has performed simulations for several carbon-based 
systems. The wear of graphene layers when put between slabs of diamond sliding onto each other 
under pressure has been simulated to study whether graphene may be suitable as a coating. It was 
found that at least two layers of graphene are necessary to protect the diamond surfaces and pre-
vent the transformation from diamond to amorphous carbon. The reason of this behaviour is that, 
for two layers, the weak interlayer interaction that evolves to a strong interlayer repulsion under 
pressure prevents the formation of bonds between layers.  
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Similar simulation techniques can be applied to the structure of graphene when deposited on h-
BN. Since the lattice constants of these materials are different, moiré patterns occur which can be 
observed experimentally. These simulations showed that the structural changes within the moiré 
pattern give information about the interlayer interaction, which is difficult to study both experi-
mentally and theoretically. The influence of the modulation of the structure in graphene on h-BN 
on friction is currently under study. Lastly, stimulated by the Twente activity, a new theoretical 
model to study friction at the solid/liquid interface in electrochemical conditions has been pro-
posed in collaboration with external groups.  
 
In Twente, the group of Frieder Mugele has performed experiments focused on two topics, for 
which manuscripts are in preparation. First, a detailed validation study was performed to establish 
a fast method for measuring dissipative forces by dynamic Atomic Force Microscopy (AFM) in 
liquid. The method makes use of amplitude-modulation AFM with acoustic driving and a specific 
calibration method suggested by others in the literature. This method was validated in two man-
ners: first, the measurements were compared to dissipation measurements based on the accurate 
but slow thermal noise spectroscopy. Second, the extracted forces were shown to reproduce the 
expected bulk viscosity of water under suitable conditions.  
 
Second, dissipation measurements were performed in aqueous electrolyte at variable pH and salt 
concentration. These measurements demonstrated a systematic increase of the dissipation as com-
pared to the bulk viscosity of water. This enhancement 'approximately a doubling of the dissipa-
tion' could be explained by the so-called electroviscous effect that involves electrical streaming 
currents in the charged double layers. Theoretical and numerical modelling demonstrated good 
agreement with the experimental results. This result is very exciting since the electroviscous effect 
has been a somewhat mysterious phenomenon for quite a while. It is well-accepted for dense col-
loidal suspensions of charged particles which involve complex hydrodynamic and collective 
effects. These are, to our knowledge, the first clean quantitative measurements on the basis of a 
single particle-wall interaction. The observed enhancement factor is about 2 for high pH, not a lot, 
but a lot more than nothing.  
 
The group of Delft (Merlijn van Spengen, Guido Janssen) has incorporated heaters in MEMS 
devices that have been designed especially for this project in a way which allows the study of both 
adhesion and friction. This approach involves the in situ water evaporation from the two surfaces 
that either come into adhesive contact or slide against each other during heating of their interface. 
The same design (but with nickel MEMS devices instead of polycrystalline silicon) might be used 
for the in situ growth of graphene in a customized vacuum system that facilitates the chemical 
vapour deposition (CVD) process, and the first designs have been processed. Also a vacuum probe 
station has been bought that is being adapted for the optical measurements and to provide the 
gases at low pressures to grow graphene by micro-CVD. This technological solution could grant 
the safe contact of multi-asperity surfaces and the control of the adhesion and friction forces by 
taking advantage of the outstanding lubricant properties of graphene. 
 
With the new equipment the temperature dependence of adhesion and friction and its relation to 
the formation or disappearance of water menisci is currently studied. By varying the temperature, 
capillary condensation was eliminated so that it did not contributed to the friction. In addition, the 
absence of water ensures less stick-slip movements since there is no extra viscosity during sliding. 
This appears to be very beneficial for future MEMS devices with contacting and/or sliding sur-
faces. Contrary to the AFM case, the energy barriers in MEMS devices are so high that we do not 
expect thermolubricity (lower friction due to thermally-assisted hopping) to have any effect on the 
experiment. In the next step, we plan to calibrate the forces in our setup experimentally, and test 
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the long-term durability of the device at elevated temperatures by evaluating the total wear after a 
large number of cycles. 
 
In Amsterdam (Bonn, Weber) new fluorescent molecules have been synthesized that allow to visu-
alize frictional contacts directly, and in addition measure all the stresses in the micro contacts. This 
method has been applied to a Hertz contact (a sphere on a plate) and shows that although macro-
scopically Hertz contact mechanics is retrieved, there is a lot of structure on the microscopic scale. 
The real contact area for glass on glass, for instance, is so small that with a small applied load of 1 
N, contact pressures of hundreds of MPa are found, which are close to the yielding point of glass. 
Currently these measurements are being applied to study sliding friction. 
 
2. Added value of the programme 
The study of friction at a fundamental level is dispersed in many different context and this pro-
gramme serves to form a community of people that addresses similar questions from different per-
spectives. For the academic formation of the PhD students involved this is a very important added 
value. Another important aspect is that the research on friction in Europe is taking shape due to 
COST programme for networking which involves all active groups in the field in Europe. This 
FOM programme makes the Dutch researchers more visible within the European community. The 
interactions within the FOM programme are very useful for exchange of experience, materials and 
equipment even when they do not lead to common papers.  
 
3. Personnel 
The only changes in personnel are the last vacancies that are filled during last year. For the coming 
year we expect that several PhD students will finish their project and come to their defence. 
 
4. Publications 
 
10FAF01 
- S.Y. Krilov, J.W.M. Frenken, The Physics of atomic scale friction: Basic considerations and open 

questions, Physica status solidi (b), 251, 711, 2014. 
 
10FAF02, 10FAF03 
- H. Song, R.J. Dikken, L. Nicola, E. van der Giessen, Plastic Ploughing of a Sinusoidal Asperity 

on a Rough Surface, J. Appl. Mech., DOI: 10.1115/1.4030318. 
 
10FAF04 
- T. Suhina, B. Weber, C.E. Carpentier, K. Lorincz, P. Schall, D. Bonn, F. Brouwer, Fluorescence 

Microscopy Visualization of Contacts Between Objects, Angewandte Chemie 127 (12), 3759-3762 
2014. 

 
10FAF05 
- A. Gkouzou, F. Buja, J. Kokorian, W.M. van Spengen, The impact of temperature on adhesion in 

MEMS devices, Oral presentation, The 40th International Conference on Micro and Nano 
Engineering, 23-26 September 2014, Lausanne, Switzerland. 

 
10FAF08 
- M.M. van Wijk, A. Schuring, M.I. Katsnelson and A. Fasolino, Moiré Patterns as a Probe of 

Interplanar Interactions for Graphene on h-BN, Phys. Rev. Letters 113, 135504, 2014. 
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- A.S. de Wijn, A. Fasolino, A.E. Filippov, and M. Urbakh, Nanoscopic Friction under 
Electrochemical Control, Phys. Rev. Letters 112, 055502, 2014. 

 
5. Valorisation and outreach 
The group of Amsterdam (Bonn, Weber) has started a collaboration with DSM research (Geleen) 
and are using our new technique to solve their friction problems. Interest of the SKF Engineering 
and research centre has been expressed with the participation to our yearly meeting. 
 
6. Vacancies 
None.  
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Fact sheet as of 1 January 2015 

 FOM - 10.1725/4 
 datum: 01-01-2015 
 
 
APPROVED FOM PROGRAMME 
 
 
Number 129. 
  
Title (code) Fundamental aspects of friction (FAF) 
  
Executive organisational unit BUW 
  
Programme management Prof.dr. A. Fasolino 
  
Duration 2011-2016 
  
Cost estimate M€ 2.7 
  
Concise programme description 
a. Objectives 
This programme is focused on bridging the threefold gap between our understanding of frictional 
energy dissipation in an ideal, dry, single, elastic nanoscale contact and the practical situation for 
sliding bodies of a large ensemble of micrometer-scale, elasto-plastic contacts under dry or 
lubricated conditions. 
 
b. Background, relevance and implementation 
Friction originates from interactions between stationary or moving bodies on the sub-nanometer 
length scale of individual atoms and molecules. Interestingly, its consequences manifest themselves 
on much larger scales, thus easily bridging orders of magnitude in scale, up to the micrometer regime 
of a single, practical asperity and the macroscopic regime of large ensembles of such asperities on 
rough surfaces. Although an impressive body is available of phenomenological knowledge about 
friction, surface treatments, the application of special coatings and a wide variety of lubricants, most 
of this know-how rests on a purely empirical basis and lacks a thorough understanding of the 
microscopic dissipation phenomena that are responsible for the energy loss during sliding. Yet, it will 
be through precisely such advanced knowledge that completely new geometries and materials will 
be invented that will be at the core of the next generation of genuine breakthroughs in lubrication 
and other forms of friction reduction. In view of the large scale of continual loss of energy and 
resources in modern society that results from unwanted forms of friction and wear, the economic and 
societal impact of breakthroughs in this area of science and technology cannot be overestimated. 
 
We target three major differences between 'idealized', nanoscale contacts and practical situations, 
namely (i) the difference between single and multiple contacts, (ii) the difference between purely 
elastic and elasto-plastic systems and (iii) the difference between unlubricated and lubricated 
contacts. In each case we will identify and investigate the generic physics involved in these 
differences, employing a dedicated mix of experimental, theoretical and computational expertise. Our 
objective is to reach genuine, fundamental understanding of the phenomenology of friction in (near)-
practical situations, rooted in a solid description, with predictive power, of the underlying physics on 
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all relevant length scales, ranging from the atomic scale to the collective response on the micrometer 
level. In the context of this programme we will explore various new strategies to control and lower 
friction. A key role in these is reserved for novel materials, graphene and boron nitride, and special 
nanopatterns. 
 

When successful, this programme will not only provide improved understanding of the foundations 
of macroscopic friction, but it will also lead to novel tools for nano- and microtechnology where the 
importance of friction is magnified because of the high surface-to-volume ratio. Our ultimate goal is 
to make friction a design parameter, with a specified value, or absent, as desired. 
 
 
Funding 
salarispeil cao per 01-07-2012 
 
bedragen in k€ < 2014 2015 2016 2017 2018 2019 > 2020 Totaal 

FOM-basisexploitatie 2.037 292 118 - - - - 2.447 

FOM-basisinvesteringen 300 - - - - - - 300 

Doelsubsidies NWO - - - - - - - - 

Doelsubsidies derden - - - - - - - - 

Totaal 2.337 292 118 - - - - 2.747 
 
 
Source documents and progress control 
a) Original programme proposal: FOM-10.1240 
b) Ex ante evaluation: FOM-10.1414 
c) Decision Executive Board: FOM-10.1724 
 
 
Remarks 
The final evaluation of this programme will consist of a self-evaluation initiated by the programme 
leader and is foreseen for 2017. 
 
 
 
 
 
 
 
 
 
 
 
 
 vH par. HOZB 
 
 
Subgebieden: 70% FeF, 15% NANO, 15% COMOP 
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Historical overview of input en output 

 

Input personnel (in fte)  finances* (in k€ ) 
WP/V WP/T PhD NWP 

2011 - - 0.8 - 133 

2012 - - 4.1 - 199 

2013 - - 7.4 - 346 

2014 - - 8.0 - 562 

 

Output PhD theses refereed publications other publications & 
presentations 

patents 

2011 - 1 4 14 

2012 1 3 10 - 

2013 - 6 21 - 

2014 - 5 20 - 

* After closing the financial year. 
 
 
PhD defences 
2011 
None. 

2012 
G. Dong, 7 November 2012, FOM-L-14. 

2013 
None. 

2014 
None. 

 
 
Patents (new/changes) 
2013 
None. 

2014 
None. 
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Overview of projects and personnel 

 
Workgroup FOM-A-03 

Leader Prof.dr. D. Bonn 
Organisation University of Amsterdam 
Programme Fundamental aspects of friction 

Project (title + number) Quantitative probing of friction in multi-asperity contacts with 
fluorescent probes 10FAF06 

 
FOM employees on this project 
Name  Position Start date End date 
B.A. Weber PhD 15 October 2012 14 October 2016 
T. Suhina PhD 01 September 2012 31 August 2016 
 
 
Workgroup FOM-D-54 

Leader Dr.ir. L. Nicola 
Organisation Delft University of Technology 
Programme Fundamental aspects of friction 
Project (title + number) Single asperity contact and friction 10FAF03 
 
FOM employees on this project 
Name  Position Start date End date 
R.J. Dikken PhD 01 December 2011 30 November 2015 
 
 
Workgroup FOM-D-55 

Leader Dr.ir. W.M. van Spengen 
Organisation Delft University of Technology 
Programme Fundamental aspects of friction 

Project (title + number) Nanoscale multi-asperity contact adhesion/friction/wear 
measurements with MEMS devices 10FAF08 

 
FOM employees on this project 
Name  Position Start date End date 
A. Gkouzou PhD 19 August 2013 18 August 2017 
 
 
Workgroup FOM-G-17 

Leader Prof.dr.ir. E. van der Giessen 
Organisation Groningen University 
Programme Fundamental aspects of friction 
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Project (title + number) Mesoscopic modeling of multi-asperity contact and friction 10FAF04 
 
FOM employees on this project 
Name  Position Start date End date 
H. Song PhD 01 September 2012 31 August 2016 
 
 
Workgroup FOM-L-14 

Leader Prof.dr. J.W.M. Frenken 
Organisation Leiden University 
Programme Fundamental aspects of friction 
Project (title + number) Superlubricity, themolubricity and energy dissipation 10FAF01 
 
FOM employees on this project 
Name  Position Start date End date 
P. Antonov PhD 01 October 2012 30 September 2016 
 
 
Workgroup FOM-N-24 

Leader Prof.dr. A. Fasolino 
Organisation Radboud University Nijmegen 
Programme Fundamental aspects of friction 
Project (title + number) Low-friction sliding in graphene and related systems 10FAF05 
 
FOM employees on this project 
Name  Position Start date End date 
M.M. van Wijk PhD 01 September 2011 31 August 2015 
 
 
Workgroup FOM-T-17 

Leader Prof.dr. F. Mugele 
Organisation Twente University 
Programme Fundamental aspects of friction 
Project (title + number) Nanolubrication on novel low-friction surface 10FAF02 
 
FOM employees on this project 
Name  Position Start date End date 
F. Liu PhD 16 August 2011 15 August 2015 
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