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A few words about tribology 

Energy losses  
30% of produced energy in  
the world is lost by friction 

Relative movement of two contacting surfaces: friction and wear 

Materials losses  
66 million euros/year in France 

Tribology: part of science concerned with friction, wear and 
lubrication processes    involved in many natural and industrial 
domains  

Lubrication: prevents contact between sliding surfaces  
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Liquid lubricant: base + additives 

Base: mineral or synthetic oil 

Antiwear additive 
Friction reducer 

Corrosion inhibitor 

Viscosity action  

Additives 
Anti-oxidizing action 

Lubrication regimes 

3 



Base: mineral or synthetic oil 

Antiwear additive 
Friction reducer 

Corrosion inhibitor 

Viscosity action  

Additives 
Anti-oxidizing action 

Liquid lubricant: base + additives 

Lubrication regimes 

4 lubrication regimes 

Sliding speed of moving surfaces 

Lubricant viscosity 

Normal load 
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Ball bearings 

High friction coefficient 
Severe wear 
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Friction reduction due to 

Additives 
Base + 

Additives Base Base 

Fn 

Ft 

   

m =
Ft

Fn

Lubrication regimes 

Engines Performances due to antiwear and friction reduction additives 

High friction coefficient 
Severe wear 
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Conventional friction reduction 
and antiwear additives 

Conventional additives: Zinc DialkylDithiophosphate (ZDDP), 
Molybdenum Dithiophosphate (MoDTP) or Dithiocarbamate (MoDTC) 

Built up of a protective tribofilm resulting from chemical 
reactions between additives molecules and surfaces 

Tribofilm 

Additives molecules 

- The tribofilm is not immediately built (induction period)  severe wear undergone 
by the substrates 

- The protective action is not efficient in the case of non-reactive sliding surfaces 
(ceramics,…) 

But 
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New lubrication strategies 

New additives: micro/nanoparticles of tribo-active phases (graphite, 
MoS2) or precursors of tribo-active phases (C and inorganic 
nanotubes or fullerenes) dispersed in the lubricant base 

Phases are selected according to their intrinsic friction 
properties 

Graphite: m = 0,1                                                   CFx: m = 0,09   

 Good lubricant  
if m ≤ 0,1  

Good thermal stability High chemical stability 

Anticorrosive and 
hydrophobic properties 

Good friction properties 

Fluorinated carbons 

 van der Waals 

gap  
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New lubrication strategies 

New additives: micro/nanoparticles of tribo-active phases (graphite, 
MoS2) or precursors of tribo-active phases (C and inorganic 
nanotubes or fullerenes) dispersed in the lubricant base 

Immediate formation of the tribofilm in the sliding contact 
conditions without any chemical reactions with the substrates 

The induction period strongly depends on the size 
of the particles: feeding of the sliding interface 

Synthetic graphite 

 Study of fluorinated nanocarbons 

Carbon Nanodiscs 
(CNDs) 

2D structure Tubular 1D structure Spherical 0D structure 

Carbon Nanofibers 
(CNFs) 

Graphitized Carbon Blacks 
(GCBs) 
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Tribologic experimental device 
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Figure 5 : Description du tribomètre à grands déplacements. 

Le tribomètre permet de réaliser un contact sphère-plan puis de faire frotter la sphère sur le 
plan grâce au pot vibrant (voir Figure 5). Un aller-retour de la sphère sur le plan correspond à 
un cycle. La sphère (Figure 6) est une bille en acier 100C6 de rayon 4.75mm fixée sur le porte-
bille à l'aide de colle cyanoacrylate. Le plan poli-miroir en acier 100C6 de rayon 5 mm est fixé 
sur le porte-plan. L'échantillon à étudier est déposé sur le plan. Le contact est fait à l'aide de la 
platine micrométrique qui permet des déplacements sur les trois axes (x,y,z). Une force 
normale est appliquée au contact et la force tangentielle (qui s'oppose au mouvement) est 
mesurée (Figure 6). Le coefficient de frottement est obtenu par la relation suivante : 
 

µ= 
|𝐹𝑡 |

𝐹𝑛
 

  
Avec : 
µ : Coefficient de frottement 
Ft : Force tangentielle en Newton 
Fn : Force normale appliquée en Newton  

 
Figure 6 : Schéma du contact sphère-plan 

Le tribomètre est piloté grâce à un programme confectionné sur le logiciel «Labview» qui 
permet de lancer la mesure ainsi que d’enregistrer les données afin d’exploiter les résultats.  
 

  

Motor 

Sphere  
Plane 
x,y,z  sample 

holder 

AISI 52100 
steel ball 

Normal load Fn 

Measurement of 
the lateral force Ft 

Ft 

AISI 52100 
steel plane 

Fluorinated 
carbon film 

- Normal load: 10 N 

- Contact area diameter: 140 mm 
- Maximum contact Pressure: 1 GPa 

- Sliding speed: 6 mm/s 

Friction coefficient m = Ft / Fn 
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 DETERMINATION DU COEFFICIENT DE FROTTEMENT : 

 
L'exploitation des données enregistrées lors du frottement se fait à l'aide du logiciel « origin » 
et permet d'obtenir des courbes du type présenté Figure 8 : 
 

 
Figure 8 : Exemple d'une courbe de frottement sur 100 cycles  

En effectuant des agrandissements de cette courbe à différents cycles définis (exemple à 100 
cycles Erreur ! Source du renvoi introuvable.), le coefficient de frottement peut être déterminé. 

 

Figure 9 : Agrandissement à 100 cycles de la courbe de frottement. 

En notant la valeur des paliers du haut (α) de la courbe ainsi que la valeur des paliers du bas (β) 
le coefficient de frottement est obtenu par la relation suivante : 
  

µ= (α-β)/2 
 

Lorsque la courbe tend vers une fonction créneau, cela démontre la stabilité du coefficient de 
frottement ainsi que la qualité des mesures. 
 

 DETERMINATION DE LA PERIODE D’INDUCTION : 

La période d’induction est la période pendant laquelle, le coefficient de frottement varie avant 
de se stabiliser autour d’une valeur (Figure 8). Elle est limitée par la formation d’un film 
tribologique.  
 

b) Microscopie photonique 

La microscopie photonique va permettre d’observer les traces de frottement sur le plan ainsi 
que sur les billes afin de déterminer l’usure. Le microscope est constitué de différents 
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La microscopie photonique va permettre d’observer les traces de frottement sur le plan ainsi 
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m = (a-b)/2 

The ball goes forward 

The ball moves back 

The ball stops ans reverses 
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éléments : Une source, un dispositif de focalisation du rayon lumineux sur l’objet, une 
association de plusieurs lentilles ayant pour fonction l’agrandissement de l’image, un détecteur 
et une platine pour déplacer l’échantillon sur les trois axes (x,y,z). Dans notre cas, le microscope 
fonctionne en réflexion c’est-à-dire que l’échantillon est éclairé par le dessus. Cela permet 
l’observation d’objets opaques. Nous allons alors réaliser des photos à l’aide de différents 
objectifs : 5x, 10x et 20x en champ clair (éclairage direct) ou champ noir (éclairage annulaire).  
 

 
Figure 10 : Micrographies photoniques d'un plan à diverses étapes du polissage. 

A : Micrographie en champ clair du plan abrasé avec un disque abrasif dont la taille des grains est de 25µm. 
B : Micrographie en champ clair du plan poli-miroir. On ne distingue pas de rayures. 
C : Micrographie en champ noir du plan poli-miroir. Des rayures sont encore visibles. 

 

Après polissage avec la pâte diamant, on remarque qu’il reste quelques rayures. Ces rayures 

vont nous permettre d’observer l’usure. 

 

c) Viscosimétrie 

 PRINCIPE :  

La viscosité est une grandeur importante pour les huiles. Elle caractérise la facilité d'un fluide à 
s'écouler. Plus la viscosité est grande moins le fluide s'écoule rapidement. Elle varie par ailleurs 
avec la température. Pour des liquides, la viscosité diminue quand la température augmente. 
Pour des lubrifiants, la viscosité doit varier le moins possible avec la température. 
Elle est étudiée grâce à un rhéomètre qui permet d'obtenir des courbes appelées rhéogrammes 
(Courbe de la viscosité en fonction du taux de cisaillement).  
On peut observer différents types de fluides : 
*Les fluides newtoniens : leur viscosité ne dépend pas du cisaillement appliqué et est donc 
constante à une température donnée. 

 
Avec : 
η : Viscosité en Pa.s 

 
ϔ : Taux de cisaillement en s-1 

 
 
 

 
 

Figure 11 : Courbe de la viscosité en fonction du taux de cisaillement pour un fluide newtonien 

ϔ 

Plane 

Cycle = reciprocal travel of the ball on the static plane 
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Nanocarbons fluorination 

nanomaterials with different morphologies. In order to avoid effect of amorphous regions, 

such as preferential fluorination and decomposition under fluorine gas, the starting materials 

were post-treated under inert atmosphere at high temperature in the 1800-2700°C range 

according to the sample. Details are given in Table 14.1. 

The 0D character of the graphitized carbon blacks (denoted GCBs) is emphasized by 

the spherical shape of the nanoparticles with average diameter of 44 nm (Figure 14.4a). 

Moreover, GCBs mainly consist in aggregated spherical particles. Their specific surface area 

(SSA) was found equal to 46 m
2
.g

-1
 [39]. The size of the crystalline domains, i.e. the 

coherence length along the c-axis (Lc) determined by XRD, is 7 nm. 

The morphology of the carbon nanofibres (Figure 14.4b) characterized by quite 

cylindrical shapes with diameters in the 100–200 nm range and length in the 5–10 mm range. 

Figure 14.4b points out the 1D character of these compounds. SSA and Lc of these fibers is 

equal to 19 m
2
.g

-1
 and 39 nm, respectively [35].  

The micrograph collected on 2D material shows flat particles presenting nanodiscs and 

nanocones shapes with diameters ranging from 0.8 to 3.2 mm and 0.5 to 2.8 mm, respectively, 

and typical thicknesses lying in the 15–65 nm range (Figure 14.4c). Cones exhibit different 

apex angles equal to 112.98, 83.68, 60.08, 38.98 and 19.28° [40, 41]. Lc is around 2 nm 

which means that the as-product exhibited low degree of order. An annealing treatment under 

argon at 2700 °C was then performed (the resulting sample is denoted CND). It improves the 

crystallinity since Lc reaches a much higher value of 43 nm. SSA of CNDs is equal to 29 

m
2
.g

-1
.  

 

Fig. 14.4.: SEM images of the fluorinated nanocarbons with F/C≈1: (a) graphitized carbon 
blacks consist in spherical particles (0D), (b) carbon nanofibres consist in concentric 
cylinders of graphite sheets or single graphite sheet rolled in around itself (1D) and (c) a 
mixture of carbon nanodiscs and nanocones are formed by conical/discotic graphene stacking 
(2D). 

 

In order to tailor the dispersion of fluorine atoms into the carbonaceous lattice, two 

fluorination routes were carried out according to reactive species: direct with F2 and 

controlled with atomic fluorine. “Controlled” means that the amount and location of fluorine 

Fluorination under F2 atmosphere at selected temperatures in order 
to obtain controlled fluorine contents (expressed as atomic F/C ratio)  
 

Starting material TF range (°C) F/C range* 

CNDs 450-520 0.14-1.0 

CNFs 380-480 0.06–1.04 

GCBs 320-340 0.08-1.04 

Carbon Nanodiscs (CNDs) Carbon Nanofibers (CNFs) Graphitized Carbon Blacks (GCBs) 

F/C ≈ 1 F/C ≈ 1 F/C ≈ 1 

*F/C ratios were determined by weight uptake or 13C and 19F NMR  

Covalent C-F bonds 
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Tribologic properties of 
fluorinated nanocarbons 

 Fluorination improves the friction 
properties  

mfluorinated materials < mpristine compounds  

Linear decrease of m for  
0 < F/C < 0.15 for CNFs and  
0 < F/C < 0.6 for CBGs 

Stabilization at m  0.08 for  
higher F/C ratios 

  Carbon nanofibers (CNFs) and  
graphitized carbon blacks (GCBs): 
the friction properties depend on 
the fluorine content  

 m  0.08 for all the tested 
compounds 

  Carbon nanodiscs (CNDs): the 
friction properties do not depend on 
the fluorine content 
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Tribologic properties of 
fluorinated nanocarbons 

Fluorinated nanocarbons 
present excellent friction 
reduction properties   

Different friction reduction  
mechanisms 

 Very low values of m 

l Different tribologic behaviour 
depending on the morphology of  
the particles 

0

0.05

0.1

0.15

0.2

0 0.2 0.4 0.6 0.8 1

CNDs
CNFs
GCBs

F
ri

ct
io

n
 c

o
ef

fi
ci

en
t 

F/C ratio



15 

Friction reduction mechanisms 

Friction reduction mechanisms of CNFs: correlation between friction 
properties and structural characterizations 

 Lattice fringes corresponding 
to graphitic structure  are 
visible in the internal part of 
the fiber 

 Presence of fluorine at the 
periphery 

Progressive fluorination proceeding from the outer part of the carbon 
nanofiber towards its core as far as the fluorination temperature increases  

TEM investigation of a cross section of a fluorinated CNF 

F/C = 0.15 
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Friction reduction mechanisms 

Friction reduction mechanisms of CNFs: correlation between friction 
properties and structural characterizations 

0
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Fluorination  Decrease of surface 
free energy: minimum obtained for 
F/C  0.15 

Fluorination progresses towards the 
fibres core : no significant evolution 
of the surface free energy 

 m    for F/C < 0.15  

 m  0.08 for F/C > 0.15  

CNFs 

Friction reduction mechanism involving 
surface effects (individual nanofibers 
interactions) 
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Friction reduction mechanisms 

Friction reduction mechanisms of GCBs: correlation between friction 
properties and structural characterizations 

TEM characterization of fluorinated GCBs 

  Pristine materials present a graphitic structure 

  The fluorinated parts are characterized by an increase of the interplanar 
distance (d = 0.48 nm) compared to graphite one (d = 0.34 nm) 

Pristine CBGs CF0.16 CF0.89 

d = 0.34 nm 

Fluorinated layers 
d = 0.48 nm 

Graphene layers 
d = 0.34 nm 
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Friction reduction mechanisms 

Friction reduction mechanisms of GCBs: correlation between friction 
properties and structural characterizations 

TEM characterization of fluorinated GCBs 

Pristine CBGs CF0.16 CF0.89 

d = 0.34 nm 

Fluorinated layers 
d = 0.48 nm 

Graphene layers 
d = 0.34 nm 

The fluorination process progresses from external layers towards inner 
ones 
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Friction reduction mechanisms 

Friction reduction mechanisms of GCBs: correlation between friction 
properties and structural characterizations 

  Decrease of m associated to the 
lowering of surface energy of the  
particles due to the thickening of 
the fluorinated layer 

  The thickness of the surrounding 
fluorinated layer is sufficient to 
stabilize the surface energy of the 
particles 

No more surface effects: stabilization 
of the friction coefficient 

Friction reduction mechanism involving surface effects 



20 

Friction reduction mechanisms 

Friction reduction mechanisms of CNDs: correlation between friction 
properties and structural characterizations 

TEM Characterization AFM investigations 

F/C = 0.78 

  Swelling is more pronounced at the edges of the nanodiscs 

  Swelling of the edges is visible in the overall perimeter 

The fluorination process mainly occurs via the edges of the CNDs 
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Friction reduction mechanisms 

Friction reduction mechanisms of CNDs: correlation between friction 
properties and structural characterizations 

  Fluorination occurs via the edges: the fluorine atoms diffuse in the whole volume 

The friction coefficient does not depend on the fluorine content: friction 
reduction mecanisms implying bulk effects 
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Antiwear properties of 
fluorinated nanocarbons 

GCBs 
CF0.16    1000 cycles 

Initial scratches 

GCBs 
CF0.89    1000 cycles 

Initial scratches 

  Initial scratches are still visible after 1000 cycles of friction: very weak wear 

  Same observations for all the tested compounds 

Fluorinated nanocarbons present good antiwear properties 
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Conclusions 

 Promising new nano-additives for liquid or gel lubricants 

- Very low friction coefficient: m ≈ 0.08 

- Very good durability of the friction performances 

- Instantaneous protective action: no induction period 

 Fluorination improves the friction performances of nanocarbons 

 Friction reduction mechanisms depend on the morphology of the particles 

Surface effects 
Carbon nanofibers (1D) 

graphitized carbon blacks (0D) 

Bulk effects 
Carbon nanodiscs (2D) 

- Sizes and geometries well adapted for a good feeding of 
the sliding interface 

- Good antiwear properties 
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Friction reduction mechanisms 

Study of the tribofilms: SEM investigations 

High contact pressure zone: 
very smooth aspect 

Low contact pressure zone: the discs 
are oriented parallel to the sliding 
direction      

1 mm 

Carbon nanodiscs 

Aspect of the tribofilm Particles extracted from 
the wear scar 

2 mm 

Individual nanodiscs 

The tribofilm is mainly amorphous 
with some individual discs 
embedded in the disordered phase 

Ball 

Plane 

Tribofilm 

High pressure zone 

Low pressure 
zone 
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Friction reduction mechanisms 

Low contact pressure zone: orientation 
of the fibers along the sliding direction 

High pressure zone: continuous 
aspect with ondulations 

Tangled fibers 

Pristine CNFs b) Pristine CNFs Pristine CNFs F/C = 0.39 

Tribofilms constituted of individual 
nanofibers covered by an  ill organized  
layer (0.3 mm thickness) 

Study of the tribofilms: SEM investigations 

Carbon nanofibers 

Aspect of the tribofilm Particles extracted from 
the wear scar 

Ball 

Plane 

Tribofilm 

High pressure zone 

Low pressure 
zone 
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Friction reduction mechanisms 

                             

high 
pressure zone 

0.2 mm 

Tribofilms seems to be 
constituted of individual 
CBGs embedded in a 
disordered phase 

Study of the tribofilms: SEM investigations 

Graphitized carbon blacks 

Aspect of the tribofilm Wear scar 

2 mm 

Low 
pressure zone 

Ball 

Plane 

Tribofilm 

High pressure zone 

Low pressure 
zone 


