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S A few words about tribology

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

Relative movement of two contacting surfaces: friction and wear

/ \

Energy losses Materials losses

30% of produced energy in 66 million euros/year in France
the world is lost by friction

@ Lubrication: prevents contact between sliding surfaces
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S Lubrication regimes

Liquid lubricant: base + additives

Antiwear additive
Friction reducer Additives
¢ l Anti-oxidizing action
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S Lubrication regimes

Liquid lubricant: base + additives

Antiwear additive
Friction reducer Additives
¢ f = 1zing action
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Sliding speed of moving surfaces

rication regimes — Lubricant viscosity




& Lubrication regimes LR

Friction reduction due to
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Additives Additives Base Base
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= + n: Lubricant viscosity
= = Fy : Normal load
N —— V: Sliding speed
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Lubrication regimes

Friction reduction due to
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Additives Additives Base Base
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High friction coefficient
Severe wear




Lubrication regimes

Fr‘lc‘rlon reduction due to
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G| Conventional friction reduction
and antiwear additives
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Conventional additives: Zinc DialkyIDithiophosphate (ZDDP),
Molybdenum Dithiophosphate (MoDTP) or Dithiocarbamate (MoDTC)

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

\
Additives molecules

$I= Tribofilm

But
- 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,...) -
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New lubrication strategies

New additives: micro/nanoparticles of tribo-active phases (graphite,
MoS,) 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
e et O van der Waals _| S
et T gap T— . ¥
= (P, Good lubricant
e ®® Carbon /’f/,l _( 0,]
—e" y.ﬁo/’ e.:’ < O Fluorine . )
Graphite: n=0,1 ﬂ CFx: n=0,09
Fluorinated carbons
Good friction properties «~ ~~ Anticorrosive and
hydrophobic properties
High chemical stability Good thermal stability
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New lubrication strategies

New additives: micro/nanoparticles of tribo-active phases (graphite,
MoS,) 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

i 15 Synthetic graphite
The induction period strongly depends on the size |:
of the particles: feeding of the sliding interface | :

g Study of fluorinated nanocarbons

e A

Graphie Cr'on Blacks
(CNDs) (CNFs) (6CBs) 10

Car'on Nanodiscs Car'bon Nanofibers



S | Tribologic experimental device
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Cycle = reciprocal travel of the ball on the static plane
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R Nanocarbons fluorination

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

[ 4 2 &

Graphitized Carbon Blacks (6CBs) Carbon Nanofibers (CNFs) Carbon Nanodiscs (CNDs)

CNDs 450-520 0.14-10
CNFs 380-480 0.06-1.04
GCBs 320-340 0.08-1.04

*F/C ratios were determined by weight uptake or !3C and °F NMR

ﬁ Covalent C-F bonds 12



Tribologic properties of
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fluorinated nanocarbons

Friction coefficient

- " Fluorination improves the friction
e properties
B CNDs

: g'égz l‘ Hfluorinated materials < “prisﬂne compounds

0.15 : 7 Carbon nanodiscs (CNDs): the
| | friction properties do not depend on
the fluorine content
mm) 1L~ 0.08 for all the tested
compounds

7 | 1 Carbon nanofibers (CNFs) and
0.05 - . graphitized carbon blacks (GCBs):
’ | [the friction properties depend on
the fluorine content

ol o o] == Linear decrease of pfor
0 0.2 0.4 0.6 0.8 1 O<F/C<0.15 for CNFs and
F/Cratio O<F/C<0.6 for CBGs

== Stabilization at n~0.08 for

higher F/C ratios
13



Tribologic properties of

fluorinated nanocarbons

G
0.2 .
| M CNDs| |
® CNFs | |
¢ GCBs| A
0.15 -
o
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0.05

0.2

0.4 0.6 0.8
F/Cratio

7 Very low values of p

G Fluorinated nanocarbons
present excellent friction
reduction properties

| Different tribologic behaviour
depending on the morphology of
the particles

Q Different friction reduction
mechanisms




riction reauction mechanisms

Friction reduction mechanisms of CNFs: correlation between friction

properties and structural characterizations
TEM investigation of a cross section of a fluorinated CNF

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

the fiber

—
50 nm

R "1 Presence of fluorine at the
periphery

Flugrine [

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

0.20: ................... ! / ajl! \ for F/C < 0.15

Fluorination — Decrease of surface
free energy: minimum obtained for

F/C~0.15

Friction coefficient

> 1 u~0.08for F/C>0.15

Fluorination progresses towards the
fibres core : no significant evolution
0 02 040 060 080 1 of the surface free energy

0.05

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

16




S | 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

istine materials present a graphitic structure

arts are characterized by an increase o



S | 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




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

0?2 —m——mr—r——— T 77 .
Intrinsic friction properties of fluorinated GCBs / ] Decrease of H ClSSOCICl'fed 1-0 The

! L~  lowering of surface energy of the
s ] particles due to the thickening of
P2 j the fluorinated layer

—> [] The thickness of the surrounding
fluorinated layer is sufficient to
stabilize the surface energy of the

Friction coefficient

0.05 |

particles i
T T o e s T No more surface effects: stabilization
F/C ratio of the friction coefficient

@ Friction reduction mechanism involving surface effects A



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

AFM investigations

0,60

F/C=0.78

1 Swelling is more pronounced at the edges of the nanodiscs

1 Swelling of the edges is visible in the overall perimeter

¢ The fluorination process mainly occurs via the edges of the CNDs
20



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

0.25 ettt ettt
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1 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 21



& Antiwear properties of
fluorinated nanocarbons

N A 6eBs GCBs
CFO.16 1000 cycles CF0.89 1000 cycles

| \

PN <7

,\ T/\ = 2R Initial scratches

Initial scratches

HV pressure |mag H | det [mode| WD
20.00 kV[4.53e-6 Torr| 460x |ETD| BSE |10.3 mm

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

1 Same observations for all the tested compounds

@ Fluorinated nanocarbons present good antiwear properties

22



R Conclusions JiER

- Fluorination improves the friction performances of nanocarbons

- Friction reduction mechanisms depend on the morphology of the particles

/ \

Bulk effects Surface effects
Carbon nanodiscs (2D) Carbon nanofibers (1D)
graphitized carbon blacks (OD)

1 Promising new nano-additives for liquid or gel lubricants
- Very low friction coefficient: p # 0.08
- Very good durability of the friction performances
- Instantaneous protective action: no induction period

- Good antiwear properties

- Sizes and geometries well adapted for a good feeding of

the sliding interface
23
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S| Friction reduction mechanisms
Study of the tribofilms: SEM investigations

carbon nanodiscs

Tribofilm

/ Particles extracted from

the wear scar

Aspect of the tribofilm

High contact pressure zone:
very smooth aspect

High pressure zone

Low pressure
zone —
> v

Individual nanodiscs

act pressure zone: the discs G The ’rrlbofllm is mcunly amor



S | Friction reduction mechanisms
Study of the tribofilms: SEM investigations

carbon nanofibers
Low pressure
. ) zonhe Tribofilm .
Aspect of the tribofilm \u / Particles extracted from

the wear scar

High pressure zone: continuous

aspect with ondulations HRel AT

Pristine CNFs ;‘- 10 um
T ‘7 R

Tangled fibers

ct pressure zone: orientation

sliding direction



S | Friction reduction mechanisms

Study of the tribofilms: SEM investigations
Graphitized carbon blacks

Low pressure
zone

Aspect of the tribofilm \u

Tribofilm

4

Wear scar

High pressure zone

Low
pressure zone

high
pressure zone

g Tribofilms seems to be

constituted of individ
CBGs embedc



