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Abstract Current requirements in automotive lubrication
impose extremely complex formulation. For environmental
reasons, it is important to reduce or eliminate the presence
of sulphur and phosphorus contained in tribological addi-
tives. For that purpose, multi-walled carbon nanotubes
have been dispersed in oil in various concentrations. The
lubrication mechanisms of such dispersions in mixed and
EHL regimes have been investigated by means of the IRIS
tribometer that allows us simultaneous contact visualiza-
tion, film thickness and friction measurement under con-
trolled contact kinematics. The lubricant film-forming
capability has been determined as a function of the
entrainment velocity and the nanotube content: the pres-
ence of carbon nanotubes within the contact results in a
local increase in the film thickness and it can be shown that
the contact acts as a filter of carbon-nanotube aggregates.
Introduction of sliding results in a diminution of the
number of aggregates passing through the contact. More-
over, a reduction in friction and a drift in the wear onset
have been observed under controlled contact kinematics:
this behaviour originates from the transient propagation of
carbon-nanotube aggregates through the contact and a
friction law is proposed taking into account the contact
heterogeneity.
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1 Introduction

Due to environmental requirements in automotive lubri-
cation formulation, innovative additives have been widely
investigated in recent years. In parallel, there has been
considerable interest in the development of nanotechnolo-
gies, leading to the consideration of nanoparticles as
lubricant additives. Many lubricating oils already contain
solid particles [1]: the latter are present either by accident
as in the case of soot [2-7] or debris contaminants or
deliberately added, to improve the lubricant performance.

These colloidal systems, as defined by Ostwald [8],
contain particles whose characteristic size ranges from
I nm to 10 pm. The organization of these particles in the
suspension depends on the nature of the interaction forces
[9] such as Van der Waals interactions, electrostatic
interactions (especially in aqueous media), Brownian
interactions and steric interactions. These forces together
with the hydrodynamic interactions due to shear rate gov-
ern the rheological behaviour and thus the flow properties
of these colloidal fluids.

In a lubricated interface, these fluids experience velocity
and pressure fields as well as confinement due to the low
ratio between the film thickness and the contact charac-
teristic length. The particle mobility is then modified:
interactions and intermittent contacts between particles are
more or less likely to happen and be more or less severe,
leading to a possible phenomenon of dynamic aggregation
[4-6]. This directly impacts the ability of the colloidal fluid
to penetrate within the contact and to contribute to load
bearing. On the other hand, friction behaviour is related to
the ability of the colloidal fluid to create a hydrodynamic
and/or boundary (physi- or chemisorbed) friction film.
Friction results from the collective and heterogeneous
intra- and interparticle shearing. The friction response is
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thus controlled by the organization of the particles and by
their microstructure.

Many studies have focused in the past years on the use
of solid particles dispersed into greases, oil [1-7, 10-12] or
aqueous lubricants [13-15]. They reveal that one of the
major criteria to consider is the size of the solid particles
compared to the film thickness. For particles larger than the
film thickness, particle behaviour is mainly controlled by
the contact kinematics conditions [10-13]. At low
entrainment velocity, particles are easily trapped into the
contact where they deform plastically and form an adherent
boundary film. This film disappears with a velocity
increase. At higher velocity, the particles are rejected from
the contact and the number of particles reaching the con-
junction remains low. This induces a diminution of the film
thickness. Introduction of sliding acts very similarly. At
high slide-to-roll ratio (SRR) [12], lubricant film rupture
may occur and wear appears on the surfaces. An interpre-
tation of these mechanisms based on the analysis of the
flow and reflow zones in the contact inlet and their evo-
lution with entrainment and sliding velocities was proposed
by Chinas-Castillo and Spikes [1]. These studies highlight
the importance of particle-trapping mechanisms within the
contact. Other parameters also need to be taken into
account, such as the nature of the particles and their con-
centration, their ability to deform, their affinity with the
surfaces, and the nature of the surfactant that controls the
adhesion between the particles and the surfaces. In the case
of nanoparticles or thick lubricant films, the particles are
entrained by the fluid flow and penetrate easily in the
contact, independently of the contact kinematics. In a first
step, the nanoparticles come into the contact to form a third
body, thanks to the surfactants adsorbed onto their surfaces
[13, 14]. The presence of high surface asperities can create
nanoparticle reservoirs that continuously feed the contact
[16]. Under shear, the particles plastically deform to form a
compact viscous layer [13, 14, 17]. Finally, under severe
temperature and/or pressure conditions, a tribofilm results
from the reaction of the nanoparticles and the surfaces.
This film may be strongly adherent and withstands shearing
[18, 19]. The ability of inorganic nanoparticles (alumina,
zinc borate, titanium oxide, magnesium borate) as efficient
additives has been widely studied in the past years [17, 18,
20-22]. Inorganic fullerenes (IF) like nanoparticles made
of metal dichalcogenides such as IF-MoS,, IF-WS,, and
IF-NbS, are also well known for their lubricating proper-
ties when dispersed in water or oil [16, 19, 23-25]. The
lubrication mechanism of these IF-nanoparticles was
widely investigated [23, 24, 26]. The lubricating properties
of the IF-nanoparticles were attributed to a gradual exfo-
liation of the external sheets of the particles during the
friction process leading to their transfer onto the recipro-
cating surfaces and the formation of a 5-nm thin tribofilm.
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This tribofilm results from the reaction of the exfoliated
layers and the surfaces [27].

If carbon is well known for its lubricating properties
both in the form of graphite and as in diamond-like carbon,
the discovery of Kroto et al. [28] enlarges the spectrum of
use of carbon components in tribology. New forms of
carbon such as fullerenes, onions and nanotubes generate
widespread interest, especially because of their morphol-
ogy and their chemical inertness [29]. However, contra-
dictory results were obtained for fullerenes C60 as a
function of temperature [30] and humidity [31]. Experi-
mental results obtained for fullerenes dispersed in polyal-
phaolefin (PAO) base oil [24] showed that their lubricating
properties may be related to the fullerenes ability to de-
structure and form a tribofilm onto the surface. Carbon
onions were also tested as additives [23] and it seems that
they exfoliate within the contact under severe tribological
conditions. It was shown in [32] that crystallinity and
number of defects in the nanoparticle structure played a
key role in controlling friction.

At the nanometer scale, the friction of carbon nanotubes
has been investigated using the AFM technique [33, 34].
Falvo et al. [33] observed the stick—slip rolling motion of
an individual carbon nanotube on graphite. They showed
that adhesion hysteresis was the dominant energy loss
responsible for the stick—slip dynamics. They also mea-
sured a uniform friction between the carbon nanotube and
the graphite substrate along the tube. Ohmae et al. [34]
studied the friction of a gold tip over nanotube forest. This
combination gave high friction and low adhesion. Com-
putational simulations [35, 36] of a contact between
aligned nanotubes and a diamond surface have been per-
formed. At low contact pressure, Ni and Sinnott [36]
observed that nanotubes slide in the contact, while at high
contact pressure they were flattened and could both slide
and roll according to their orientation and bonding to the
sliding surface. Nevertheless, the occurrence of rolling in
the contact is still under discussion [35, 37]. Regarding
carbon-nanotube dispersions, a few authors [24, 38, 39]
focused on their tribological performance in the boundary
lubrication regime as a function of their structure (single-
or multi-wall), their concentration and the presence of
surfactants. The key role of the surfactant on dispersion
stability was also confirmed by Chen et al. [39] and Saint-
Aubin et al. [40].

The study described in this article addresses the lubri-
cation mechanisms of carbon-nanotube dispersions in
terms of film-forming ability and friction behaviour in the
elastohydrodynamic lubrication regime. We use a tribom-
eter that allows for the simultaneous measurement of the
film thickness and its distribution and the contact forces
under controlled contact kinematics. By doing so, we
precisely describe the propagation kinetics of carbon
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nanotubes in the contact and determine the effect of con-
centration as well as that of entrainment and shear on the
film-forming mechanisms. Finally, we propose a simple
model of the sheared interface that can account for our
experimental friction data and demonstrate the role of
carbon-nanotube aggregates on low frictional properties.

2 Experimental
2.1 The Carbon-Nanotube Dispersions

As solid nanoparticles, carbon nanotubes exist in various
structures and lengths. In this article, we study multi-wal-
led carbon nanotubes dispersed into base oil. The carbon
nanotubes have an external diameter of about 11 £ 2 nm
and an internal diameter of 5 + 2 nm, according to TEM
observations (see Fig. 1). Each layer of graphene can be
distinguished and reaches 0.3 nm. The carbon nanotubes
were analysed by means of the EELS technique using a
LEO 912 TEM at 120 keV. Figure 2 presents the level K of
carbon of a multi-walled nanotube. It clearly shows a
separation between the conduction states n* and o*,
respectively, located at 285.3 and 292 eV. The existence of
the peak n* is a signature of carbon sp2 and the location of
the peaks n* and ¢*, close to that of graphite at, respec-
tively, 284 and 292 eV, confirms the graphitic structure of
the nanotubes. The length of the nanotubes is difficult to
assess. However, it varies with the grinding time: the
longer the grinding process, the shorter the nanotubes. In
our case, a grinding time of 16 h was chosen resulting in a
carbon nanotube length of 500 nm.

The carbon nanotubes were dispersed into a PAO base
oil of viscosity equal to 53 mPa s at 23 °C. The carbon

Fig. 1 TEM observation of a nanotube. The multi-walled structure is
clearly shown and the external (respectively, internal) diameter is
11 £ 2 nm (respectively, 5 + 2 nm)
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Fig. 2 EELS spectrum realized on a multi-walled nanotube. The
level K of carbon is presented and it shows separated n* and o*
peaks, respectively, at 285.3 and 292 eV. This confirms the graphitic
structure of the nanotube
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Fig. 3 Evolution of the viscosity (at ambient pressure) 5 of the
dispersion as a function of the nanotube concentration

nanotubes and the PAO base oil were kindly supplied by
Nanocyl and Total, respectively. The complex behaviour of
the dispersions is related to the presence of nanoparticles in
a simple liquid phase and it varies with the particle con-
centration. The concentration of carbon nanotubes ranged
from 0.01 to 0.5 % (w/w). In order to avoid sedimentation
phenomena, the dispersions were ultrasonicated for 30 min
before an experiment. For such concentrations, the dis-
persions rheology was examined using an Anton Paar
MCRS5!1 rheometer in coaxial cylinder configuration. The
dispersions are Newtonian up to shear rates of 1,000 s~
and their viscosity slightly increases with the concentration
from 53 to 66 mPa s, as shown in Fig. 3.

2.2 The IRIS Visualization and Friction Measurement
Set-Up

The film-forming ability and the frictional properties of the
dispersions are investigated using a home-made tribometer,
named IRIS, coupling in situ contact visualization to fric-
tion measurements. This apparatus produces a lubricated
contact between a sphere and a transparent semi-reflective
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Fig. 4 Principle of the IRIS visualization and friction measurement
set-up. The steel ball and silica disc velocities can be accurately and
independently controlled by two brushless motors in the range 25 pm/
s to 3 m/s. The normal load can be varied between 0 and 20 N. This
set-up enables the simultaneous measurement of friction and visual-
ization of the contact thanks to a high-speed recording camera

glass disc. It allows one to determine simultaneously the
spatial and temporal variations of the interfacial lubricant
film thickness using high-speed imaging technology while
measuring the normal and tangential-frictional-contact
forces with perfectly controlled contact kinematics. Fig-
ure 4 illustrates the principle of the IRIS set-up that has
been described previously in detail in [41, 42].

The optical cavity formed between the two solids (lubri-
cated sphere/disc contact) permits an accurate measurement
of the film thickness distribution, from colour pictures
acquired with a high-speed numerical CMOS recording
camera using an interferometry technique. The spatial res-
olution is about 1 um. Taking into account the refractive
index of the fluids, a thickness resolution of few nanometres
is obtained. In addition to film thickness distribution in the
contact, this set-up permits the visualization of the conver-
gent zone as well as the divergent zone and allows one to
follow the propagation of aggregates with time towards,
through and around the contact. The rotational motion of the
two solids is monitored precisely and independently. Thus,
numerous contact conditions (pure rolling conditions as well
as sliding experiments) can be generated by varying the
linear velocity of the surfaces between 25 pm/s and 3 m/s.
The normal load w is continuously measured using a static
force sensor in the range 0-20 N. A torque sensor, between
the disc and its brushless motor, measures the friction coef-
ficient during each experiment.

In the results presented here, a lubricated contact is
established between a 19-mm-diameter steel ball and a
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Table 1 Geometrical and elastic properties of the steel ball and the
silica disc

R (mm) Roughness E (GPa) y
Ra (nm)
Steel 9.5 10 210 0.30
Silica o0 5 70 0.17

60-mm-diameter silica disc coated with a 10-nm-thick
semi-reflective chromium layer and a 200-nm-thick spacer
layer. The load is maintained constant at 15 N, leading to a
248 um Hertzian contact diameter and a resulting mean
contact pressure of 305 MPa, assuming the elastic prop-
erties of the two solids in Table 1. AFM measurements
give the roughness, R,q4, of the silica disc at 5 nm while that
of the steel ball, R, is about 10 nm. The test surfaces are
cleaned with heptane and then isopropyl alcohol in an
ultrasonic bath for 10 min before use.

2.3 Experimental Procedure

The film thickness is measured using an interferometry
technique. Each wavelength in the white light spectrum is
partially reflected either by the semi-reflective chromium
layer or by the steel ball. The reflected beams interfere to
give a colour, which, after a calibration procedure, can be
directly related to the film thickness. The calibration pro-
cedure is performed by imaging a static contact between
the steel ball and the disc under a load w of 15 N. The
correlation between contact interferograms in static con-
ditions and the theoretical deformation of the steel ball
allows the correlation between the RGB or HIS colour
parameters and the gap between the two solids. From the
data of Table 1, the geometry of the deformed ball can be
determined [43] as a function of the ball radius R, the
Hertzian contact radius ay and the distance from the con-
tact centre. Thus, knowing the lubricant refractive index,
the relationship between the colour and the thickness of the
film can be determined.

The film-forming capability is first tested under pure
rolling conditions with entrainment velocity U, = (U, +
Ugy)/2 varying from 107> to 1 m/s, where Uy, and Uy are the
velocities of the ball and the disc, respectively (U, = Uy
for pure rolling conditions). The evolution of the central
film thickness is measured with entrainment velocity.
Each dot corresponds to an averaged value over three
images. Moreover, the in situ visualization associated
with the high-speed imaging system allows one to follow
the motion of nanotubes aggregates whose size is larger
than the spatial resolution. Experiments at constant
entrainment velocities of 20 and 60 mm/s are carried out
to assess the velocity profile of an aggregate through the
contact.
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The frictional behaviour of the lubricants is determined
by means of traction experiments. The sliding velocity U
is defined as Us = U, — Uyq. During such a friction
experiment, the ball and the disc velocities as well as the
normal force and frictional torque, are continuously mea-
sured. The velocities of the ball and the disc are controlled
independently. Therefore, it is possible to control the
SRR, defined as SRR = UJ/QU.) = (U, — U)/(Uy +
Uy). These experiments are carried out at a constant
entrainment velocity U, of 20 mm/s to maintain a constant
lubricant supply in the contact for SRR ranging from 0
to 100 %, which corresponds to U varying from O to
40 mm/s. In order to take into account the Couette con-
tribution of the friction only [41, 44], one must subtract the
Poiseuille contribution arising from the pressure difference
between the inlet zone and the inner part of the contact
zone. To do this, two steps are required. First, during a
given time ¢t = 200 s, the ball velocity is lower than that of
the disc and the measured torque is referred to as C™. In a
second step and for a same duration time of 200 s, the ball
velocity is fixed at a higher value than that of the disc. The
measured torque is noted C*.

The measured sliding friction pgjging, cOrresponding to
the same SRR, is then calculated from the average of both
torques C~ and C*

C +CH\ 1
Hsliding = <f) (1)

wxe '

where w is the normal load and x. is the distance between
the centre of the contact zone and the disc axis (see Fig. 4).
Each value of fig4ing reported corresponds to an averaged
value of three experiments.

All the experiments presented in this study are per-
formed at room temperature (23 °C).

3 Results
3.1 Film Formation at Low Concentration

In the case of dispersions, at high entrainment velocity the
contact interferogram illustrated in Fig. 5a for a 0.01 %
(w/w) concentration is homogeneous and very similar to
that obtained with the base oil. However, at lower velocity,
thickness heterogeneities appear on the contact interfero-
grams (see Fig. 5b). These are associated with the presence
of carbon-nanotube aggregates. The latter are also visible
in the convergent zone. Under pure rolling conditions,
Fig. 6 plots the evolution of the central film thickness as a
function of the entrainment velocity for the base oil and
carbon-nanotube dispersions with concentrations of 0.01
and 0.1 % (w/w). The central film thickness of the base oil
increases with entrainment velocity with a power law of

() U, = 0.4 m/s

(b) U, = 0.008 m/s

Fig. 5 Contact interferograms for the 0.01 % (w/w) dispersion a at
high entrainment velocity U, = 0.4 m/s where the classical EHL film
distribution is observed. The black arrow indicates the flow direction
from the right to the left. b at low entrainment velocity
U. = 0.008 m/s where two thicknesses can be defined as the central
film thickness Agjspersion and the maximum film thickness hcnr
attributed to the carbon-nanotube aggregates

2/3, obeying thus the prediction of Hamrock—Dowson [45]
for a bulk viscosity of 53 mPa s in a continuous line.

A strong assumption is made regarding the refractive
index of the dispersion since we consider the refractive
index of the dispersion as equal to that of the carbon-
nanotube aggregate. Additionally, to evaluate the impact of
carbon nanotubes on the film thickness, two characteristic
thicknesses are defined:

— the mean film thickness at the contact centre formed by
the dispersion represented by full symbols in Fig. 6,

— the maximum film thickness corresponding to the
thickness due to the aggregate of carbon nanotubes
within the contact zone, represented by empty symbols
in Fig. 6. This thickness is only measured at low
velocity.

The curves corresponding to the mean central film
thickness obtained for concentrations of both 0.01 and
0.1 % (w/w) are superimposed to that of the base oil for
entrainment velocities down to 0.02 m/s, in good agree-
ment with the values of bulk viscosity and Hamrock—
Dowson calculation for Newtonian homogeneous fluids.
This suggests that this film thickness formation is governed
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Fig. 6 Pure rolling experiment: central film thickness evolution with
entrainment velocity U, for the PAO base oil (filled triangle) and the
low concentrated dispersions (0.01 % (w/w) in pale blue filled circle
and 0.1 % (w/w) in darker blue filled circle). The central film
thickness is presented in full symbols, while the thickness attributed to
the passage of carbon nanotube is plotted with empty symbols. Each
symbol corresponds to an average value over three images. The
Hamrock—-Dowson prediction is plotted in a continuous line and fits
the experimental data for the base oil. At high velocity, the viscosity
of the dispersions controls the central film thickness. At low velocity,
the central film thickness stabilizes at around 10 nm. Moreover, a
critical maximum film thickness of about 100 nm can be defined
independently of the dispersion concentration (Color figure online)

by the viscosity, as predicted by EHL theory. At lower
velocities, the central film thickness is slightly higher than
the predicted one and it stabilizes at around 10 nm for the
0.01 % (w/w) dispersion.

However, a striking result is observed for maximum film
thickness at entrainment velocities lower than 0.1 m/s in
that this film thickness remains constant at about 100 nm,
independently of the dispersion concentration. This can be
either the signature of carbon-nanotube aggregates that
adhere to the surfaces and penetrate into the contact or the
signature of a critical size of aggregates, which is filtered
by the contact. In either case, it results in a local increase in
film thickness.

3.2 Film Formation at High Concentration

Figure 7 presents the dependence of the film thickness with
entrainment velocity for the dispersion concentrated at
0.5 % (w/w). The curve corresponding to the PAO base oil
is also indicated for comparison. It can be seen that the
central film thickness still increases with the velocity.
However, for velocities higher than 0.02 m/s, the measured
central film thickness is lower than predicted with
Hamrock-Dowson; for instance, the film thickness expec-
ted with a viscosity of 66 mPa s reaches 154 nm at
U. = 0.2 m/s while the measured one is only 94 nm.
Contact interferograms obtained at U, = 0.4 m/s show a
homogeneous contact, as illustrated in Fig. 8a. However,
the presence of an air/lubricant meniscus is depicted in the
inlet zone leading to possible starvation mechanisms at
high velocity. Starvation occurrence may be related to the
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Fig. 7 Effect of high concentration (0.5 % (w/w)) on the evolution of
the film thickness vs entrainment velocity U.. The PAO base oil curve
is also plotted for comparison. The film thickness for the 0.5 % (w/w)
dispersion is lower than predicted. At low entrainment velocity, the
central film thickness remains constant at approximately 20 nm. A
critical maximal film thickness of about 100 nm can also be defined
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Fig. 8 Contact interferograms for the 0.5 % (w/w) dispersion a at
high entrainment velocity U, = 0.4 m/s where the classical EHL film
distribution is observed. The black arrow indicates the flow direction
from the right to the left while the dashed lines emphasize the position
of the air/lubricant meniscus in the inlet zone and b at low
entrainment velocity U, = 0.008 m/s where two thicknesses can be
defined as the central film thickness Agispersion and the maximum film
thickness hcnr attributed to the carbon-nanotube aggregates. Numer-
ous aggregates can be seen in the inlet zone

heterogeneity of the highly concentrated dispersion and
also to its more complex rheology, enhanced by entangled
carbon nanotubes [29]. This hypothesis seems confirmed in
Fig. 8b, where the contact interferogram at U, = 0.008 m/s
clearly shows a strong heterogeneity in thickness and the
existence of a large aggregate. Another explanation for the
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lower than expected film thickness might be the formation
of a nanotube blockage/aggregation in the convergent
zone: only base oil and small aggregates would be able to
go through that blockage, leading to a decrease in viscosity
for the lubricating fluid.

Figure 7 shows that the maximum film thickness
remains constant with velocity at roughly 100 nm. Also
note that at low velocity, the central film thickness stabi-
lizes at approximately 40 nm for this concentration of
nanotubes.

Results from Figs. 6 and 7 seem to indicate that the size
of the aggregates that propagate within the contact is
independent of the concentration. Moreover, the central film
thickness at low velocities (slower than 0.02 m/s) diverges
from Hamrock-Dowson prediction since it remains con-
stant while the velocity varies and the stabilized value seems
to increase with the carbon-nanotube content.

3.3 Transient Propagation of Carbon-Nanotube
Aggregates Through the Contact

Carbon nanotubes are chemically inert. Also, there is no
evolution of the film thickness with time at a constant
entrainment velocity. This confirms that adsorption of car-
bon nanotubes on the surfaces is unlikely. The in situ
visualization clearly demonstrates that carbon nanotubes
move into the high pressure contact zone, as illustrated in
Fig. 9a—e in pure rolling at U, = 0.02 m/s for a dispersion
of 0.1 % (w/w). The arrow indicates the aggregate traverses
the convergent zone on its way to the contact zone in
Fig. 9a. From Fig. 9b—d, one can see that the aggregate
penetrates the contact and propagates in a direction parallel
to the flow before it leaves. Figure 9e indicates the position
of the aggregate in the divergent zone where no full lubri-
cant film separates the surfaces. However, in this zone, its
exact position relatively to the disc or the ball surfaces
cannot be located. A local transient increase in film thick-
ness, due to the passage of the aggregate, propagates through
the contact. The time between two interferograms is 5 ms.
This leads to an estimate of the velocity of the aggregate, as
shown in Fig. 10. The entrainment velocity of the solids at
0.02 m/s is also plotted in a dashed line for comparison. The
mean velocity of the aggregate seems to be lower than the
entrainment velocity of the solids. Moreover, it varies with
the position in the contact and seems slower in the first
contact half width than in the second one. This result is
independent of the velocity as a similar evolution is obtained
at U, = 0.06 m/s. However, due to the lack of precision in
these local velocity measurements, it can be concluded that
the velocity of the aggregate is of the same order of mag-
nitude as that of the solid surfaces.

Only few studies have focused on local propagation
velocity in an EHL conjunction. Reddyhoff et al. [46]

Fig. 9 In situ propagation of the carbon nanotubes in the contact in
pure rolling conditions. The white arrow in a indicates the aggregate
to follow in the inlet zone. The aggregate penetrates in the
conjunction (b), travels through (c), leaves (d) and passes through
the outlet zone (e). The black arrow in (a) indicates the flow direction
from the left to the right

observed that for pure rolling conditions, in the EHL
regime, the lubricant travels through the contact with a
velocity lower than the entrainment in the first half of the
contact and higher in the second half, using fluorescence
microscopy. Meunier [6] also refers to a slowdown of a
lubricant dimple formed in reciprocating conditions at the
point of zero velocity. In the latter case, this observation
might be related to the transient contact kinematics. Nev-
ertheless, the origins of these observations are still unclear.
One can mention either the viscoelastic properties of the
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Fig. 10 In situ entrainment velocity of the aggregates compared to
that of the solids (in dashed lines) from the inlet to the outlet zone.
The size of the contact zone from —ay to ay is indicated by means of
the grey area

fluid under pressure or a slip at the wall phenomenon
[6, 46]. In this framework, we seem to show that the
transient local increase in thickness, which is a signature of
the aggregate passage, tends to travel slower than the
entrainment. If the diminution of the propagation velocity
of the carbon nanotubes compared to that of the solids is
not due to the lack of measurement precision, it might be
attributed to a viscous damping effect of the fluid under
pressure.

3.4 Frictional Behaviour of the Dispersions

Figure 11 demonstrates the impact of carbon nanotubes on
the friction behaviour of the lubricants. An entrainment
velocity U, = 0.02 m/s was chosen to ensure that aggre-
gates travel through the contact and there is an increase in
the central film thickness and also to avoid the occurrence
of starvation for highly concentrated dispersions. It is clear
from Fig. 11 that the introduction of carbon nanotubes

0.06
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S L
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Slide over Roll Ratio

Fig. 11 Evolution of the sliding friction coefficient pi;qing as a func-
tion of the SRR at a constant entrainment velocity, U, = 20 mm/s,
and contact pressure P ~ 305 MPa. We can detect a strong impact of
the presence of carbon nanotubes independently of the concentration.
A shift in the onset of wear towards higher SRR occurrence is also
observed for the carbon-nanotube dispersions
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induces a reduction of friction as a function of the SRR,
compared to that obtained with the PAO base oil, at slow
sliding velocity. Moreover, this friction reduction is inde-
pendent of the carbon-nanotube concentration.

Note that first wear scars were observed on the disc
surface for SRRs over 60 % for the PAO base oil although
the onset of wear was delayed to a SRR of over 80 % in the
presence of carbon nanotubes (not shown here, see [29]).

4 Discussion

4.1 Film-Forming Mechanisms: What Happens
in the Inlet Zone?

The conditions in the inlet zone where the pressure is low
and hydrodynamic conditions prevail mainly control the
film-forming mechanisms. The work of Colacicco [3, 4]
and Meunier [6, 7] focused on soot aggregation in lubri-
cation. They both showed that an overconcentration of
soots in the convergent zone can result in a higher viscosity
and thus lead to a thicker central film thickness. However,
the considered soot concentrations are rather high com-
pared to the carbon-nanotube concentrations at stake here,
leading to a larger increase in the bulk viscosity than that
observed in our case. We can also assume that the piezo-
viscous coefficient remains constant with addition of
carbon nanotubes for the concentrations considered.
According to Hamrock—Dowson’s theory for piezoviscous
fluids [45], the knowledge of the viscosity in the inlet zone
and the piezoviscosity of a lubricant allows for the deter-
mination of its fully flooded film thickness for given
experimental conditions. Reciprocally, knowing the film
thickness at entrainment velocities low enough to ensure
fully flooded conditions, leads to the apparent viscosity in
the convergent zone as seen by the contact. This approach
gives an apparent viscosity close to that of the base oil for
the 0.5 % (w/w) dispersion, lower than that measured by
rheometry: this could mean that the concentration of car-
bon nanotubes in the inlet zone differs from that of the
bulk. Figure 12a—c presents the trajectory of large aggre-
gates (indicated with the blue arrow) at the contact
periphery: in a zone larger than 120 pm over the contact
area, they seem to travel away from the conjunction and
their velocity is of the same order of magnitude as that of
aggregates travelling through (indicated with the white
arrow). This also seems consistent with the critical size of
aggregates in the contact.

In pure rolling conditions, these observations can be
tentatively explained using an analysis of flow and back
flow streamlines in an EHL contact as described in [1, 47,
48]. The flow is divided into two regions in the contact
inlet: the first region near the surfaces is where the flow
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Fig. 12 Trajectory of large aggregates at the contact periphery. The
white arrow follows a small aggregate, while the blue arrow shows a
large one. It can be seen from (a) to (c) that small aggregates pass
through the conjunction and large ones deviate to the sides of the
contact. A zone of about 120 pm around the contact area can be
depicted. The time interval between each interferogram is 5 ms and
the flow goes from left to right

U. .

S

passes through the contact and the second region is the
reverse- or back-flow where the flow is partly rejected from
the contact due to the formation of two vortices. The
frontier between these two regions is where the fluid forces
acting on a particle are balanced [1]: a particle located in
the first region has a high probability of being entrained
into the contact while it will be rejected in the second
region. The location of the frontier or stagnation point
depends on the entrainment velocity: an increase in
velocity will induce an enlargement of the back-flow
region to the detriment of the zone of flow. The number of
particles likely to be entrained in the conjunction dimin-
ishes. This analysis tends to explain what we observe in
this study: at entrainment velocities slower than 0.04 m/s,
aggregates of carbon nanotubes are detected in the con-
junction although they remain undetected at faster
entrainment—due to inadequate time resolution. Besides,
an associated increase in film thickness also contributes to
make the aggregate observation difficult: at fast entrain-
ment, the central film thickness is higher than 100 nm.

Microscopic observations show that aggregates thicker
than 100 nm exist in the dispersions. However, they remain
undetected in the conjunction. This might be explained by
a destructuring effect of large aggregates induced by high
shear rates in the convergent zone. Nevertheless, large
aggregates are depicted near the conjunction zone and their
trajectory is presented in Fig. 12. This tends to demonstrate
that only aggregates thinner than 100 nm reach the inlet
zone and specifically the flow region although those thicker
than 100 nm are rejected from the contact in the back-flow
region. The contact inlet, that governs the film thickness,
seems to act as filter of aggregates.

4.2 Influence of Shear on Film Formation

At constant entrainment velocity, interferograms in Fig. 13
illustrate the influence of the increasing sliding velocity on
both the central film thickness and the number of carbon
nanotubes entrained in the contact for the 0.5 % (w/w)
dispersion. Figure 14a quantitatively plots the dependence
of the film thickness with the sliding velocity for the PAO
base oil and the 0.5 % (w/w) concentrated dispersion: the
central film thickness decreases with an increasing sliding

Fig. 13 Contact interferograms showing the influence of shear U on the film thickness and the number of aggregates penetrating in the contact
at constant entrainment velocity, U. = 20 mm/s. Both the film thickness and the number of aggregates decrease as shear increases
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Fig. 14 Quantitative dependence of a film thickness and b surface
fraction of aggregates with the sliding velocity U for the 0.5 % (w/w)
dispersion and the PAO

velocity in the case of the dispersion while it remains
constant for the PAO base oil. This tendency can be
quantitatively described using

hc = hPAO + tO(Uc - Us)a (2)

where U, and 1y are constant. #, is a characteristic time
equal to 4 x 1077 s and U, is the velocity beyond which
the dispersion film thickness is equal to that of the PAO,
i.e., 0.05 m/s. hpao represents the value of the PAO film
thickness.

The number of aggregates penetrating the conjunction
also varies with the sliding velocity as presented in
Fig. 14b in terms of the surface fraction occupied by
aggregates over the whole contact. The surface fraction is
calculated from the ratio between the surface occupied by
aggregates and that of the contact. It clearly shows that the
surface fraction strongly diminishes from 40 % to reach 0
at a U of 0.05 m/s. Similarly, one can consider that

m:%—%, 3)

where ¢ is the surface fraction corresponding to Us = 0
and Uy is a characteristic velocity equals to 0.14 m/s. The
introduction of sliding induces a modification of the forces
experienced by the particles in the inlet zone: the stagna-
tion point shifts towards the slower moving surface and
make the flow asymmetrical as presented in [1]. In our
experiments, we distinguish no or little difference in the

@ Springer

surface fraction occupied by the aggregates penetrating the
conjunction as a function of the nature of the slower
moving surfaces. This may be due to the low interactions
between the surfaces and the carbon nanotubes. No sig-
nificant difference between C* and C~ was observed.
Another difference emerges from the introduction of slid-
ing: in Poiseuille flow, the particles migrate and move near
the surfaces due to the forces of the fluid while in a Couette
flow, these particles remain in the flow central line [1].
With introduction of sliding, the Couette flow is increased:
some of the particles may be pushed to reverse-flow
streamlines. This could explain the enhanced rejection
of particles from the contact inlet as observed in Figs. 13
and 14b.

4.3 Friction-Reduction Mechanisms

4.3.1 How Can We Account for the Reduction of Friction
Observed with the Carbon Nanotubes?

The first assumption to consider is that nanotubes aggre-
gates locally lift the two surfaces while located in the
contact and thus improve the load-bearing capacity com-
pared to that of PAO. Pure rolling experiments at low
entrainment velocity show that the stabilized central film
thickness increases from 10 to 40 nm with the aggregate
concentration, respectively, for the 0.01 and 0.5 % (w/w)
dispersions. This effect is not correlated to the lubricant
viscosity in this considered range of velocities but to the
surface fraction of aggregates within the contact. Rolling—
sliding experiments also evidence the correlation, as pre-
sented in Fig. 15, where the ratio between the 0.5 % (w/w)
dispersion central film thickness and that of the PAO is
plotted as a function of the surface fraction ¢, at
U, = 0.02 m/s. Its evolution can therefore be calculated as
a function of the characteristic constants U, Uy, t, and the
surface fraction ¢; combining Egs. (2) and (3)

Us = Uo(¢o — ¢s) (4)
2
[ ]
o -
3 S/
ﬁ _._,.-'. ®
$ 1¢="—7F tUy/hpso =16
%‘
<
0

0 0.1 0.2 0.3 0.4 0.5
Surface fraction @,

Fig. 15 Evolution of the ratio between the central film thickness of
the 0.5 % (w/w) dispersion and that of the PAO vs the surface
fraction. A linear relation can be established (see Eq. 6)
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he = hppao + to(Ue — Ug - ¢g) + 10 - Up - ¢y, (5)

which gives

h, t to - Ui
=1 (Ue— Uy ) + —— .0
hpao ll:lPA(I)J hpao
M1+ (6)
hpao

Numerical application confirms that h;ﬁ (Uc — Uy - ) <

1 and that % ~ 2 as obtained in Fig. 15. In this frame-

work, the increase in central film thickness leads to a
decrease of the shear rate and thus to a reduction in friction
at low sliding velocity (high surface fraction).

We can thus propose an additive friction law consider-
ing a multi-phasic contact composed of base oil and car-
bon-nanotube aggregates as schematically depicted in
Fig. 16a. The total shear stress results from a contribution
due to the shear of carbon-nanotube aggregates within the

(a)

B carbon nanotube aggregate

[ 1Pra0

Contact area, a,;?

(b) _
&
s 30
g .
4" 20 = &
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g 10| *
o ¢ PAO
— 8
® 840 @ 0.5%
| =
g o
& 0 0.01 0.02 0.03 0.04

Sliding velocity U, (m/s)

Fig. 16 a Schematic representation of the sheared interface lubri-
cated with a carbon-nanotube dispersions (fop view and profile).
b Shear stress versus shear rate for the PAO base oil (filled triangle)
and the high concentrated dispersion (0.5 % (w/w) in filled circle).
The apparent viscosity under pressure (P ~ 305 MPa) of the base oil
can be determined from the linear slope indicated with a continuous
line. The dashed line represents the plastic limiting shear stress for the
PAO

contact and another contribution from the sheared base oil.
The total shear stress, Tgispersions €an be calculated from

Tdispersion = Ps-Tent + (1 — ¢y).Tpao, (7)

where tcont i the shear stress of the carbon-nanotube
aggregates, Tpao is the shear stress of the PAO and ¢ is the
surface fraction of carbon-nanotube aggregates in the
contact. In addition, in EHL, the friction induced by sliding
depends on the rheological behaviour of the lubricant film
under pressure confined between the solid surfaces. This
means that Tgispersion. Tont and Tpao are expected to vary with
the sliding velocity and the contact pressure. Figure 16b
presents the evolution of the mean shear stress of the PAO
and forthe 0.5 % (w/w) dispersion as a function of the sliding
velocity: both curves first increase linearly with the sliding
velocity before they bend off to reach the plastic limiting
shear stress at approximately 25 MPa, represented with a
dashed line in Fig. 16b, for the PAO base oil. This high value
could be related to solid/solid contacts since wear onset was
depicted from a 60 % SRR. The slope of the curves at low
sliding velocity is, respectively, equals to 8 x 10% and 6.10®
Pa s m~! for the PAO and the dispersion. We can assume
that friction mainly originates from viscous contribution for
the PAO, that is to say

n P U.
TPAO = —PAth d ) (8)
C

where npaop is the viscosity under pressure of the PAO
that can be estimated using the Barus’ law and /. is the
central film thickness. Numerical application gives

Meaorp  Us

~9x 10° - U, )
he

TPAO =
in good agreement with the slope on the PAO curve in
Fig. 16b. In the case of the carbon-nanotube aggregates,
the local increase in load-bearing suggests that they are
more likely to contribute elastically to shear. The shear
stress Tcnt can then be calculated from
2(11-1 G- US 7

U. hen

TCNT — (10)

where G is the shear elastic modulus and sy is the thickness
of an aggregate in the contact that is constant at 100 nm.
Combining Egs. (2), (3), (8) and (10), Eq. (7) becomes

[(Uo — Uo - o) paop - Us + paop - UZ]

Tdispersion — Us [hPAO T ( U. — Us)]
+2aH.G. Us ¢ 72(1_[-1.2. Uf
U. hent 0 Ue Uy hent

(11)

From the experimental slope (dtgispersion/dUs)y,—o Of the
0.5 % (w/w) curve in Fig. 16b and the knowledge of ¢,
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npao.ps paos to, Ue, ag, U. and hcnt, One can estimate the
shear elastic modulus G as

<dfdispersion) _ (1= o) - paop + 2aq ¢y
dUs  Jy—o  heao +1o-Uc Ue henr

(12)

Numerical application gives G = 6 x 10° Pa. This is a
right order of magnitude taking into account the high
concentration of the aggregate and the contact pressure at
about 305 MPa [29].

However, if one assumes that the aggregates contribu-
tion to shear is viscous, the shear stress oyt becomes

Us
TCNT = Hentp - @1 (13)

where nenrp is the viscosity under pressure of the carbon-
nanotube aggregate. Following the same methodology, we
obtain

[(Uo — Us - ¢o) teace - Us + teaop - Uz |
Uo[hpao + to(Uc — Uy)] )
Us Nentp U
+ . . — .
Nent p Frent s Us

(dfdispersion) -
T

Numerical application gives nentp = 75 Pa s which cor-
responds to an aggregate viscosity under ambient pressure
of roughly 150 mPa s according to Barus’ law. De Gennes
proposed a scale law to describe polymer solutions in semi-
dilute regime [49]. In this framework, using an analogy
between carbon nanotubes and polymer, the viscosity fol-
lows the concentration with a power law of exponent 5/4.
This would lead us to estimate the local concentration of the
aggregates at 1 % (w/w). This value is also coherent [29].

It is more likely that aggregates contribute both elasti-
cally and viscously to shear. Then the total shear stress
Tdispersion takes the more complex form

[(Uo = Uo - o) eaop - Us + pacp - UZ)

Tdispersion —

hent
(14)

(1- d’o) pao,p b
hpao +1to-Ue  hent

* NNt P (15)

Tdispersion —
disp Uo[hpao + 1o(Ue — Uy)] )
Us Nentp U
+ . . — . =
flenTp hent %0 Up  hent
+ 261]-[ US 261]-[ G U52
Ue “hent " U, Uy hewr
(16)
and
(dfdispersion) _ (1 - d)()) pao.p
dU; v—o hpao +10- U
A o229
+— +—-G). 17
hront fent,p U, (17)
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Unfortunately, we are unable to numerically decouple the
elastic and viscous contributions. Nevertheless, previous
calculations give an overestimate of both contributions.

However, the fact that aggregates improve the load-
bearing capacity is a striking result that is not commonly
observed. In addition, all the scenarios strongly highlight
the role of the nanotubes and their rheology at low sliding
velocity on friction behaviour. As sliding increases, fewer
aggregates penetrate in the contact. At high sliding veloc-
ity, the behaviour of the dispersion is governed by the
rheology of the base oil. For intermediate U, the evolution
of the total shear stress results from a balance of both
previous contributions. The balance is related to the surface
fraction and diminishes as the velocity increases.

5 Conclusions

This experimental approach has allowed the simultaneous
measurement of the film thickness and its heterogeneity
and the frictional properties of carbon-nanotube dispersions
in elastohydrodynamic lubrication regime. We believe that
it brings a better insight into the lubrication mechanisms in
colloidal fluids.

First, under pure rolling conditions, the film-forming
ability is function of the concentration of carbon nanotubes.
At low concentration, the film thickness is governed by the
viscosity of the lubricant, as predicted by EHL theory. At
high concentration, starvation occurs at high velocity due
to the heterogeneity of the dispersion. It results in a
reduction of film thickness. However, the carbon-nanotube
aggregates penetrate and travel through the EHL conjunc-
tion. The carbon nanotubes are chemically inert and do not
adsorb on the considered surfaces. The in situ visualization
at low velocity shows an induced local transient increase in
thickness at approximately 100 nm, independently of the
concentration. Therefore, one can assume that the contact
inlet behaves as a filter of aggregates. In addition, the in
situ visualization associated with high-speed recording
camera allows one to quantitatively describe the carbon-
nanotube aggregate propagation in terms of velocity dis-
tribution along the contact: they slow down in the first half
of the conjunction in relation with possible damping vis-
cous effect.

In a second step, the frictional behaviour of the disper-
sions has been determined by means of sliding experiments
and is accounted for using the interface rheology under
pressure and an additive friction law depicting the instan-
taneous multi-phasic contact as composed of base oil and
carbon-nanotube aggregates. We conclude that the addition
of carbon nanotubes clearly reduces the friction. This
originates from the transient passage of the aggregates in
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the contact. At low sliding velocity, the aggregates prop-
agate easily within the contact and their presence control
the friction response. At high sliding velocity, shear indu-
ces a reduction of the number of aggregates passing
through the contact and the friction response is dominated
by the rheological behaviour of the base oil under pressure.
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