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Tribochemistry of tetrahedral hydrogen-free amorphous carbon 
coatings in the presence of OH-containing lubricants

C. Matta1, M. I. De Barros Bouchet1, T. Le-Mogne1, B. Vachet1, J. M. Martin1,*,† 
and T. Sagawa2

1Laboratory of Tribology and System Dynamics, Ecole Centrale de Lyon, 69134 Ecully, France
2Materials Engineering Department, Nissan Motor Co., Ltd., 6-1, Daikoku-cho, Tsurumi-ku, Yokohama, Japan

ABSTRACT

Diamond-like carbon (DLC) fi lms are gaining attention for its use in a wide range of tribological applications 
because of their low friction coeffi cient and high wear resistance. Recently, ultra-low friction or superlubricity 
as low as 0.006 has been observed between hydrogen-free DLC fi lms lubricated with oil containing a glycerol 
mono-oleate (GMO) additive. Consequently, there are many efforts to understand their detailed tribological 
behaviour. In this study, fi rst, a characterisation of a pristine hydrogen-free tetrahedral amorphous DLC coating 
(denoted as ta-C) is presented. The technique used for ta-C characterisation is the energy-fi ltered transmission 
electron microscopy studied on a focus ion beam cross section of the coating. Then, to simulate the action of 
GMO, which is used as an additive in engine oils, and to understand its mechanism of action in boundary lubri-
cation conditions, simple and shorter molecules such as pure glycerol and hydrogen peroxide are used in friction 
tests. These two molecules and GMO have the same alcohol chemical function. Friction tests in the presence of 
pure glycerol and hydrogen peroxide are presented. Moreover, to understand the properties of these two molecules, 
the overtone of GMO and their reaction mechanism in boundary lubrication, liquid phase lubrication was simu-
lated by gas phase lubrication. Results show that very low friction coeffi cients are obtained with no apparent 
wear. Finally, the mechanisms of ultra-low friction are investigated by the wetting method and the X-ray photo-
electron spectroscopy (XPS) technique. These two techniques are used to identify the physical (wetting method) 
and chemical (XPS) changes occurring at the ta-C surface after friction. Copyright © 2007 John Wiley & Sons, 
Ltd.
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INTRODUCTION

The automotive industry is seen as a major source of pollution and is accused to have a major contri-

bution to global warming. For this reason, along with the growing concern around the world on 
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environment protection, the cars of tomorrow will have to meet new economical and environmental 

requirements. In response to this necessity, the automotive and oil industries are playing on all pos-

sible technologies to reduce fuel consumption in vehicles and harmful elements in lubricants. Coated 

products, especially diamond-like carbon (DLC) coatings, are part of the solution because of their low 

friction coeffi cient and high wear resistance.1–7

In the market today, different kinds of DLC coatings exist depending on the deposition process and 

the supplier8,9; therefore, different tribological properties and behaviour can be obtained. DLCs can 

be divided into two most important categories, hydrogenated amorphous carbon (a-C:H) and hydro-

gen-free tetrahedral amorphous carbon (ta-C), which is actually used in engine components to improve 

fuel economy. Recently, for the fi rst time in the world, ta-C DLC gave friction as low as 0.006 during 

a friction test in boundary lubrication conditions with environmentally friendly poly-alpha olefi n base 

oil containing a glycerol mono-oleate (GMO) additive.10,11 GMO is an ester usually used as friction-

reducing additive in engine oils. The mechanism by which friction is reduced in the presence of this 

additive is not clear. Consequently, and with the increasing demand for the knowledge of the action 

mechanism, fi rst, by the oil industry to improve oil formulation and, second, by the DLC suppliers to 

improve and expand the use of these fi lms to even more wide range of applications, there are many 

efforts to understand the properties of this lubricant and its detailed mechanism of action in boundary 

lubrication conditions.

Gas phase lubrication is a new method for studying the mechanisms of boundary lubrication.12,13 

The gas molecules are used to simulate the chemical functional groups of additives without providing 

any mechanical and rheological contributions. Moreover, no cleaning of the tested surfaces is required, 

so pollution by solvents used to clean the samples is avoided. This is a promising way to predict and 

understand the action mechanism of individual additives as well as the synergistic interactions between 

additives in oil formulations, and also to confi rm the data of numerical simulations by computational 

chemistry, which takes into account tribochemical reactions.

In the present study, a new analytical ultra-high vacuum (UHV) tribometer dedicated to model 

tribochemical reactions of additives by gas phase lubrication was used. In a previous work,10 the 

effect of GMO on the friction properties of ta-C coating was evaluated, and ultra-low friction was 

obtained. Therefore, in this new paper, to understand the origin of this ultra-low friction, pure glycerol 

and hydrogen peroxide were used to simulate the action of GMO because they contain the same 

alcohol chemical function and are simple molecules that can be easily introduced under the gas 

phase. Experiments in the liquid phase were done prior to the experiments in gas phase lubrication 

in order to compare the results with those obtained in gas phase lubrication and to validate our 

methodology. Before friction tests, a characterisation of the pristine ta-C coating was done by 

energy-fi ltered transmission electron microscopy (EFTEM) studied on a focus ion beam (FIB) cross 

section of the sample. This step is necessary and crucial because it allows perfect identifi cation of the 

structure of this kind of coating, from the extreme surface until the interface with steel substrate, 

as the main goal of this paper is to elucidate the reaction mechanism of OH-containing lubricants 

on a ta-C material. Then after the friction tests, wetting measurement and X-ray photoelectron 

spectroscopy (XPS) analysis were done to characterise the structural transformations of the coating 

and the chemical bonding of the possible self-lubricating layer established with friction in the presence 

of OH-containing lubricants. The results of this paper and those recently published by De Barros 

Bouchet et al.,14 which will be briefl y reviewed in the Results section, allow the proposition of a 

friction model related to the tribological behaviour of ta-C in the presence of OH-containing 

lubricants.
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EXPERIMENTAL DETAILS

ta-C Coatings Preparation

The ta-C DLC coating was applied to polished AISI 52100 bearing steel fl ats, cylinders and pins to a 

thickness of 0.9 µm from a graphite target by cathodic arc-ion plating, a physical vapour deposition 

process.15 The coatings had a surface roughness of about 30 nm in RMS and contained less than 0.5 

at. % of hydrogen.14

Characterisation of ta-C Coating by EFTEM Studied on an FIB Preparation

TEM samples were prepared by the FIB technique.16,17 A transversal cut of a pristine ta-C surface was 

performed to obtain a 100-nm-thick cross section. To preserve the top of the coatings from damage 

and surface transformation that may occur during FIB nanomachining, a Pt layer was previously 

deposited on the DLC coating before nanomachining by a Ga+ ion beam. TEM experiments were 

performed on a LEO 912 energy-fi ltering transmission electron microscope (Carl Zeiss SMT, Nanterre, 

France) with a cold-stage holder at −170°C, in order to avoid irradiation damage. TEM microscope 

operating with an accelerating voltage of 120 kV and equipped with an omega energy fi lter was used. 

The presence of this omega fi lter inside the microscope column allows electron spectroscopic imaging 

to be performed. This method is based on the extraction of selected area PEELS spectra from a series 

of energy-loss images. Observations were also performed in transmission mode to obtain a carto-

graphic image of the FIB preparation.

Friction Test Experiments

Liquid Phase Friction Tests. Liquid phase lubrication tests were performed in a Cameron-Plint tri-

bometer (Plint and Partners, Wokingham, UK) with a cylinder-on-fl at confi guration and a reciprocat-

ing movement. Before the test, both ta-C-coated samples, fl at and cylinder, were cleaned with heptane 

and alcohol in an ultrasonic bath, then friction tests were performed at 80°C (dynamic viscosity of 

glycerol is 28.2 × 10−3 Pa⋅s at 80°C), with a sliding speed of 0.01 m⋅s−1 under a normal load of 315 N 

(corresponding to a maximum contact pressure of 0.8 GPa) for 1 h. In these testing conditions, the 

boundary lubrication regime was clearly achieved with a calculated lambda ratio lower than 0.07, and 

the tribofi lm formed covered a rectangular area of 5 × 7 mm2.

Each friction experiment was repeated four times under the same conditions to check the reproduc-

ibility of the measurements.

Gas Phase Friction Tests. Gas phase lubrication tests were performed in an environmentally control-

led tribometer developed in our laboratory. Friction experiments were carried out with a pin on fl at 

confi guration and a reciprocating movement in a UHV chamber. Prior to friction tests, the samples 

were cleaned with heptane and alcohol in an ultrasonic bath then introduced to the UHV chamber, 

where they were heated at 150°C to eliminate surface contamination. The gaseous environment 

was controlled by introducing the desired gas into the UHV chamber through a precision leak valve 

until the chamber pressure reaches the desired value. The pressure can be varied from 10−9 to 103 hPa, 

and at low partial pressure, the purity of the gas is monitored by a residual gas analyser (Imfi con 

France). Because heavy molecular weight compounds are diffi cult to introduce into the vacuum 

chamber, small molecules were used as model molecules of friction modifi ers (hydrogen peroxide and 
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glycerol). Once the desired gas pressure was attained, friction tests were carried out at 80°C, with a 

sliding speed of 1 mm⋅s−1 under a normal load of 1 N (corresponding to a maximum contact pressure 

of 341 MPa). The steady-state friction coeffi cient limits the test duration. At gaseous pressures below 

10−3 hPa, the system was continuously pumped down during the introduction of the gas, and a dynamic 

fl ow was achieved. At higher pressures, the vacuum chamber was isolated from the pumping system, 

and a static environment was achieved. In both cases, the partial pressure was measured with a 

capacitive gauge.

Each friction experiment was repeated four times under the same conditions to check the reproduc-

ibility of the measurements.

Wetting Method

A pocket goniometer model PG-X (Fibrosystem AB, Sweden) was used. A drop of distilled water, a 

polar solvent characterised by the absence of chemical interaction with carbon, was applied auto-

matically to the ta-C surface using a micro-pipette (Fibrosystem AB, Sweden). Images of the drop in 

contact with the ta-C surface were continuously captured at full video speed. Wetting was measured 

as contact angle, which is formed by the substrate and the tangent to the surface of the liquid droplet 

at the contact point marked as ‘C’ in Figure 1. The contact angle measurement is a precise empirical 

tool to determine the interaction between a liquid (surface tension) and a substrate (surface free 

energy). It must be emphasised that contact angle is not a property of the liquid or the substrate but 

the interaction between the two, and that the wettability in a contact system such as this type is due 

solely to van der Waals forces.

Surface Analyses (XPS)

After friction tests, XPS analyses were carried out inside and outside the tribofi lm. The monochromatic 

X-ray source used was an AlKα X-ray radiation, the electron spectrometer detector was a VG 220I 

(Thermoelectron, France) and the diameter of the spot was 1.3 mm. The photopeaks were fi tted using 

a Shirley background, and the quantifi cation was made with the Scofi eld table of sensibility factors. 

XPS technique allows to characterise the surface chemistry and to connect it with the observed tribo-

logical behaviour.

Figure 1. Contact angle measurement at the contact point marked as ‘C’.
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RESULTS AND DISCUSSION

Structural Characterisation of Pristine ta-C Coating

ta-C is known to be a metastable form of amorphous carbon containing a signifi cant fraction of sp3 

bonds with high mechanical hardness, chemical inertness, optical transparency and semiconductor 

behaviour. Depending on the deposition process and the supplier, the properties and tribological 

behaviour of the ta-C fi lms are not the same; hence, the necessity to characterise the ta-C fi lm used 

in this study.

Table I summarises the properties of this ta-C coating and the methods used for the characterisation, 

with references detailing the different techniques.

Figure 2 shows a general view of the FIB cross section by EFTEM, recorded at 180 eV. This image 

reveals easily the presence of the Pt layer used to protect the ta-C coating during nanomachining, the 

steel substrate and a 750-nm-thick ta-C coating. It also reveals the presence of a thin metallic chromium 

interlayer used to improve adhesion between the carbon coating and the steel substrate. In order to 

characterise accurately the coating, an EFTEM image recorded at 30 eV energy loss, energy corre-

sponding to the σ/σ* transition, was done (Figure 3a). It essentially revealed a homogeneous tetrahe-

dral amorphous carbon structure. Also, a plasmon electron energy loss spectra (PEELS) of ta-C coating 

was done (Figure 4) and was compared with the PEELS of diamond, graphite and thin amorphous 

carbon fi lm. PEELS revealed that the ta-C structure is close to diamond, which also confi rms the 

homogeneous tetrahedral amorphous carbon structure resulting from the previous TEM study. A TEM 

image at a higher magnifi cation on the top of the coating shows the presence of a very thin layer at 

the extreme surface (data not shown). To characterise this thin layer an EFTEM image was performed 

at 6 eV energy loss, the energy corresponding to the π/π* transition in graphitic carbon (Figure 3b). 

In these conditions, the very thin layer of 2 nm thick becomes bright confi rming the presence of gra-

phitic carbon at the top surface of the coating. At this stage, the coating can be described as composed 

of an interlayer near the substrate, a main coating essentially composed of sp3 hybridized carbon 

as Kano et al. X-Ray Absorption Near Edge Structure (XANES) studies revealed10 and a very thin 

graphitic layer at the extreme surface, which is the place of tribochemical reactions in boundary 

lubrication.

Table I. ta-C properties and characterisation methods.

 ta-C Properties Characterisation method Reference

Surface roughness (nm) 30 ± 10 AFM 14
Hardness (GPa) ≈65 Nanoindentation 14
Young’s modulus (GPa) ≈650 Nanoindentation 14
Hydrogen content (at. %) <0.5 DSIMS 14
Carbon sp3 hybridization 70–80% XANES 10
  AES 14

ta-C: hydrogen-free tetrahedral amorphous carbon.
AFM: Atomic Force Microscopy.
DSIMS: Dynamic Secondary Ion Mass Spectrometry.
XANES: X-Ray Near Edge Structure.
AES: Auger Electron Spectroscopy.
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Figure 2. Energy-fi ltered transmission electron microscopy image at 180 eV energy loss obtained on a focused 
ion beam cross section of a ta-C-coated steel substrate. DLC: diamond-like carbon; 

ta-C: hydrogen-free tetrahedral amorphous carbon.

Figure 3. Energy-fi ltered transmission electron microscopy image obtained on a focused ion beam cross 
section of a pristine steel sample coated with hydrogen-free tetrahedral amorphous carbon (ta-C) at 

(a) 30 eV energy loss and (b) 6 eV energy loss.
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Tribological Behaviour of ta-C in the Presence of OH-Containing Lubricants

Liquid Phase Lubrication Tests. Friction properties of a ta-C/ta-C couple in the presence of pure 

glycerol are presented in Figure 5 and compared with a steel/steel couple. As can be seen, ta-C exhib-

ited ultra-low friction (∼0.025) with no apparent wear (Figure 6b) compared with steel, which exhib-

ited high friction (∼0.16) and strong wear (Figure 6a).

Other friction tests were done in the presence of H2O2 (data not shown), and because of corrosion 

problems of steel and ta-C-coated steel in the presence of this lubricant, another friction test was done, 

where H2O2 was used as a run-in before glycerol lubrication (Figure 5c). ta-C showed the same tri-

bological behaviour but with a better running-in period, where friction was divided by a factor two. 

For both runs of ta-C, no apparent wear was found (Figure 6b and 6c) and the formation of a tribofi lm 

with a blue-pink pigmentation (the origin of the pigmentation is still unknown) was observed. Scan-

ning Electron Microscopy (SEM) images done inside and outside the tribofi lm (Figure 7) revealed 

that a process of polishing occurred during friction.

In order to clarify the reason of the better run-in period, contact angle measurements were done to 

check out the wettability of the ta-C surface before and after friction tests. Results, shown in Figure 

8, reveal the best wettability with a contact angle of 35°, when ta-C is run-in with H2O2 before glyc-

erol lubrication (Figure 8d), while pristine ta-C surface presented the worst wettability with a contact 

angle of 95°. The ta-C lubricated with glycerol and that immersed in H2O2 presented similar contact 

angles (∼72°). It is seen that we increase the hydrophilic properties of the ta-C surface when a run-in 

Figure 4. Plasmon electron energy-loss spectra of virgin hydrogen-free tetrahedral amorphous carbon (ta-C), 
diamond, graphite and thin amorphous carbon fi lm.
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with H2O2 occurs before glycerol lubrication, and this may be the cause of the better transient period 

under friction. So the ta-C surface is more reactive when treated with H2O2, overtone when the hydrox-

ylation of the surface occurs before glycerol lubrication because H2O2 and the sp2 carbon bonds present 

at the top surface of the coating can react together to form OH-terminated surfaces according to the 

well-known reaction of sp2 alkyl group in the presence of H2O2. The hydroxylation of the surface is 

strongly supported by Time of Flight-Secondary Ion Mass Spectrometry (ToF-SIMS) experiments 

performed on a ta-C surface lubricated with deuterated glycerol molecules.14

Gas Phase Lubrication Tests. To better understand the hydroxylation of the ta-C surface, further fric-

tion tests in the gas phase were done. Figure 9 shows the evolution of the friction coeffi cient versus 

Figure 5. Friction coeffi cient in lubricated tests versus the sliding distance of a: (a) steel/steel couple (grey) 
lubricated by glycerol; (b) ta-C/ta-C couple (black), lubricated by glycerol; and (c) ta-C/ta-C couple treated 

with H2O2 then lubricated with glycerol (dotted). ta-C: hydrogen-free tetrahedral amorphous carbon.

Figure 6. Optical image of fl at wear scar on: (a) steel; (b) ta-C lubricated by glycerol; and (c) ta-C treated with 
H2O2 then lubricated with glycerol. ta-C: hydrogen-free tetrahedral amorphous carbon.
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the sliding distance of ta-C in the presence of different vapour pressures of glycerol. First, the friction 

properties of ta-C were investigated in vacuum (Figure 9a), and high friction coeffi cient was observed. 

This result is in agreement with the literature,18 in which high friction results from the interaction 

between C-dangling bonds. The introduction of 10−2 hPa of glycerol vapour pressure decreases the 

friction until 0.05 (Figure 9c), which is in good correlation with the result observed in the liquid phase 

Figure 7. Hydrogen-free tetrahedral amorphous carbon surface lubricated by glycerol view by SEM 
(a) outside the track and (b) inside the track. Black dots are holes in the coatings.

Figure 8. Wetting test of a hydrogen-free tetrahedral amorphous carbon surface: (a) pristine; (b) pristine 
immersed in H2O2; (c) in the wear scar after friction in presence of glycerol; (d) in the wear scar after 

treatment with H2O2 then friction in presence of glycerol.
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at the same sliding distance. Also, the presence of an induction period was noticed, which is necessary 

and in agreement with the occurrence of tribochemical reactions. When the ta-C surface is hydroxy-

lated with H2O2 before lubrication with glycerol (Figure 9d), the induction period was divided by a 

factor two and the steady-state friction coeffi cient was the same as obtained previously in liquid phase 

lubrication. These results confi rm, fi rst, that the simulation of the liquid phase by the gas phase is a 

very good tool to study tribochemistry and, second, that the hydroxylation of the ta-C surface may be 

the reason for the ultra-low friction of the fi lms in the presence of OH-containing lubricants.

To check the last point, XPS analyses were done on the ta-C fl at lubricated with pure glycerol after 

the liquid phase lubrication test. C1s photopeaks were recorded inside and outside the tribofi lm in 

order to clarify the material change on the ta-C surface under friction. C1s photopeak on a pristine 

ta-C surface was also recorded as a reference. XPS result of the pristine ta-C coating (Figure 10a) 

reveals the presence of a C1s peak at 284.8 eV. This peak corresponds to C-C and C-H bonds of the 

ta-C coating. XPS results inside the tribofi lm (Figure 10b) reveal not only the presence of the former 

C1s peak at 284.8 eV as a main peak but also two other contributions of carbon. One at 286.7 eV 

attributed to the C—C—OH and/or C—O—C bonds present in signifi cant quantities, and the other at 

289.2 eV attributed to a C=O bond. While outside the tribofi lm (Figure 10c), these two other contri-

butions of carbon are present, but they are insignifi cant. Therefore, the presence of C—C—OH and/or 

C—O—C bonds at 286.7 eV recorded in important quantities only in the tribofi lm seems to confi rm 

the hydroxylation of the ta-C surface during friction and seems to enlighten the reason for the better 

induction period when H2O2 is used as a run-in before glycerol lubrication. These results are in cor-

relation with other surface analysis techniques used by De Barros Bouchet et al.14

All the present results allow us to propose a schematic view (Figure 11) for the ta-C top surface 

hydroxylation in the presence of glycerol or other OH-containing lubricants. The mechanism of 

Figure 9. Friction coeffi cient versus the sliding distance of ta-C/ta-C couple at 80°C: (a) in ultra-high vacuum; 
(b) in an atmosphere of glycerol vapour at 10−4 hPa; (c) in an atmosphere of glycerol vapour at 

10−2 hPa; and (d) in an atmosphere of glycerol at 10−2 hPa after saturation the ta-C surface with H2O2. 
ta-C: hydrogen-free tetrahedral amorphous carbon.
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ultra-low friction of ta-C is due to the formation of a very low friction tribofi lm. This tribofi lm is 

formed during friction by, fi rst, the hydroxylation of the top surface of the ta-C coatings, then, second, 

by the possible formation of a low-energy van der Waals interaction between the OH-terminated carbon 

fi lm surface and the OH-terminated lubricant.

SUMMARY AND CONCLUSION

In the present paper, the characterisation of the ta-C coating using a very promising technique, the 

FIB coupled with EFTEM, revealed the presence of a thin graphite layer on the extreme surface of 

the ta-C coating deposited by cathodic arc-ion plating.

Ultra-low friction coeffi cient was obtained by sliding a ta-C/ta-C pair in the presence of pure glyc-

erol. And by using H2O2 as a run-in before glycerol lubrication, the induction period was reduced 

because the hydroxylation was induced by H2O2 before friction, while in the presence of glycerol, the 

Figure 10. C1s photopeaks recorded (a) on pristine ta-C surface, (b) inside the tribofi lm of a ta-C surface after 
friction in presence of pure glycerol and (c) outside the tribofi lm of a ta-C surface after friction in presence of 

pure glycerol. ta-C: hydrogen-free tetrahedral amorphous carbon.
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Figure 11. Possible fi nished surface chemistry of ta-C coatings in the presence of OH-containing lubricants. 
ta-C: hydrogen-free tetrahedral amorphous carbon.

hydroxylation was induced during friction as revealed by the XPS analyses. Similar results were 

obtained in the gas phase and liquid phase lubrication, which validate our experimental simulation.

The mechanism of the ultra-low friction of ta-C is due to the formation of a self-lubricating layer 

formed during friction by the hydroxylation of the thin graphitic layer present at the top surface of 

the ta-C coatings in the presence of OH-containing molecules. This hydroxylation is strongly supported 

by ToF-SIMS experiments performed with deuterated glycerol molecules by De Barros Bouchet 

et al.,14 the use of a vacuum tribometer for gas phase experiments and the very good wettability 

of the tribofi lm by pure water. The ultra-low friction seems to be due to the possible formation of 

low-energy van der Waals interaction between the OH-terminated carbon fi lm surfaces and the OH-

containing lubricant.

Based on these fi ndings, the oil industry would be able to formulate new environment-friendly oils 

rich in OH-containing additives for engines parts coated with ta-C. And pure glycerol coupled with 

ta-C may be promising candidates in the fi eld of biotechnology applications.
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The anomalous low friction of diamondlike carbon coated surfaces lubricated by pure glycerol was observed
at 80 °C. Steel surfaces were coated with an ultrahard 1 µm thick hydrogen-free tetrahedral coordinated carbon
sta-Cd layer produced by physical vapor deposition. In the presence of glycerol, the friction coefficient is below
0.01 at steady state, corresponding to the so-called superlubricity regime swhen sliding is then approaching
pure rollingd. This new mechanism of superlow friction is attributed to easy glide on triboformed OH-
terminated surfaces. In addition to the formation of OH-terminated surfaces but at a lower temperature, we
show here some evidence, by coupling experimental and computer simulations, that superlow friction of
polyhydric alcohols could also be associated with triboinduced degradation of glycerol, producing a
nanometer-thick film containing organic acids and water. Second, we show outstanding superlubricity of steel
surfaces directly lubricated by a solution of myo-inositol salso called vitamin Bhd in glycerol at ambient
temperature s25 °Cd. For the first time, under boundary lubrication at high contact pressure, friction of steel is
below 0.01 in the absence of any long chain polar molecules. The mechanism is still unknown but could be
associated with friction-induced dissociation of glycerol and interaction of waterlike species with steel surface.

DOI: XXXX PACS numberssd: 62.20.Qp, 82.40.2g

I. INTRODUCTION: SUPERLUBRICITY AND

LUBRICATION BY GLYCEROL

Among all physical phenomena, friction perhaps poses
one of the greatest challenges to the scientific and industrial
communities and is directly linked to energy efficiency. Con-
sidering that in most industrialized nations, the annual cost
of friction and wear-related energy and material losses is
estimated to be 5%–7% of their gross national products, the
further reduction sor even eliminationd of friction in all kinds
of moving mechanical systems would be extremely benefi-
cial to the economical well being of all nations.

The term “superlubricity” was first used by Motohisa
Hirano and Kazumasa Shinjo in 1990 to describe a theoreti-
cal sliding regime in which friction or resistance to sliding
completely vanishes.1 Historically, the earliest studies on su-
perlubricity started in the mid-1980s, but the real progress
occurred during the 1990s. In particular, theoretical studies
by Sokoloff2 and Hirano predicted the existence of such su-
perlubricious states between weakly interacting, atomically
smooth surfaces. Other researchers also confirmed that such
a state of near-zero friction may indeed exist between sliding
surfaces of a number of solid materials that are brought into
intimate contact in an incommensurate or ideally misaligned/
misfit fashion. By bringing such surfaces from a commensu-
rate to an incommensurate state, these researchers were able
to observe a clear transition from a pure stick slip sindicative
of high frictiond to smooth sliding sindicative of no frictiond.
It should be noted that superlubricity is theoretically appli-
cable to vanishing of static friction but kinetic friction, which
is velocity dependent, can survive. Unfortunately, we are

presently unable to measure friction coefficients at values
below 10−3. More details can be found in a recently pub-
lished book on superlubricity.3

Very low friction coefficients under moderate contact
pressures smegapascal ranged in tribological systems are well
explained by hydrodynamic and elastohydrodynamic sEHDd
lubrication regimes. It is the case for journal bearings with
oil and skiing or skating with water, for example. When pres-
sure is a few thousand times higher, such hydrodynamic
films cannot formed and friction is typically in the 0.1 range.
We briefly explain how the friction coefficient can be calcu-
lated in these conditions. The traditional Amontons friction
law F=mW relates the friction force F to the normal load via
the friction coefficient m. The Bowden and Tabor4 model of
friction provides a good starting point for understanding how
a thin interface film can drastically reduce the friction coef-
ficient. The friction coefficient is assumed to depend on the
normal load W, the real contact area A, and the shear strength
S of the interfacial tribofilm sor film transferd as

m = S .
A

W
. s1d

The shear strength S of solids at high pressure is generally
observed to be pressure dependent, which can be approxi-
mated by5

S = S0 + aP . s2d

According to the Hertzian contact theory sbelow the elastic
limitsd, and in the sphere-on-plane configuration, the friction
coefficient m depends of three variables as6
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m = S0ps3R

/4Ed2/3W−1/3 + a , s3d

where E is the composite elastic modulus of the contacting
materials and R is the radius of the sphere. This simplified
model assumes that the real contact area corresponds to the
Hertzian zone, as calculated in Eq. s3d. Therefore, friction
measurements at different normal loads can be useful to de-
termine S0 and a values in a given tribological system. How-
ever, Eq. s3d indicates that the minimum friction coefficient
value is a so that the friction cannot vanish completely. For
example, friction experiments performed on MoS2 coatings
under different atmospheres7–11 have led to a=0.001. On the
other hand, if the shear strength of the interface is very low,
say 25 MPa, m is predicted to be a few thousandths sm
,0.01d, making the measurement of friction very difficult.
The accuracy of mechanical devices measuring the friction
tangential force and the normal load simultaneously makes it
difficult to quantify the friction for m,0.01, which we refer
to as extremely low friction or superlubricity.

In the case of very thin interface films such as
H-terminated surfaces on carbon materials, or very thin tri-
bofilms sthickness below 2 nmd, it is not certain that Eq. s2d
and s3d are still valid and the existence of a limiting value to
the lowest friction attainable remains questionable. Superlu-
bricious situations were predicted and observed only in ul-
trahigh vacuum sor inert gasd since 1993 by different
authors.7,11–13

Concerning lubrication by polyhydric alcohols and par-
ticularly glycerol C3H8O3, selective transfer was the name
given in the 1970s to various phenomena involving copper-
based materials and ferrous surfaces as friction pairs. It was
widely reported to produce extremely low friction in the
technical literature of the former USSR. Basically, the
mechanism was attributed to the formation of a beneficial
metallic film, possibly copper, which has an ability to reduce
friction. Later, in the 1990s, the role of colloidal and gel-like
products, which result from the tribochemical reaction, was
emphasized and the rheology of the colloidal film was
thought to play the key role in the friction reduction. At this
point, interest of Western tribologists in these ideas was neg-
ligible mainly due to the ambiguous definition of the selec-
tive transfer mechanism and also low access to Russian lit-
erature. However, a recent article on this matter was
published in 2006 by Ilie.14

Superlubricity experiments in ultrahigh vacuum have al-
ready been reported in the literature by some of us, first in
1993 using stoichiometric MoS2 coatings,7 in 1996 using hy-
drogenated carbon films a-C:H,15 and recently in 2007 using
ta-C carbon films and glycerol.15 However, superlubricity
has never yet been approached using lubrication of steel sur-
faces in practical situations. Friction coefficients below 0.05
under boundary lubrication of steel samples have never been
reported in the literature.

Here, we are most interested in the use of polyhydric
alcohols sor polyolsd to lubricate different material combina-
tions used in practical situations including silicon and steel.
Figure 1 shows chemical formula of well known polyols and
particularly cyclic hexols, scyclitolsd such as phenol, resorci-
nol, pentaerythritol, and myo-inositol. In the past, these poly-

ols have been widely used to synthesize the corresponding
esters as lubricant base oils. However, no attempt has been
made to evaluate the intrinsic tribological properties of such
polyhydric alcohols. In this work, we will focus on glycerol
and myo-inositol that is classified as a member of the vitamin
B complex soften referred to as vitamin Bh, as in the vita-
mins and health supplements guided although it can be syn-
thesized by the human body. The chemical formula of myo-
inositol is C6H12O6. In its most stable geometry, the inositol
ring is in the chair conformation. There are nine stereoiso-
mers, all of which may be referred to as inositol. However,
the natural isomer has a structure in which the first, third,
fourth, fifth, and sixth hydroxyls are equatorial, while the
second hydroxyl group is axial. All these polyol molecules
sincluding glycerold are relatively small and have different
shapes such as spherical, crab shape or spider shape, etc.
They do not contain aliphatic chains like most of amphiphilic
molecules used in traditional lubricants. In this paper, we
show and discuss results obtained with glycerol on steel,
diamondlike coatings sDLCsd and silicon surfaces, and myo-
inositol directly on steel.

II. EXPERIMENTAL PART

The sliding tests were performed using a reciprocating
cylinder-on-disk tribometer sSRVd and the lubricant was sup-
plied on the disk before the test by putting a few droplets s5
ccd of the test oil heated at 80 °C. The cylinders s18 mm
diameter and 22 mm longd were made of AISI 52100 steel
and were polished to a surface roughness of Ra equal to
0.05 m. The disk has a diameter of 24 mm and is 7.9 mm
thick, and it is made of carburized steel. The cylinder was
loaded on the stationary disk by a force of 400 N that gen-
erated a maximum contact pressure of 270 MPa. The width
of the wear track was 3.0 mm at 50 Hz reciprocating move-
ment and the duration of the test was 15 min. In these con-
ditions, the sliding speed is 0.3 m s−1. In these testing con-
ditions and assuming a ta-C coating surface roughness of
about 30 nm, a mixed EHD and boundary lubrication regime
was achieved, indicating that any lubricant film inside the
contact has a nanometer scale thickness.

The gas phase lubricated friction experiments and the
UHV friction tests were carried out with a reciprocating pin-

FIG. 1. . Chemical formula of some polyhydric alcohols: glyc-
erol, pyrogallol, resorcinol, pentaerythritol, and myo-inositol salso
called vitamin Bhd. All these molecules are small and have different
shapes such as spherical, crab shape or spider shape. They do not
contain aliphatic chains like most of amphiphilic molecules used in
traditional lubricants. In this study, we focus on glycerol and
myo-inositol.
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on-flat tribometer located in an UHV chamber equipped with
a gas analyzer to follow partial pressure of introduced gases
during the friction test. This new apparatus called environ-
mentally controlled tribometer sECTd displays several ad-
vantages. First, it allows to monitor the introduced gas pres-
sure from 10−9 to 103 hPa and in addition to pure gas, gases
mixtures can also be introduced. Second, the temperature of
the flat specimen can be controlled from liquid nitrogen tem-
perature to 600 °C ssee details on this tribometer in16d. The
stationary hemispherical pin was loaded against the flat at
80 °C by a force of 1 N that generated a contact pressure of
345 MPa and the sliding speed was 0.001 m s−1. Only
boundary lubrication is present in these conditions.

The reciprocating pin-on-flat sliding tests conducted in
the liquid phase were also used. The hemispherical pin, 10
mm long, presents a radius of curvature of 8 mm and was
made of hardened bearing steel sAISI 52100d and polished to
a surface roughness of Ra 0.05 micron. The flat measured
103832 mm3 was also made of AISI 52100 steel. The
contact pressure at the sliding interfaces was varied from 330
to 830 MPa. The sliding speed was constant at 0.003 m s−1.
Lubrication was provided by an oil bath at room temperature
s23 °Cd.

The ta-C DLC coating was applied to the polished carbur-
ized steel disk and the hardened steel pins to a thickness of
0.5 m from a graphite target by arc-ion plating, a physical
vapor deposition sPVDd process, and did not contain hydro-
gen. The hydrogen-containing DLC sa-C:Hd coating was ap-
plied to the polished carburized steel disk and hardened steel
pins to a 1.0 m thickness by a plasma-assisted chemical va-
por deposition process from hydrocarbon gas and contained
about 20 at. % of hydrogen. We evaluated the friction prop-
erties of two DLC couples sta-C and a-C:Hd lubricated with
glycerol at 80 °C and under ultrahigh vacuum sUHVd in
order to clarify the origin for superlow friction. The ta-C
coating was deposited by PVD using cathodic arc plating.15

The percentage of sp3 sites in the ta-C coating is 90% as
calculated from x-ray appearance near-edge structure
experiments.17 This result is consistent with the high values
measured by nanoindentation for hardness s,65 GPad and
Young modulus s650 GPad.17 In addition, secondary ion mass
spectroscopy sSIMSd profiling experiments detected no hy-
drogen in the bulk of the ta-C coating.3,17 Thus, the carbon
coating mostly corresponds to “amorphouslike diamond” or
tetrahedral amorphous carbon sor ta-Cd, in the carbon-
hydrogen phase diagram terminology of Robertson.18

The glycerol tested in this study is a commercial product
from Carlo Erba. Its purity is estimated to be 99.5% and its
density is 1.257 at 25 °C. The commercial myo-inositol is
provided in the form of white powder by Acros Organics Co.
Its purity is estimated to be more than 98%. To carry out the
tribological tests, it is diluted in glycerol with a concentra-
tion of 1% in mass. Deuterated glycerol was a commercial
product from Isotec Co.

Because the situation is far beyond the limits of most of
classical surface analysis techniques, we used molecular dy-
namics sMDd simulations to study the friction of ta-C sur-
faces in the presence of glycerol molecules. The molecular
dynamics studies used the ReaxFF reactive force field based
on quantum mechanics calculations of structures and reac-

tions of many carbon-based systems.19,20 Previous studies
have documented the accuracy of ReaxFF to describe reac-
tions and to prepare structures for amorphous systems. In
order to obtain an amorphous carbon structure from simula-
tions, we started with a periodic cell containing 512 carbon
atoms with the diamond structure s43434 superlatticed,
heated this system to 8000 K for 2 ps to form the liquid
phase, then quenched the system to 300 K at a cooling rate of
1400 and 100 K/ps, and finally equilibrated the structure at
300 K for 3 ps. The process was carried out for densities
ranging from 2.7 to 3.4 g /cm3. The ta-C surface models
synthesized with simulation match well with our experimen-
tal characterizations of these surfaces. For ta-C of
3.24 g /cm3, there are 71.5% sp3 carbon atoms, 28.1% sp2

and 0.4% sp1 in the simulation model, which are consistent
with our XAES experimental results, 70% sp3 carbon at the
same density. The ta-C model with 3.18 g /cm3 density was
used in the sliding simulation.

To construct the surface of ta-C, we cut through the cell
with planes perpendicular to each of the x, y, and z direc-
tions. For each direction, we attempted to cut the solid at 30
places, equally spaced at 0.5 Å and spanning the periodic
supercell of 14.75 Å. In each case, the two parts of the ta-C
were first separated by 1.5 Å and the positions of the atoms
were optimized to minimize the energy. Then, we selected
the best plane from each of the three sets and carried out MD
simulation at 300 K while separating the planes by a total of
2.5 Å. Then, we selected the best of these cases as the actual
surface of this particular ta-C structure. By using this sur-
face, we carried out sliding simulations by moving the top
surface with respect to the bottom one.

The ta-C/ta-C sliding couple was constructed by bringing
two ta-C slabs into contact. Periodic boundary conditions
were imposed in the x-y plane, while about 45–48 Å of
vacuum was allowed in the z direction. The bottom 0.9 Å of
the lower slab swith 32 atoms/celld were held rigid in all
simulations, while the top 0.9 Å of the upper slab was slid at
a constant velocity of 1 nm/ps along the sliding direction. At
each point, all remaining 480 atoms were allowed to freely
move according to the forces. An external force was imposed
along the z direction sperpendicular to the slabsd to keep the
distance between the centers of mass of the two slabs con-
stant. This provides the normal load. Starting with the initial
interface models at an initial temperature of 300 K, we car-
ried out constant energy MD simulations while keeping the
cell parameters fixed.

III. RESULTS AND DISCUSSION

A. Anomalous low friction of diamondlike carbon in presence

of glycerol

Figure 2 shows summary of steady-state friction data ob-
tained for different material combinations with the different
tribometers described, and in three different selected envi-
ronments at 80 °C: sid ultrahigh vacuum s10 nPa partial
pressured, siid in presence of liquid pure glycerol, and siiid in
presence of glycerol+1 wt % of myo-inositol scis-1,2,3,5-
trans-4,6-cyclohexanehexold. The superlubricity of a-C:H
coatings under ultrahigh vacuum is observed and has previ-
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ously been reported by several research groups, including
some of us.21 Although ta-C was little studied in details in
the literature, we obtained amazing friction results approach-
ing superlubricity for the ta-C/ta-C combination under
boundary lubrication conditions with pure glycerol at 80 °C.
As shown in Fig. 2, the friction coefficient of the lubricated
ta-C friction pairs is drastically lower than the friction of
both a-C:H/a-C:H and steel/steel combinations. These results
strongly suggest that the superlow friction behavior involves
the interaction between the ta-C coating material and the
alcohol groups contained in the glycerol molecule. As a re-
sult, a very thin and low-shear-strength tribofilm is formed
on the ta-C sliding surface.15,17,22 It appears that superlubric-
ity is directly related to the trialcohol chemical functions s
−OHd of the glycerol molecule. However, as shown in Fig. 2,
in the case of ta-C at 80 °C, the addition of myo-inositol
does not significantly improve the friction level.

B. Mechanism of superlubricity of ta-C by glycerol by using

molecular dynamics simulations

After sliding the surface in the presence of glycerol, we
found that the bare surface reacts with glycerol to form sur-
face OH and surface OR bonds swhere R contains 1–3 O or
Cd. Second, we prepare a saturated OH-terminated surface by
allowing H2O2 molecules to react with ta-C. Then, we car-
ried out sliding simulations by moving the top surface with
respect to the bottom one.23

For the bare ta-C surface, we found friction coefficients
up to 1.0 and tremendous wear. With OH-terminated ta-C
surface, the friction coefficient was reduced to 0.01–0.03.
Thus, hydroxylation on the surface dramatically decreases
the friction, leading to superlow friction. We also study the
reaction of glycerol molecules with OH-terminated ta-C sur-
face by adding four glycerol monolayers, each has six glyc-
erol molecules, between the two ta-C slabs. When sliding the

OH-terminated ta-C friction couples in the presence of glyc-
erol, we were surprised to observe the decomposition of
glycerol and the formation of water and glycoaldehyde mol-
ecules in the interface, as shown in Fig. 3. The number of
water molecules increases from 0 to about 14 after sliding 4
ps. The water molecules, formed by decomposition of glyc-
erol, connect with OH groups on the surface by hydrogen
bond, maybe sustaining the low friction of the surfaces.

C. Mechanism of superlubricity of ta-C by glycerol using

glycerol gas phase lubrication

In this experiment, we used the ECT tribometer and the
pressure of glycerol in the chamber was adjusted to 1 mbar
s1 hPad. The test was performed with ta-C coated surfaces
spin and flatd at ambient temperature s25°d using the condi-
tions described in the experimental part. For this particular
experiment, we used deuterated glycerol of chemical formula
C3H5sODd3. To measure the partial pressure of gas during
the friction test, we used a derivation of the main chamber
and the pressure was adjusted at 10−6 mbar in order to use
the residual gas analyzer sRGAd. This is because the RGA
cannot work at higher pressures. Mass spectra were recorded
every 30 s during the friction test and we focused on peaks at
mass 18 sH2O and/or ODd and at mass 20 sD2Od. Figure 4
shows the evolution of the intensity of mass peaks during the
duration of the test. It is clear that the peak corresponding to
heavy water sat mass 20d increases while the peak attributed
to water sor DOd at mass 18 decreases. This strongly sug-
gests that heavy water is formed from the degradation of
glycerol under the friction process.

At the end of the test, time-of-flight secondary ion mass
spectroscopy sToF-SIMSd analyses were performed inside
the wear track and outside the wear track sas referenced,
respectively. Table I presents the intensities of several peaks
corresponding to H, 2H, OH, and O2H. The results show a
significant increase in the intensities of peaks associated with
mass of 2H and O2H peaks. This clearly confirms the

FIG. 2. Steady-state friction coefficients values obtained with
steel/steel, a-C:H/a-C:H, and ta-C/ta-C friction pairs materials, lu-
bricated in three different environments. All tests were performed at
a temperature of 80 °C. The friction tests in UHV were performed
with the ECT tribometer. The friction tests in liquid pure glycerol
and glycerol+1 wt % myo-inositol were performed with a SRV
machine at 270 MPa contact pressure and 0.3 m s−1 sliding speed.
Superlubricity is achieved for the first time with ta-C under bound-
ary lubrication regime with glycerol. In these conditions, sliding is
approaching pure rolling.

FIG. 3. sColord Formation of water molecules by molecular dy-
namics simulation sshown with small circlesd during lubrication of
OH-terminated ta-C/ta-C in presence of initially layered glycerol
molecules. Contact pressure is 0.5 GPa and surfaces were slid for 4
ps with a sliding speed of 1 ps/nm
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hydroxylation/hydrogenation mechanism of the carbon sur-
face under the friction process.

D. Superlubricity of steel in presence of glycerol and myo-

inositol

Unfortunately, glycerol alone is found not to be able to
durably lubricate the uncoated steel/steel friction pairs in the
whole contact pressure range. Figure 5 shows friction curves
of polished steel pairs lubricated by glycerol at different con-
tact pressures and at ambient temperature s25 °Cd. It is in-
teresting to notice that the highest contact pressure sabout 1
GPad gives the better friction reduction. However, the low
friction regime, which starts immediately, does not last for a
long time and friction generally increases up to 0.1 after a
few hundreds of cycles. This suggests a tribochemical reac-
tion between the iron oxide layer and the alcohol. By acci-
dent, we stopped an experiment after 100 cycles without re-
leasing the load and keeping the static contact conditions for
about 2 h. After this test, we were surprised to observe a
mark in the contact area scorresponding to the Hertzian di-
ameterd by optical microscopy ssee Fig. 6d. Observing this
mark in the SEM shows a typical corrosion pattern on the
surface with revelation of the chromium carbide grains in the
steel structure. The presence of chromium in the grains was

clearly evidenced by x-ray emission spectroscopy analysis in
the SEM snot shown hered. It is no question that this corro-
sion has been made by an acid or an aldehyde and not by
glycerol because there is no evidence of corrosion of steel
surface outside the contact zone, where the lubricant was
also present during a long period. We can conclude that glyc-
erol was present inside the contact area and has certainly
been tribochemically transformed into some organic acids
compounds. For example, three acids may be formed starting
from the glycerol molecule: propionic acid C3H5COOH, ace-
tic acid CH3COOH, and formic acid HCOOH. The proposed
chemical reactions are as follows:

FIG. 4. Evolution of peak intensities at mass 18 sH2O and/or
ODd and at mass 20 sD2Od during a friction test performed with
gaseous deuterated glycerol C3H5sODd3. The peak due to heavy
water increases while peak due to water or DO decreases. This
result strongly suggests the formation of water originating from the
degradation of deuterated glycerol during friction test.

TABLE I. ToF-SIMS analyses in the wear track after a friction
experiment with gaseous deuterated glycerol. A significant in-
crease in the intensities of 2H and O2H peaks is observed scom-
pared to intensities of spectrum recorded outside the wear trackd.
This strongly supports the hydroxylation and/or hydrogenation
mechanism of ta-C surface during the friction process.

FIG. 5. Evolution of friction coefficient vs the number of cycles
for highly polished steel/steel friction pairs lubricated with glycerol
at ambient temperature and for different contact pressures. The fric-
tion tests were performed with the pin-on-flat tribometer at a sliding
speed of 3 mm s−1 and with a track length of 2 mm. The friction
reduction mechanism is pressure dependent for glycerol lubricated
steel systems. A high contact pressure is necessary to activate the
tribochemical reaction.

FIG. 6. sColord Wear track observed on the flat after a friction
test of 100 cycles with pure glycerol. The contact was kept closed
without releasing the load during 2 h. A mark was observed on the
flat where the ball stayed static during the 2 h. sad Optical image,
sbd SEM image of the dashed area.
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C3H5sOHd3 → C2H5COOH + H2O,

2C3H5sOHd3 → 2CH3COOH + 2H2O + C2H4,

C3H5sOHd3 → HCOOH + H2O + C2H4.

Other acids such as glycolic acid and oxalic acid may also be
formed. Other reactions can be found in the literature about
the conversion of glycerol into glycerol acetate, carbon diox-
ide, and hydrogen, however, no corrosion is expected in this
case. In our reactions, water molecules are formed and eth-
ylene can also be released. When the acids formed leave the
contact area after sliding, they come in contact with glycerol
and can react to form glycerol acetate and water. Thus, cor-
rosion of steel may not have the time to take place. This is
corroborated by the fact that no corrosion was observed in
the case of a static loaded contact swithout sliding befored.
This observation strongly suggests that the degradation of
glycerol under the combined effect of pressure and shear and
water molecules released by the reaction are in agreement
with the prediction of our MD calculations.

In Fig. 7, we compare the friction properties of steel sur-
faces lubricated by glycerol and glycerol+1 wt % of myo-
inositol using the pin-on-flat tribometer. At ambient tempera-
ture, it is remarkable to see the positive effect of inositol in
reducing friction of steel/glycerol system in the superlow
regime. No other lubricant is found to reach such a friction
value with steel/steel tribological system except in hydrody-
namic lubrication. Compared to polar molecules under
boundary lubrication, friction is about ten times lower, show-
ing outstanding tribology performance. What is more, abso-
lutely no wear track on steel is visible by optical microscopy.

It is thought that the mechanism of friction reduction of steel
by inositol is similar to the case of ta-C with glycerol and
that inositol molecules can also produce water molecules in-
side the contact area. MD simulations are currently under
consideration. Moreover, we observed that in the presence of
the solution of inositol, friction increases after a certain time
and tends to reach the value of pure glycerol. If we add
another drop of solution in the contact, then friction de-
creases again in the superlow regime. This strongly suggests
that inositol has been consumed by the friction process, pos-
sibly in forming water and quinone according to the reaction:

C6H6sOHd6 → 4H2O + C6H4O2.

E. Model of superlubricity by glycerol

Since the pioneering work of Tabor in the 1950s, the
mechanism of friction reduction under boundary lubrication
has always been attributed to the effect of long chain polar
samphiphilicd molecules. In the so-called “self-assembled
monolayer sSAMd” or “monolayer” model, the polar extrem-
ity of the molecule is strongly chemisorbed on the native
oxide layer present on the steel surface while the paraffinic
moiety extends outside the metal surface. The amphiphilic
molecules must have at least ten carbons in their aliphatic
chain in order to promote the formation of a crystal-like
structure in the monolayer. Then, low friction is generally
attributed to the easy sliding of methyl groups of SAMs over
each other, as described by molecular dynamics simulations
of Harrison24 for example. The drawback of this situation is
that the monolayer has a limited durability and molecules
generally desorb at elevated temperature. Another problem is
that superlow friction values sbelow 0.01d are only attained
at very low contact pressures sbelow 10 MPa in the surface
force apparatus, for exampled. At several hundred MPa con-
tact pressures, or more in macroscale situations, friction
never drops down below 0.04. In our experiments, the SAM
model cannot be applied since glycerol molecule has not
such a long aliphatic chain. Then, there is an opportunity for
another lubrication mechanism here, which we discuss in the
following, in the light of our findings. The new model, which
we call “H-bond network” model, is based on three chrono-
logical steps that we further describe in the case of a carbon
surface sta-Cd.

s1d Hydroxylation of the solid friction surface by a tribo-
chemical reaction of nascent surface with alcohols groups
leading to an OH/H -terminated surface of ta-C. This reac-
tion is enhanced by contact pressure and temperature. The
hydroxylation of surfaces by the tribochemical reaction was
evidenced by ToF-SIMS experiments performed using liquid
deuterated glycerol molecules.3,15 By using gas phase lubri-
cation in this work, we show here even the best confirmation
for this reaction ssee Table Id. Further evidence for the OH-
terminated surface is given by observing the very good wet-
tability of the wear scar by pure water, the contact angle
drastically decreasing inside the worn area compared to the
virgin area.25

s2d Formation of a hydrogen bond network tribofilm con-

FIG. 7. Superlubricity of steel/steel friction pair lubricated by a
drop of a solution of 1 mass % myo-inositol in glycerol sat ambient
temperature; 25 °Cd. The friction tests were performed with the
reciprocating pin-on-flat tribometer with a sliding speed of
3 mm s−1, a track length of 2 mm, and under a constant normal
load of 10 N scorresponding to a maximum contact pressure of 800
MPad. In these conditions of high pressure and considering surfaces
roughness of 30 nm, a glycerol viscosity of 934 mPa and a glycerol
pressure viscosity coefficient of 5.4 GPa−1. The calculated mini-
mum film thickness is about 10 nm and the lambda ratio is inferior
to unity. So the lubrication regime is boundary and EHL lubrication
is excluded. After 400 cycles, friction tends to increase because
inositol has been consumed by the tribochemical reaction. Heating
at 80 °C suppresses the superlow regime, probably by desorption of
inositol molecules on the OH-terminated surface.
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sisting of glycerol molecules adsorbed on the OH-terminated
surface by H bond. This is more probable at a lower tem-
perature. The presence of some residual glycerol molecules
adsorbed on the OH-terminated surface was first shown by
ToF-SIMS analysis performed directly on the worn surface.
The parent molecular ion C3H8O3

+, characteristic of the glyc-
erol molecule is found in the ToF-SIMS mass spectrum, even
after washing the surface.3,15 To give further evidence of the
role of glycerol molecules on the OH-terminated surface, we
performed friction tests using ta-C/taC, Si/steel, and Si-OH/
steel friction pairs at different gaseous partial pressures of
glycerol in the ECT tribometer. For the silicon surface, the
hydroxylation was obtained by plasma of water vapor. Fric-
tion data are summarized in Fig. 8. For virgin silicon surface,
there is only a light lubrication effect by glycerol gas; at the
opposite, friction of the OH-terminated silicon surface was
drastically reduced by glycerol molecules. This result
strongly suggests that both OH-terminated surface and the
presence of glycerol molecules are important for the friction
reduction mechanism.

s3d Tribodegradation of intercalated glycerol molecules,
producing organic acids and water inside the contact. The
acids formed can immediately react with glycerol at the exit
of the contact to form glycerol acetate and water. However,
acids can react with steel surface and cause corrosion. The
main benefit effect on friction could be related to the exis-
tence of a lower viscosity interface film that is produced
scompared to pure glycerold. This behavior was suggested by
Raviv and Klein26 who showed that bound water in hydra-
tion layers remain extremely fluid. The explanation of low
friction by a “waterlike layer” itself is still speculative but
has been proposed by Lee and Spencer,27 for example, in the
case of polymer brushes. By using our high vacuum tribom-
eter, we previously studied friction of steel on in situ fabri-
cated amorphous ice as a function of temperature in the

range of 100–0 °C.28 We observed a clear reduction of fric-
tion when the temperature is above −20 °C. It is well argued
in the literature that, at this temperature, a liquid water mo-
lecular layer stypically 1–2 nm thickd is present on the solid
ice surface.29 We attributed the friction reduction of this ex-
periment to the sliding on the liquidlike water layer. In our
MD experiment, we did not observe the general tendency to
layering, a property of liquids confined between very smooth
solid surfaces.30 At the opposite, the initially ordered glyc-
erol layers were disordered, suggesting a more liquidlike re-
sponse. Eventually, the worn surfaces were found
hydrophilic.25 Moreover, in this case, it has been observed
that water film confined between such hydrophilic surfaces
are stable while water nanofilm is spontaneously ejected be-
tween two hydrophobic surfaces.31 In our case, we can only
speculate on a synergistic effect of OH-terminated surface
with short chain polyol molecules eventually forming a low
viscosity water-containing nanofilm in the hydrogen bond
network system. What is particular in our experiments com-
pared to other published works is that water molecules are
generated inside the contact zone and they cannot be easily
ejected. However, in our case, it is practically impossible to
give full analytical proof for this phenomenon due to tech-
nological difficulties to detect very low quantities of water in
glycerol. New experiment with deuterated glycerol and
NMR spectroscopy are planed in the near future.

IV. CONCLUSIONS

We present here a new tribological macrosystem that is
able to reach superlubricity under practical conditions of
boundary lubrication at ambient temperature. Typically, the
use of steel surfaces and/or ta-C coated surfaces lubricated
by selected polyhydric alcohols molecules can give unsur-
passed low friction values below 0.01, approaching the so-
called superlubricity regime swhen sliding is approaching
pure rollingd. Previously, this performance had only been at-
tained with a-C:H and MoS2 coatings under ultrahigh
vacuum or in inert gas atmosphere sdry friction regimed. The
mechanism of friction reduction is basically different from
the one known for classical boundary lubrication by long-
chain polar molecules. The proposed new mechanism sH-
bond network modeld is based on the existence of a network
of H-bond interactions in the confined interface zone.

First, the grafting of the friction surface by hydroxyl
groups is necessary and we show that it is brought by a
tribochemical reaction between the surface and the alcohol
groups. This is well supported by ToF-SIMS analyses and
computer simulations experiments.

Second, the polyols molecules adsorb on the OH-
terminated surface, thanks to H bonds, and eventually inter-
calate between the two contacting OH-terminated surfaces.
The sliding occurs through rapid changes of H-bond loca-
tions in the whole network.

Third, we have strong experimental and numerical evi-
dences of the tribodegradation of glycerol molecules under
the combined effects of pressure and shear, generating alde-
hydes or organic acids and water molecules. At present, we

FIG. 8. Steady-state friction coefficient values for different fric-
tion pairs vs glycerol partial pressure in the ECT tribometer. All
friction experiments were carried at 80 °C. The sliding speed was 1
mm/s and the track length was 2 mm under a normal load of 1 N
scorresponding to a maximum contact pressure of 300 MPad. After
the induction period corresponding to dangling bonds formation,
the glycerol molecules react with the carbon surface providing ef-
ficient lubrication. This set of experiments also suggests that previ-
ously formed OH-terminated surface sSi-OHd is important for the
friction reduction of silicon by glycerol. Glycerol can hardly lubri-
cate native and untreated silicon surfaces.
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can only speculate that superlow friction is related to the
presence of a water-containing nanometer-thick tribofilm ex-
isting in the contact area, possibly by changing viscosity-
pressure properties of the mixture. We observed that the tri-
bodegradation of glycerol is detrimental in the steel on steel
combination because of associated corrosive effects. In the
case of ta-C coated surfaces, the formation of water could be
an advantage.

There are many other polyhydric alcohols and cyclitols
that would be certainly interesting in boundary lubrication

and could be applied in macromachine, as well as medical
devices.
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Improved mixed and boundary lubrication
with glycerol-diamond technology

M. I. De Barros Bouchet1, C. Matta1, Th. Le-Mogne1, J. Michel Martin1,
T. Sagawa2, S. Okuda2 and M. Kano3

The fuel economy and reduction of harmful elements in lubricants are becoming important issues

in the automotive industry. An approach to respond to these requirements is the potential use of

low friction coatings in engine components exposed to boundary lubrication conditions. Diamond-

like carbon (DLC) coatings extensively studied as ultralow friction films to protect the surfaces of

ductile metals for space applications are expected to fulfil this part. The main purpose of this work

is to investigate the friction and wear properties of glycerol lubricated DLC coatings under

boundary lubrication conditions. The DLC material consists of tetrahedral hydrogen free

amorphous diamond-like carbon (denoted as ta-C) as shown by the time of flight secondary

ion mass spectroscopy (ToF-SIMS) analyses and the nanoindentation measurements. The friction

coefficient below 0?01, called superlubricity, and no measurable wear were obtained by sliding

the ta-C/ta-C friction pair in the presence of pure glycerol as a lubricant at 353 K. The mechanism

by which glycerol is able to reduce the friction in the millirange was revealed by ToF SIMS

analyses inside and outside wear scars formed by friction experiments using deuterated glycerol

and 13C glycerol.

Keywords: Boundary lubrication, DLC coatings, surface analyses

Introduction

Since the 1940s, zinc dithiophosphates (ZDDP) have

been used in motor oils because of their ability to reduce

mild wear under boundary lubrication. However, from

the environmental point of view, phosphorus and

sulphur are undesirable elements. An approach to

reduce their amount in engine oils is the potential use

of low friction coatings on mechanical components sub-

mitted to boundary lubrication conditions. Diamond-

like carbon (DLC) coatings present a wide range of

tribological behaviour, including superlow friction

coefficient in ultrahigh vacuum and inert gas environ-

mental conditions.1–4 The engine oil environment that

provides different lubrication conditions must lead to

such low friction levels with carbon based materials in

the near future to meet the economical and environ-

mental requirements.

In previous papers,5,6 the authors evaluated the fric-

tion properties of different DLC materials lubricated

using usual organosulphur additives and ester additives

added in a polyalphaolefin (PAO) base oil. The

investigated DLC material included hydrogen contain-
ing DLC (a-C:H) and hydrogen free DLC (a-C). Very
promising results were found with glycerol mono-oleate
(GMO) and selected tetrahedral hydrogen free DLC (ta-
C) material.7 Indeed, ultralow friction phenomenon
without measurable wear was provided by the ta-C
coating in the presence of ester containing oil. The
present paper focuses on the lubrication of ta-C material
in the presence of ‘simple’ glycerol molecules, which
contain alcohol chemical function (OH) as GMO.

Experimental

Lubricated sliding test experiments
A pure glycerol was used as lubricant and displayed
a thermal viscosity of 28?2 mPa s and a piezoviscosity
of 4?3 GPa21 at 80uC. The SRV sliding tests were
performed using a reciprocating, needle pin on flat disc
tribometer, which was lubricated before the test by
wetting it using several droplets (5 cm3) of the glycerol
at 80uC. The pins, 18 mm in diameter and 22 mm in
length, were made of hardened steel and polished to a
surface roughness Ra of 0?05 mm. The disc, 24 mm in
diameter and 7?9 mm in thickness, was made of
carburised steel. The reciprocating pins were pressed
against the stationary disc by a force of 400 N, which
generated a contact pressure of 270 MPa. The track
length was 3?0 mm and the sliding speed was 0?3 m s21.
In these testing conditions and by assuming a ta-C
coating surface roughness of y30 nm, the lambda ratio
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was y1. A mixed EHD and boundary lubrication
regime was achieved.

Tribofilms were also generated by sliding a ta-C
coated steel cylinder on a ta-C coated steel flat in a
Cameron-Plint friction machine. This configuration was
used to generate a relatively large tribofilm area in mild/
severe tribological conditions (sliding speed and contact
pressure). The diameter and length of the ta-C coated
cylinder were 6 and 5 mm respectively. The ta-C coated
flat was immersed in the pure glycerol. The friction
tests were performed at 80uC with a sliding speed of
0?01 m?s21 under a normal load of 315 N (a contact
pressure of y800 MPa). The solid tribochemical film
formed during these tests covers a rectangular area of
567 mm2. In these testing conditions, the boundary
lubrication regime was clearly achieved with a calculated
lambda ratio lower than 0?07.

Each friction experiment was repeated four times
under the same conditions to check the reproducibility
of the measurements.

DLC coatings preparation
The ta-C DLC coating was applied to the polished
carburised steel disc and the hardened steel pins and
cylinders with a thickness of y0?9 mm from a graphite
target by arc ion plating, a physical vapour deposition
(PVD) process, and did not contain hydrogen.

Nanoindentation measurements
Several indentation tests have been made on the ta-C
coatings to measure mechanical properties (hardness
and Young’s modulus) of these coatings. Experiments
were performed using a nanoindenter with a Berkovich
indenter (three sided pyramid, the angle between edge
115u12). Thus, the imposed deformation is y7%. The
system has load and displacement amplitudes of 500 mN
and 100 mm respectively, and load and displacement
resolutions of 10 mN and 0?5 nm respectively. Con-
tinuous stiffness measurement is used, which means that
a small oscillation is superimposed to the large scale
DC loading. The excitation amplitude is continuously
adjusted such that the corresponding displacement
amplitude remains constant at 3 nm. The displacement
and force amplitudes, as well as the phase angle between
the two, are monitored using a lock-in amplifier
(frequency specific amplification). By observing the
resultant displacement amplitude and the phase shift
between the force and the displacement, it can thus be
inferred that the stiffness S at all displacements can be
measured. Thus, the elastic modulus and the hardness as
a continuous function of indenter displacement can be
obtained. The frequency of the sinusoidal motion ranges
from 561023 to 60 Hz. For the experiments reported in
the present paper, a frequency of 32 Hz was used.

Surface analysis experiments
Auger electron spectroscopy (AES) data were obtained
using a VG 220I apparatus. AES spectra were recorded
with the 0?560?5 mm2 focused electron beam which
permits a high spatial resolution. Special attention has
been paid to the Auger C KLL line to obtain a good
signal/noise ratio. Interestingly, the thickness probed in
AES is y5 nm with the exponential decay.

Time of flight secondary ion mass spectroscopy (ToF
sims) experiments were performed using a ToF sims V
apparatus from ION-TOF. For static SIMS analysis

(SSIMS), the Auz pulsed ion beam of 25 keV energy was

used for scanning an area of 1006100 mm2 on the

surface. The diameter of the spot was ,1 mm to obtain

average information. In SSIMS, chemical information is

coming from a depth of 0?1–1 nm below the surface. This

is much more near surface information than the ones

obtained by X-ray photoelectron spectroscopy (XPS) and

AES techniques. For dynamic SIMS (DSIMS) analyses,

depth profiles were obtained by combining depth profil-

ing with secondary ion analysis. Sputter erosion was

achieved using low energy O2
z ion beam of 0?5 keV.

Analysis of the crater centre was performed using high

energy Gaz ion beam of 15 keV. Before surface analyses,

all samples tested in friction were cleaned using heptane in

an ultrasonic bath for 15 min. It is important to mention

that the glycerol is not soluble in heptane but is emulsified

with an ultrasonic bath.

Results and discussion

Characterisation of ta-C coating material
The present AES experiments show that the ta-C

material is composed mostly of carbon with sp3

hybridisation connected to form a percolating three-

dimensional (3D) interconnected framework. Indeed,

the AES derivated spectrum of ta-C coating shows a fine

structure that is assigned to KVV transitions involving p

electrons (Fig. 1). These observations are in good

agreement with the works by Mizokawa et al.,8,9 who

indicated, as a fingerprint of the different carbon atoms

arrangement, the distance D between the maximum of

the positive going excursion and the minimum of the

negative going excursion in the derivative AES spectra

(Fig. 1). The percentage of sp3 sites in the ta-C coating

is then estimated to be 70%. This result is consistent

with previous X-ray absorption near edge structure

(XANES) studies published elsewhere.7 The very high

values of hardness and Young’s modulus obtained by

nanoindentation for the ta-C coating confirmed the

strong sp3 carbon amount. Figures 2 and 3 reveal a

hardness of y65 GPa and a Young’s modulus of

y650 GPa respectively for the ta-C material.

To verify the lack of hydrogen in the ta-C coating,

DSIMS profiling experiments were performed. They

1 Derivated dN/dE AES spectrum of ta-C coating
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clearly showed no hydrogen in the ta-C coating bulk
(Fig. 4). A chromium based interlayer used here to
improve the adhesion of the coating to the steel
substrate is clearly seen.

In conclusion, the present material would be denoted
as tetrahedral amorphous hydrogen free carbon or ta-C
in the C–H phase diagram terminology of Robertson,10

close to the diamond material. Its characteristics are
summarised in Table 1.

Friction of ta-C/ta-C couple in presence of
glycerol
Friction properties of ta-C/ta-C couple lubricated using
pure glycerol were evaluated using a SRV test. The
friction coefficient obtained for ta-C/ta-C couple lubri-
cated using pure glycerol is compared with that obtained
for a steel/steel couple (Fig. 5). The authors have also
reported previous results obtained using these different
material combinations in the presence of ester contain-
ing oil7 for comparison. Amazing results were obtained
for the ta-C/ta-C combination because the vanishing of
friction and zero wear behaviour were observed using
pure glycerol at 80uC. As shown in Fig. 5, the friction

coefficient was below 0?01, but the exact value could not

be measured using the equipment at hand. Indeed, the
wear scar is not visible by optical microscopy. This

strongly suggests that the superlubricity phenomenon

involves the interaction between the ta-C material and
the alcohol chemical function (OH), which is common to

both GMO and glycerol molecules, due to the formation
of a low shear strength tribofilm on the ta-C sliding

surfaces.

By considering that the uppermost sliding surface

controls macroscale friction behaviour, it is very impor-

tant to use extreme surface analytical tools to investigate
the nature of the triboformed film. To generate a large

tribofilm area making easier the analyses, friction experi-
ments were carried out in a Cameron-Plint tribometer.

Moreover, to understand the tribochemical reactions

which generate by friction the low shear strength tri-
bofilm from organic component glycerol on the organic

ta-C surface, pure 13C glycerol and deuterated glycerol
lubricants were used. For the 13C glycerol, 13C was sub-

stituted for all carbon atoms and in the case of deu-

terated glycerol, only the hydrogen atom of hydroxyl
group was substituted. The evolution of the average

friction coefficients v. sliding distance obtained using ta-
C/ta-C couples lubricated by 13C glycerol and glycerol is

shown in Fig. 6. Most notable here is that the ta-C/ta-C

pair lubricated using glycerol exhibited an ultralow
friction coefficient of y0?025, even in high severe

boundary lubrication conditions (low sliding speed

0?01 m s21 and high contact pressure 800 MPa).
Moreover, it is the same for the 13C glycerol lubricant.

The insert in Fig. 6 reveals the accurate evolution of the

Table 1 Composition and property of ta-C coating

Surface roughness (Ra), nm 30¡10

Hardness, GPa <65
Young’s modulus, GPa <650

Hydrogen content, at.-% ,1

2 Evolution of ta-C coating hardness v. indentation

depth

3 Evolution of ta-C coating Young’s modulus v. indenta-

tion depth

4 DSIMS profiles of H, C, Cr and Fe elements obtained

on ta-C coated steel substrate

5 Friction coefficients of steel/steel and ta-C/ta-C cou-

ples lubricated using PAOzGMO oil and glycerol (slid-

ing speed 0?3 m s21 and pressure contact 270 MPa)
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friction coefficient during a reciprocating cycle of the
Cameron-Plint test using glycerol. It is interesting to
note that the friction increases drastically upon direction
change when sliding speed reaches zero. This result has
already been observed in a previous paper where
different tribometers were used to investigate the effect
of direction motion.11 In the present study, the dif-
ference between the friction results observed using the
two friction machines might be due to the more severe
tribological conditions used in the Cameron-Plint
machine.

Superlubricity mechanism as studied by ToF
SIMS
To study the origin of the superlow and ultralow friction
observed for glycerol lubricated ta-C coatings in
boundary lubrication regime, a sensitive surface mole-
cular analysis technique, static time of flight secondary
ion mass spectroscopy, was performed on the wear
tracks obtained using pure 13C glycerol and pure
deuterated glycerol lubricants. It is assumed that the
tribofilms formed with the SRV and Cameron-Plint
tribometers are similar; the higher friction level obtained
with the last kind of test is due to the severer testing
conditions of the boundary lubrication regime. This is in
good agreement with pure EHD experiments on the
glycerol by Vergne.12 SSIMS spectra were recorded
inside and outside the tribofilm area to clarify the
material change on the ta-C surface after ultralow
friction tests. Moreover, these spectra were compared
with that obtained on the surface of a virgin ta-C
coating to improve the understanding of the tribochem-
ical reactions. The negative ion spectra recorded inside
and outside the tribofilm formed on ta-C coating after
the 13C glycerol lubricated friction test are compared
with the spectrum of the virgin ta-C surface (Fig. 7).
They clearly show the presence of the 13C glycerol
molecules (13C3H7O3-) and their characteristic ion
fragments (13C2H3O2-,

13CHO-, 13CH2-,
13CH2O-) on

the ta-C surface after the friction experiment.

No higher molecular mass containing 13C obtained by
polymerisation of glycerol was found; thus, the hypoth-

esis that superlow friction results are due to lubrication
of long chain molecules is not probable in the present
case. It seems to be difficult to assume that higher mole-

cular masses containing 13C are harder to be desorbed
than 13C glycerol molecules and then going undetectable

because the ion clusters Cn with n>8 mostly character-
istic of ta-C material can be detected. Moreover, no new

species created by friction were detected inside the
tribofilm in comparison with outside. Table 2 reports
the relative intensities of the 13C glycerol molecules

(13C3H7O3-) and their characteristic ion fragments
(13C2H3O2-,

13CHO-, 13CH2-,
13CH2O-) v. the sum of

intensities of the ions Cn (n>5) which are mostly
characteristic of ta-C material. The relative intensities
of the 13C components were found nearly twice higher

inside the wear scar than outside, indicating the possible
adsorption of glycerol fragments on the ta-C surface.

The relative intensity of the alcohol group (OH) is also
reported in Table 2. No significant increase of OH

amount was observed after the friction experiment in
comparison with virgin ta-C surface probably due to a
tribofilm screening effect and to the strong presence of

OH in the ambient air contamination.

However, the ultralow friction experiments using

deuterated glycerol lubricant on ta-C coating showed a
significant increase in 2H and O2H species inside the

tribofilm in comparison with outside as shown by the

6 Friction coefficients of ta-C/ta-C couple lubricated

using glycerol (black) and using 13C glycerol (grey)

7 ToF sims surface analyses: negative ion spectrum of

virgin ta-C surface (a) is compared with spectra

obtained inside wear track (b) and outside wear track

(c) after friction test lubricated using 13C glycerol

Table 2 Relative intensities of 13C glycerol molecules (13C3H7O3-) and their characteristic ion fragments (13C2H3O2-,
13CHO-, 13CH2-,

13CH2O-) v. sum of intensities of ion clusters Cn (n>5) and relative intensity of alcohol group
(OH)

OH 13CH2
13CHO 13CH2O

13C2H3O2
13C3H7O3 SCn (n>5)

Virgin ta-C 883 479 NM NM NM NM NM 100

Inside tribofilm on ta-C 63 579 1055 155 118 1488 208 100

Outside tribofilm on ta-C 54 534 609 103 69 987 107 100
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negative ions spectra presented in Fig. 8. Obviously,
these species do not appear on the virgin ta-C surface.
The ratio between their intensities and the sum of the
intensities of ion clusters Cn (n>5) was found to be more
than twice higher inside the tribofilm. This suggests
hydroxylation of the surface carbon atoms due to
frictional process which leads to low energy hydrogen
interactions between hydroxylated ta-C surfaces.

Summary and conclusions
The present paper reports a unique tribological system,
which produces extremely low friction (friction coeffi-
cient below 0?01, called superlubricity) under mixed and
boundary lubrication conditions and unmeasurable

wear. The surface material consists of tetrahedral
hydrogen free amorphous diamond-like carbon as a
thin coating (ta-C). Superlubricity was obtained by
sliding the ta-C/ta-C friction pair in the presence of pure
glycerol as lubricant at 353 K with a contact pressure of
270 MPa and a sliding speed of 0?3 m s21. The severer
are the testing conditions, the higher is the friction level
of this system. The ToF SIMS experiments provide a
molecular level explanation for the superlubricity in
terms of the formation of a low friction tribofilm
involving first hydroxylation of surface carbon atoms
that occurs upon sliding. The origin of this new kind of
superlubricity can be attributed to the low energy Van
der Waals interaction between two sliding hydroxylated
carbon surfaces (OH terminated carbon film surface).
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Energy-filtering transmission electron microscopy sEFTEMd analysis coupled with the technique of

samples preparation, focused ion beam, was used to study physical, chemical, and mechanical

properties of diamond-like carbon coatings sDLCsd. Two different coatings sta-C and a-C:Hd were

investigated, presenting different tribological behaviors in a boundary lubrication regime with

glycerol. Electron energy loss spectroscopy appears to be a very powerful technique to characterize

such DLC coatings. Special attention was paid to the maximum energy of the plasmon peak, which

was used to evaluate some physical and mechanical properties of DLC coatings sdensity, sp3 /sp2

ratio, hardnessd. For ta-C superlubric coating, EFTEM results show a rearrangement of the DLC

bulk structure under the friction process. Typically, the transformation of sp3 carbon into sp2 carbon

was clearly observed and permits a self-adaptation of the coating, allowing it to support shearing

without any delamination in spite of important compressive residual stresses in the coating.

Moreover, the formation of graphitic carbon is evidenced at the top surface. This graphitic layer

certainly helps the lubrication by glycerol in forming OH termination. © 2007 American Institute of

Physics. fDOI: 10.1063/1.2779256g

I. INTRODUCTION

Diamond-like carbon sDLCd coatings are attracting more

and more interest for a wide range of tribological applica-

tions in dry and vacuum atmospheres, because they are made

of carbon and they are friendly for the environment.
1
Fur-

thermore, deposition techniques are now very efficient and

reliable, and different kinds of coatings can be realized by

deposition on many types of substrates. So far, there are

relatively few papers on applications of DLC coatings under

lubricated conditions. However, the use of DLC coatings

with environmentally friendly lubricants might provide envi-

ronmentally more acceptable solutions compared to today’s

existing practices. Tribological results published recently

show that hydrogen-free DLC sta-Cd material provides ul-

tralow friction levels, being able even to reach superlubricity,

when it is lubricated by some alcohols.
2

Observation and analysis of DLC coatings by energy-

filtering transmission electron microscopy sso-called

EFTEMd requires working with a sample “transparent” to

electrons in the same way than for conventional transmission

electron microscopy sTEMd. Practically, this means a sample

with a thickness lower than 100 nm. Initially, TEM analyses

of DLC were performed after dissolution of the substrate by

strong acid attack and the recovery of the coatings on a TEM

sample grid.
3,4
Recently, a more interesting sample prepara-

tion technique has been made available for TEM investiga-

tion. The focused ion beam sFIBd technique consists of na-

nomachining a transversal thin cut directly from the surface

of the sample by ion sputtering slift-out techniqued. Details

of the sample preparation by the FIB technique can be found

in several papers.
5,6
The FIB technique is of great interest for

DLC coating analyses and particularly in our case, since it

allows observation of the interface between the coating and

its substrate, but also the properties of the coating itself at

different depths.

Electron energy loss spectroscopy sEELSd performed in

a transmission electron microscope was already used to

study DLC coatings. It is a very useful technique to distin-

guish the different forms and hybridization states of carbon

atoms. An EELS spectrum can be decomposed into three

parts: the zero-loss peak centered at 0 eV, the low-loss region

s,100 eV energy lossd, and the high-loss region

s.100 eVd. The high-loss region typically shows ionization

edges of the elements present in the sample sexcept hydrogen

when it is bound to carbond. From the carbon K-edge, EELS

already made it possible to determine the sp2 /sp3 ratio in

DLC samples.
7
The low-loss region corresponds to collective

excitation of sp+sd valence electrons and is called plasmon

excitation. This part of the EELS spectrum is not often used

for analytical purposes. Plasmon can exist as bulk, surface,

or interface excitations. Recently, plasmon loss spectroscopy

was envisaged to characterize physical properties of materi-

als. In 1960, Leder and Suddeth observed a correlation be-

tween the maximum energy of the plasmon peak and some

physical properties, like density, for carbon materials sgraph-

ite, carbon filmd.
8
Dielectric function can also be determined

from the plasmon peak, since the imaginary part of the in-ad
Electronic mail: lucile.joly-pottuz@ec-lyon.fr
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verse of the dielectric function can be determined from the

plasmon peak spectrum. Gilman studied the possibility of

correlating volume plasmon excitations to mechanical prop-

erties of materials.
9
Recently, Oleshko et al. demonstrated

that the maximum energy of the low-loss peak is correlated

with some mechanical properties of material such as bulk

and shear moduli, Young’s modulus, and even hardness in

some cases.
10,11

For hardness measurement, Oleshko used

two empirical relationships: one for covalent semiconductors

and another one for carbon-based compounds.
12
Xu et al-

.studied the mechanical properties of ta-C coatings as a func-

tion of ion energy used in the deposition process.
13

Electron spectroscopic imaging sESId is a technique able

to produce elemental mapping in FIB preparation. The

image-spectrum technique consists of acquiring a series of

energy-filtered images at different energy losses. Then,

EELS spectra can be reconstructed from any selected area

down to the nm2 scale. This method was carefully described

by Reimer
14
and Lavergne et al.

15
Yan et al. developed a

method of processing ESI images to improve the carbon

K-edge spectra extracted from ESI series.
16
Spectra obtained

on DLC and extracted from postprocessed images were

found to be as accurate as those obtained by probe analysis

and they were used to calculate the sp3 /sp2 ratio for some

DLC coatings.

In this article, we present a FIB-EFTEM characterization

of two DLC coatings sta-C and a-C:Hd by plasmon EELS

spectroscopy and image spectrum ESI. TEM samples were

prepared by FIB with the lift-out method
5
which allows ob-

servation of the whole coating and the interface with the

substrate. We also determined the mechanical properties of

these coatings and particularly, their hardness, and we com-

pared the values with those obtained by the nanoindentation

technique. The two coatings were tested with glycerol as a

lubricant under boundary lubrication conditions. Character-

ization of the ta-C coating after friction testing is also

shown, and results permit better understanding of the lubri-

cation mechanism of ta-C material in the presence of OH-

containing additives.

II. EXPERIMENTAL SECTION

A. ta-C and a-C:H coatings preparation

ta-C shydrogen-free tetrahedral amorphous carbond and

a-C:H shydrogenated amorphous carbond coatings were de-

posited on polished AISI 52100 bearing steel flats and cylin-

ders by a physical vapor deposition sPVDd process sarc ion

platingd for ta-C and a chemical vapor deposition sCVDd

process for a-C:H. Characteristics of these two coatings are

summarized in Table I.

a-C:H coating containing hydrogen was obtained by

plasma-enhanced chemical vapor deposition sPECVDd. The

PECVD was performed in plasma sustained by radio fre-

quency discharge after hydrocarbon gas was introduced to

the vacuum chamber. In the PECVD reactor, substrates are

placed on the radio frequency powered electrode so that car-

bon and hydrogen was deposited into the substrates. Any

hydrocarbon can be used as a precursor for DLC deposition

by the PECVD method. In this study, CH4 gas was used.

This deposition of DLC was carried out at substrate tempera-

tures below 200 °C. Hydrogen content was determined by

time-of-flight secondary ion mass spectrometry sToF-SIMSd

analysis and is from 30 to 40 at. %.

ta-C coatings were obtained by cathodic arc ion plating,

a physical vapor deposition sPVDd process. This process is

mainly used as TiN, CrN, or TiAlN coatings for cutting tools.

Target materials in vacuum arc discharge between cathode

and anode were vaporized and ionized. Graphite was used as

the target material. By applying a negative voltage to the

substrate, ionized carbon was deposited to the substrates.

This deposition of DLC was carried out at substrate tempera-

tures below 200 °C. This process does not use hydrocarbon

as target materials so that hydrogen content is very small.

This DLC shows harder characteristics than the other

PECVD-fabricated DLC.

These films were coated on steel substrates with a sur-

face roughness Ra of 10–30 nm in order to reduce the sur-

face roughness of the coating. The surface roughness after

the coating process was controlled in a range of Ra 20–40

nm.

Mechanical properties shardnessd of the coatings were

determined by indentation measurements. Experiments were

performed using a nanoindenter with a Berkovich indenter

sthree-sided pyramid, angle between edges: 115.12°d. The

imposed deformation was about 7%. Continuous stiffness

measurement was used.

B. FIB preparation and TEM study

TEM samples were prepared by the FIB technique. A

transversal cut of each sample was performed to obtain a

100-nm-thick cross section of the coating. To preserve the

top of a coating, a Pt layer was previously deposited on the

DLC coating before nanomachining by a Ga+ ion beam.

EFTEM experiments were performed on an LEO 912 energy

TABLE I. Characteristics of the two DLC coatings analyzed shardness was determined by nanoindentation

measurementd.

Coatings

Hydrogen

content

sat. %d

Hardness

sGPad

Young’s

modulus

sGPad

Deposition

technique

Surface

roughness

srmsd

Compressive

residual

stresses
a

sGPad

ta-C 0% 60–70 650 Cathodic arc ion plating PVD 20–40 nm −5

a-C:H 40% 20 150 Plasma CVD 20–40 nm Not known

a
Residual stresses were measured by bending deflection method.
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filter equipped with a cold stage holder in order to minimize

irradiation damage. The microscope equipped with an omega

energy filter was operated with an accelerating voltage of

120 kV. EELS spectra in the nanoprobe mode sspot size of

0.5 nmd were acquired using a JEOL 2010F operating with a

200 kV accelerating voltage. FIB samples were also ob-

served using an FEI XL 30 ESEM FEG operating in vacuum

saccelerating voltage of 30 kVd. Observations were per-

formed using a secondary electron sSEd detector to obtain a

topographic image of the FIB preparation, or in the transmis-

sion mode to compare results obtained with the other accel-

erating voltages s200 kV and 120 kVd.

C. Friction experiments

Friction tests were performed in a Cameron-Plint tri-

bometer with a cylinder on flat configuration and a recipro-

cating movement. Before the test all samples were cleaned

with heptane and alcohol in an ultrasonic bath and then fric-

tion tests were performed at 80 °C with a sliding speed of

0.01 m s−1 under a normal load of 315 N scorresponding to

a maximum Hertzian contact pressure of 0.8 GPa with a 6

mm cylinderd for 1 h in the presence of pure glycerol

sC3H8O3d. The stroke length was equal to 7 mm to obtain a

total sliding distance of 36 m. We performed preliminary

tests with glycerol at several temperatures from 20 °C to

100 °C snot shown in this paperd. Low friction coefficients

sfrom 0.03 to 0.07d were obtained at all temperatures tested,

and the lowest friction coefficient was obtained at 80 °C.

Thus, we chose this temperature to perform the friction ex-

periments in this study.

Each friction test was repeated three times under the

same conditions to check the reproducibility of the measure-

ments.

III. RESULTS AND DISCUSSION

A. Characterization of pristine ta-C and a-C:H
coatings

The evaluation of the physical properties from plasmon

loss spectra was performed using different relations. We used

the empirical relationship between the energy of the low-loss

peak sEpd and the hardness sHd proposed by Howe and

Oleshko:
12

logsHd = − 7.44 + 6.1 logsEpd . s1d

The relation obtained by Xu et al.
13
connects the hardness of

ta-C coatings to the deposition bias energy used, and a rela-

tion between the energy of the low-loss peak sEpd and the

hardness sHd was deduced:

logsHd = − 4 + 3.8 logsEpd . s2d

The measurement of density sDd and sp3 /sp2 ratio sRd

were also obtained from the energy of the plasmon peak

maximum according the following relations:

logsDd = − 202.71 logsEpd2 + 605.84 logsEpd − 450.72,

s3d

logsRd = 1.0519 logsEpd + 1.9563. s4d

1. ta-C coating

Figure 1sad shows an EFTEM image recorded at 30 eV

energy loss of the ta-C coating, which easily reveals the

presence of a 30-nm-thick interlayer between the carbon

coating and the steel substrate. The carbon coating has es-

sentially an amorphous structure, as revealed by the electron

diffraction pattern also shown in Fig. 1. The carbon coating

is 730 nm thick. A TEM image at a higher magnification on

the top of the coating shows the presence of a very thin layer

at the extreme surface. An ESI image was performed at 6 eV

energy loss, energy corresponding to the transition p /p* in

graphitic carbon fFig. 1sbdg. In these conditions, a 3-nm-

thick layer becomes bright, confirming the presence of gra-

phitic carbon at the top surface of the coating. At this stage,

the coating can be described as composed of a main amor-

FIG. 1. sad EFTEM image at 30 eV of ta-C coating. The coating is 728 nm

thick and an interlayer of 32 nm is present between the main coating and the

iron substrate. A Pt protective coating s25 nmd was deposited on the DLC

coating before cutting. sbd Energy-filtered image at 6 eV of the top of the

coating. A graphitic layer 2 nm thick can be observed at the extreme surface

sjust below the Pt coating which was only 7 nm thick on this aread.
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phous carbon layer s730 nmd, an interlayer near the substrate

s30 nmd, and a very thin graphitic layer at the extreme sur-

face s3 nmd.

Energy-dispersive spectroscopy sEDSd analysis was used

to analyze more precisely the interlayer between the coating

and the substrate. A line scan was performed across the coat-

ing from the substrate to the platinum layer deposited on the

DLC coating before FIB machining sFig. 2d. Three elements

were monitored: carbon, iron, and chromium. Results show

that the interlayer is mainly composed of chromium, iron,

and carbon.

EFTEM with the ESI method was used to study the ho-

mogeneity of the main coating and the characteristics of the

interlayer sFig. 3d. A series of energy-loss images were ac-

quired between 11 and 66 eV. The image obtained at 30 eV is

presented in Fig. 3. Then low-loss spectra were reconstructed

from six selected areas of 1300 nm2 each: one in the inter-

layer sposition 1d and five at different positions inside the

main part of the coating spositions 2–6d. Spectra obtained on

positions 2–6 are very similar, proving the homogeneity in

the carbon structure on the entire coating thickness. A shift in

the plasmon loss peak energy can only be observed for the

spectrum on position 1. Empirical relations existing between

the maximum of the low-loss plasmon peak and the value of

the hardness typically show an increase of energy of the

plasmon peak with hardness. This means that the interlayer

presents a lower hardness than the carbon coating.

The plasmon peak for the interlayer is at 28 eV energy

loss, which corresponds to a hardness of about 24 GPa, while

the energy of the plasmon peak in carbon is at 31.7 eV,

corresponding to about 52 GPa. By using the relationship

obtained from the results of Xu, we obtain a hardness of 31

GPa for the interlayer and 50 GPa for the main coating.

Hardness was determined equal to 60/70 GPa by nanoinden-

tation measurement sTable Id. This proves that EELS is a

valuable technique to determine hardness. Also, using the

relations Eqs. s3d and s4d, we can deduce the density and the

sp3 /sp2 ratio for the main coating. We found 87% of sp3

carbon and a density of 3430 kg/m3. Crystalline diamond

contains 100% of sp3 carbon and presents a density of

3517 kg/m3 and a hardness of approximately 100 GPa.

2. a-C:H coating

TEM observations on the a-C:H coating reveal that this

coating is in fact composed of four different layers with dif-

ferent thicknesses, as shown in Fig. 4. TEM coupled with the

FIB preparation technique was the only method able to show

the presence of this multilayer structure.

A series of energy-loss images between 11 and 33 eV

was acquired. The image obtained at 20 eV is presented in

Fig. 3. Reconstructed plasmon loss spectra from four se-

lected areas corresponding to the four layers visible in the

TEM image are shown in Fig. 5. These results show that the

coating is composed of four superimposed layers with an

increasing hardness starting from the substrate to the top of

the main coating. Table II summarizes the energy of the low-

loss peak and the corresponding calculated hardness accord-

ing to Eq. s1d.

B. Friction of ta-C and a-C:H with glycerol

Friction properties of a ta-C/ ta-C couple and a

a-C:H/a-C:H couple lubricated in the presence of pure

glycerol were evaluated. The evolution of the average fric-

tion coefficient versus sliding distance obtained for these two

couples is shown in Fig. 6 and compared with that obtained

for a steel/steel couple. The couple ta-C/ ta-C exhibited an

ultralow friction coefficient of ,0.025 in comparison to

FIG. 2. EDS analysis sline scand on the entire coating sfrom the substrate to

the resin coating deposited on the Pt layerd. Profiles of carbon, iron, and

chromium elements along the line scan.

FIG. 3. EFTEM image at 30 eV with reconstructed spectra of a set of

images between 11 and 66 eV on six positions indicated in the picture

sposition 1: interlayer; position 2–5: main coatingd. A corresponding scale of

hardness calculated with the relation of Howe et al. is mentioned below the

picture.
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a-C:H/a-C:H sm,0.1d and steel/steel sm,0.15d couples

under the same conditions. After friction tests, optical images

of the flats revealed wear for the steel/steel couple fFig. 7sadg

and delamination for the a-C:H/a-C:H couple fFig. 7sbdg,

while no apparent wear was found for the ta-C/ ta-C couple

fFig. 7scdg, but the formation of a tribofilm is observed with

a blue-pink pigmentation snot visible on the black/white im-

aged. The origin of this pigmentation is still unknown.

C. Characterization of ta-C coatings after friction test

FIB EFTEM analysis on the a-C:H coating after friction

could not be undertaken because of its early delamination. A

FIB EFTEM analysis was then performed on the ta-C coat-

ing after friction testing in the pink-blue wear scar area. A 30

eV energy loss ESI image is reported in Fig. 8sad to be di-

rectly compared with the one obtained on the pristine coating

in Fig. 1sad. A measurement of the thickness of the carbon

coating clearly indicates that a carbon thickness of about 75

nm was lost during the friction test with glycerol. A lot of

tree-like structures can also be clearly observed in the bulk of

the carbon film, but the interlayer itself was not modified

fFig. 8sbdg. These structures start from a certain depth inside

the coating and seem to grow up and expand toward the top

of the surface.

Using the image-spectrum method previously described,

a series of energy-loss images between 13 and 40 eV was

acquired. The image obtained at 30 eV is presented in Fig. 9.

Then EELS low-loss spectra were reconstructed from nine

selected areas: eight at different positions inside the main

part of the coating spositions 1–8d and one in the interlayer

sposition 9d. The spectrum of the interlayer is similar to the

one before friction in the pristine sample, confirming that the

adhesion of carbon to steel has not been modified. The com-

parison of spectra obtained from positions 1–8 indicates that

the main coating became nonhomogeneous, contrary to the

pristine coating. An energy shift in the energy of the plasmon

peak maximum is clearly depicted, corresponding to an in-

crease of the energy of the plasmon peak maximum with

coating depth. Table III summarizes the energy of the plas-

mon peak maximum and the corresponding calculated hard-

TABLE II. Energy of the low-loss peak for the four stratas of the a-C:H

coating and the corresponding calculated hardness from Eq. s1d.

E seVd Hardness sGPad

19.8 2.9

21.2 4.5

22.5 6.4

24.8 11.6

FIG. 4. TEM picture of a-C:H coating showing that it is in fact composed

of four parts.

FIG. 5. EFTEM image with reconstructed spectra of a set of images be-

tween 11 and 33 eV on four positions indicated in the picture corresponding

to the four parts of the coating. A corresponding scale of hardness calculated

with the relation of Howe et al. is mentioned below the picture.

FIG. 6. Friction coefficients of sad a steel/steel couple sblackd, sbd an

a-C:H/a-C:H couple sgrayd, and scd a ta-C/ ta-C couple sdark grayd lubri-

cated by pure glycerol.
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ness according to Eq. s1d. These results clearly show a sig-

nificant reduction in hardness at the top of the ta-C coating,

after friction.

Scanning electron microscopy sSEMd observations were

carried out on the two sides of the FIB sample and are shown

in Fig. 10. They appear very smooth, since no topographic

contrast is observed. This suggests that the tree-like struc-

tures observed by EFTEM analysis are not an artifact due to

FIB preparation but may indicate a structure modification of

the ta-C structure during friction testing.

The origin of the tree-like structures observed inside the

coating is not obvious. We made an electron diffraction study

in the tree-like structures and the corresponding dark field

images. In the electron diffraction of the ta-C coating, a dif-

fuse s002d basal plane ring is observed, corresponding to sp2

carbon clusters present in the percolated sp3 carbon network.

The dark field image with the diaphragm positioned on the

s002d ring effectively shows the presence of graphitic carbon

in the tree-like structures but also in a well-defined layer at

the top of the coating fFig. 11sbdg. This observation is in

good agreement with the gradient of hardness evidenced by

the shift in the energy of the plasmon peak maximum sFig.

9d. An ESI image at 529 eV energy loss sO-K edge region,

Fig. 12d shows the presence of oxygen on the top surface.

This confirms the hydroxylation of the ta-C surface when the

ta-C surface is lubricated with glycerol molecules.
2

The thickness loss of the ta-C coating after the friction

test is certainly due to a little wear. We can compare that to a

FIG. 7. Optical image of flat wear scar of sad steel, sbd a-C:H, and scd ta-C

stribofilm, see dashed lined.

FIG. 8. sad EFTEM image at 30 eV of ta-C coating after friction test. The

coating is 655 nm thick and the interlayer of 30 nm is also present. sbd A

kind of tree structure can be observed inside the coating.
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self-polishing of the ta-C coatings, which allows the perfect

accommodation of two antagonistic surfaces. The formation

of the sp2-rich tree structures, which appear like clear zones

in the higher part of the layer, results in a local density re-

duction in these zones. “Empty” volume generated by this

transformation must be important and consequently, the com-

pressive stresses must be released in the considered zones,

which involves heterogeneities if the unaffected zones are

considered. As these transformed zones are numerous, the

global compressive stresses should strongly decrease. A re-

duction of the residual stresses was already observed for

smooth, fine-grained diamond films with an increasing sp2

content.
17
As ultralow friction was obtained with this coating

in the presence of glycerol, we consider the hardness loss at

the top of the coating beneficial, as a kind of self-adaptation

of the coating during the friction to release their high re-

sidual compressive stresses due to the elaboration process.

Moreover, the graphitization which takes place on the ex-

treme surface of the coating results from an active unsatur-

ated sp2-bonded surface being able to react with glycerol

molecules. Friction experiments snot shown hered performed

on pure graphite in a controlled atmosphere containing glyc-

erol molecules confirm this high reactivity of sp2 bonding

toward OH groups.

TABLE III. Energy of the low-loss peak of the nine spectra from Fig. 9 and

their corresponding calculated hardness from Eq. s1d.

Spectrum E seVd H sGPad

1 28.3 26

2 29 30.2

3 29.2 31.5

4 29.4 32.9

5 30 37.2

6 30.4 40.3

7 30.6 42

8 30.8 43.7

9 28.7 28.4

FIG. 10. SEM images of the ta-C coating after friction testing obtained by

using a SE detector. These images give a topographic contrast.

FIG. 9. EFTEM image at 30 eV with reconstructed spectra of a set of

images between 13 and 40 eV on nine positions indicated in the picture

sposition 1–8: main coating, position 9: interlayerd.
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All the results obtained for ta-C coatings confirm the

lubrication mechanism proposed by Kano et al. for

ta-C/ ta-C contact lubricated by glycerol monooleate

sGMOd
2
and also proposed by Matta et al. for ta-C/ ta-C

contact lubricated by glycerol,
18
which is based on a hy-

droxylation of the extreme surface of the ta-C coating. As

proposed by Kano et al., this mechanism is similar to the one

observed for hydrogenated DLC, which presents hydrogen at

the top surface. In that case, superlow friction has be ex-

plained by a repulsion between the two surfaces, since hy-

drogen atoms are slightly positively charged.
19
In the case of

hydroxylated ta-C coatings, low friction can be attributed to

the very low-energy interaction between OH-terminated sur-

faces sliding on each other.
2
Furthermore, results presented

here suppose that the bulk coating is also responsible in this

low-friction lubrication mechanism, since structural modifi-

cations are observed inside the coatings.

IV. CONCLUSION

TEM sEELS and EFTEMd coupled with FIB sample

preparation is a valuable technique to fully characterize DLC

coatings from the extreme surface to the interface with the

substrate. For ta-C coatings, a thin graphite layer on the ex-

treme surface of the coating was evidenced before friction.

The interface of the coating with the substrate was also stud-

ied to check the good adhesion of the coating on its sub-

strate. For the a-C:H coating, the four-layer structure was

observed. FIB/TEM was the only technique able to show this

four-layer structure. Hardness values obtained for the two

coatings by using EELS study and the relation of Howe et al.

gives results close to those obtained by nanoindentation ex-

periments. In the case of a-C:H coatings, the hardness mea-

sured by nanoindentation corresponds to a composite hard-

ness of the coating, taking into account the various layers.

Thus, EELS coupled with FIB gives more detailed informa-

tion on the structure of the coatings than nanoindentation

measurements.

Observations after friction of the ta-C coating allow

monitoring of the structural changes of the coating during

friction testing sthe presence of the tree structuresd. Chemical

changes of the extreme surface of the coating were also stud-

ied by EFTEM. The presence of oxygen at the top surface,

due to a hydroxylation of the coating during friction with

glycerol, was clearly observed.

TEM observations performed on FIB samples gave im-

portant results for a better understanding of the tribological

results obtained with the ta-C coating lubricated with glyc-

erol. These two techniques allow a structural and mechanical

characterization of the ta-C coating and also a chemical char-

acterization of the extreme surface. They can be considered

very promising techniques to characterize tribological sys-

tems.

FIG. 11. Dark field image performed with the diaphragm positioned on the

s002d ring. This image shows the graphitic nature of the tree-like structures

and the presence of a well defined layer at the top of the coating.

FIG. 12. Overlay of an ESI image of oxygen s529 eVd in yellow on a

zero-loss image of the ta-C coating. These results prove a hydroxylation of

the coating during friction testing.
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Abstract. We report a unique tribological system that produces superlubricity under boundary 

lubrication conditions with extremely little wear. This system is a thin coating of hydrogen-free 

amorphous Diamond-Like-Carbon (denoted as ta-C) at 353 K in a ta-C/ta-C friction pair lubricated 

with pure glycerol. To understand the mechanism of friction vanishing we performed ToF-SIMS 

experiments using deuterated glycerol and 13C glycerol. This was complemented by first-principles-

based computer simulations using the ReaxFF reactive force field to create an atomistic model of ta-C. 

These simulations show that DLC with the experimental density of 3.24 g/cc leads to an atomistic 

structure consisting of a 3D percolating network of tetrahedral (sp3) carbons accounting for 71.5% of 

the total, in excellent agreement with the 70% deduced from our Auger spectroscopy and XANES 

experiments. The simulations show that the remaining carbons (with sp2 and sp1 character) attach in 

short chains of length 1 to 7. In sliding simulations including glycerol molecules, the surface atoms 

react readily to form a very smooth carbon surface containing OH-terminated groups. This agrees 

with our SIMS experiments. The simulations find that the OH atoms are mostly bound to surface sp1 

atoms leading to very flexible elastic response to sliding. Both simulations and experiments suggest 

that the origin of the superlubricity arises from the formation of this OH-terminated surface.   

1 Introduction 

1.1 Survey on Extremely low Friction under boundary lubrication 

Systematic research on friction started with Leonardo da Vinci (1516). The traditional Amonton friction 

law F=µN relates the friction force F to the normal load via the friction coefficient µ. The Bowden and 

Tabor model of friction provides a good starting point for understanding how a thin interface film can 

drastically reduce the friction coefficient [1]. The friction coefficient is assumed to depend on the normal 

load W, the real contact area A and the shear strength S of the interfacial tribofilm (or film transfer) as: 

W
AS=µ      (1) 

The shear strength S of solids at high pressure is generally observed to be pressure dependent, which 

can be approximated by [2]: 
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     S = S0 + αP      (2) 

According to the Hertzian contact theory (below the elastic limits), and in the sphere-on-plane 

configuration, the friction coefficient µ  depends of three variables as [3]: 

    µ = S0π 3R
4

E( )
2

3
W

− 1
3 + α     (3) 

Where E is the composite elastic modulus of the contacting materials and R is the radius of the sphere. 

This simplified model assumes that the real contact area corresponds to the Hertzian zone, as calculated in 

equation (3). This assumption has been verified for soft and very thin interface films that lead to good 

accommodation in the contact geometry. Therefore, friction measurements at different normal loads can 

be useful to determine S0 and α values in a given tribological system. However, equation (3) indicates that 

the minimum friction coefficient value is α so that the friction cannot vanish completely. For example 

friction experiments performed on MoS2 coatings under different atmospheres [4-8] have led to α =0.001. 

On the other hand, if the shear strength of the interface is very low, say 25 MPa, µ is predicted to be a few 

thousandths (µ< 0.01) making the measurement of friction very difficult. The accuracy of mechanical 

devices measuring the friction tangential force and the normal load simultaneously makes it difficult to 

quantify the friction for  µ< 0.01, which we refer to as extremely low friction or superlubricity.  

In the case of very thin interface films such as H-terminated surfaces on carbon materials, or very thin 

tribofilms (thickness below 2 nm), it is not certain that equations (2) and (3) are still valid and the 

existence of a limiting value to the lowest friction attainable remains questionable. 

1.2. Superlubricity of MoS2 and DLC 

The macroscopic friction laws in equations (1)-(3) result from the combined response of many 

microcontacts, which, in turn, constitute an ensemble of nanoscale contacts. Probably the most 

fundamental question in tribology concerns the route via which energy is dissipated in the contacts. 

Superlubricity (the vanishing of friction force) was predicted theoretically by Hirano [9] in 1991 based on 

frictional anisotropy between incommensurate crystal surfaces. This prediction was verified 

experimentally by some of the authors [4-8]. Thus in 1993 the friction coefficient on pure molybdenum 

disulphide (MoS2) coatings was shown experimentally to become immeasurably small (i.e., below 0.002) 

in an ultrahigh vacuum [4]. High-resolution transmission electron microscopic (TEM) investigations [4] 

showed that the super low friction behavior probably has a structural origin, arising from the frictional 

anisotropy between rotated MoS2 nanocrystals in the contact area. In 2000, Chhowalla and Amaratunga 

[10] reported similar ultralow friction and wear performance for a fullerene-like MoS2 nanoparticle 

material. It was later discovered by several authors independently that some hydrogenated diamond-like 

carbon (DLC) coatings exhibit the same super low state with a friction coefficient lying in the millirange 

[11]. The super low friction property was obtained when sliding a DLC surface (a-C:H) containing a large 

amount of hydrogen (more than 40 atomic %) on steel (or the same DLC material) in an ultrahigh vacuum 

or in a dry inert gas atmosphere [11, 12]. Previous results indicated that hydrogen plays a dominant role in 

the friction behavior of a-C:H films [13, 14]. Here the formation of a transfer film on the steel counterface 

seems a necessary condition [15]. The resulting topcoats were suggested to interact through weak van der 

Waals forces and repulsive electrostatic forces due to positively charged H-terminated carbon atoms [14]. 

It is plausible that friction between H-terminated carbon surfaces would be low because the C-H/C-H 

interface has a low binding energy of 0.08 eV per bond. According to the model in equation (3), the shear 

strength of 10 MPa expected for such a system would lead to a steady-state friction coefficient lower than 

0.01 [14].  
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Such systems with super low friction are certainly of great interest to address tribological issues for 

space applications, but for industrial machines, it is the friction under the boundary lubrication conditions 

that is relevant. We report here the first example of super low friction for such systems. 

2. Methods 

2.1. Sliding test experiments 

The pin-on-disc sliding tests were conducted in the following manner. The pins, measuring 5 mm in 

diameter and 5 mm in length, were made of hardened bearing steel (AISI 52100) and polished to a surface 

roughness of Ra 0.05 micron. The disc measured 35 mm in diameter and 2.5 mm in thickness and was 

made of carburized steel. The three pins were secured to prevent them from rotating and were pressed 

against the toric sliding surface of the rotating disc at a position that was 20 mm in diameter from the 

center of the disc. Contact at the sliding interfaces was in the shape of lines under high Hertzian pressure 

of 700 MPa. Lubrication was provided by an oil bath heated to 353 K. The sliding speed was varied in a 

range of 0 to 1 m/s for the results in figure 1. 

The SRV sliding tests were performed with a reciprocating, needle-pin-on-flat-disc tribometer that was 

lubricated before the test by wetting it with several droplets (5 cc) of the test oil heated to 353 K. The pins, 

measuring 18 mm in diameter and 22 mm in length, were made of hardened steel and polished to a surface 

roughness of Ra 0.05 micron. The disc measured 24 mm in diameter and 7.9 mm in thickness and was 

made of carburized steel. The reciprocating pins were pressed against the stationary disc by a force of 400 

N that generated 270 MPa of pressure. The length of the track was 3.0 mm and the reciprocating time was 

15 minutes at 50 Hz. 

 
2.2. DLC coating preparation 

The ta-C DLC coating was applied to the polished carburized steel disc and the hardened steel pins to a 

thickness of 0.5 micron from a graphite target by arc-ion plating, a physical vapor deposition (PVD) 

process, and did not contain hydrogen. The hydrogen-containing DLC (a-C:H) coating was applied to the 

polished carburized steel disc and hardened steel pins to a 1.0-micron thickness by a plasma-assisted 

chemical vapor deposition (CVD) process from hydrocarbon gas and contained about 20 at% of hydrogen. 

  

2.3. Surface analysis experiments 

X-ray Photoelectron Spectroscopy (XPS) and X-ray Excited Auger Electron Spectroscopy (XAES) data 

were obtained using a VG 220I apparatus. XPS was performed with a non-monochromatized source that 

had a dual anode for MgKα or AlKα irradiation. The size of the X-ray probe was set at 100 ×100 µm2 so 

that well spatially resolved analysis can be achieved. XAES spectra were recorded with the 0.5×0.5 µm2 

focused electron beam which permits a high spatial resolution. Special attention has been paid to the 

Auger C KLL line to obtain a good signal/noise ratio. Interestingly, the thickness probed in XPS and XAES 

is about 5 nm with the exponential decay. 

Time of Flight-Secondary Ion Mass Spectrometry (ToF-SIMS) experiments were performed with a 

ToF-SIMS V apparatus from ION-TOF. For static Static SIMS analysis (SSIMS), Au+ pulsed ion beam of 

25 KeV energy was used for scanning an area of 100 ×100 µm
2 on the surface. The diameter of the spot 

was smaller than 1 µm in order to obtain average information. In SSIMS, chemical information is coming 

from a depth of 0.1-1 nm below the surface. This is much more near-surface information than the one 

obtained with XPS and XAES techniques. With pure 13C glycerol (13C G) and deuterated glycerol (2H G) 

lubricants, SSIMS spectra were recorded inside and outside the tribofilm area to clarify the material 

change on the ta-C surface after the super low friction tests.  
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For Dynamic SIMS (DSIMS), depth profiles were obtained combining depth profiling with secondary 
ion analysis. Sputter erosion was achieved using O2

+ ions low energy beam of 0.5 KeV. Analysis of the 
crater centre was performed using Ga+ ions high-energy beam of 15 KeV. 

Before surface analysis, all samples tested in friction were cleaned with heptane in ultrasonic bath for 
15 minutes. It is important to mention that the glycerol mono-oleate (GMO) and glycerol are not soluble 
in heptane but are emulsified with an ultrasonic bath.  
 
2.4. FIB preparation and TEM study 

Transmission Electron Microscopy sample was prepared by Focused Ion Beam technique. A transversal 
cut of ta-C sample was performed to obtain a 100 nm thick cross-section of the coating. To preserve the 
top of coating, a W layer was previously deposited on the DLC coating before nanomachining by a Ga+ 
ion beam. Energy Filtered TEM experiments were performed on a LEO 912 energy-filtering equipped 
with a cold stage holder, in order to avoid irradiation damage. The microscope equipped with an omega 
energy filter was operating with an accelerating voltage of 120 kV. EELS spectra in the nanoprobe mode 
(spot size of 0.5 nm) were acquired using a JEOL 2010F operating with a 200 kV accelerating voltage. 
FIB samples were also observed using a FEI XL 30 ESEM FEG operating in vacuum (accelerating 
voltage of 30kV). Observations were performed using secondary electron (SE) detector to obtain a 
topographic image of the FIB preparation, or in the transmission mode to compare results obtained with 
the other accelerating voltages (200 kV and 120 kV). 
 
2.5. Computer simulation methods. 

These studies used the ReaxFF reactive force field based on quantum mechanics studies of structures and 
reactions of many carbon-based systems [16]. Previous studies have documented the accuracy of ReaxFF 
to describe reactions and to prepare structures for amorphous systems [17].  
 
2.5.1. The atomistic structure of Bulk ta-C DLC. In order to obtain an amorphous carbon structure from 
simulations, we started with a periodic cell containing 512 atoms in the diamond structure (4×4×4 
superlattice), heated this system to 8000K for 2 ps to form the liquid phase, then quenched the system to 
300 K at a cooling rate of 1400 and 100 K/ps, and finally equilibrated the structure at 300 K for 3 ps. The 
process was carried out for densities ranging from 2.7 to 3.4g/cm3, leading to different energies. We found 
that lower cooling rates decrease the energy of DLC structures, leading to stable DLC structures with 
densities of 3.0 to 3.3g/cm3. In this study, we discuss the 3.24 g/cc system (the experimental value). 
 
2.5.2. Surface of ta-C DLC. To construct the surface of DLC, we cut through the cell with planes 
perpendicular to each of the x, y, and z direction. For each direction, we attempted to cut the solid at 40 
places, equally spaced at 0.5 Å and spanning the periodic supercell of 14.75 Å.  In each case, the two parts 
of the DLC were first separated by 1.5 Å and the positions of the atoms optimized to minimize the 
ReaxFF energy. Then we selected the plane with the lowest energy from each of the three sets and carried 
out MD at 300K while separating the planes by a total of 2.5 Å. Then we selected the best of these cases 
as the actual surface of this particular DLC structure. The results discuss one of these cases. 

  
2.5.3. Computer Simulations of the frictional properties of lubricated surfaces of ta-C DLC. Using this 
surface we carried out MD simulations using ReaxFF, while sliding the top surface with respect to the 
bottom one [18, 19]. 

The ta-C/ta-C sliding couple was constructed by bringing two ta-C DLC slabs into contact. Periodic 
boundary conditions were imposed in the x-y plane, while about 45-48 Å of vacuum was allowed in the z 
direction. The bottom 0.9 Å of the lower slab (with 32 atoms per cell) were held rigid in all simulations 
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while the top 0.9 Å of the upper slab was slid at a constant velocity of 1nm/ps along the sliding direction. 
At each point, all remaining 480 atoms were allowed to move freely according to the forces. An external 
force was imposed along the z direction (perpendicular to the slabs) to keep the distance between the 
centers of mass of the two slabs constant. This provides the normal load.  

Starting with the initial interface models at an initial temperature of 300 K we carried out constant 
energy MD simulations while keeping the cell parameters fixed (NVE). These calculations were carried 
out under a number of conditions including: 

a) bare ta-C surfaces ; 
 b) introduction of 6 glycerol molecules to form a monolayer at the interface between ta-C surfaces, 
 
3. Results and Discussion 

We evaluated the friction properties under boundary lubrication conditions for more than 50 different 
kinds of DLC coating materials, including: hydrogen-containing DLC (a-C:H), metal-containing DLC 
(Me-C:H), and hydrogen-free DLC (a-C and ta-C). We found that the best performance is for hydrogen-
free DLC (ta-C), which we focus on here. 

3.1. Friction of Steel/DLC in presence of Glycerol Mono-Oleate (GMO) 

We evaluated the effect of the friction-modifier additive glycerol mono-oleate (GMO) on the friction 
property of ta-C, when added in a poly-alpha-olefin (PAO) base oil. First, tribological tests were 
conducted using a pin-on-disc type machine consisting of three fixed pins sliding on a rotating disc as a 
function of the sliding speed (figure 1). The results are compared with those obtained with the a-C:H/steel 
pair in the same conditions and the results found for a needle bearing lubricated with 5W-30 engine oil. 
The results in figure 1 show that the friction coefficients of the ta-C/steel pairs are much lower than those 
of the a-C:H/steel pairs. Most notable here is that the ta-C/steel pair lubricated with PAO+GMO exhibited 
a super low friction coefficient of 0.006 at sliding speeds over 0.1 m/s (100 rpm), which is comparable to 
the friction coefficient of the needle bearing (pure rolling). This super low friction performance 
demonstrates for the first time that the rolling contact friction level of needle bearings can be obtained in 
sliding contact. The substantially lower friction coefficient observed for this material is consistent with the 
formation of a low-shear-strength tribofilm resulting from reactions of ta-C with GMO that might be 
formed on the hydrogen-free ta-C surface. To establish whether this is the case, we carried out 
experiments and computer simulations, as described below. 
 
 

 
 
 
 

Figure 1: Friction properties of the ta-C/steel pair 
lubricated with PAO+GMO as a function of the 
sliding speed compared with those of a needle 
bearing.  
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We describe below computer simulations for ta-C finding that 71.5% of the carbon atoms have 

tetrahedral (sp3) hybridization and connect to form a percolating 3D interconnected framework. This is 

corroborated by our XANES experiments [20] and XAES [21] results. Indeed, the XAES spectrum of ta-C 

coating in the derivative mode shows a fine structure that is assigned to KVV transitions involving π 

electrons as shown in figure 2. These observations are in good agreement with the works of Mizokawa et 

al. [22, 23], who indicated, as a fingerprint of the different carbon atoms arrangement, the distance D 

between the maximum of the positive-going excursion and the minimum of the negative-going excursion 

in the derivative XAES spectra. The percentage of sp3 sites in our ta-C coating is thus estimated to 70%. 

This result is consistent with the high value for hardness (~ 65 GPa) and Young’s modulus (650 GPa) we 

measured by nano-indentation and reported elsewhere [21]. In addition, our DSIMS profiling experiments 

detected no hydrogen in the bulk of the ta-C coating [21]. A chromium-based interlayer used to improve 

the adhesion of the ta-C coating to the steel substrate was also detected. 

 

   

280270260250240 280270260250240

D=17eV

Kinetic energy (eV)

d
N

/d
E

 
Figure 2: Derivated dN/dE XAES spectrum of ta-C. 

 

Besides the surface sensitive application of AES and XANES, other techniques available for gaining 

direct imaging and information about changes in the cross-section of the sample were carried out. The 

Energy Filtered TEM image at 180 eV energy-loss with 7 eV slit width obtained on the FIB cross-section 

of the ta-C coated steel sample is presented in the figure 3(a). This loss energy permits to diminish the 

contrast of the image due to the difference between the iron and carbon atomic numbers. This leads to a 

best visualization of the AISI52100 steel structure and the 30 nm thick chromium-based interlayer 

previously detected by DSIMS. Notice the metal W layer located above the ta-C coating was necessary for 

applying the focused ion beam technique. The carbon coating is 730 nm thick and has essentially an 

amorphous structure. An EFTEM image was performed at 6 eV energy loss, energy corresponding to the 

π/π* transition in graphitic carbon, and reported in figure 3(b). In these conditions, a 3 nm thick layer 

become bright showing the presence of sp
2-bonded carbon at the top surface of the coating. At this stage, 

our material would be denoted as tetrahedral amorphous carbon or ta-C in the C-H phase diagram 

terminology of Robertson [24] with an extreme surface (3 nm near to the W layer) richer in graphite-like 

carbon. This means that there is a chemical heterogeneity of the ta-C coating towards the surface region 

leading probably to a special surface reactivity in particular in presence of additives molecules.  
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Figure 3: (a) EFTEM image at 180 eV energy-loss with 7 eV slit 

width of a cross-sectioned ta-C coating deposited on a steel 

substrate and (b) EFTEM image at 6 eV energy-loss with 4 eV 

slit width showing the 3 nm sp2 carbon layer at the extreme 

surface of the ta-C coating. 

 

Although the uppermost sliding surface and the underlying area are thought to control macro-scale 

friction behavior, it is difficult experimentally to estimate shear strength and friction behavior as a 

function of depth at the nanometer scale [25-28]. Recently, however, we developed a novel nanoscratch 

method to elucidate the macro-scale effect of reduced friction in relation to the nanoscale tribological 

properties [29]. The nanoscratch measurements reported in figure 4 show that the sliding area of the ta-C 

coated steel disc (which exhibits superlow friction in standard pin-on-disc tests) presents low shear 

strength and low friction coefficients at the nanoscale [29]. Figure 4 also shows the evolution of the 

nanoscale friction coefficient as a function of scratch depth for inside and outside the wear scar area for 

the three surface conditions. (1) a non-cleaned surface after the sliding test, (2) a cleaned surface subjected 

to supersonic cleaning in a hexane solvent and (3) a hexane-cleaned surface rewetted with PAO+GMO oil. 

The sliding area displayed a lower friction coefficient than the non-sliding area and with an obvious 

reduction within a depth of less than 5 nm from the surface. This result suggests that a thin tribofilm with 

low shear strength is formed on the sliding surface of the ta-C disc lubricated with PAO+GMO lubricant. 

The tribofilm was the reason for the ultralow friction observed for this material combination in the sliding 

tests. We show below results from the computer simulations consistent with this view. 

 

 

 

 

Figure 4: Nanoscratch measurements 

obtained for three surface conditions in a 

constant-force nanoscratching process 

using a conical diamond tip as a stylus for 
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3.2. Friction of DLC/DLC in presence of glycerol and GMO 

Under boundary lubrication, the mechanism of friction reduction is usually attributed to the effect of long 

chain polar (amphiphilic) molecules. In the so-called “Self-Assembled Monolayer SAM” or “Monolayer” 

model, the polar extremity of the molecule is strongly chemisorbed on the native oxide layer present on 

the steel surface while the paraffinic moitie extends outside the metal surface. The amphiphilic molecules 

must have at least 10 carbons in their aliphatic chain in order to promote the formation of a crystal-like 

structure in the SAM layer. Then, low friction is generally attributed to easy sliding of methyl groups over 

each other, in a way described and also simulated by Molecular Dynamics in the literature by Harrison 

[30], for example. In our experiments, the SAM model could be applied to GMO since this molecule has a 

long chain. In order to identify the kind of friction mechanism obtained for ta-C material in presence of 

OH-containing additives we used pure glycerol which is a short chain molecule containing alcohol 

chemical functions. 

Figure 5 reports the friction coefficients of different material combinations lubricated with PAO+GMO 

and pure glycerol (G) in a SRV test. Amazing results were obtained for the ta-C/ta-C combination. The 

friction coefficients of the ta-C couples were substantially lower than for a-C:H/a-C:H and for the 

steel/steel combinations. These results suggest strongly that the ultra-low friction phenomenon involves 

the interaction between the ta-C coating and the ester-containing oil due to the formation of a very thin 

and low-shear-strength tribofilm on the ta-C sliding surface. In addition, these outstanding characteristics 

of vanishing friction and zero-wear behavior were obtained for the ta-C/ta-C combination lubricated with 

pure glycerol G at 353 K. As shown in figure 5, the friction coefficient was below 0.01, but the exact 

value could not be measured with the equipment at hand. Indeed, the wear scar is not visible by optical 

microscopy. This result suggests that the superlubricity is only related to the alcohol chemical function 

(OH), which is common to both GMO and glycerol molecules.  
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Figure 5: Steady-state friction coefficients obtained in SRV tests of 

steel/steel and DLC/DLC couples lubricated with PAO+GMO oil in dark 

gray and with pure glycerol in light gray.  

 

3.3. Computer Simulations to determine the atomistic structures for bulk and surface ta-C DLC 

Because of its amorphous character, it has not been possible to determine the detailed 3D structure using 

experimental methods. Because of its amorphous structure and the long time scales involved with its 

preparation, it is also quite difficult to predict the structure using first principles quantum mechanics 

(QM). In order to circumvent these difficulties we developed using the ReaxFF reactive force field [16, 
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17] based on first principles QM and capable of describing the molecular dynamics (MD) for much larger 

systems and for much longer times than possible with QM.  

Using ReaxFF we predicted 3D structures for the ta-C DLC surface by first melting the a cell of carbon 

and then quenching to form a glass (details in the METHODS section). We focus here on the 3.24 g/cc 

system (the experimental value) we denote carbons having 4 single bonds as sp3, a carbon with bonds to 

three atoms as sp2, and a carbon with one or two bonds as sp1. For the experimental density of 3.24 g/cm3, 

we found that 71.5% of the carbon atoms have sp
3 character while 28.1% have sp2 character and 0.4% 

atoms have sp1 character. This is consistent with XAES experimental results, which leads to 70% sp3 and 

30% sp2.  We found that all of the sp3 atoms interconnect to form a percolating tetrahedral network, to 

which isolated sp2 atoms (36%) or short sometimes-branched chains (64%) of sp2 atoms attach. The sp1 

atoms sometimes lie between two sp2 atoms (allene) and sometimes are isolated. This structure is shown 

in figure 6. Here the sp3 atoms are pink and the sp2 atoms are blue. 

 

A. sp3 ps .Bsmota 2 and sp1 atomsA. sp3 ps .Bsmota 2 and sp1 atoms  
Figure 6: Atomistic 3D structure predicted for bulk DLC with density of 3.24 

g/cm3. Based on ReaxFF MD calculations, quenching from the melt at a cooling 

rate of 100K/ps. 

(A) sp3 atoms: 71.5% of 512 atoms; they form a percolating tetrahedral network  

(B)  sp2 blue atoms: 28.1% and sp1 green atoms: 0.4%. 36% sp2 atoms are isolated 

 

To construct the surface of DLC, we cut through the cell along 120 different planes and selected the 

lowest energy surface. Figure 7 shows the atomic character of the DLC surface formed from DLC bulk 

system with density of 3.18 g/cm3 (this has 68% sp3 and 32% sp2 atoms). For the DLC surface slab, there 

are 52% sp3, 37% sp2, and 11% sp1 atoms confirming the stronger sp2 character of the ta-C top surface 

shown previously by EFTEM study. About 0.4% of the surface atoms have one bond connected with bulk 

C atoms.  

 

3.4 Computer Simulations of the frictional properties of lubricated surfaces of ta-C 

Using the ta-C surfaces, we carried out MD simulations while sliding the top surface with respect to the 

bottom one [18, 19]. For the bare surfaces, this leads to very high friction coefficients up to 1.0 and 

tremendous wear since the unsaturated C atoms at the interface can react by forming and breaking bonds. 

We then allowed this bare surface to interact glycerol molecules. We introduced 6 glycerol molecules to 

form a monolayer at the interface. During the sliding, the glycerol reacted with surface C atoms and 

decomposed. After sliding for 10 ps, we find that 6 H atoms and 4 O-R (OH or other fragments 

decomposed from glycerol) were adsorbed on the C surface, which did not change over an additional 40 

ps. We found that the most active sites for reacting with H or O-R are sp1 C radical sites. Within the 
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simulation time (40 ps), we found only one additional sp2 C atom reacts with H. Figure 8 shows the 

structure of the simulation model after sliding for 20 ps. Here the atom character after reaction is indicated. 

The products of decomposition of glycerol were found to be OH, H, O, CH2O, C3H3O, C3H7O3, C2H3O2, 

C3H3O2. This dramatically reduced the friction coefficient to as low as 0.03 at 0.6 GPa. Thus, 

hydroxylation on the surface dramatically decreases the friction, leading to ultralow friction. Analyzing 

the response of the surface atoms during sliding, it appears that the bent C-OH bonds attached to the short 

sp
1 stubs at the surface make the surface layer very soft (bending the chains rather than compressing 

bonds) but still elastic, which appears to underlie the superlubricity. 

 

 

 

 

 

Figure 7: Atomistic 3D structure predicted 

for the DLC surface (from the bulk system 

with density of  3.18 g/cm
3). Based on 

ReaxFF MD calculations. sp3 (pink): from 

68% (bulk) to 52.0% (surface), sp2 (blue): 

from 32% (bulk) to 36.7% (surface), sp1 

(green): from 0% (bulk) to 10.9% and there 

are 2 atoms (0.4%) only have one bond 

(brown).  

 

 

 

 

 

 

Figure 8: Structure of the glycerol lubricated ta-C 

after sliding for 20 ps at v=100m/s. 

sp
3 C: pink; sp2 C: blue; sp1 C: green. O: red; H: 

gray. There are H and OH species adsorbed on ta-C 

surfaces and 5 other fragments that are not attached 

on the surfaces.  

 

3.5. Superlubricity mechanism as studied by ToF-SIMS  

To study experimentally the origin of the super low friction observed for glycerol-lubricated ta-C coatings 

in boundary lubrication, we used surface sensitive molecular analyses technique Time-of-Flight 

Secondary Ion Mass Spectroscopy (ToF-SIMS). In order to understand the tribochemical reactions that 

generate the tribofilm (wear track), we used pure 13C glycerol (13C G) and deuterated glycerol (2H G) 

lubricants. For the 13C glycerol, we substituted 13C for all carbon atoms and in the case of deuterated 

glycerol only the hydrogen atom of hydroxyl group was substituted.  

The friction results obtained with these specific products on ta-C material are very similar to those 

obtained with standard glycerol [21]. SSIMS spectra were recorded inside and outside the tribofilm area to 

clarify the material change on the ta-C surface after the super low friction tests. The negative ion spectra 
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recorded inside and outside the tribofilm formed on ta-C coating after the 13C glycerol lubricated friction 

test are compared in figure 9 to the spectrum of the virgin ta-C surface. They show clearly the presence of 

the 13C glycerol molecule (13C3H7O3
-) and their characteristic ion fragments (13C2H3O2

-
, 

13CHO-
, 

13CH2
-
, 

13CH2O
-) on the ta-C surface after the friction experiment which is consistent with the results of 

computational simulations reported previously. No higher molecular masses containing 13C obtained by 

polymerisation of glycerol were found; thus the hypothesis that super low friction results are due to long 

chain molecules lubrication can be rejected in our case. Also no new species created by the friction were 

detected inside the tribofilm in comparison with outside. Table 1 reports the relative intensities of the 13C 

glycerol molecule (13C3H7O3
-) and their characteristic ion fragments (13C2H3O2

-
, 

13CHO-
, 

13CH2
-
, 

13CH2O
-) 

versus to the sum of the cluster ion Cn (with n≥5) intensities which are mostly characteristic of ta-C 

material. The relative intensities of the 13C components were found nearly twice higher inside the wear 

scar than outside indicating the possible adsorption of glycerol fragments on ta-C surface. Table 1 also 

reports the relative intensity of the alcohol group (OH). No significant increase was observed for OH 

group after the friction experiment in comparison with virgin ta-C surface probably due to a tribofilm 

screening effect and to the strong presence of this specie in the ambient air contamination. However, the 

super low friction experiments performed with deuterated glycerol (
2H G) lubricant on ta-C coating 

showed a significant increase in 2H and O2H species inside the tribofilm in comparison with outside as 

shown by the negative ions spectra (figure 10). The ratio between these masses intensities (which are 

characteristic of deuterated glycerol) and the sum of the cluster ion Cn (with n≥5) intensities was found to 

be more than twice higher inside the tribofilm, suggesting an hydroxylation of the surface carbon atoms 

due to frictional processes which leads to a low energy hydrogen interactions between glycerol molecules 

(and H2O and other small molecules due to its dissociation under the friction) and hydroxylated ta-C 

surface. 

 

Table 1: Results of SIMS analysis on DLC surfaces. The relative intensities of the 13C glycerol 

molecule (13C3H7O3
-) and their characteristic ion fragments (13C2H3O2

-
, 

13CHO-
, 

13CH2
-
, 

13CH2O
-) 

versus to the sum of the cluster ion Cn (with n≥5) intensities are presented. The relative intensity 

of the alcohol group (OH) is also reported. These compositions are consistent with the 

fragmentation observed in the ReaxFF MD calculations for glycerol lubricated DLC. 
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These experimental results are consistent with the computer simulation results suggesting that the 

origin of superlubricity in these conditions is attributed to the interaction between two sliding 

hydroxylated carbon surfaces (OH-terminated carbon film surface).  

 

4. Summary 

Summarizing, computer simulations and SIMS experiments confirm the origin of superlubricity of the 

glycerol lubricated ta-C/ta-C surface and provide an atomic level explanation for the superlubricity in 

terms of the formation of a low friction tribofilm involving first hydroxylation of surface carbon atoms 

that occurs upon beginning of the sliding.  

International Conference on Science of Friction IOP Publishing

Journal of Physics: Conference Series 89 (2007) 012003 doi:10.1088/1742-6596/89/1/012003

11



The Nissan Engineers have estimated that using this extremely low friction low wear material for the 

sliding parts in a car engine could reduce fuel consumption of automobiles by 5%. If all automobiles 

around the world were to use this technology, it could reduce the production of CO2 by 250 million 

tons/year.  
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Figure 9: ToF-SIMS surface analyses. a) The negative ion spectrum of virgin ta-C 

surface is compared with spectra obtained b) inside the wear track and c) outside 

the wear track after the friction test lubricated with 
13C glycerol.  
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Figure 10: ToF-SIMS surface analyses. a) The negative ion spectrum of virgin ta-C 

surface is compared with spectra obtained b) inside the wear track and c) outside the 

wear track after the friction test lubricated with deuterated glycerol. 
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