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Abstract
Many previous researchers have reported the formation of carbonaceous tribofilms from organic lubricants on rubbing metal-
lic surfaces. This paper shows that a very important factor in the formation of such tribofilms is the presence or absence 
of molecular oxygen. When steel surfaces are rubbed in saturated hydrocarbon lubricants in the absence of oxygen, for 
example in nitrogen or hydrogen gas, carbonaceous films form very readily, resulting in low friction and wear. However, 
when a significant amount of oxygen is present, as is the case in air, carbonaceous tribofilms are not generally formed, so 
friction and wear are very high, with values comparable to those seen when no lubricant is present. In situ Raman analysis 
combined with gas-switching experiments show that the carbonaceous films formed during rubbing when no oxygen is 
present are rapidly removed during rubbing in air, while tests in which lubricant is removed during a test in  N2 indicate that 
the films are quite weak. This suggests that these carbonaceous films are being continually removed and replenished during 
rubbing in oxygen-free conditions. It is proposed that these carbonaceous films are formed from hydrocarbyl free radicals 
that are generated mechanochemically from hydrocarbon molecules during rubbing. In the absence of oxygen, these free 
radicals then react together to form a carbonaceous film. However, when oxygen is present, the hydrocarbyl free radicals react 
extremely rapidly with oxygen molecules to produce hydroperoxyl free radicals and so are no longer available to generate 
a carbonaceous tribofilm.

Graphical abstract
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1 Introduction

It has long been known that when metal surfaces are rubbed 
together in a liquid or vapourised organic lubricant, car-
bonaceous tribofilms can form on the rubbing surfaces. 
This was first recognised in the 1950s in the context of the 
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contamination of electric switch contacts by adventitious, 
airborne organics and in recent years has become a field 
of considerable research interest, driven in part by the pos-
sibility that such tribofilms might be beneficial in terms of 
reducing friction and wear.

The phenomenon is, however, relatively sporadic, with 
carbonaceous films forming easily on some rubbing surfaces 
and in some conditions but only with difficulty or not at all 
in others. The research described in this paper will suggest 
that some of this variation is because the extent to which a 
carbonaceous tribofilm can form is strongly dependent on 
the presence or absence of atmospheric oxygen. When lubri-
cated steel surfaces are rubbed together in the boundary and 
mixed regime in an environment that contains little or no  O2, 
a carbonaceous tribofilm generally forms rapidly. However, 
when surfaces are rubbed together in air, which contains 
21%  O2, carbon films form reliably only when catalytic met-
als such as Mo, Cu, Pt and Pd are present; they can form in 
the presence of engineering steels but only slowly and under 
a limited range of conditions.

The current research compares carbonaceous film forma-
tion from a variety of hydrocarbon lubricants in a nitrogen 
and dry air environment. It uses a new, sealed tribometer 
to extend the range of environments studied to illustrate 
the kinetics of carbon film formation and removal. It then 
employs an in situ Raman tribometer to monitor carbo-
naceous tribofilm formation and removal within a con-
trolled atmospheric environment. Note that in this work, 
“carbonaceous tribofilm” and “carbon film” refer to tri-
bofilms of organic nature, whose Raman spectra contains 
the characteristic D- and G-bands. The two terms are used 
interchangeably.

2  Background

The ability of relatively unreactive organic molecules such 
as hydrocarbons to form tribofilms on rubbing metal sur-
faces has been noted and explored several times over the last 
70 years in the context of various research fields. It was first 
reported in electrical switchgear when, in 1958, Hermance 
and Egan noted the formation of insulating organic deposits 
on non-arcing palladium and other platinum-group electrical 
switches [1]. They ascribed these to the reaction of adventi-
tious organic vapour contaminants on rubbing surfaces and 
termed the product “frictional polymer” [1]. Considerable 
further research followed in this area [2–5] and although 
ability to analyse the product was limited it was determined 
that the mechanism of formation was most probably a free 
radical process promoted by surface catalysis and rubbing 
[4]. The phenomenon is still being researched to the present 
day [6, 7].

In the 1960s, there was considerable interest in the bound-
ary lubricating ability of hydrocarbon base oils and it was 
found that these formed carbon-containing films on rubbing 
steel ball surfaces in 4-ball testers in some conditions [8, 
9]. The role of oxygen was explored and it was noted that 
carbon-based films were formed during rubbing in argon, 
resulting in superior tribological performance at low loads. 
However, an oxygen atmosphere gave better performance at 
very high loads due to oil oxidation products [8].

From ca 2000, there was concern that the release of 
active hydrogen from organic lubricants during rubbing 
might embrittle steel to promote rolling contact fatigue and, 
especially in recent years, might help generate white etching 
cracks. There was also interest in lubricants for use in space. 
Both these areas of interest led to research on the behaviour 
of lubricants in vacuum, where hydrogen and other molecu-
lar fragments generated during rubbing of steel surfaces in 
liquid lubricants and greases could be monitored using a 
mass spectrometer [10–14]. John et al. detected small hydro-
carbon fragments formed from a high MWt hydrocarbon 
base oil and found that more and smaller fragments were 
detected when rubbing took place than without rubbing [10]. 
Tests were also carried out in nitrogen and produced similar 
hydrocarbon fragments and a black surface tribofilm, which 
Raman analysis showed to contain graphitic carbon. Kohara 
et al. tested a range of base fluid types and found that hydro-
gen was evolved during high friction asperity contact events. 
By comparing the behaviour of hydrocarbon and fluorocar-
bon base oils, they demonstrated that the hydrogen origi-
nated from the lubricant [11]. Lu et al. found that hydrogen 
evolution only occurred above a critical applied load and 
then was both load and sliding speed dependent. They pro-
posed a mechanism based on hydrocarbon adsorption on 
nascent metal followed by surface-catalysed unzipping of 
the molecular chain [13].

Over the last decade, research on the formation of car-
bonaceous films has accelerated considerably. Now a key 
focus appears to be whether tribofilms formed in this way 
can be of practical value in terms of reducing friction and 
wear, although other work has simply reported the formation 
of such films.

Erdemir and co-workers have explored the possibility 
of using catalytically active, metal-containing coatings to 
promote the formation of carbonaceous tribofilms [15]. 
They found that steel surfaces coated with a composite of 
copper with molybdenum or vanadium nitride gave lower 
friction and surface damage than uncoated steel when lubri-
cated with both PAO base oil and a formulated engine oil. 
A carbonaceous tribofilm was detected on the coated sur-
faces but not the uncoated ones. The work has subsequently 
been extended to other types of organic lubricant including 
methane and ethanol [16–18], and to other catalytic metals 
[19]. Molecular modelling was carried out to help elucidate 
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the mechanism of film formation. This was performed at 
1000K to mimic asperity contact temperatures and from 
it the authors suggested a combination of C–C bond and 
C–H bond scission leading to dehydrogenation followed by 
aromatisation. Normally C–H bonds are stronger than C–C 
ones, but it was suggested that catalysis served to promote a 
classical dehydrogenation reaction [20].

Wang and co-workers have studied strained ring mol-
ecules based on cyclopropane that might undergo C–C scis-
sion more easily than other hydrocarbons [21–24]. They 
found that the addition of 2.5% wt. of cyclopropyl-carbox-
ylic acid to PAO produced a very large reduction in wear and 
a more modest reduction in friction. Raman surface analysis 
indicated the formation of a carbonaceous film on the rubbed 
surfaces. The researchers proposed that the acid group pro-
motes adsorption on the metal surfaces, where pressure and 
flash temperature transform the additive to a carbon-based 
solid film.

Carbonaceous tribofilms have also been detected and 
credited with reducing wear in tests with an ester biofuel 
[25], and synthetic [26] and natural [27] ester lubricants, as 
well as on retrieved metal–metal hip joints, where they were 
presumed to be formed from denatured proteins [28].

Based on the above, it is evident that the formation of 
carbonaceous tribofilms can be strongly promoted by sur-
face catalysis. This need not be from deliberately modified 
surface coatings but may also result from the presence of 
catalytic additives. Two studies have used Raman analysis 
to study tribofilm formation by the friction modifier additive 
molybdenum dialkydithiocarbamate (MoDTC) and noted 
that a carbon-based film was formed quite readily alongside 
 MoS2 when MoDTC was present, but was not formed from 
MoDTC-free base oil [29, 30]. The propensity of carbona-
ceous tribofilm formation on Cu and Pt-group metals was 
noted above and it is also possible that the carbonaceous film 
observed on retrieved metal hip implants [29], and in wear 
tests on such implants [31], is promoted by the presence of 
catalytic metals in the CoCrMo alloy employed. Recently 
Khan et al. showed that the extent of carbonaceous film for-
mation and also the level of wear in a reciprocating ball on 
a flat contact lubricated by PAO varied between steels and 
suggested that this variation originates from the presence of 
catalytically active metals and oxides in some alloys [32].

A key aspect of research on carbonaceous tribofilms 
since the 1990s [33] has been the use of surface Raman 
spectroscopy to detect a pair of adsorption bands at wave-
numbers ca 1350 and 1570  cm−1. These bands, known, 
respectively, as the D- and G-bands, are indicative of the 
presence of amorphous or graphitic carbon [34] and their 
existence on cleaned, rubbed surfaces serves as a relatively 
straightforward way to establish the presence of a carbo-
naceous tribofilm. Indeed, detection of these bands was 
used in all the post-2000 references cited above except for 
refs 11 to 13. Recently, it has been suggested that these 
bands should not be taken as proving unequivocally that 
amorphous or graphitic carbon is produced during rub-
bing, since it is possible that other types of carbon-rich 
material may be converted into a graphitic structure during 
exposure to the intense laser beam used in Raman analy-
sis [35]. This does not, of course, nullify the value of the 
method for demonstrating the presence of a carbonaceous 
tribofilm, simply the interpretation of this film as having 
a graphitic content.

Most of the experimental research outlined above, 
except for the work in vacuum, was carried out in labora-
tory air. In early work Vinogradov et al. compared wear 
and seizure of hydrocarbons in argon and oxygen in four 
ball tests and found that a hard coating which they ascribed 
to carbide was formed on the ball surface in argon [8]. 
Argibay and co-workers carried out controlled atmosphere 
tests in which a sapphire ball was rubbed against a flat 
coated in a thin film of Pt/Au alloy [6, 7, 36]. Organic 
lubricants were either adventitious trace hydrocarbons or, 
in some tests, a stream of isopropanol/water delivered via 
the vapour phase. Tests in air gave high friction, but in 
nitrogen friction dropped to a very low value during rub-
bing and a carbonaceous film that the authors suggested 
to be amorphous carbon DLC was identified using Raman. 
FIB/TEM showed this to be 50 to 100 nm thick.

Recently, the authors of the current paper have carried 
out a systematic study of the influence of oxygen level on 
the friction and wear of a reciprocating steel ball on steel 
disc contact lubricated by isooctane and hexadecane [37]. 
Typical results are shown in Fig. 1. They indicate that both 
friction and wear are much lower in nitrogen (and argon) 
than in dry air.

Fig. 1  Influence of  O2 concen-
tration on HFR friction and 
wear in isooctane at 25°C (cir-
cle is for an argon atmosphere), 
taken from Fig. 1 and Fig. 2 in 
[37] with permission
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Raman surface analysis showed that at zero and very 
low oxygen levels, a carbonaceous film was always formed 
rapidly on the rubbing surfaces and was present inside and 
around the rubbed track. In tests in air and above about 5% 
 O2, only iron oxides were detected on the rubbed surfaces.

The drop in friction as oxygen level is reduced shown 
in Fig. 1 appears at first sight to be progressive but, as can 
be seen in Fig. 2, when friction is monitored during a test 
at intermediate oxygen levels, it is evident that friction 
switches intermittently between a high and low value to give 
the average value seen in Fig. 1.

Very recently, Li et al. have studied the influence of car-
rier gas on the lubrication of stainless steel ball on flat con-
tacts by hydrocarbons delivered using vapour phase lubri-
cation [38]. They found similar behaviour to the above, i.e. 
saturated hydrocarbons produced carbonaceous tribofilms 
and gave low friction and wear in both 100%  N2 and a blend 
of 10%  H2 in  N2 carrier gas, but not in  O2. When an  O2 
stream was employed, only an unsaturated hydrocarbon was 
able to form such a tribofilm.

These studies, together with the work of Argibay [6] and 
also observations of tests in a vacuum chamber in air and  N2 
[10], suggest that carbon tribofilm formation can be greatly 
facilitated, even in the absence of overtly catalytic surfaces, 
by replacing the oxygen in the atmospheric environment by 
nitrogen. The current paper explores this further to consider 
the kinetics of carbonaceous film formation, the composi-
tion of the tribofilm, its mechanism of formation, and its 
potential utility.

3  Experimental Details

3.1  Tribometers

Three tribometer systems were employed in this study.

3.1.1  HFR in a Box

A conventional high-frequency reciprocating rig (HFR) from 
PCS Instruments was used for some tests. This loads and 

reciprocates a 6 mm diameter ball against the flat surface 
of a stationary disc immersed in a lubricant at a controlled 
temperature. Friction is monitored throughout the test and 
wear scar on the ball measured at the end of test using a 
microscope. For this study, the rig was enclosed in a sealed 
plexiglass box fitted with gas inlet and outlet ports. A zirco-
nia ceramic oxygen sensor was positioned inside the box to 
monitor oxygen concentration and different levels of oxygen 
were obtained by combining dry air and nitrogen streams 
via a mixing valve. The setup is the same as that used in 
previous work where more details can be found [37]. For 
the current work, the plexiglass box was fitted with a pair 
of home-made glove ports to enable rubbed disc samples to 
be placed directly in a portable nitrogen-filled holder with a 
transparent window within the box so that they could then 
be transported and Raman-analysed without exposure to air.

3.1.2  Sealed HFR

To extend the comparison between nitrogen and air to less 
benign oxygen-free gases, a sealed HFR (HPR) from PCS 
instruments was employed. This has the same contact con-
figuration as the conventional HFR and uses the same ball 
and disc specimens, but the lubricant bath and ball and disc 
holders are entirely enclosed in a stainless steel casing with 
a small internal volume of ca 60 ml. The test rig is shown in 
Fig. 3. Sealing of the reciprocating shaft is via two flexible 
bellows, while an external transducer monitors friction by 
displacement of the disc holder. The latter differs only from 
the conventional HFR in that the shaft to the transducer is 
attached to and passes through a flexible, metal membrane 
to enable complete sealing. The test rig can operate up to 10 
bar pressure and 150 °C.

The small internal volume of this rig facilitates the safe 
use of gases such as hydrogen and ammonia but also makes 
it possible to switch gases between alternate flows to com-
pletely change the composition of the gas in the test chamber 
within less than one second, enabling some kinetics of film 
formation and removal to be explored, as described later in 
this paper.

Fig. 2  Transition from low to high friction response as  O2 content is increased for isooctane tests at 25 °C. Repeat tests shown. Figures on the 
left and the middle taken from Fig. 3 in [37] with permission
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3.1.3  MTM in a Box with In Situ Raman

The minitraction machine (MTM) is based on a 19 mm-
diameter ball loaded and rotating against the flat surface of 
a rotating disc. The disc is fully immersed in a temperature-
controlled test lubricant and friction is monitored via the 
lateral displacement of the ball shaft bearing housing. Unlike 
the HFR, this instrument provides rolling-sliding contact 
conditions, which are arguably more realistic of the bear-
ing and gear contacts present in most lubricated machines. 
Because of the way that friction is measured it was not 

practicable to seal the MTM test chamber, so instead, to 
enable controlled atmospheric conditions the whole test rig 
was enclosed in a sealed plexiglass box. Air–nitrogen mix-
ture was premixed to a desired  O2 level before entering the 
MTM test chamber. An oxygen sensor was connected to the 
gas outlet of the test chamber to monitor the  O2 level in the 
chamber.

Raman spectra of wear tracks on rubbed balls were 
obtained using in situ Raman spectroscopy (see Fig. 4). This 
employed a home-built setup described previously [30]. A 
400 mW 532 nm continuous wave laser excitation was used. 
The beam was attenuated by an ND filter, reflected by sev-
eral moveable mirrors and then expanded before it travelled 
through a collimator and dichroic. During tests, ball and disc 
motion were halted intermittently and the ball was raised 
and pressed upward against a  CaF2 window. The laser beam 
was then focused onto the stationary surface of the ball via 
this window using a 20 × objective lens (Zeiss EC Epiplan), 
giving a 6.3 µm spot size of about 11 mW power. Note that 
this laser power was chosen to ensure that the tribofilm is 
not significantly altered by the laser beam.

The reflected light and Raman scattering from the ball 
wear track passed back through the dichroic, a moveable 
pinhole and a longpass filter before reaching a spectrom-
eter. All optomechanical parts and beam tubes were acquired 
from ThorLabs, UK while the dichroic and longpass filter 

Fig. 3  Photographs of HPR

Fig. 4  Schematics of the MTM with in situ Raman spectroscopy (Color figure online)
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were acquired from Chroma, USA. The Raman scattering 
entered the spectrometer (Shamrock 500i, Andor) through a 
narrow slit and spectra were recorded on an IDUS 400i CCD 
camera (Andor). A grating of 1200 lines/mm with 500 nm 
blaze was selected. The acquisition time was 0.97 s, and 10 
spectra were accumulated giving a 10 s sampling rate. The 
spectrometer was calibrated using the spectral lines of Ne 
and Hg(Ne) lamps (Oriel Instruments, USA).

Acquired spectra were background-corrected by fitting 
and subtracting a spline baseline. Spectra presented here are 
averages of five spectra obtained at different locations on a 
ball wear track.

3.2  Ex situ Raman Analysis

To analyse the disc surfaces from HFR tests, confo-
cal Raman spectroscopy was carried out using an Alpha 300 
RA (WITec, Germany) with a 532 nm laser source, a 600 
lines/mm grating with 500 nm blaze and a Zeiss EC Epiplan 
20× objective lens. Spectra were taken with an integration 
time of 0.5 s for 100 accumulations, giving a total acquisi-
tion time of 150 s. The laser power was about 3 mW.

3.3  Test Materials and Conditions

All HFR and MTM tests in this study employed AISI 52100 
steel ball and disc specimens provided by PCS Instruments. 
This steel contains ca 1% C, 1.5% Cr and is a very com-
monly used bearing steel. All the MTM tests ball and disc 
were through-hardened steel. However, with the HFR and 
HPR, the tests in hexadecane used hardened steel discs (hard 
discs), but those in isooctane, which can be considered as 
a gasoline analogue, used annealed steel discs (soft discs), 
as specified in the standard diesel fuel lubricity test ASTM 
D6079. In the HFR, tests on hexadecane employed a longer 
stroke length and a lower frequency as well as a higher tem-
perature than those on isooctane.

The HFR and HPR test conditions are listed in Table 1 
while those for the MTM tests are listed in Table 2.

Two test liquids were employed, isooctane (2,2,4-trimeth-
ylpentane) (SigmaAldrich) and n-hexadecane (99%, Merch 
Millipore). The isooctane was used as received. Hexadecane 
can be considered as a low viscosity model lubricant and 
was purified before use by passing it through a column con-
taining activated alumina, silica gel, and 3Å molecular sieve. 
The isooctane had viscosity 0.47 cP at its test temperature of 
25 °C, while hexadecane had viscosity of 1.54 cP at its test 
temperature of 60 °C.

Four cylinder gases were used, nitrogen (99.998%), dry 
air (20%  O2) and hydrogen (99.99%) supplied by BOC Ltd. 
and propane (99.5%) supplied by CK Isotopes Ltd.

4  Results

4.1  HFR in a Box

Figure 5 compares HFR friction traces for purified hexa-
decane in dry air and  N2. The upper traces are from three 
repeats in dry air (20%  O2) while the lower three traces (that 
overlap almost precisely) are from three tests in nitrogen (0% 

Table 1  HFR and HPR test conditions

Applied load 1.96 N (200g),  Pmax = 0.82 GPa
Stroke length Isooctane 1 mm, hexadecane 2 mm
Stroke frequency Isooctane 50 Hz, hexadecane 20 Hz
Test fluid volume 6  cm3 (when fluid used)
Test duration 75 min
Test temperature Isooctane 25 °C, hexadecane 60 °C
Disc roughness, Rq 4.8 ± 0.8 nm
Ball roughness, Rq 9.9 ± 1.2 nm
Ball hardness 790 HV
Disc hardness Soft discs = 195 HV

Hard discs = 775 HV

Table 2  MTM test conditions

Ball diameter 19.05 mm
Roughness, Rq (nm)  < 10 nm
Elastic modulus, GPa 207
Hardness, VN 850 Hv
Applied load 20 N  (Pmax = 0.83 GPa)
Ball and disc speed 5 and 35 mm/s
Entrainment speed 20 mm/s
SRR 150%
Temperature 25 °C
Predicted EHD central film thickness 0.5 nm

Fig. 5  Friction traces for hexadecane in dry air and in  N2. Upper, 
rough blue/grey traces are in dry air, lower smooth red/orange traces 
are in  N2. Three repeats are shown for each atmosphere. Test con-
ditions 2 mm stroke length, 20 Hz, hard discs, 1.92 N load, 60  °C 
(Color figure online)
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 O2). The overall response is similar to that shown for isooc-
tane in Fig. 2, with very high friction in dry air but quite 
low friction in  N2. Friction coefficients are lower with hexa-
decane than for isooctane and this is believed to be because 
the lambda ratio (ratio of minimum EHD film thickness to 
composite surface roughness) in the hexadecane tests (mid 
stroke Λ ~ 0.15) is higher than in isooctane tests (Λ ~ 0.06). 
However, it may also originate in part from the difference in 
disc hardness. Mean ball wear scar diameters for the three 
repeats were 642 μm in dry air and 128 μm in nitrogen.

Figure 6 shows ex situ Raman spectra taken from the disc 
wear tracks. These rubbed discs were stored in a  N2 atmos-
phere until immediately before analysis.

In tests in dry air (20%  O2), the predominant peaks are 
those of  Fe3O4 (666  cm−1) and α-Fe2O3 (1315  cm−1). How-
ever, for tests in  N2 (0%  O2), the D- and G-bands' character-
istic of carbonaceous film are present, though there is still a 
peak for  Fe3O4. We do not believe that these carbon-related 
Raman bands were significantly affected by the laser beam at 
the wavelength and intensity used, so that as well as indicat-
ing the presence of a carbonaceous tribofilm, they suggest 
that this tribofilm contains amorphous carbon. These Raman 
spectra are similar to those seen on discs from isooctane 
tests in dry air and  N2 [37].

It was of interest to determine whether the carbonaceous 
films that formed in a nitrogen atmosphere were mechani-
cally stable or whether they resulted from a balance of for-
mation and removal. To explore this, tests were carried out 

using isooctane in  N2 in which a carbonaceous film was 
formed and then all the isooctane removed from the lubri-
cant bath and the test resumed in dry conditions in  N2. Isooc-
tane rather than hexadecane was studied since it is volatile 
and thus easy to remove completely from the test specimens 
and the lubricant bath. After 75 min rubbing in isooctane, 
the ball was halted and unloaded while maintaining the  N2 
atmosphere. Isooctane was then extracted from the lubri-
cant bath using a syringe and the test rig was left for 60 
min at the test temperature of 25 °C to ensure all remaining 
isooctane evaporated. The test was then resumed. Friction 
traces from two repeat tests are shown in Fig. 7. The traces 
around the point at which the test was halted and resumed 
are shown magnified in an inset. Friction started to rise ca. 
two minutes after rubbing resumed and rose to a high value, 
similar to that in dry steel/steel conditions, after 4min rub-
bing. Interestingly, after rubbing resumed, friction was ini-
tially lower than during rubbing in isooctane. This might be 
because the one hour of rest time of the carbonaceous films 
allowed some rearrangement of the film, perhaps with loss 
of friction-enhancing free radical dangling bonds.

4.2  HPR

The sealed HFR (HPR) was used to study the effect of 
switching gases since its very small internal volume made 
it possible to change atmosphere very rapidly.

Figure 8 shows friction response when the atmosphere 
was switched between dry air and  N2 every 5 min during 
rubbing in isooctane. Three repeat tests are shown. There 
is some variation, but all have the same pattern of behav-
iour, with friction falling in  N2 and then rising in dry air. 
By the third cycle, the response settles down and it can be 
seen that friction rises relatively slowly over about 2.5 min, 

Fig. 6  Ex situ Raman spectra of steel wear tracks formed in hexa-
decane. Top: in dry air and bottom: in  N2. Note that the intensity of 
spectra from outside the wear track is very low. Spectra are baseline 
corrected

Fig. 7  Friction during three-stage isooctane tests in  N2. Stage 1 (blue 
traces) show rubbing in isooctane. Stage 2 (not shown) is removal of 
isooctane and one hour rest time. Stage 3 (orange traces) show rub-
bing of pre-formed carbonaceous film in  N2 in dry conditions. Inset 
shows enlarged view of behaviour at end of stage 1 and beginning of 
stage 3 (Color figure online)
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presumably due to loss of carbonaceous film, but falls in 
 N2 much more rapidly after about 20s rubbing. Dry air and 
 N2 were both supplied at a flow rate of 1 L/min and the 
blue trace in Fig. 8 shows the  O2 content measured in the 
outlet flow. The change in atmosphere is almost instantane-
ous, although it is unlikely that the  O2 content within the 
isooctane will change as rapidly.

Figure 9 shows results from similar gas-switching tests, 
but now switching between dry air and  H2 gas. Two repeat 
test results are shown. The pattern of response is broadly 
similar to  N2, settling down after two cycles to high friction 
in air, low friction in  H2. This suggests that the difference in 
friction response originates largely from the presence versus 
absence of  O2 rather than any direct influence of  N2 or  H2. 
There are some interesting differences, with  H2 continuing to 
give high friction during its first cycle, but this was also seen 
with one of the  N2 switching tests. Note that the mechanisms 

of tribofilm formation may depend on the gaseous environ-
ment and hence the formation rate and nature of the result-
ing films in  N2 and  H2 may differ. Further work would be 
needed to investigate the specific influence of  H2. No  O2 
trace is shown in Fig. 9 since the fast-response zirconia  O2 
sensor available was not compatible with  H2. However, the 
flow rates employed were the same as those in dry air/N2 
switching tests.

The above two figures show the effect of switching atmos-
pheres above the liquid lubricant isooctane. One limitation 
of this approach for determining the kinetics of friction 
change and thus tribofilm formation and removal is that 
although the change in atmosphere is very fast and quan-
tifiable, it is unlikely that the  O2 content of the isooctane 
reaches equilibrium with the atmosphere above it as rap-
idly. To obtain a better assessment of the rate of tribofilm 
formation and removal, some switching tests were therefore 
carried out using gases.

Figure 10 shows friction variation when a steel ball is 
rubbed against a hard disc at 25 °C while switching atmos-
pheres between dry air and propane. Three repeats are shown 
and, while there is considerable variation between tests, it 
is evident that propane gives lower friction than dry air. The 
fall in friction when dry air is replaced by propane gas takes 
typically 1–2 min but the increase in friction when air is 
introduced is almost instantaneous.

4.3  MTM with Raman

The effect of the atmosphere on the formation of the carbo-
naceous tribofilm on steel-steel contacts from isooctane was 
examined in an MTM using Raman spectroscopy in situ to 
minimise the perturbation of the tribofilm. In these experi-
ments, rubbing took place in nitrogen (0%  O2) (Stage 1), 
after which rubbing was halted and the unloaded, rubbed 

Fig. 8  Variation of friction coefficient of isooctane at 25  °C when 
switching between a dry air and a nitrogen atmosphere. Blue line 
shows variation of  O2 concentration during the experiments (Color 
figure online)

Fig. 9  Variation of friction coefficient of isooctane at 25  °C when 
switching between a dry air and a hydrogen atmosphere

Fig. 10  Variation of friction coefficient in dry conditions at 25  °C 
with hard disc when switching between a dry air and a propane 
atmosphere
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surfaces rested in 0%  O2 (Stage 2), followed by in dry air 
(20%  O2) (Stage 3). Finally, rubbing was resumed in 20% 
 O2 (Stage 4). The duration of each stage is listed in Table 3.

During rubbing in  N2 in Stage 1, friction coefficient fell 
to a low value of 0.15, suggesting the formation of carbona-
ceous tribofilm. This was confirmed by Raman spectra of the 
wear tracks obtained in situ at the end of Stage 1 as shown in 
Fig. 11, where the characteristic D- and G-bands are visible 
(black trace). Note that the intensity of G-band is stronger 
than that of D-band in most repeats. While this tribofilm is 
patchy and its relatively noisy Raman spectrum suggests that  
it is quite thin, it is clearly adequate to provide low friction.

Resting the wear track in 0% oxygen without rubbing for 
20 min (Stage 2) affected the Raman spectra only margin-
ally, with the intensities of the carbon-related spectral peaks 
dropping slightly (red trace). This suggests that the top-most 
surface of the tribofilm may be unstable and have different 
chemistry to the subsurface. Note that in HFR tests, resting 
in 0%  O2 resulted in a reduction in friction of the tribofilm 
(Fig. 6), also indicative of some change in surface chemistry.

Exposing the stationary tribofilm to 20%  O2 (Stage 3) 
had little further effect of the film (green trace), implying 
that in the absence of rubbing it was now stable to oxygen. 
This may also be due to  O2 diffusion being limited to only 
the very top of the tribofilm surface. In some cases, a small 
peak at around 670  cm−1, which is assigned to  Fe3O4, could 
be observed at this stage. This was attributed to the exposure 
of pristine steel surface to oxygen due to the patchy nature 
of the tribofilm.

Finally, in Stage 4 the ball and disc were rubbed together 
in dry air (20%  O2). The friction coefficient rose sharply to 
a value of ca 0.7, much higher than seen in a  N2 atmosphere. 
Figure 12 shows an in situ Raman spectrum of the ball track 
at the end of Stage 4. The tribofilm has changed in two ways. 
Firstly, there are strong peaks at ~ 660  cm−1 and 1315  cm−1, 
and a shoulder around 609  cm−1, indicating the formation 
of  Fe3O4 and α-Fe2O3. Secondly, the carbon-based film has 
been largely removed so that it is overwhelmed by the very 
strong signals from iron oxides. This is illustrated by a lack 
of a clearly distinguishable D-band, while a peak at the loca-
tion commonly assigned to G-band may also be assigned to 
iron oxide. By contrast, the spectra of carbon-rich tribofilms 
in Stages 1, 2 and 3 have D- and G-bands, with the former 
slightly weaker than the latter.

Another set of experiments were conducted where Stage 
1 was set at 10min. With this reduced rubbing time, the 
carbon D and G peaks had slightly lower intensities than in 
the longer Stage 1 tests but were still clearly distinguishable 
in the Raman spectra of the wear tracks. The two tribofilms 
behaved similarly upon resting in 0% and 20%  O2, which, 
together with the relatively constant friction coefficient, sug-
gests that apart from the top-most layer, the chemistry of the 
remaining tribofilm is probably quite uniform.

5  Discussion

5.1  Kinetics of Formation/Removal and Durability 
of Carbonaceous Films

It is not straightforward to determine rate of formation of 
carbonaceous film using tests starting in  N2 since an oxide 

Table 3  Conditions of in situ Raman spectroscopy with MTM

 Test Stage 1: forma-
tion of tribofilm 
in 0%  O2

Stage 2: 
resting in 
0%  O2

Stage 3: rest-
ing in 20% 
 O2

Stage 4: 
rubbing in 
20%  O2

1 20 min 20 min 20 min 20 min
2 10 min 20 min 20 min 20 min

Fig. 11  In situ Raman spectra of wear tracks on steel ball rubbed 
in isooctane. Each spectrum is an average of spectra from five loca-
tions on a wear track. The two peaks for  CaF2 are from the observa-
tion window. All spectra are normalised against the highest of the two 
 CaF2 peaks (Color figure online)

Fig. 12  In situ Raman spectrum of wear tracks on steel ball taken at 
the end of Stage 4, where the tribofilm was rubbed in 20%  O2. The 
spectrum is an average of spectra from five locations on a wear track. 
The two peaks for  CaF2 are from the observation window. All spectra 
are normalised against the highest of the two  CaF2 peaks (Color fig-
ure online)
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layer that may have to be removed by rubbing prior to any 
tribofilm formation will be present on the surfaces. How-
ever, the atmosphere switching tests in propane/air shown in 
Fig. 10 suggest that the friction drop takes 1 to 2 min once 
propane is introduced. In Fig. 2, tests with isooctane in a 5% 
 O2 atmosphere showed friction that jumped between a low 
and high value, believed to represent, respectively, the pres-
ence and absence of a carbonaceous film. Figure 13 shows 
part of one test trace extracted from this figure, chosen to 
include two such friction excursions. The rate of friction 
drop is quite variable but occurs over about 50 to 100s.

This rate of carbonaceous film formation may still rep-
resent the net result of film formation and removal. The 
 N2 atmosphere test shown in Fig. 7, where isooctane is 
removed after carbonaceous film formation and then rub-
bing resumed, suggests that the film is relatively weak and, 
unless able to be replenished, can only withstand about two 
minutes rubbing in HFR conditions.

Both the MTM Raman and the HPR switching tests 
illustrate the deleterious effect of  O2 on a pre-formed car-
bonaceous film. The propane/air switching tests show that 
replacement of propane by air causes almost instantaneous 
increase in friction, suggesting that the carbonaceous film 
is removed extremely rapidly in reciprocating sliding con-
ditions. The rate of loss of film when isooctane is present 
is slower, but this may reflect the time needed for oxygen 
molecules to dissolve in the lubricant. From all the results 
described above, it is evident that carbonaceous films form 
much more readily in an inert nitrogen atmosphere than in 
dry air. It is also evident from the MTM Raman work that 
the carbonaceous film is not affected greatly by exposure 
to  O2 but is very rapidly removed by rubbing in a 20%  O2 
environment. The most likely explanation for this is that 
the tribofilm is weak to rubbing action, so that when the 
presence of  O2 prevents it being replenished, it is rapidly 
and permanently removed during rubbing, resulting in high 
friction and wear.

5.2  Mechanism of Formation of Carbonaceous Film

Previous researchers have suggested two main mechanisms 
for the formation of carbonaceous films on surfaces from 
organic liquid or vapour during rubbing.

 (i) C–C scission of adsorbed molecules to form hydro-
carbyl free radicals, driven by mechanical and/or 
thermal stresses from rubbing, followed by free radi-
cal rearrangement and oligomerisation [1, 4, 6, 10, 
15, 26]

 (ii) Catalytic dehydrogenation, i.e. catalysed cleavage of 
C-H bonds of adsorbed molecules to form hydrogen 
and olefin, followed by olefin polymerisation [15, 19, 
38].

Most researchers suggest that the metallic substrate 
plays an important role in catalysing these processes, 
although some also propose that strong adsorption on this 
substrate is necessary to immobilise molecules so that 
the latter can experience high mechanical forces needed 
to promote C–C cleavage. Lu et al. suggest that alkanes 
adsorb and react on ferrous metal surfaces only after oxide 
layers have been removed by rubbing [12, 13].

The predominant mechanism favoured by the authors 
of this paper to explain the observed results is (i) above, 
i.e. that hydrocarbon and related organic molecules are 
sufficiently immobilised on rubbing steel surfaces to 
experience very high mechanical forces generated due to 
asperity interaction and that these forces cleave C–C bonds 
mechanochemically to form hydrocarbyl free radicals. The 
fact that strained carbon ring molecules preferentially form 
carbonaceous films [21] supports a free radical process. 
Note that the flexibility of acyclic hydrocarbons, such as 
isooctane and hexadecane, may make their C–C bonds less 
prone to being mechanochemically cleaved than cyclic 
hydrocarbons. This may affect the concentration of radi-
cals and thus will have implications on the formation rate 
of the carbon film.

A few researchers have suggested that C–C cleavage 
might be caused by flash temperatures due to rubbing, and 
even that such temperatures might exceed 1000 °C [15]. We 
consider that this is unlikely; such high flash temperatures 
can only occur at much higher sliding speeds and loads than 
are present in any of the research to date on carbonaceous 
films. However, it is now generally accepted that nanoscale 
mechanical forces acting directly on individual molecules 
can promote covalent bond breaking and subsequent molec-
ular reactions so that such reactions to occur at much lower 
temperatures than would otherwise be the case. For example, 
polymer molecules in melt or solution are well known to 
undergo homolytic fission at near-central C–C bonds to form 
hydrocarbyl radicals at room temperature when subjected to 

Fig. 13  Magnified view of variation of friction over rubbing time for 
isooctane in 5%  O2, extracted from Fig. 2
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elongational stress [39] or even from stresses created during 
adsorption [40].

What follows then depends on the environment. When 
the lubricant is in an atmosphere of  N2 (or argon [37]), the 
free radicals will have time to rearrange and interact – for 
example undergoing intra- and inter-molecular hydrogen 
atom transfer, isomerism and addition to generate carbon-
rich species in a process quite similar to that occurring in 
low temperature pyrolysis [41]. However, in air, or indeed 
in an atmosphere with more than about 5%  O2, most hydro-
carbyl free radicals will react almost immediately with  O2 
molecules to form peroxy radicals (Eq. 1), and so initiate 
the hydroperoxide oxidation cycle, rather than rearranging.

Maillard et al. [42] have shown that this reaction has 
second-order kinetics and is extremely rapid, with a rate 
constant between 1 and 5×109  M−1s−1 depending on the 
structure of the free radical. The solubility of oxygen in 
hydrocarbons is such that in air at atmospheric pressure and 
25 °C the oxygen concentration is typically 0.002 M [42, 
43]. This means that for a rate constant of 4×109  M−1s−1 
(typical of an ethyl free radical), the half-life of the free radi-
cal in solution is only ca 100 ns. In consequence, Eq. 1 will 
pre-empt most other possible radical reactions [44].

Thus, in this scenario, friction-generated hydrocarbyl free 
radicals can only proceed to form a carbonaceous film if; 
(i) very low or no oxygen is present; (ii) the rate of radical 
formation is so fast that local oxygen depletion takes place, 
which is quite possible within a thin film rubbing contact, 
or (iii) there is an alternative reaction pathway that does not 
involve formation of hydrocarbyl free radicals. The last is 
discussed further below.

The above by no means rules out a catalytic contribu-
tion from the substrate and indeed this appears almost cer-
tainly the case with the Pt metals as outlined earlier in the 
Background. The question that arises is whether this is an 
adjunct to stress-driven C–C bond cleavage, helping to break 
C–C bonds homolytically to form free radicals, or whether 
such catalysis provides an alternative, radical-free degrada-
tion route such as dehydrogenation [45] or, even heterolytic 
C–C bond fission to form hydrocarbyl ions [46]. Pt and Pd 
are also powerful passive autocatalytic recombiners [47], 
promoting the room temperature reaction of hydrogen with 
oxygen, and in this role might well help promote carbona-
ceous tribofilm formation in air by promptly sequestering 
the hydrogen noted by researchers to be generated during 
rubbing [12–14].

The Pt metals, and the oxides of metals such as Cr, Mo, 
V and Ga, are well known as dehydrogenation catalysts in 
which role they promote cleavage of C–H bonds in alkanes 
to form alkenes and hydrogen [46]. This catalysis normally 

(1)R
.
+ O

2
→ ROO

.

occurs only at relatively high temperatures, but Pd has 
recently been shown to dehydrogenate alkanes at room tem-
perature under high applied pressure [48]. It is thus quite 
possible that the first stage in the formation of carbonaceous 
films observed with Pt [6, 36] and Cu/metal oxide [15] is 
dehydrogenation of alkane to form a much more reactive 
alkene. One question that arises in the context of the cur-
rent study is whether the presence of oxygen, as studied in 
the current work, might be expected to hinder such cataly-
sis. This seems unlikely to be the case for metal oxides but 
might be so for the Pt metals since Sattler et al. report that 
noble metals are active for dehydrogenation in the metallic 
state, and in some cases a reduction step is necessary prior 
to reaction [45].

In addition to inhibiting carbonaceous tribofilm forma-
tion, it is also evident from the gas-switching and Raman 
results outlined above that molecular oxygen promotes 
removal of such films. Berman et al. have also suggested 
that very thin graphene films retain their ability to reduce 
friction only when they are rubbed in a nitrogen atmosphere 
as opposed to air [49]. This may originate from a direct, 
stress-promoted oxidation of the carbonaceous film, but 
based on the current work it may simply be that oxygen pre-
vents carbonaceous film formation by trapping hydrocarbyl 
free radicals so that any pre-existing film is not replaced as 
it is removed by rubbing.

The precise mechanism of carbonaceous tribofilm for-
mation is not fully resolved. It has become commonplace 
to append some reactive MD simulation work to published 
experimental work on carbonaceous film formation, but 
unfortunately such modelling simply counts bonds breaking 
under stress; it does not reveal whether such bond cleavage 
is homolytic to form free radicals, or heterolytic to produce 
ions. Nor is the subsequent reactions of these species, what-
ever their nature, revealed. Evidently, there is scope for more 
sophisticated modelling studies.

6  Practical Significance

Several previous studies have suggested that the formation 
of carbonaceous films from organic hydrocarbons during 
rubbing may be an effective strategy to reduce friction and 
wear (e.g. [15–17, 19, 21]). In the current work, while fric-
tion and wear are very greatly reduced in  N2 as compared 
to air for base oils (as evident for hexadecane in Fig. 5), it is 
important to note that the actual values are not exceptionally 
low by formulated lubricant standards; they simply appear 
so compared to the base oil performance in air. Indeed, this 
is a limitation of much previous work where comparison is 
often made only between contacts that form carbonaceous 
tribofilms from hydrocarbons and those that form no tribo-
films whatsoever. It is also important to note that for liquid 



 Tribology Letters (2024) 72:4

1 3

4 Page 12 of 14

lubricated systems, the actual friction and wear measured 
will depend on the lambda ratio and so the proportion of the 
load supported by solid–solid contact, as opposed to fluid 
film pressure. Thus, the higher friction coefficient seen for 
isooctane versus hexadecane tests in a  N2 atmosphere in 
Figs. 2 and 5, respectively, does not reflect a higher bound-
ary friction coefficient of the carbonaceous film formed from 
isooctane but rather a lower lambda ratio for this very low 
viscosity fluid.

In terms of lubrication performance, it is perhaps relevant 
to compare friction and wear behaviour of a system that 
forms a carbonaceous tribofilm with one that forms a con-
ventional lubricant additive tribofilm in air. This is shown in 
Fig. 14 where three friction traces are shown, one of hexa-
decane in  N2 (taken from Fig. 5) and two for solutions of 
friction modifier additives, glyceryl monooleate (GMO) and 
molybdenum dialkyldithiocarbamate (MoDTC), in hexade-
cane under the same condition except that the atmosphere is 
now dry air. It is evident that a well-chosen friction modifier 
additive film in air is more effective than a carbonaceous tri-
bofilm formed in nitrogen. Similarly, it was found that most 
phosphate-based antiwear additive solutions gave lower wear 
in dry air than did carbonaceous tribofilms formed from 
hexadecane alone in nitrogen.

Of course, this does not negate the potential value of 
carbonaceous tribofilms in reducing friction and wear in 
systems where formulated lubricants cannot be used, and 
also, possibly, to augment the tribological performance of 
such lubricants, especially if these interact favourably with 
carbon-based surfaces. The current work also suggests that 
the carbonaceous films formed are relatively weak and need 
to be continuously replenished but this may not be the case 
in all such carbonaceous tribofilms forms, especially those 
on strongly catalytic surfaces.

7  Conclusions

It has been found that the presence of oxygen gas has a pro-
found effect on the ability of organic liquid and gaseous 
lubricants to form carbonaceous films on rubbing steel sur-
faces. When lubricated steel surfaces are rubbed together in 
an oxygen-free environment in both pure sliding and rolling-
sliding conditions, a carbonaceous tribofilm forms rapidly 
on the rubbed tracks, as evidenced by both in situ and ex 
situ Raman surface analysis. This tribofilm results in quite 
low friction and wear. However, when rubbing takes place 
in dry air (which contains 20%  O2), no such film is formed, 
and very high friction and wear are observed.

The carbonaceous tribofilm formed in zero or at low  O2 
levels appears to be quite weak and is removed rapidly when 
the organic lubricant is no longer available or when oxygen 
is introduced into the surrounding atmosphere, with a con-
sequent increase in friction and wear. The tribofilm is thus 
probably being continuously removed and replenished in 
zero or low  O2 environment.

We consider that the most likely mechanism of this car-
bonaceous tribofilm formation is mechanochemical in ori-
gin, with C–C bonds in surface-adsorbed organic molecules 
being homolytically cleaved by the high stresses present in 
asperity rubbing contact to form pairs of hydrocarbyl free 
radicals. In the absence of oxygen, these free radicals then 
rearrange, dehydrogenate and recombine in a fashion akin 
to low temperature pyrolysis, eventually to form amorphous 
carbonaceous material. However, when oxygen is present, 
the hydrocarbyl free radicals react very rapidly with oxygen 
molecules to form hydroperoxy radicals, the classical first 
stage in hydrocarbon oxidation chemistry. They are thus no 
longer available to form a carbonaceous tribofilm.

These findings provide important new insight into car-
bonaceous film formation and also into tribo-oxidation and 
the tribological behaviour of inerted, sustainable lubricant 
systems.
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