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Abstract
Extreme pressure (EP) lubricant additives form protective tribofilms at the site of contact using the heat and pressure of 
contact and relative motion. Common EP additives contain undesirable elements such as phosphorus and sulfur. A novel EP 
lubricant additive, which contains no phosphorus and sulfur, is presented for generating lubricious carbon films. The addi-
tive consists of a surface-active molecule with a metastable cycloalkane ring, which dissociates readily during tribological 
contact to form lubricious carbon films. Friction and wear performance of PAO4 with this additive under a range of loads 
and speeds were shown to be superior to that without the additive. Optical and scanning electron microscopy and Raman 
spectroscopy were used to analyze the tribofilms formed on post-test contact surfaces, providing direct evidence for the 
formation of carbon films. Quantitative kinetics for the carbon tribofilm formation was analyzed as a function of temperature 
and stress, from which the activation energy for carbon tribofilm formation was obtained.

Keywords  Extreme pressure additives · Antiwear additives · Additive deposition

1  Introduction

Transportation accounts for 28% of energy consumption 
globally [1], and improved lubrication in transportation 
systems can significantly reduce oil consumption and the 
associated CO2 emission [2–5]. Each 1% improvement in 
fuel economy of light-duty vehicles lowers fuel consump-
tion by 100,000 barrels of oil per day in the USA alone [6]. 
Lubrication technology is also crucial in the reliability and 
lifetime of vehicles and can reduce the toxicity of engine 
exhaust [7]. Overall, it has been reported that 1–1.4% of the 

GDP can be saved through research and implementation of 
new lubrication technology [8, 9].

Under ideal engine operation conditions, lubricants work 
by forming a fluid film that hydrodynamically supports the 
load between mating surfaces. However, during starting and 
stopping of the engine, reduced engine speed prevents the 
lubricant from forming a continuous fluid film between mat-
ing surfaces, and asperities on the mating surfaces come into 
direct contact. This condition is known as boundary lubrica-
tion (BL) or in the case where some of the load is supported 
by the fluid, it is known as mixed lubrication (ML). These 
conditions lead to high friction and wear during engine 
operation. BL and ML are especially important for hybrid 
vehicles, whose engines start and stop each time the drive 
train switches to and from battery power. Also, many new 
vehicles implement ‘start–stop’ systems, which reduce fuel 
consumption by automatically shutting the engine off when 
the vehicle is motionless [10]. Overall, lubricant design for 
modern engine systems must give due consideration to the 
frequent occurrence of BL and ML conditions [11].

Lubricant additives serve many purposes from corrosion 
resistance and contamination control to friction reduction 
and wear protection [12]. Extreme pressure (EP) additives 
are a class of additives designed specifically to protect sur-
faces in BL and ML conditions. Most EP additives work by 
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harnessing the energetic and chemically active environment 
at asperity contacts to induce chemical reactions, forming 
lubricious and protective layers on surfaces, known as tri-
bofilms. The most common class of EP additives is zinc 
dialkyl-dithio-phosphate (ZDDP). ZDDP generates an effec-
tive and strong phosphate tribofilm that reduces friction and 
wear. Despite its effectiveness, the use of ZDDP has been 
increasingly discouraged, because phosphorus- and sulfur-
containing residues from the decomposition of ZDDP can 
accumulate in catalytic converters [13, 14], causing perma-
nent damage [15–18]. An alternative sulfur- and phospho-
rus-free lubricant additive is needed.

Diamond-like carbon (DLC) is a catch-all term for amor-
phous carbon materials containing a mixture of hydrogen, 
sp2- and sp3-bonded carbon, and other elements such as 
nitrogen and metals. It has been used industry-wide in pro-
tective overcoats for computer disk drives since the early 
1990s [19–23]. DLC has been shown to exhibit excellent 
tribological performance, with ultra-low friction behavior 
attributed to lubricious graphitic films that slide between 
surfaces [24, 25]. Delamination, poor adhesion, and high 
internal stresses are among some of the challenges for DLC 
coatings [26]. For automotive applications, a major draw-
back of DLC is that it must be deposited on surfaces as 
a pre-treatment during manufacturing. Once the coating is 
worn away, it cannot be replenished without complete dis-
assembly of the system. Further, DLC-coated surfaces are 
chemically inert and therefore have poor compatibility with 
conventional lubricant additives [27–29].

One may approach the problem with DLC discussed in 
the preceding paragraph by producing carbon tribofilms 
in situ, rather than relying solely on a static DLC coating. 
Carbon tribofilms are known to form when hydrocarbons 
dissociate at asperity contacts [30, 31]. Properties of car-
bon tribofilms vary widely, and they can have a strong posi-
tive or negative affect on friction and wear. Under certain 
conditions, carbon tribofilms can be as effective as ZDDP 
tribofilms [31–33]. Carbon tribofilms are generally formed 
through a distinct chemical pathway [30]. First, hydrocarbon 
adsorbed near the contact undergoes tribochemical oxida-
tion, resulting in high molecular weight polymers that pre-
cipitate out of the fluid. The hydrocarbon macromolecules 
then dehydrogenate into amorphous carbon, and continued 
frictional energy input causes further transformation to gra-
phitic carbon films. Graphitic carbon reduces friction and 
wear by providing a soft, low-shear stress buffer material 
between mating surfaces [30, 34, 35]. Erdemir and cow-
orkers developed a catalytically active coating based on 
nanoscale copper that facilitates the dissociation of hydro-
carbon base fluid into such lubricious carbon tribofilms [32]. 
Additional studies have discovered carbon-based tribofilms 
with carbon derived from base fluids and carbon-containing 
vapors [14, 36–41]. These studies represent a promising 

alternative to conventional ZDDP additives. However, the 
surfaces presented in these studies are often modified to cre-
ate catalytically active environment necessary for lubricious 
carbon tribofilm formation. If such surface modification is 
worn away, or depleted at the locations where such a film 
is demanded, the process to form lubricious carbon films 
cannot be reactivated without component disassembly and 
coating re-deposition.

The work reported in this paper represents a novel tech-
nology for EP lubricant additives designed to provide replen-
ishable carbon films in situ at the location of contact, without 
any pre-treatment of the contact surfaces. The additive con-
tains no phosphorus and sulfur and is designed to undergo 
a tribochemical reaction that produces a lubricious carbon 
film. An example molecule embodying this concept has been 
selected, and its effectiveness is demonstrated through tribo-
testing and surface analysis. Analysis of the tribochemistry 
and lubrication mechanisms will then be discussed.

2 � Materials and Methods

The carbon tribofilm precursor molecule must be soluble 
in base oil and should have two key moieties. The first is 
a three- or four-carbon cycloalkane, which is metastable 
because the carbon–carbon bonds within the cycloalkane 
are highly strained and are therefore prone to dissociation at 
relatively low temperatures and pressures, compared to lin-
ear hydrocarbons [41–43]. The second moiety is a surface-
active group that binds the molecule to the surface via dipole 
forces, allowing thermal energy due to frictional heating to 
couple directly to the precursor molecule [30]. Carboxylic 
(-COOH) and alcohol (-OH) groups are examples of such 
surface-active species. In this work, we chose cyclopropane-
carboxylic acid (C3H5CO2H, CPCa), shown in Fig. 1, as our 
carbon precursor, which is commercially available.

Ball-on-disk tribotests were performed under fully 
flooded lubrication in simple sliding for 30 min using a 
CETR UMT-2 tribometer. The ball and disk were 52100 

Fig. 1   CPCa molecule containing a metastable carbon ring (cyclopro-
pane) as the carbon source and a surface-active group (-COOH) that 
provides adsorption to the surface
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bearing steel with a hardness of 60 HRC, polished to root-
mean-square roughness (RRMS) of 50  nm and 100  nm, 
respectively. Two lubricant samples were tested: a neat poly-
alpha-olefin base fluid (PAO4) and PAO4 + 2.5 wt% CPCa. 
At this concentration, CPCa is fully miscible with PAO4. No 
phase separation was observed, even after leaving the fluid 
still for 48 h (Fig. 2).

Table 1 shows the test matrix consisting of 20 test condi-
tions at different speed load combinations. Tests conditions 
were selected to cover the BL and ML regimes, based on 
film thickness predictions made using contact modeling soft-
ware [44–51]. The software model also predicts the maxi-
mum asperity flash temperature and the percentage of the 
total load supported by asperities (solid). Friction force was 
measured in real time during tribotesting, while wear of the 
ball was evaluated after testing using white light interferom-
etry. The wear rate is defined as the volume removed from 
the surface divided by the distance traveled.

Post-test surfaces were rinsed gently with hexane and 
analyzed using optical microscopy and scanning electron 
microscopy (SEM). Cross-sectional SEM, through focused 
ion beam milling (FIB), along with energy-dispersive X-ray 
spectroscopy (EDS), was performed on select surfaces. 
Raman spectroscopy was performed using a laser wave-
length of 514.5 nm and 45 s scan time. Two features in 
the Raman spectrum, the D and G bands, around 1360 and 
1560 cm−1, respectively, have been extensively discussed in 
the literature. The G band corresponds to carbon sp2 bond 
stretching within the crystalline graphite structure. The 
D band is linked to vibration at the edges of graphite or 
graphene structures and is associated with disordered, non-
crystalline carbon morphology [52].

3 � Results

3.1 � Fluid Dynamics

Before assessing the BL and ML performance of CPCa, the 
effect of the additive on the lubricant’s fluid dynamics was 
assessed. CPCa was found to be readily oil-soluble, and 
Fig. 3 shows that the addition of 2.5% of CPCa has no obvi-
ous influence on the shear stress–strain rate behavior and 
only causes a slight increase in viscosity at low strain rates. 
Carboxylic acids are routinely used as additives in lubricant 
formulations, and this compatibility should be expected.

Fig. 2   Picture of PAO4 and PAO4 + 2.5 wt% CPCa after sitting for 
48 h. No phase separation was observed

Table 1   Test conditions for all tribological tests

Test conditions

Lubricants PAO4, PAO4 + 2.5 wt% CPCa
Load (N) 3, 5, 10, 15, 20
Hertzian pressure (GPa) 0.8, 0.9, 1.1, 1.3, 1.4
Speed (mm s−1) 25, 50, 100, 200
Time (min) 30
Environment 1 Atm, 25 °C
Materials 52100 bearing steel

Fig. 3   Shear stress (a) and 
dynamic viscosity (b) of PAO4 
influenced by strain rate with 
and without the addition of 
2.5 wt% CPCa
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3.2 � Friction and Wear Performance

Figure 4 presents wear rates obtained from 20 tests using 
PAO4 as lubricant and 20 tests using PAO4 + CPCa. When 
averaged over all 20 tests, PAO4 + CPCa results in a 93% 
reduction in wear rate compared with neat PAO4.

Figure 5 shows results on coefficient of friction, averaged 
over 30 min, obtained from 20 tests using PAO4 as lubricant 
and 20 tests using PAO4 + CPCa. When averaged over all 20 
tests, PAO4 + CPCa yields an 18% reduction in coefficient 
of friction compared with neat PAO4.

Figure 6 shows the time evolution of friction coefficient 
for a few representative tests. The friction curves for the 
PAO4 + CPCa fluid have two notable features. First, they 
exhibit an exponential decay of friction from the neat PAO4 
value to a lower steady-state value, within the first few min-
utes of the test. The shape of the curve is similar to what has 
been observed previously for other tribofilm-forming addi-
tives [53–56]. Second, for tests conducted at larger loads and 
lower speeds, as shown in Fig. 4c, d, the friction coefficient 
trend is disrupted with a sudden jump after a few minutes 
of tribotesting [57]. All friction versus time plots for the 
PAO4 + CPCa fluid follow either the shape of Fig. 6a, b or 
Fig. 6c, d.

3.3 � Performance Factors

Figure 7 shows a series of interpolated maps plotting the 
trends of wear rate and average friction from the 20 experi-
ments using PAO4 + CPCa. Black circles indicate points 
where the tests were actually performed. Best performance 
in friction and wear occurs at low loads and high speeds. 
According to the Stribeck curve, these conditions are asso-
ciated with greater load support from the fluid [58]. One 
can calculate the percentage of load supported by the solid 
for the 20 tests using PAO4 + CPCa, as shown in Fig. 7c. 
Figure 7d shows how the wear rate correlates with this per-
centage (contact load ratio). The wear rate remains constant 
at contact load ratio between 5 and 95%, increasing rapidly 
when the two surfaces come into complete contact and there 
is no load support by the fluid.

3.4 � Tribofilm Morphology

Figure 8 shows several surface observations on the disk 
surface after testing with PAO4 + CPCa at 10 N load and 
200 mm s−1. Figure 6a shows an optical micrograph of the 
wear scar with colored deposits. The colorful spots and 
blank regions are due to varying thicknesses of the carbon 
film [59]. Figure 6b shows a series of Raman spectra taken 

Fig. 4   Wear rates for tests using PAO4 and PAO4 + CPCa as lubricants, and a comparison of wear rates averaged over all 20 tests using these 
two lubricants
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from the untested disk surface, the wear scar, a commercial 
DLC film, and the colored deposit. This comparison identi-
fies the deposit as DLC-like carbon tribofilm, which is pre-
sent only in samples tested with PAO4 + CPCa. Its adhesion 
to the disk surface is not strong, as we can remove it after 
5-min sonication in hexane.

Figure 9 shows a series of SEM images obtained from the 
disk surface after testing at 200 mm s−1 and 10 N. Figure 9a 
shows two wear tracks: one after testing in PAO4 and one in 
PAO4 + CPCa. The streaks of dark material on the bottom 
wear scar were previously identified as a DLC-like material 
using Raman spectroscopy. Figure 9b shows a more detailed 
look, revealing the flaky appearance of the carbon material 
generated within the wear scar. The material is similar in 
appearance to DLC transfer layers previously reported [60]. 
Figure 9c, d shows the smearing of the film across the sur-
face, filling in crevices and smoothing rough areas.

Cross-sectional SEM images were also obtained using 
FIB milling on a disk that was lubricated with base oil and 
2.5 wt% CPCa under 10 N and 200 mm s−1. Figure 10 shows 
an SEM image taken at an approach angle of 52°, after mill-
ing. Before milling, a palladium overlayer was sputtered 
onto the surface to protect it from damage. A line scan of 
EDS elemental analysis was performed across the boundary 
of the overlayer and the steel surface, revealing a carbon-rich 

tribofilm that is visible in the dark regions between the over-
layer and the steel.

Figure 11 shows Raman spectra obtained from the post-
test ball surface for a variety of loading and speed condi-
tions tested with PAO4 + CPCa. The broad peak from 400 
to 900 cm−1 appears on all samples, likely due to surface 
oxides and/or oxide wear particles [61]. Just outside the 
contact area, carbon films formed are thick enough to be 
readily detectable by Raman spectroscopy (D peak around 
1350 cm−1 and G peak around 1600 cm−1) as noted by pre-
vious authors [31, 62]. All D/G ratios fall between 0.25 and 
0.45, indicating an amorphous carbon material similar to 
nanocrystalline graphite [21]. Visual inspection shows that 
the D/G ratio increases with increasing speed and load, con-
sistent with previous observations made of carbon transfer 
layers from DLC coatings [21, 62]. Also note the shift of 
the G peak from carbon tribofilms formed in our experi-
ments to higher wavenumbers compared with the DLC refer-
ence sample. This shift is attributed to increased fraction of 
sp2-bonded carbon, indicating that carbon tribofilms formed 
in these experiments are more graphitic than the commercial 
DLC [60].

Figure 12 shows two optical micrographs of the ball sur-
face tested with PAO4 + CPCa at 15 N load and a speed of 
100 mm s−1. This test condition yields a friction jump after 
about 10 min into the test as shown in Fig. 6c. Repeated tests 

Fig. 5   Time-averaged coefficient of friction for tests using PAO4 and PAO4 + CPCa as lubricants, and a comparison of friction coefficients aver-
aged over all 20 tests using these lubricants
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were stopped before and immediately after the friction jump, 
so that images of the ball surface could be taken. Figure 9a 
shows that before the friction jump, the surface contains 
a dark, mostly continuous tribofilm in the outlet area that 
has about the same width as the contact. Figure 9b shows 
that after the friction jump, the film has become thinner and 
discontinuous.

4 � Discussion

4.1 � Tribochemical Mechanisms

Tribotesting and post-test analysis have demonstrated the 
in situ tribochemical transformation of CPCa into a carbon 
tribofilm that provides friction reduction and wear protec-
tion. Through the CPCa additive, effective, friction-induced, 
carbon lubrication is achieved at ambient temperatures, 
with no catalyst required. These observations suggest that 
carbon tribofilms are formed from the carbon precursor 
additive, as shown in Fig. 10. Once added to a lubricant, 
the precursor additive adsorbs onto the mating surfaces 
(Fig. 13a). At asperity contacts, the high flash temperature 

and pressure trigger fragmentation of the metastable cycloal-
kane (Fig. 13b), which eventually results in the formation of 
carbon tribofilms (Fig. 13c). Their relative softness allows 
the films to be sheared to fill in crevices. These tribofilms 
are similar to previously reported graphitized DLC transfer 
layers in appearance, Raman signature, and friction perfor-
mance [30, 31].

These tribofilms are effective in reducing friction and 
wear as long as the film formation rate is greater than the 
removal rate by wear. At sufficiently severe tribotesting con-
ditions (e.g., combination of high load and low speed), the 
tribofilm removal rate is sufficiently high that the tribofilm 
is depleted from the contact, resulting in the friction jump 
as shown in Fig. 4c, d.

4.2 � Activation Energy

Based on our dataset of friction–time curves under a range 
of speed and load conditions, we have developed a method to 
determine the activation energy for carbon tribofilm forma-
tion. Steiner et al. [56] presented a model that predicts fric-
tion and wear performance of DLC under several cases. The 
model includes a method for correlating friction reduction 

Fig. 6   Selected friction–time 
curves, showing initial rapid 
friction reduction (a, b), in 
the presence of CPCa, and in 
some cases, followed by sudden 
friction increase, as noted in c 
and d 
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with carbon tribofilm growth. It is based on the assump-
tion that during contact, newly formed graphitic carbon 
accumulates inside roughness grooves of the surfaces, and 
friction is continually reduced until the roughness grooves 
are filled and coefficient of friction (COF) reaches a steady-
state value. Under this assumption, the difference in friction 
between the neat PAO4 sample and the PAO4 + CPCa sam-
ple can be connected to the thickness of carbon filling in the 
surface roughness, as shown below

(1)�(t)PAO4+CPCa ≈ �SS

PAO4
−

D
C

R
Δ�SS

where DC is the thickness of the carbon tribofilm formed 
within the contact area, Δ�SS the difference in the COF at the 
steady state for the PAO4 and PAO4 + CPCa samples, and 
R the surface roughness of the rougher surface. Figure 11 
shows these variables graphically for the 3 N, 100 mm s−1 
experiment.

Additionally, the friction curve for PAO4 + CPCa in 
Fig. 14 can be approximated with an exponential decay func-
tion, as shown below:

(2)�(t)PAO4+CPCa ≈ Δ�SS
e
−�t + �SS

PAO4+CPCa

Fig. 7   Interpolated maps of a friction and b wear results based on tests using PAO4 + CPCa, c interpolated map of contact load ratio (%), and d 
variation of wear rate as a function of contact load ratio. Black circles mark the load speed combinations of the 20 tests

Fig. 8   a Optical micro-
graph obtained from the disk 
surface after tribotesting at 
10 N and 200 mm s−1 with 
PAO4 + CPCa, and b Raman 
spectra obtained from a wear 
scar (with and without the 
deposit) from the same test, a 
commercial DLC film, and an 
untested disk surface
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where λ is the exponential decay constant and t time of the 
experiment. Setting Eq. (1) equal to Eq. (2), we can solve 
for the carbon tribofilm thickness DC:

write t1/2 as the time it takes for carbon to fill in half of the 
surface roughness. It can be readily shown that t1/2 = ln 2/λ. 
We approximate the average growth rate of carbon k as the 
growth rate at t = t1/2:

(3)D
C
= R(1 − e

−�t) The Arrhenius plot is then constructed by plotting ln k 
versus the inverse of the flash temperature T−1 for each tri-
botest. A collection of these Arrhenius plots is shown in 
Fig. 15a for each testing load. For most tribochemical reac-
tions, including reactions involving carbon [30], shear stress 

(4)k =

(

dD
C

dt

)

t=t1∕2

=
Rln2

2t1∕2

Fig. 9   a SEM image of the post-test disk, lubricated with PAO4 and PAO4  +  CPCa; more detailed view of the wear track tested with 
PAO4 + CPCa, showing b the formation of flakes, c the carbon film filling in crevices, and d smearing of the film along direction of sliding

Fig. 10   Cross-sectional SEM 
image of a post-test disk surface 
etched away using FIB milling, 
revealing the dark carbonaceous 
regions on the steel surface, 
with the protective palladium 
overlayer. The elemental 
analysis line scan for carbon 
is included across the surface 
boundaries
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decreases the activation energy barrier for the reaction [33, 
63–66], thus accelerating the tribochemical reaction. We can 
then express the carbon tribofilm growth rate k as a function 
of stress σ as follows:

(5)k = k
o
exp

(

−
ΔE

act

k
b
T

)

where ΔEact = ΔEact,o − σVact, ΔEact being the activation 
energy with contact pressure, ΔEact,o activation energy with-
out motion, σ the shear stress, k

o
 the pre-exponential factor, 

kb Boltzmann constant, T absolute temperature, and ΔVact 
the activation volume [66, 67]. Here, the activation volume 
depends on the effects of stress (including shear) on molecu-
lar deformation, not the physical volume of the molecule. 
Shear stress was approximated by multiplying the normal 
contact stress by the steady-state coefficient of friction from 

Fig. 11   Raman spectra obtained 
from ball surfaces after testing 
with PAO4 + CPCa, along with 
spectra from untested DLC and 
ball surfaces

Fig. 12   Optical micrographs of the ball surface after testing with PAO4 + CPCa test at 15 N and 100 mm s−1 (a) before the jump in friction, and 
b immediately after the jump in friction
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each test [68]. For each shear stress, we can determine ΔEact 
from the Arrhenius plot in Fig. 15a based on Eq. (5). Fig-
ure 15b shows how ΔEact varies with shear stress. From these 
results, we determine the activation energy under zero stress 
to be 223.5 kJ/mole, which compares very well with the 

reported value for C–C bond dissociation within cyclopro-
pane (257 kJ/mole) [69], and also the dissociation energy 
of CPCa estimated from the decomposition temperature 
(249 kJ/mole) [70]. This match supports the hypothesis that 
the opening of the cyclopropane ring is the rate-determining 
step in carbon tribofilm formation from the decomposition 
of CPCa.

5 � Conclusions

We demonstrated a novel technique for carbon tribofilm 
lubrication using cyclopropanecarboxylic acid (CPCa), a 
carbon precursor additive molecule that dissolves in oil, 
adsorbs on contact surfaces, and undergoes a tribochemi-
cal transformation into a lubricious graphitic tribofilm. The 
major conclusions of this study are:

•	 For all tests, the addition of 2.5 wt% of CPCa to PAO4 
results in an average 18% reduction in friction and 93% 
reduction in wear rate under boundary and mixed lubrica-
tion regimes.

•	 SEM images of the post-test surfaces show that carbon 
is generated near areas of high asperity contact, filling in 
rough areas of the surface. The tribofilm is also sheared 
across the surface in the direction of sliding.

•	 Raman spectroscopy confirmed that the tribofilm consists 
of a relatively soft and amorphous graphitic material. 
More graphitized carbon is linked to better tribological 
performance.

•	 The activation energy of carbon tribofilm formation was 
determined to be 223.5 kJ mol−1, which is close to the 
C–C bond dissociation energy in cyclopropane within 
CPCa.

•	 This study suggests a new strategy to providing replen-
ishable carbon films for on-demand lubrication without 
resorting to special surface modification methods.
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Fig. 13   Mechanism of carbon formation from CPCa. a CPCa mol-
ecules adsorb on mating surfaces, b high flash temperature and pres-
sure trigger tribochemical reaction that produces the carbon tribofilm, 
and c soft carbon tribofilm filling in the surface roughness

Fig. 14   An example (3 N, 200 mm s−1) of the COF–time curve that 
demonstrates the difference between the PAO4 and PAO4  +  CPCa 
samples attributed to carbon tribofilm formation
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