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Highlights
* The occurrence of superlubricity is governed by tribo-pair type in castor oil.
* Steel/a-C(30) pair is the best combination to minimize friction in castor oil.
* Fatty acid-based lubricants activate —(CH2-CH»),— oligomers formation on a-C(30)
surfaces except linoleic acid.
* Shearing a-C in fatty acid-based lubricants triggers a carbon re-hybridization from

carbon sp? into sp?.



Abstract

Systematic friction tests have been performed to unveil the key factors for reaching
superlubricity (CoF < 0.01) in the presence of unsaturated fatty acid-based lubricants under
boundary lubrication regime. The impact of different tribo-pairs and lubricants has been
investigated. When the counterpart is steel, results show that a hydrogen-free DLC coating is
indispensable to achieve superlubricity in castor oil. Among pure unsaturated fatty acids as
lubricants, oleic and ricinoleic acid gave superlow friction but linoleic acid is not
recommended to lubricate steel/a-C contact due to the occurrence of high friction and wear.
X-ray photoelectron spectroscopy (XPS) and X-Ray-Excited Auger Electron Spectroscopy
(XAES) analyses reveal that hydrogen-free carbon can activate two pathways to passivate
surface and to achieve superlubrictiy with fatty acid-based lubricants (i) carbon re-
hybridization by forming a high-density sp? carbon network and (ii) -(CH2-CH2)s— oligomers
formation on top surface. At the opposite, linoleic acid hinders the formation of —(CHo»-

CH>),— oligomers and oxidizes carbon surfaces.

Keywords: Superlubricity, DLC, unsaturated fatty acid, —(CH2-CHa)s— oligomers, sp> carbon
re-hybridization



1. Introduction

Current trend towards greater energy conservation and less environmental pollution
encourages tribologists to discover eco-friendly substitutes for traditional toxic additives in
lubricants such as zinc dialkyldithiophosphate [1], phosphate ester [2], sulphides [3], etc. This
need has been met by replacing them with fatty acids, and fatty acid-based lubricant like
glycerides. As natural components of animal fats and vegetable oils, they are non-toxic and
well biodegradable. Moreover, friction improvement has been observed by adding them in
mineral oil [4] and poly-alpha-olefin (PAO4) [5].

The excellent lubricity of fatty acids derives partially from its ability to form a self-
assembled monolayer (SAM) on polar surfaces, such as steel [6] and glass [7]. Due to
repulsion between SAMs, direct contact between two surfaces is avoided. It is noteworthy that
SAM of fatty acid roots on steel surface by forming carboxylate groups [8], with both chain
lengths [9] and function groups [10] governing the lubricity of fatty acids.

When fatty acids lubricate diamond like carbon (DLC), friction behavior is strongly
associated with DLC type. For instance, self-mated hydrogenated DLC (a-C:H) lubricated by
oleic acid shows a CoF > 0.04 while self-mated tetrahedral amorphous carbon (ta-C) reach
superlubricity under the same conditions [11]. This phenomenon is accompanied by oleic acid
molecules being detected on a:C-H but not on ta-C. It was later explained as high Young’s
modulus of ta-C causes an extreme local contact pressure, which drives fatty acids undergoing
a cascade decomposition into small fragments [12]. This phenomenon is accompanied by
graphitization of ta-C top surface [13] and surface passivation by fatty acid fragments.

Glycerides are esters composed of fatty acids and glycerol. It is the main component of
vegetable oils like castor oil, sunflower oil, palm oil, etc. Unlike other vegetable oil, castor oil
is composed of fatty acids with hydroxy group. It can maintain a CoF below 0.05 at high

temperature (100°C) and load (0.92 GPa) while lubricating a steel/steel pair [14]. Zeng et al.



[15] reported superlubricity for a castor oil-lubricated Nitinol alloy/steel pair and attributed
this to the formation of metal oxyhydroxides on both surfaces.

Another glyceride, Glycol monoleate (GMO), can significantly reduce friction when
lubricating a ta-C surface. Adding 1% GMO in PAO4 then can reduce CoF from 0.09 to 0.02
for a steel/ta-C tribo-pair at boundary lubrication regime [16]. Kano M group shows that
friction behavior of this tribo-pair at boundary lubrication regime is still governed by sliding
speed. Superlubricity can be obtained when sliding speed is above 0.1 mm/s. And this
superlubricity is explained by OH passivation of ta-C surface [17].

The previous studies of castor oil have focused on steel/steel tribo-pair. So, to verify its
universality, we have compared its lubricity for seven different tribo-pairs: steel/a-C(30),
steel/ta-C(55), steel/ta-C(62), steel/a-C:H, steel/SiC, steel/SizNa, steel/steel. Afterwards, the
best combination is selected to investigate the key factors of fatty acid lubrication mechanism.
The purpose of this work is to unveil the correlation between tribo-pair type and fatty acid-

based lubricant and then to provide guidance for industrial application.



2. Material and methods
2.1. Materials

As lubricants, castor oil, ricinoleic acid (purity >99%), linoleic acid (purity >99%) and
oleic acid (purity >99%) abbreviated as CO, RA, LA, OA respectively, were obtained from
Sigma-Aldrich (St. Louis, USA). Their molecular structures are shown in Fig.3c.

As for tribopairs, AISI 52100 steel pins with 100 mm radius spherical head are provided
by Rocholl GmbH (Eschelbronn, Germany). They slide against 7 different counterparts. SiC,
SisN4 were produced by hot pressing and purchased from LianYunGang HighBorn
Technology (LianYunGang, China). Steel discs are bought from PCS instruments (London,
England). More details can be found in Table 1. SiC, Si3Ns and steel surfaces are used as
received without further processing.

Hydrogen-free amorphous carbon coatings with three different contents of sp? and sp’
hybridized carbon atoms were deposited on steel flats surfaces by Fraunhofer IWS (Dresden,
Germany) with plasma-filtered Laser-Arc™ technique [18] using a commercial PVD coating
system. The variation of the sp?> and sp® contents was achieved by different deposition
parameters. Starting from a standard ta-C coating, a harder variant was produced by using an
additional bias voltage of -100 V and a softer variant was produced by additional heating at
145°C. The designations a-C(30), ta-C(55) and ta-C(62) were assigned from the measured
indentation hardness values of the coatings 30 GPa, 55 GPa and 62 GPa, respectively. All
three coatings were smoothed by lapping with diamond slurry to remove growth defects.
Coating thicknesses of a-C(30), ta-C(55) and ta-C(62) are 3.2, 4.0, 3.5 pm, respectively. a-
C(30) coating has been also prepared on steel pins. The roughness of a-C(30) coated pin is 8.5
nm. On the other hand, a-C:H samples with 20% hydrogen was manufactured by plasma
enhanced CVD where acetylene gas is used as precursor [19]. And a-C:H coating thickness is

2 Jm.



Table 1. Mechanical properties, and production information of flats in this study. H
represents hardness, E is elastic modulus of coating, and v is Poisson’s ratio. To distinguish
those three DLCs, they are named by DLC type followed by its hardness in parentheses.

Flats type Suppliers Production method H (GPa) E (GPa) v
a-C(30) 30 237 -
ta-C(55) Fraunhofer IWS Filtered laser-arc PVD 55 521 -
ta-C(62) 62 626 -

a-C:H Plasma enhanced CVD 29 260 -
steel PCS instruments - 8 210 0.3

Si3Ny LianYunGang HighBorn Hot pressing 16 310 0.27
SiC Technology 25 410 0.18

2.2. Friction and wear experiments

Tribological tests are performed on a linear reciprocating tribometer [20] with pin-on-flat
configuration. The flat is fixed and sliding speed of pin follows a sine function. When the
speed of pin reaches its maximum at the midst of a stroke, we record this speed as maximum
sliding speed. In this work, maximum speed is adjusted to 3 mm/s, insuring that tribo-tests are
conducted under boundary lubrication regime. The tangential force is monitored by a
piezoelectric sensor and recorded at 3 mm/s to calculate friction coefficient (CoF) with an
accuracy of + 0.001. All experiments are conducted 3 times.

Before friction tests, all samples are sonicated in n-heptane bath for 30 minutes, then in
acetone for 5 minutes. After cleaning and installation of samples in the tribometer, the contact
between pin and flat is fed with 50 uL of lubricants. As for experimental conditions,
temperature is fixed at 100°C for tests located before Fig. 6 and initial maximum Hertzian
contact pressure (Pmax) is about 295 MPa. Besides 100°C, other temperatures like 50°C and
60°C are used for tests in Fig.6. Since elastic modulus and Poisson’s ratio varies with tribo-
pairs, the applied normal force was adjusted to reach the same Pmax (detailed in Table 2).
Additionally, the stroke length of tests is adjusted at 3 mm.

2.3. Surface analyses
After tribo-tests, samples are rinsed with n-heptane to remove lubricant residuals and they

are optically imaged by digital microscopy (VHX-6000, Keyence, Osaka, Japan).



Their 3D topographical information is captured by interferometer (ContourGT-K1,
Bruker, Billerica, USA) using VXI mode. For 3D topographical profile, an area of 126 x 95
um? is recorded with 50x objective magnification and a x/y resolution of 0.2 pym and z
resolution of <0.1 nm. Roughness Sa is calculated by Vision64 software. A larger area of
2334 x 1749 pm? is recorded with x 2.75 objective magnification to acquire radius of
curvature inside the wear scar, where outside wear scar is masked.

XAES/XPS is used to record the change of surface chemistry by comparing outside and
inside wear scar. This XAES/XPS apparatus is equipped with a ULVAC-PHI Versa Probe 11
spectrometer using an Al Ko X-ray source (1486.6 eV). Quantification was carried out using
the transmission function of this apparatus and an angular distribution correction for 45°
angle. Sensitivity factors were extracted from [21], where cross section and escape depth
correction were integrated. Hence, surface analysis is performed at take-off angle of 45 ° and
with a probed area of 200 x 200 um2 To minimize noise, spectra of Cls, Ols, CKLL are
accumulated under pass energy of 23.5 eV. Afterward, Shirley background are adopted to
remove background from peaks by Multipack software. For steel surfaces, iron oxide peak
from Ols is used to calibrate spectrum by indexing it at 530.0 eV [22], while XAES/XPS
spectra of DLC samples are calibrated by fixing C-C/C=C contribution of Cls at 284.8 eV. In
this study, the first derivation of CKLL spectra has been smoothed by Savizky-Golay filter.

Invia™ Raman spectroscopy purchased from Renishaw (UK) is also used in this study.
Spectra are acquired on three spots, each randomly selected inside and outside of the wear
scar by adopting 633 nm laser. Laser power was kept below 10 mW at the sample surface to
ensure that excitation energy was below damage threshold.

3. Experimental Results
3.1. Influence of tribo-pair materials under castor oil lubrication

Seven different tribo-pairs: steel/a-C(30), steel/ta-C(55), steel/ta-C(62), steel/a-C:H,



steel/SiC, steel/Si3Na, steel/steel have been investigated lubricated by castor oil. For steel
sliding against steel, SisN4, and SiC, friction curves follow the same trend i.e., a friction
coefficient (CoF) increasing with sliding time (Fig. 1a). After 1.1h sliding, CoF reaches 0.055,
0.031 and 0.085, respectively. Such a friction increase is accompanied by the generation of
black scratches (Fig. 1c) on steel wear scars. As a result, final roughness Sa of steel wear
scars significantly increases (Table 2). For instance, when steel slides against steel, roughness
of steel pin increases from 6.6 nm to 92 nm when comparing steel surface before and after
friction. However, depending on the type of tribo-pairs, the nature of those black substances
in the wear scar are different.

From Raman analysis (Fig. 2), the characteristic peak of Fe3O4 [23] is observed at 672
cm! for steel pin rubbed against steel. FesOs is also present at steel surface rubbed against
Si3N4. But other peaks located at 222, 289, 408, 1315 cm’! indicate that a-Fe,Os [24] is also
present in steel wear. An additional peak at 1585 cm™! corresponds to carbon G-band, which is
commonly detected in the composite of a-Fe,O3 and carbon [25].

Concerning steel/SiC pair, only carbon D and G peaks are detected in steel wear scar,
suggesting a carbonaceous transfer layer, with SiC and the lubricant being possible carbon
sources.

In brief, when steel slides against steel, SiC or SizN4, iron oxide or/and carbonaceous
substance accumulate on steel surface and form a rough topography. This leads to more
severe conditions because the lambda parameter, describing the ratio of lubricant film

thickness over surface roughness, decreases.
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Figure 1. a Friction tests of different tribo-pairs lubricated by castor oil at 100°C. b a
comparison of steady state CoF of three different superlubricity experiments. Error bar refers
to the largest and lowest CoF obtained in 3 repeating tests. ¢ optical images of tribo-pairs’
wear scars. The scale bar corresponds to 400 pum.

Contrary to the previous trend, when steel slides against DLC coatings (Fig. 1a), CoF
decreases with sliding time and after running-in period, CoF reaches a steady state and
becomes independent of time. Among them, the case of a-C:H shows the highest CoF (0.044)
and wear scar on steel is covered by black scratches (Fig. 1¢). The wear scar diameter at the
end of the test is 1.58 times larger than the Hertzian one at the beginning of the test, indicating
substantial wear. Like the case of steel/SiC, black substances are composed of amorphous
carbon (Fig. 2) and this causes a rise of steel surface roughness.

Table 2. Detailed information of different tribo-pairs lubricated by castor oil that concerns
normal force (Fn), friction (CoF), wear, roughness change (Sa), liquid film thickness (h).
Diameter of wear and Hertzian contact have been abbreviated as Dw and Du. When Dy of
steel/DLCs is calculated, E and v of steel are used to represent those parameters of DLC discs
as DLC coatings are deposited on steel with a thickness <4 pm (more details are illustrated in
SI. Table 4). Ry is the radius of curvature inside the wear scar. The calculation of h. and
lambda ratio are calculated with the parameters recorded after friction test and are detailed in



supplementary information (SI). Information listed in this table refers to one test of repeated

experiments series.

Steel/ Steel/ Steel/ Steel/ Steel/ Steel/ Steel/
a-C(30) ta-C(55) ta-C(62) a-C:H Steel Si;N, SiC
Fn (N) 100 100 100 100 100 71 60
CoF at 0.004 0.007 0.006 0.044 0.055 0.031 0.085
1.1h
Pin | Flat | Pin | Flat | Pin | Flat | Pin | Flat | Pin | Flat | Pin | Flat | Pin | Flat
Dw (um) | 843 | 807 | 828 - 841 - 1269 | 778 | 812 | 785 | 701 - 634 | 660
Dx (Um) 804 804 804 804 804 678 622
Dw/ Du 1.05 ] 1.00 | 1.03 - 1.05 - 1.58 | 097 | 1.01 | 098 | 1.03 - 1.02 | 1.06
Ry (um) | 105 - 110 - 112 - 118 - 136 - 112 - 107 -
Sa 66 | 112 | 6.6 | 80 | 6.6 8.2 6.6 50 | 6.6 | 44 6.6 | 124 | 6.6 | 9.6
before
(nm)
Sa after | 52 | 90 | 49 | 92 | 51 | 102 | 125 23 92 14 | 132 ] 12 20 20
(nm)
hce (nm) 49 5.0 5.1 5.2 5.6 5.2 5.2
Lambda 0.47 0.48 0.45 0.04 0.06 0.29 0.18

Interestingly, once a-C:H is replaced by hydrogen-free carbon, superlubricity is achieved.
The lowest CoF as 0.004 is obtained by sliding steel/a-C(30) friction pair, which is also
significantly smaller than CoF of a-C(30)/a-C(30) friction tests (SI. Fig 2). When steel slides
against a-C(30), steel pin is polished from 6.6 to 5.2 nm (Table 2). However, when a-C(30)
slides against a-C(30), a-C(30) pin becomes rougher after friction and owns a roughness of
9.8 nm. Such difference in roughness triggers more asperities coming into contact, hence,
resulting in a higher CoF. Both steel and a-C(30) wear scars are homogenously colored (Fig.
Ic) and polished (Table 2). The final roughness of steel and a-C(30) are inferior to 10 nm, and
lambda ratio stays below unity indicating that steel/a-C(30) pair is lubricated under boundary

lubrication regime. Regarding other two hard ta-Cs, only slight scratches have been remarked



on the surface after friction and their surface roughness slightly increases after friction. The
difference in optical images between a-C(30) and ta-Cs is likely to originate from their
hardness difference. On the steel side, no matter sliding against a-C(30) or ta-Cs, Raman
spectra performed in steel wear scar are identical as the one outside of wear scar, indicating
that no carbonaceous transfer layer has formed (Fig. 2). As Raman has limited surface
sensitivity, XPS/XAES will be used in the following. Results are shown in the following

section.
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Figure 2. Raman spectra of black substances in steel wear scar on pin for different tribo-pairs.
As for steel’s counterparts being hydrogen-free amorphous carbon, analysis spots are
randomly taken inside steel wear scars due to lack of black substances. Steel/a-C pair shares
the similar Raman spectra as steel/ta-Cs in steel wear scar.

3.2. Impact of lubricants on steel/a-C(30) tribopair
Due to the lowest friction measured of all pairs with castor oil, steel/a-C(30) pair is chosen
to investigate how function groups present in different fatty acids influence its tribological

performance. In castor oil (CO), oleic acid (OA) and ricinoleic acid (RA), CoF decreases



drastically and stabilizes after a short running-in period (Fig. 3a). On the contrary, linoleic
acid (LA) induces a rise of CoF after 0.2h sliding and CoF stabilizes at around 0.055. Briefly,
regarding steel/a-C(30) pair, the lowest friction of the four lubricants follows this sequence:
CO<RA<OAKKLA. Better performance of CO may partially originate from its greater
viscosity and capacity to provide a thicker liquid film (about 5Snm in Table 3). The same order
is also found for wear, with CO showing no wear and LA the highest wear. Comparing four
lubricants, only the steel pin lubricated by CO shows a wear beyond detection limit by
interferometry (Fig.3b). Steel pins lubricated by the other three lubricants show average wear
depths from 100 nm to 190 nm, corresponding to a color change from light blue to dark blue.
Their optical images are shown in SI. Fig. 1. Friction tests trigger a change of surface
roughness and radii of wear scar curvature, however, lambda ratio of the four tests stay

always far below unity meaning that their lubrication regime is under boundary lubrication.
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Figure 3. a friction curves of steel/a-C(30) lubricated by CO, RA, LA and OA at 100°C b 3D
profile images after fitting with a spherical curve of steel wear surfaces. Negative value
colored in blue means material missing from steel surface. ¢ molecular structures of 4
lubricants. Here, triester of glycerol and ricinoleic acid is used to represent CO molecular
structure since its content is superior to 85% in CO.

Table 3. friction and wear information of steel/a-C(30) lubricated by castor oil at 100°C.

Their viscosities at 100°C are obtained from [26,27,28].

(6(0) RA LA OA
Viscosity@100°C | 18.0 11.1 33 5.0
(mPald)
CoF @ 1.1h 0.004 0.008 0.055 0.011

Pin flat Pin flat Pin flat Pin flat
Dy, (Um) 843 807 900 876 1056 | 987 892 830




Dyt (Hm) 804 804 804 804

D/ Dy 1.05 1.00 1.12 1.09 1.31 1.23 1.1 1.0

Ry (Um) 105 117 151 106

Sa before (nm) 6.6 11.2 6.6 11.2 6.6 11.2 6.6 11.2

Sa after (nm) 5.2 9.0 10.8 10.5 10.4 11.3 6.8 7.6
he (nm) 4.9 33 1.8 1.9
Lambda 0.47 0.22 0.12 0.19

XPS is used to unveil how lubricants control tribochemical reactions of steel/a-C(30). On
the steel pin, only carbon (C), oxygen (O), and iron (Fe) are detected regardless of analysis
location. With all lubricants, iron content is greater inside the pin wear scar than outside wear
(SI Table 1). This increase is partially compensated by oxygen content decrease, except the
case of LA, where oxygen content remains as high as 43% after friction.

Concerning steel pin lubricated by LA, Ols peak displays iron oxide (FeOx) at 530.0 eV
and iron hydroxide at 531.3 eV. However, their contents decrease after friction. It is the rise
of C=0, C-O bonds at 532.2, 533.2 eV that maintains oxygen content unchanged (Fig. 4).
Correspondingly, C-O, C=0 bonds peaking at 286.3, 287.4 eV from Cls peak become more
pronounced after friction. Steel pin also has a strong O-C=0 bond contribution at 288.7 eV,
whose content is 1.5 times greater than C-O bond. Regarding steel pins lubricated by CO, RA,
OA, their ratio between O-C=0/C-O is less than 1.2. And only for steel lubricated by CO, C-
O content is higher than O-C=0. Furthermore, FeOH peak is the strongest peak over other
contributions from Ols. These results suggest that castor oil can facilitate formation of OH

termination on steel surface.
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Figure 4. Cls and Ols XPS spectra of steel wear scars after friction tests of a-C(30)/steel pair
in different lubricants: castor oil (CO), oleic acid (OA), ricinoleic acid (RA) and linoleic acid
(LA), XPS spectra of outside wear scar is also shown.

On the a-C(30) flat, only carbon and oxygen are detected by XPS (Figure 5). Lower
oxygen content has been recorded inside the wear track compared to outside, except for a-
C(30) lubricated by LA (SI Table 2) in which oxygen content increases after friction. Cls
peak also shows that peaks of C-O, C=0, and O-C=0 at 286.3, 287.4, 288.6 ¢V are more
pronounced inside the wear track (LA) compared to outside (Fig.5). And C-C/C=C peak at
284.8 eV is weaker. It is worthy to mention that the peak at 284.8 eV contains also signal
from C-H. On the contrary, C-C/C=C peak for a-C(30) lubricated by CO, RA and OA is more

intense than its content outside wear. In brief, sliding with CO, RA and OA triggers an



increase of carbon-carbon or carbon-hydrogen bonds for a-C(30) while sliding in LA
provokes an increase of carbon-oxygen bonds.

However, regardless of lubricants, full width at half maximum (FWHM) of C-C/C=C
peak in the wear track increased by 0.2 eV (SI Table 2) compared to outside. The change of
FWHM correlates to the change of ratio between C-C and C=C. This ratio can be
quantitatively evaluated by D parameter from the first derivation of CKLL Auger peak by a
linear function [29]. Here, D parameter refers to the kinetic energy difference between the
highest and lowest point in first derivation of CKLL [30]. D parameter of outside wear track
is 16.0 eV (Fig.5). a-C(30) shearing in those four lubricants enlarges its D parameter. The
highest D parameter is 18.6 eV obtained by a-C(30) lubricated by CO. Based on the fact that
the D values of graphite and diamond are 20.0 [18] and 14.2 eV [31], 2.6 eV difference

between inside and outside the wear track corresponds to a 31% difference in sp? content.
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Figure 5. Cls XPS spectra of a-C(30) wear scars after friction tests in different lubricants.:
castor oil (CO), oleic acid (OA), ricinoleic acid (RA) and linoleic acid (LA), The first
derivation of XAES CKLL spectra is shown on the right side. Spectra of outside wear scar is
also displayed for comparison.

Interestingly, a significant shoulder peak at 261 eV in the first derivation of CKLL spectra
has been detected for a-C(30) surface lubricated by CO, RA and OA. From literature,
polyethylene (PE) and PE-polyacetylene (PA) mixture also shares this peak but not PA alone
[32]. For DLC, this peak has been reported to exist in DLC fabricated by ethylene [33] and it
has been recently interpreted as being a characteristic peak of —-(CH2-CH»),— oligomer [18]. It
is important to highlight that this peak is negligible in both outside wear and a-C(30)

lubricated by LA (showing no superlow friction). This —(CH>-CH2),— oligomer likely



originates from the defragmentation of fatty-acid based lubricants, since a full chain
absorption of fatty acid will cause a rise of C=0 and O-C=0 bonds, but at Cls peak, those
two bonds are negligible when a-C(30) surface lubricated by CO, RA and OA. The
information depth of XAES CKLL is only 1.5 nm in our working conditions (SI. XPS
information depth calculations).

4. Discussions

Lowest friction with castor oil lubrication out of all seven tribo-pairs studied can be
obtained by mating steel with hydrogen-free DLC film (Fig. la), Friction reduction is
attributed to steel surface polishing and prevention of material transfer. Indeed, neither local
formation of iron oxide nor carbon film transfer will increase local roughness and deteriorate
lubrication condition. This result agrees with the work of Quinchia [13], where they report
CoF > 0.05 for steel/steel pair lubricated by castor oil in boundary lubrication regime. It also
matches with the fact that the presence of iron oxide wear debris on steel surface will cause a
rise of CoF [34].

In the case of steel /a-C:H pair, a carbonaceous transfer film will form on the steel surface,
effectively changing the material pairing. This latter contact type has been proved to give
higher CoF than self-mated ta-C contact in fatty acid-based lubricant [11]. Therefore,
hydrogen-free carbon film is recommended to be applied with castor oil.

Besides the tribo-pair, the choice of lubricant is also important as it determines the
chemistry of top surface. Among steel/a-C(30) pair lubricated with CO, RA, LA and OA, LA
gives the highest CoF and the largest wear at 100 °C (Fig. 3). To ensure that their tribological
difference does not derive from viscosity difference at the fixed temperature, experiments
were conducted at a similar viscosity of 10.7 + 0.4 mPals [27][28] by adapting testing
temperature for each lubricant. After a short running-in, steel/a-C(30) lubricated by RA and

OA, CoF stabilizes at 0.005 and 0.006, respectively (Fig. 6). However, steel/a-C(30)



lubricated by LA shows a CoF of 0.011 which is low, but nearly 2 times more than the case of
RA and OA. Therefore, low viscosity is not the essential cause of LA’s reduced lubrication
ability and suggests a chemical interaction with the surface that is different from RA and OA.
In fact, when steel/a-C(30) is lubricated by LA, it is associated with an oxidization of both
steel and a-C(30) surfaces (Fig. 4, 5) and an absence of —(CH2-CH>),— oligomer signal on a-
C(30) surface. Oxidization of these surfaces is mainly from surface coverage by carbon-
oxygen bonds. Opposite to the other 3 lubricants, LA is less stable towards oxidization.
Driven by oxidation, LA can form chains with two COOH functions [35]. This explains the

remarkable contribution of O-C=0 bond in a-C and steel wear scar (Fig. 4, 5).
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Figure 6. Correlation between steady state CoF and lubricants under different temperatures
for steel/a-C(30) pair. Regarding RA at 100°C, LA at 50°C, and OA at 60°C, their viscosities
are similar. It ensures that liquid film thickness of them is around 3 nm.

In this study, at 100°C, when CoF is less than or equal to 0.011, —(CH>-CH2),— oligomer
signal is detected on a-C(30). Once this signal becomes negligible, CoF is far beyond
superlubricty regime (Fig. 3, 5). Such a good correlation between CoF and —(CH>-CH2)n—

oligomer indicate CHx oligomers to be a crucial factor to determine friction in fatty acid-



based lubricants. Previous study has demonstrated that superlubricity of self-mated a-C:H in
vacuum is also accompanied by the detection of —(CH2-CH»),— oligomer in a-C:H wear scar
[18]. Concerning how —(CH>-CH2),— oligomer lubricates the contact, further study will be
conducted in the future.

It is important to highlight that an increase of sp?> content has been recorded on a-C(30)
top surface after shearing in CO, RA, LA and OA. This could correspond to a partial
aromatization of a-C(30) [12] and it partially realizes surface passivation and avoids direct
contact between surfaces [11]. However, the reduced lubrication properties of LA reveal that
forming a top surface rich of sp? carbon are not the only factor to determine friction in fatty
acid-based lubricants, as termination of carbon is also important.

5. Conclusion

This work highlights three key factors for achieving superlubricity in fatty acid-based
lubricants: (i) maintaining low roughness of tribo-pair by avoiding oxidation or tribofilm
formation, (ii) enriching top surface by sp? carbon, and (iii) passivating upmost carbon
surfaces by —(CH>-CH»),— oligomers. Such beneficial conditions can be achieved by using
material tribopairs combining steel and non-hydrogenated DLC. The steel/a-C(30) pair
lubricated with CO, OA or RA appears to be the most effective in terms of the superlubricity
level, as a very effective polishing of the both antagonists is observed in these cases. In
addition, interfacial shearing of the a-C(30) leads to a re-hybridization of the sp3 carbon
atoms to sp2 and activates the decomposition of the lubricants triggering the formation of —

(CH2-CH2)n— oligomers on the a-C(30).
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