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Abstract: The solid-liquid composite lubrication system is a key technology for achieving high-fuel-economy and high-durability
engine systems. Diamond-like carbon (DLC) films have high hardness, a low friction coefficient, and good biocompatibility, thereby
being widely applied in engine system, involving valve lifters, piston rings, etc. It is well known that the performance of oil lubricants
is highly correlated with the chemical composition of the grinding surface materials. Previous studies have shown that Fe?" from
ferrous materials directly takes part in the tribochemical reactions of oil lubricants. DLC films exhibit chemical inertness, in contrast

to traditional ferrous materials. However, the current formulas for engine oil lubricants are universally developed for ferrous materials,
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and a special lubricant formula for DLC films needs urgent improvement. The extreme-pressure antiwear agent zinc
dialkyldithiophosphate (ZDDP), the detergent calcium persulfonate (OBCaSu), and the dispersant polyisobutylene succinimide (PIBSI)
are the most widely used additives in formulated lubricants. However, there is still limited research on the tribological properties of
DLC films lubricated with the above additives. In this work, amorphous carbon (a-C) films were prepared via nonequilibrium
magnetron sputtering, and the tribological properties of the a-C films under boundary lubrication conditions between ZDDP and
OBCaSu (ZDDP+ OBCaSu) and between ZDDP and PIBSI (ZDDP+PIBSI) were evaluated using a CSM tribometer. The
tribochemical reactions were analyzed using Raman spectroscopy, scanning electron microscopy, and energy dispersive spectroscopy
(EDS), combined with the full formula (FF) oil and GCrl5 steel, to explore the tribological mechanism of a-C films. The
morphologies of worn surfaces were determined with a three-dimensional surface profilometer, and it can be seen that the main wear
mechanism of a-C films against steel balls is abrasive wear. Under various lubrication conditions, the results indicate that the worn
surfaces of the a-C films undergo graphitization compared to the unworn surfaces, which is beneficial for achieving a low friction
coefficient. Phosphate tribofilms are formed on the worn surfaces of GCr15 steel and a-C films under ZDDP, ZDDP+OBCaSu, and
ZDDP-+PIBSI lubrication conditions. Under a ZDDP-+OBCaSu lubrication condition, the composite tribofilms of Caz(PO,), and
Zn3(PO,), on the worn surfaces of GCr15 steel and a-C films can improve their wear resistance and lubrication performance, which
was confirmed by the low friction coefficients and wear rates. Moreover, similar friction coefficients and wear rates on the surfaces of
GCr15 steel and a-C films are obtained. Therefore, the tribochemical reaction of the ZDDP-+OBCaSu lubrication has less dependence
on the surface materials. Under ZDDP~PIBSI lubrication, the tribological properties of GCr15 steel and a-C films decrease, resulting
in high friction coefficients and high wear rates. According to the EDS energy spectrum, it can be derived that the strong dispersion of
PIBSI is not conducive to the formation of phosphate tribofilms. Under FF lubrication conditions, the tribological properties of GCr15 steel
and a-C films decreased compared to those under ZDDP, ZDDP-+OBCaSu, and ZDDP+PIBSI lubrication conditions, which may be
influenced by the lubricant concentrations and other lubricants. In this work, the tribological behavior and tribochemical reaction
mechanism of traditional oil lubricants on the surfaces of GCr15 steel and a-C films are studied. Overall, the results show that the changes
in the friction coefficients and wear rates of GCr15 steel and a-C films with various lubricants are similar. However, the a-C films are not
sensitive to the lubricants. That is, compared to GCr15 steel, the tribological performance of the a-C films under different lubricants
fluctuates by only a minor degree. Therefore, there is a need to develop more suitable oil lubricant formulas for a-C films. This work serves
as a guidance for future design and development of lubricants and a-C films for energy savings and fuel efficiency.
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Table 1 Lubricant abbreviation and additive content (wt.%6)

Sample ZDDP OBCaSu PIBSI

BO+Z 1.0 - -
BO+Z+DET 1.0 1.0 -
BO+Z+DIS 1.0 - 1.0
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Sample Hardness H / GPa Elastic modulus E / GPa H/E H®/ E?/ GPa Roughness / nm
GCr15 steel ~7.3 ~208.0 ~0.04 ~0.01 ~3.8
a-C film ~16.3 ~187.5 ~0.09 ~0.12 ~2.6
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