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A B S T R A C T

The tribological performance of amorphous carbon (a-C) and PAO oil composites is critical for mechanical 
system. However, the impact of unsaturated AO molecules in PAO oil on the a-C/PAO system under variable 
loads complicating experimental characterization and understanding of friction mechanisms. Herein, reactive 
molecular dynamics simulations were employed to systematically examine the influence of AO molecules on the 
friction behavior of a-C/PAO composite systems under variable load conditions. Results reveal distinct pressure- 
dependent mechanisms governing the tribological behavior, highlighting the interplay between hydrodynamic 
lubrication and interfacial passivation. At low contact pressure, friction behavior is primarily governed by hy
drodynamic lubrication, where an increase in AO chain length reduces lubricant mobility. Upon increasing 
contact pressure to 50 GPa, the friction interface transitions to a regime dominated by the competitive interplay 
between hydrocarbon passivation and C–C bond formation, but the degree of interfacial passivation induced by 
AO molecules results in variations in friction performance. As pressure further reverts to 5 from 50 GPa, the 
fracture of long-chain AO molecules into shorter fragments weakens the difference in interfacial structures be
tween systems. These results deepen the understanding of friction mechanisms involving AO molecules in a-C/ 
PAO systems and provide theoretical guidance for designing high-performance lubrication systems.

1. Introduction

Friction and wear have become increasingly critical issues in me
chanical systems, with friction-related energy consumption accounting 
for approximately 23 %[1] of global energy use annually. Therefore, the 
development of efficient lubrication systems is essential for enhancing 
energy efficiency and extending the service life of key components. 
Amorphous carbon (a-C) films have garnered significant attention as 
solid lubricating materials due to their high hardness, low friction co
efficient, and excellent wear resistance[2–4]. Integrating these films 
with fluid lubricants (PAO, et al.) to form solid–liquid composite 
lubrication systems can effectively mitigate the self-consumption of a-C 
films while significantly enhancing the service life and wear resistance 

of mechanical components[5–8].
Fluid lubricants typically consist of a base oil and various nano

material additives. Dispersed within the base oil, these additives not 
only stabilize the lubricant but also enhance the overall performance of 
solid–liquid lubrication systems, making them indispensable for engi
neering and technical applications[9,10]. Commonly used lubricant 
additives, such as molybdenum dithiocarbamate (MoDTC)[11–14] and 
zinc dialkyl dithiophosphate (ZDDP)[15–18] play a crucial role in 
improving lubricant performance. These additives enhance the chemical 
stability and antioxidant properties of the lubricant while significantly 
increasing its wear resistance and extreme pressure capabilities[19,20]. 
Liu’s study[21] investigated the effect of temperature and the friction 
pair on the interaction between a-C films and lubricant additives under 
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high Hertzian contact stresses. The results showed that adding MoDTC 
additive at high temperature could reduce the friction coefficient of steel 
mating pairs to half of pure base oil, but significantly increase the fric
tion coefficient of self-mating pairs. While the addition of ZDDP slightly 
reduced the friction coefficient, the overall performance remains sub
optimal. This is different from the findings under low Hertzian contact 
stress[22]. Furthermore, according to Tokoroyama’s findings[23], the 
friction-reducing efficacy of MoDTC diminished with increasing load for 
ta-C films characterized by lower hardness. Therefore, it is essential to 
explore lubricant additives that can effectively cope with complex 
working conditions, especially high-pressure working conditions.

In particular, PAO base oil as a lubricant has been widely used in the 
high-tech fields of automobile, aerospace and so on due to its physico
chemical properties. However, during the synthesis process of PAO oil, 
there is the inevitable existence or residual of unsaturated alpha-olefin 
(AO) molecules, which exhibit excellent lubricating properties due to 
their unique molecular structure. The presence of double bonds in their 
structure makes AO prone to cleavage under high-pressure conditions. 
During the sliding process, the resulting hydrocarbon fragments effec
tively passivate the dangling bonds on the a-C surface, thereby signifi
cantly enhancing the tribological performance of a-C films[24]. Through 
molecular dynamics simulations, Li[25] demonstrated that the intro
duction of AO molecules into the a-C interface could maintain a low 
friction coefficient even under extremely high-pressure conditions of 50 
GPa.

The above-mentioned finding implies the potential selection of AO 
molecules as lubricant additives for enhancing the anti-friction perfor
mance of composite system. However, in the a-C/PAO composite sys
tem, the effect of AO molecules as additives on friction behavior is still 
lack of study. In addition, dynamic machinery often faces variable load 
conditions during operation, and the mechanism of performance 
changes in solid–liquid composite systems under such variable load 
conditions is still unclear. Meanwhile, the introduction of PAO and AO 
molecules and the complicated a-C structure transformation further 

aggravate the difficulty in accurately characterizing the friction inter
face from experiment[26,27], which is a big challenge for explaining the 
lubrication mechanism from a macroscopic experimental perspective. In 
order to effectively understand the role of AO molecules and guide the 
design of a-C/PAO composite systems, in-situ exploration at the atomic 
scale is required to reveal the structural evolution and dynamic friction 
behavior of the friction interface.

In this study, the friction behavior of a-C/PAO composite systems 
under variable load conditions was investigated through reactive mo
lecular dynamics (RMD) simulation. The effects of AO type and variable 
load on friction behavior were systematically evaluated by selecting 
C40H82 as the PAO base oil while linear AO with varying chain lengths 
(C5H10, C8H16, and C12H24) were employed as lubricant additives. 
Additionally, the study comprehensively examined the evolution of 
interfacial structures, the interactions among AO, C40H82, and a-C, as 
well as the flow behavior of fluid lubricants, to elucidate the synergistic 
lubrication mechanism. The findings demonstrate that incorporated AO 
as a lubricant additive significantly enhances the structural stability of 
base oil under variable load conditions. This study provides an impor
tant theoretical basis for the optimization design of fluid lubricants.

2. Methods

The molecular dynamics simulations (MD) mentioned in this study 
were conducted in Large-scale atomic/molecular massively parallel 
simulators (LAMMPS)[28]. As shown in Fig. 1, the model consisted of 
three parts: lower a-C, lubricant (containing 20 C40H82 molecules and 
linear AO molecules of varying chain lengths as additives), and upper a- 
C. The initial a-C structure was generated through atom-by-atom 
deposition simulations[29]. According to the different lubricant addi
tives, the dimensions of the models were: 42.88 × 40.358 × 97.2877 Å3, 
42.88 × 40.358 × 103.0615 Å3, 42.88 × 40.358 × 104.2544 Å3, 42.88 
× 40.358 × 103.9130 Å3, named separately as a-C/C40H82/a-C, a-C/ 
C40H82 + C5H10/a-C, a-C/C40H82 + C8H16/a-C, and a-C/C40H82 +

C12H24/a-C. In addition, to distinguish between pure base oil systems 
and systems with added additives, the pure base oil system is named a- 
C/PAO/a-C, and the systems with added AO are named a-C/PAO + AO/ 
a-C.

Before friction simulations, each system was functionally divided 
into three layers: the fixed layer, the thermostat layer, and the free layer. 
The fixed layer, designed to simulate a semi-infinite system, consisted of 
the lower a-C substrate and the upper a-C counterface, each with a 
thickness of 5 Å. (dark blue regions in Fig. 1); The thermostat layer was 
adjacent to the fixed layer with a thickness of 5 Å (shown in light blue in 
Fig. 1), used the Berendsen[30] thermostat within the NVE ensemble to 
maintain a temperature of 300 K; The free layer was composed of the 
remaining a-C, base oil, and additives, used to simulate the structural 
changes caused by friction at the interface. The simulation employed a 
time step of 0.25 fs, with periodic boundary conditions applied along 
the x and y axes. The ReaxFF potential was used to describe the C–C, 
C–H, and H-H interactions throughout the system[31]. Its accuracy has 
been validated in our previous work[32–34].

During the friction simulation, the entire system was first relaxed at 
300 K for 2.5 ps. Subsequently, the upper a-C layer was loaded to the 
specified contact pressure of 5 GPa along the z-axis within 25 ps. The 
fixed layer of the upper a-C film was then slid at a constant speed of 10 
m/s along the x-axis for 1750 ps. Ma[35,36] found that the instanta
neous contact pressure of the asperities on the a-C surface could reach up 
to 50 GPa during the friction process. Additionally, previous studies 
have also demonstrated that investigating the tribological performance 
of the a-C/fluids lubricant composite system under 50 GPa is reasonable 
[25,37]. Therefore, the entire sliding process was divided into three 
stages: first, sliding at a low pressure of 5 GPa for 500 ps (Stage I); fol
lowed by sliding for 250 ps under an extremely high pressure of 50 GPa 
(Stage II); and finally, returning to a low pressure of 5 GPa for 1000 ps 
(Stage III). The pressure transition from 5 GPa to 50 GPa occurred during 

Fig. 1. Simulated model for a-C/lubricant/a-C.
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500–525 ps, while the unloading from 50 GPa to 5 GPa took place during 
775–800 ps. This setup simulated the friction behavior of the system 
under variable loading conditions.

3. Results and discussion

Fig. 2 illustrates the variations in friction force and normal load over 
sliding time for each system. In Stage I, the friction curves are smooth 
and stable, without a discernible running-in phase. This stability is 
attributed to the lubricant’s ability to separate the upper and lower a-C 
layers under low pressure, preventing direct contact at the interface; In 
Stage II, as the contact pressure rises to 50 GPa, the friction force in
creases significantly, and the friction curve exhibits violent fluctuations, 
reflecting strong chemical interactions at the friction interface. These 
fluctuations are similar to the intense energy release processes observed 
in intrinsic a-C bonding under dry or mixed lubrication conditions[38], 
indicating that under high-pressure conditions, the interfacial friction 
mechanism may gradually shift from lubrication-dominated to a-C 
interaction dominated; In Stage III, when the pressure decreases back to 
5 GPa, the friction curve stabilizes and returns to a smooth state similar 
to that in Stage I, indicating that at lower pressure, the lubricant can 
once again function effectively, reducing direct contact at the friction 
interface and re-establishing a favorable lubrication state.

The average friction force, normal load, temperature, and real con
tact area of different systems are quantified over the last 200 ps of each 
stage based on Fig. 2 (Fig.S1, Support Information). As shown in Fig.S1, 
for the a-C/C40H82/a-C system, the average friction force decreases after 
exposure to high pressure, which is attributed to the passivation of 
dangling bonds at the friction interface. The introduction of AO into the 
base oil significantly reduces the average friction force of the system. 
However, as the chain length of the AO increases, there is a corre
sponding rise in the average friction force. In addition, under high- 
pressure conditions, the introduction of AO substantially lowers the 
temperature of the free layer, further indicating that AO can suppress the 
intense chemical interactions at the frictional interface, thereby 
reducing the overall energy dissipation of the system.

To quantify the influence of AO on friction performance, the friction 
coefficient (μ) is calculated according to formula (1) [32]: 

μ =
f
w

(1) 

where f is the friction force and w is the normal load, both taken from the 
last 200 ps of the stable stage shown in Fig. 2. As illustrated in Fig. 3, 
during Stage I, the isolating effect of the lubricant keeps the friction 
interface stable. The introduction of AO further reduces the friction 
coefficient, but as the AO chain length increases, the friction coefficient 
increases. This phenomenon can be attributed to the impact of longer- 
chain AO on the fluidity of the base oil. In Stage II, the sharp increase 
in contact pressure leads to a significant rise in the friction coefficient. 
During this stage, the friction interface undergoes substantial structural 
reorganization. Similar to Stage I, the friction coefficient shows a chain- 
length-dependent trend, suggesting that AO plays a crucial role in tri
bochemical reactions, particularly under high-pressure conditions 
where chain length significantly influences interfacial reactions. During 
Stage III, as the contact pressure decreases, the friction interface tends to 
stabilize, and the friction coefficient drops markedly compared to Stage 
II. However, following the interface structure reorganization under high 
pressure, the dependence of the friction coefficient on AO chain length 
becomes weakened. This may be due to intense tribochemical reactions 
that homogenize the interfacial structure, thereby diminishing the 
impact of chain length on friction behavior.

Notably, direct comparison between simulations and experiments 
remains significantly challenging due to: (i) the simplified friction 
models employed, (ii) discrepancies in tribological testing conditions, 
and (iii) the inherent difficulties in precisely controlling the molecular 
architectures of PAO/AO and the surface characteristics of a-C films 
(including roughness, dangling bond density, and surface contamina
tion). Nevertheless, our simulation results demonstrate good agreement 
with experimental observations under comparable testing conditions 
[39,40].

To investigate the underlying mechanism behind the tribological 
performance changes of the a-C/PAO + AO/a-C system, the morpho
logical characteristics of the system at different stages are analyzed, 
with the system without AO as a comparison (a-C/PAO/a-C system, 
Fig. 4a). Fig. 4 shows the interfacial morphology at the end of each 
sliding stage.

In Stage I, the lubricant is uniformly distributed across the friction 
interface, effectively isolating the upper and lower a-C surfaces and 
preventing them from having direct contact. However, after introducing 
AO, the distribution of lubricant became regionalized (Fig. 4b, Fig.S2). 
By excluding the atomic trajectories of the base oil (Fig. 4c), it can be 

Fig. 2. Friction force and normal curves with the sliding time of each system.

Fig. 3. Friction coefficient of each system.
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observed that AO tends to preferentially adsorb onto the a-C surface, 
causing an uneven distribution of base oil molecules at the interface. 
This adsorption effect likely arises from the strong interactions between 
the molecular structure of AO and the a-C surface, altering the macro
scopic distribution characteristics of the lubricant.

In Stage II, significant direct contact is observed between the upper 
and lower a-C surfaces in the a-C/C40H82/a-C system due to high pres
sure, indicating the isolation effect of the lubricant has failed. However, 
in the a-C/C40H82 + C8H16/a-C system, the introduction of AO effec
tively enhances the load-bearing capacity of the base oil, and no obvious 
C–C bondings occur at the friction interface (Fig. 4b), suggesting that the 
addition of AO molecules could help maintain fluid lubrication and 
reduce solid–solid contact. Notably, under extremely high pressure at 50 
GPa, base oil and AO molecules not only adsorb onto the a-C surface 
through intermolecular interactions but some molecules also undergo 
shear-induced cleavage, forming hydrocarbon fragments that chemi
cally bond with surface atoms of a-C (Fig. 4c). These hydrocarbon 
molecules occupy the active sites on the a-C surface, gradually satu
rating the surface carbon atoms.

In Stage III, due to the bonding of some hydrocarbon molecules with 
the a-C surface and the presence of dangling bonds, the lubricant mol
ecules tend to adsorb more strongly onto the a-C surface, with the dis
tribution of the lubricant becoming more sparse compared to Stage I. 
This change in distribution reflects that the interfacial structural 
reconstruction after high-pressure treatment has affected the lubricant’s 
adsorption behavior and flow characteristics. During this stage, the 
friction interface exhibits a coexistence of hydrodynamic lubrication 
and surface passivation effects.

The fracture and re-bonding behavior of base oil and AO molecules 
under high-pressure conditions significantly affect the hybridization 

evolution of a-C at the friction interface. Especially the saturation ten
dency of surface carbon atoms can significantly improve the tribological 
performance of a-C films. However, in order to study the evolution of 
hybrid structures at the friction interface, it is necessary to first define 
the effective interface width to exclude interference from deeper a-C 
regions, which remain largely unchanged during the friction process.

Fig. 5 shows the mass density distribution along the z-direction. For 
each system, the friction system is divided into three regions: the lower 
a-C region, the interfacial region, and the upper a-C region. According to 
previous research[41], the interfacial width varies significantly under 
high and low pressure conditions. Therefore, the interfacial width is 

Fig. 4. Evolutions of interfacial morphologies of a) a-C/C40H82/a-C system, b) the overall a-C/C40H82 + C8H16/a-C system, and c) the a-C/C40H82 + C8H16/a-C 
system without C40H82. Other a-C/PAO + AO/a-C systems are shown in supporting information.

Fig. 5. Density distributions along the z-direction during the sliding process.
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defined separately for these conditions. During Stage I, at a low pressure 
of 5 GPa, the structural evolutions are primarily concentrated in the 
interfacial region, indicating that the physical and chemical changes 
induced by friction are mainly confined to the frictional contact area 
between the upper and lower a-C surfaces. When the pressure increases 
to 50 GPa, strong interactions occur at the friction interface, leading to a 
significant increase in system density and substantial structural changes 
in the interface. Notably, when the pressure decreases to 5 GPa, the 
system density is lower than that in Stage I. This phenomenon can be 
attributed to the fracture behavior of the base oil molecules and AO 

molecules. During sliding under extreme pressure, these molecules may 
undergo structural decomposition or chemical bonding, with some 
molecules forming stable chemical bonds with the a-C surface while 
others are broken by shear forces. As the pressure decreases, the inter
molecular interactions weaken, allowing some molecules to regain 
mobility, resulting in a decrease in the overall system density. The 
interfacial width does not show significant differences across AO mol
ecules with varying chain lengths.

To determine the contribution of lubricant re-bonding behavior to 
the hybridization structure of a-C at the friction interface, Fig. 6a 

Fig. 6. Fraction of intact lubricant molecules during the sliding process. a) the PAO(C40H82) molecules and b) the AO(C5H10, C8H16 and C12H24) molecules.

Fig. 7. A) c–C bondings of C40H82 molecules for each system. And bonding ratios between the C2, C3, and C4 atoms of b)C5H10 molecules, c) C12H24 molecules, and 
d) C8H16 molecules.
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presents the proportion of intact C40H82 molecules at each stage. During 
Stage I, there is no fracture phenomenon observed due to the weak 
interaction experienced by C40H82 molecules. At this stage, the isolating 
effect of the lubricant is effective, and the molecular interactions at the 
friction interface are limited. When the pressure increases to 50 GPa, a 
noticeable fracture of C40H82 molecules is observed, with only 45 % 
remaining intact. This is attributed to the strong shear forces and ther
mal effects exerted on the molecular chains of the base oil under extreme 
pressure. In Stage III, as the pressure decreases back to 5 GPa, the 
number of intact C40H82 molecules remains stable, and no further frac
ture phenomena are observed.

In addition, the breaking behavior of AO molecules at different 
stages is similar to that of base oil molecules (Fig. 6b). It is worth noting 
that as the length of the AO chain increases, the number of broken AO 
molecules also increases. This indicates that although long-chain AO 
molecules can provide stronger protection, their longer molecular 
chains are more susceptible to shear-induced damage under extremely 
high pressure conditions, leading to breakage.

To further identify the fracture sites of the base oil and AO molecules, 
Fig. 7 presents the C–C bond fracture status of C40H82 molecules and the 
bonding ratio (Bab) of AO molecules of different systems. It should be 
emphasized that Fig. 7 only presents the bonding ratios that changed, 
while those that remained constant are treated as unbroken bonds. The 
bonding ratio is calculated according to the following formula[25]: 

Bab =
Nt

ab

N0
ab

(2) 

where Nt
ab and N0

ab represent the total number of bonds between 
atoms a and b at sliding times t and 0 ps, respectively. In AO molecules, a 
and b range from C2 atoms to C3 and C4 atoms. Since the fracture of 
C40H82 and AO molecules primarily occurs under high-pressure condi
tions, bonding ratios are calculated only at the end of Stage I (500 ps) 
and the beginning of Stage III (800 ps).

The fractures in the PAO molecule mainly occur along their main 
chains, while the introduction of AO reduces the fractures of the main 

chain, indicating that the protective effect of AO can help base oil resist 
chain breakage under high-pressure conditions. Different AO molecules 
exhibit distinct fracture sites, reflecting their varying chemical responses 
to high-pressure and frictional environments. For C5H10 and C12H24 
molecules, the decrease in bonding ratio is mainly concentrated at B33 
(C3-C3 bonds) and B44 (C4-C4 bonds), indicating that the breakage of 
the carbon chain skeleton primarily occurs at the –CH2-CH2- and 
–CH=CH2 sites. The presence of double bonds makes these positions 
more prone to breakage under high pressure. In contrast, for C8H16 
molecules, the decrease in bonding ratios occurs at B23 (C2-C3 bonds), 
B33 (C3-C3 bonds), and B34 (C3-C4 bonds), corresponding to fractures at 
the –CH3-CH2-, –CH2-CH2-, and –CH2-CH = . Notably, the B44 ratio of the 
C12H24 molecule decreases the most significantly, indicating that the 
breakage mainly occurs at the double-bond site. This observation is 
consistent with the findings reported by Lai[42]. Although the breakage 
of this double-bond site is detrimental to the overall stability of the 
molecular structure, it helps to passivate the dangling bonds on the a-C 
surface at the friction interface, thereby influencing the tribological 
performance of the systems.

Before analyzing the hybrid structural changes at the friction inter
face, it is essential to identify the atoms or molecular fragments in base 
oil and AO molecules that are prone to chemical bonding with a-C sur
faces. This is of great significance for understanding the essence of tri
bochemical reactions and optimizing lubricating oil molecular design.

Fig. 8 shows the coordination number contribution of base oil and 
AO to a-C at the end of sliding. When only the base oil is present in the 
lubricant, C–C bonding often occurs between the upper and lower a-C 
layers, hindering the sliding process at the interface. However, with the 
introduction of AO molecules, even after the friction process under high 
pressure conditions, the lubricant can effectively isolate the upper and 
lower layers a-C, keeping them in a separated state, which is consistent 
with the observation results in the morphology graph. This indicates 
that AO molecules can reduce friction by reducing interfacial C–C cross- 
linking.

Fig.S3 shows the variation in hybrid structures with sliding times of 

Fig. 8. Coordination number distribution of C atoms for the a-C structure.
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different systems. Noting that the fracture of base oil and AO molecules 
will affect the hybrid structure of a-C. Therefore, the calculation of the 
friction interface hybrid structure in this study considers contributions 
from both a-C and lubricant molecules. For the a-C/C40H82/a-C system, 
during Stage I, as the sliding time increases, the sp2 carbon content 
gradually increases due to shear-induced effects, while the sp3 and sp 
carbon contents decrease correspondingly. When the pressure rises from 
5 GPa to 50 GPa, the sp3 carbon content increases sharply, indicating 
significant sp2-to-sp3 and sp-to-sp3 transformations. This phenomenon is 
closely related to the fractures of lubricant molecules, C–C bondings 
between the upper and lower a-C, and intensified tribochemical re
actions at the interface. At Stage III, as the pressure decreases, some C–C 
covalent bonds formed between the upper and lower a-C under high 
pressure partially break, leading to a decrease in sp3 carbon content and 
a corresponding increase in sp2 carbon content during the unloading 
process. However, the passivation effect of hydrocarbon molecules 
caused by high-pressure processes results in sp3 hybridization higher 
than that of Stage I. This suggests that even a brief high-pressure sliding 
process can effectively promote the passivation of a-C surfaces, 
improving tribological performance.

After the introduction of AO, the hybrid structure evolution of the 
systems is similar to that of the a-C/C40H82/a-C system, but the degree of 
variation differs across stages. Fig. 9 compares the hybrid carbon con
tent of different systems at each stage to quantify these differences more 
clearly. At Stage I, the increasing chain length of AO molecules leads to a 
proportional rise in saturated carbon content. However, under high 
pressure, the fracture of AO molecules and base oil, as well as re-bonding 
with dangling bonds on the a-C surface, weakens this positive correla
tion. Consequently, at Stages II and III, the saturated carbon content first 

increases and then decreases as the chain length of AO molecules grows. 
This stage-specific variation indicates that AO can significantly optimize 
the conditions for tribological chemical reactions at the interface as 
lubricant additives. By selecting AO with appropriate chain lengths, the 
frictional performance under variable loading conditions can be further 
improved.

Fig. 10a illustrates the evolution of lubricant fluidity, characterized 
by mean square displacement (MSD) profiles across different stages and 
diffusion coefficients calculated from the final 200 ps data, calculated by 
the following formula[38]: 

MSD = r2(t) =
1
N
∑

|ri(t) − ri(0)|2 = 6Dt 

where N, ri(t) and ri(0) are the number of i atoms in the system, the 
positions of the ith atom at time t and 0, respectively; D and t represent 
the diffusion coefficient and sliding time separately.

During stages I and II, the incorporation of AO molecules signifi
cantly enhanced lubricant mobility. However, this enhancement 
exhibited an inverse correlation with AO chain length. These observa
tions indicated that short-chain AO molecules effectively improved 
lubricant fluidity under both low and high-pressure conditions, whereas 
the inherent viscosity of long-chain AO molecules constrained their 
mobility advantages. Conversely, in stage III, the lubricant system 
demonstrated restored fluidity, with pressure-induced hydrocarbon 
fragments contributing to enhanced molecular mobility, as evidenced by 
substantially increased diffusion coefficients. Notably, the presence of 
AO molecules exhibited a slight inhibitory effect on lubricant fluidity 
during this stage.

Under low-pressure conditions (Stage I, 5 GPa), enhanced diffusion 

Fig. 9. Hybridization structure of a-C at the interface.

J. Dong et al.                                                                                                                                                                                                                                    Applied Surface Science 702 (2025) 163383 

7 



coefficients facilitate hydrodynamic lubrication by promoting lubricant 
film formation, thereby reducing friction. However, longer-chain AO 
additives exhibit reduced mobility due to intermolecular van der Waals 
interactions, leading to higher friction. At extreme pressure (Stage II, 50 
GPa), the collapse of diffusion coefficients signifies lubricant film 
breakdown, transitioning to boundary lubrication dominated by tri
bochemical passivation and C–C cross-linking. Upon pressure release 
(Stage III, 5 GPa), partial recovery of diffusion coincides with stabilized 
friction, where residual passivation layers mitigate direct interfacial 
contact despite reduced lubricant mobility.

Comprehensive analyses of morphological changes, friction interfa
cial structure evolution, and lubricant molecular structure and fluidity 
under varying loading conditions reveal distinct mechanisms by which 
AO affects tribological performance at different stages: 

a) In Stage I, due to the low applied pressure (5 GPa), the lubricant can 
fully isolate the upper and lower a-C surfaces, with friction behavior 
dominated by hydrodynamic lubrication, following a relatively low 
friction coefficient. The introduction of AO enhances lubricant 
fluidity significantly, but this improvement diminishes with 
increasing AO chain length, leading to an increase in the friction 
coefficient with longer AO chains.

b) In Stage II, when pressure increases to 50 GPa, strong chemical in
teractions occur at the friction interface, with significant cross- 

linking between the upper and lower a-C layers hindering sliding. 
Concurrently, base oil and AO molecules fracture into hydrocarbon 
fragments that passivate intrinsic a-C. Therefore, the competition 
between C–C bonding and passivation effects under high pressure 
determines friction behavior, with a significant increase in the fric
tion coefficient. The introduction of AO enhances passivation effects, 
and variations in saturated carbon hybridization ratios with AO 
chain length result in slight differences in the friction coefficient.

c) In Stage III, as pressure decreases back to 5 GPa again, long-chain AO 
molecules fracture into shorter hydrocarbon fragments, reducing 
differences in tribological performance across systems. Furthermore, 
the passivation established in Stage II and the elimination of cross- 
linking between the upper and lower a-C layers significantly 
reduce the friction coefficient.

As demonstrated in this study, AO molecules exhibit significant po
tential for integration into PAO-based engine oils and industrial lubri
cants under variable loading conditions. Under transient high-pressure 
scenarios (e.g., asperity contacts in engines or gears), AO molecules 
fragment into hydrocarbon radicals that chemically passivate dangling 
bonds on a-C surfaces, thereby reducing friction. This mechanism par
allels the function of traditional EP additives like ZDDP[43], while 
eliminating controversial sulfur/phosphorus emissions from an envi
ronmental perspective. Furthermore, AO demonstrates dynamic load- 

Fig. 10. MSD curves and diffusion coefficient of a) whole lubricant, b) C40H82 in each system, and c) only AO in a-C/PAO + AO/a-C systems.
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adaptive behavior: under low-pressure (hydrodynamic) conditions, 
short-chain AO enhances base oil fluidity to improve lubrication effi
ciency; whereas under sudden high-load (boundary) conditions, long- 
chain AO preferentially cleaves at double-bond sites to form passiv
ation layers that prevent direct a-C adhesion.

4. Conclusion

This study explored the role of AO as a lubricant additive at the 
friction interface within the a-C/PAO solid–liquid composite system. 
Through RMD simulations employing the ReaxFF force field, we sys
tematically investigated the influence of AO on tribological behavior 
under variable load conditions. Comprehensive analyses were per
formed to elucidate the molecular interactions between AO (different 
chain lengths, C5H10, C8H16, and C12H24), PAO (C40H82), and a-C sur
faces, along with the evolution of interfacial morphology, structural 
transformations, lubricant mobility, and friction coefficients. Based on 
these detailed analyses, the following key findings were established: 

• The introduction of AO into the base oil can significantly reduce the 
friction coefficient. After high-pressure variable loading over a 
period, the a-C/C40H82 + C8H16/a-C system has the lowest friction 
coefficient of 0.0314.

• Increasing contact pressure leads to the fracturing of the main chains 
of base oil molecules. Significantly, AO molecules with extended 
chain lengths demonstrated superior protective efficacy against 
molecular fragmentation. The specific fracture sites differ among AO 
molecules. Notably, the –CH=CH2 site on the carbon chain skeleton 
of C12H24 molecules exhibits the highest frequency of fractures, 
suggesting that the primary fracture events in these molecules occur 
at the double bond.

• The in-depth friction information of system under variable load 
condition (5–50-5 GPa) is explored. Stage I (5 GPa): The tribological 
behavior of the investigated systems was predominantly controlled 
by hydrodynamic lubrication mechanisms. While the incorporation 
of AO enhanced lubricant fluidity, a progressive increase in AO chain 
length resulted in elevated friction coefficients, suggesting a chain 
length-dependent friction response. Stage II (from 5 to 50 GPa): 
Intensive interfacial interactions between opposing a-C layers 
resulted in substantial cross-linking phenomena, consequently 
impeding the sliding process. The decomposed lubricant molecules 
exhibited beneficial passivation effects on tribological behavior. The 
addition of AO molecules enhanced these passivation mechanisms, 
while variations in the distribution of saturated carbon hybridization 
states induced slight changes in friction coefficients. Stage III (from 
50 to 5 GPa): The residual passivation effects from Stage II, coupled 
with the termination of interfacial bonding between a-C layers, 
resulted in a reduction in friction coefficients. However, the 
decomposition of long-chain AO molecules into shorter hydrocarbon 
fragments weakened the differences in tribological performance 
across the systems.

• This study provides insights into the friction mechanisms facilitated 
by AO additives under variable load conditions, presenting a robust 
theoretical basis for the design and optimization of advanced lubri
cant formulations. Additionally, these results facilitate the 
advancement of a-C/fluid lubricant composite systems in mechanical 
systems subjected to variable loading conditions, thereby promoting 
their broad application and development in practical engineering 
scenarios.
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