
1 

https://doi.org/10.26599/FRICT.2026.9441294 

Research Article 

 

Oxygen-induced frictional evolution and saturation mechanisms in hydrogenated 

a-C/PEEK interfaces 

 

Meng Wang1,4#, Naizhou Du2#, Xinmeng Wu3, Qiaoyun Dong3, Xubing Wei2, Meng 

Cheng2, Weidong Dang3*, Xiaowei Li2,5* 

 

# Contributed equally to the work 

1 School of Opto-electronic Engineering, Zaozhuang University, Zaozhuang 277160, 

China 

2 School of Materials Science and Physics, China University of Mining and 

Technology, Xuzhou 221116, China 

3 Luxcase Precision Technology (Yancheng) Co., Ltd., Yancheng 224000, China 

4 School of Mechanics and Civil Engineering, China University of Mining and 

Technology, Xuzhou 221116, China 

5 Jiangsu Key Laboratory for 3C Products Additive Manufacturing and Surface 

Technology, China University of Mining and Technology, Xuzhou 221116, China 

 

*Corresponding authors 

Ju
st

 A
cc

ep
te

d



2 

Xiaowei Li   E-mail: lixw0826@gmail.com; xwli@cumt.edu.cn; 

Weidong Dang  E-mail: dangweidong@163.com 

 

Received: October 27, 2025; Revised: July 19, 2026; Accepted: August 4, 2026 

© The Author(s) 2026. 

 

Abstract: Reactive molecular dynamics simulations were performed to investigate the 

tribological behavior of hydrogenated a-C/PEEK interfaces under different oxygen 

concentrations. The results show that the friction force increases with oxygen 

concentration and saturates beyond ~300 O2 molecules. This behavior arises from two 

coupled mechanisms. First, sliding shear drives oxygen diffusion into the PEEK 

structure. At high concentrations, oxygen penetration and subsequent saturation 

diminish the intrinsic lubricity of PEEK. Second, excess oxygen accumulates at the 

interface as an oxygen-rich layer, which interacts with surface hydrogen on a-C and 

further enhances interfacial adhesion. In addition, dissociated O atoms preferentially 

bond with aromatic carbons, ether oxygens, and surface hydrogens of PEEK, disrupting 

π-conjugation and introducing polar functional groups that increase adhesion. Surface 

hydrogen, instead of acting as an inert barrier, reduces lubricity through chemical 

interactions at both low and high oxygen concentrations. These findings provide 

mechanistic insights into the oxygen-induced increase and eventual stabilization of 

friction force in a-C/PEEK systems. 
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1. Introduction 

Polyether ether ketone (PEEK) is a high-performance thermoplastic polymer that has 

found widespread application in aerospace, biomedical, and precision mechanical 

engineering due to its outstanding mechanical strength, thermal stability, chemical 

resistance, and intrinsic self-lubricating properties [1, 2]. In particular, PEEK has 

emerged as a promising candidate for solid lubrication systems, where its low friction 

coefficient and excellent wear resistance render it an ideal engineering plastic [3, 4]. 

However, the structural stability of PEEK becomes a significant concern under long-

term sliding conditions. Exposure to elevated temperatures and sustained shear forces 

during friction can induce the scission, crosslinking, or structural rearrangement of 

molecular chain, ultimately leading to a decline in lubrication efficiency and 

tribological performance [5, 6]. 

To enhance the tribological performance of PEEK under extreme operating 

conditions, amorphous carbon (a-C) films have been widely employed as protective 

counterface coatings [7-13]. Owing to their high hardness, chemical inertness, and 

excellent wear resistance, a-C films can effectively mitigate the wear of polymeric 

counterparts during sliding [14]. However, the a-C surface typically contains a 

significant number of unsaturated dangling bonds, which are highly reactive toward 
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environmental species and may compromise the interfacial stability during the friction 

process [15, 16]. Surface hydrogenation has been proposed as an effective strategy to 

partially passivate these dangling bonds [17, 18]. This surface modification not only 

reduces the chemical reactivity of the a-C surface but also preserves its intrinsic 

mechanical properties. 

Although hydrogenated a-C/PEEK systems demonstrate excellent tribological 

performance under inert atmospheric conditions, their tribological behavior and the 

underlying mechanistic insights in oxygen-rich environments remain insufficiently 

elucidated [19]. For instance, Zhou et al.[20] conducted a systematic investigation into the 

tribological properties of a-C/PEEK systems under oxygen, air, and vacuum 

environments. Their findings revealed that the optimal tribological performance was 

achieved under vacuum conditions, whereas both the friction coefficient and wear rate 

increased significantly in the presence of oxygen. This observed degradation in 

tribological performance was primarily ascribed to oxygen-induced cleavage of PEEK 

molecular chains, coupled with the potential interfacial interaction between O2 

molecules and the a-C surface under high oxygen concentration conditions. These 

factors collectively impede stable transfer film formation, exacerbating friction and 

wear. Similarly, Johansson et al.[21] reported that CF-PEEK exhibited substantially 

higher wear rates and friction coefficients when subjected to tribological tests under 

high oxygen concentrations and laboratory air environments. As a highly reactive 

species, oxygen not only dissociates at the sliding interface to form new chemical bonds 

but also modulates the conformational flexibility and self-lubricating characteristics of 
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PEEK molecular chains through intermolecular interactions [20, 22]. These synergistic 

effects ultimately give rise to complex physicochemical responses at the a-C/PEEK 

interface. However, the oxygen concentration-dependent mechanisms governing the 

tribological behavior of PEEK/a-C interfaces remain insufficiently understood at the 

atomic scale, limiting controllable lubrication in oxygen-containing or extreme service 

environments. 

In this study, reactive molecular dynamics simulations were employed to investigate 

the tribological behavior of hydrogenated a-C/PEEK interfaces under varying oxygen 

concentrations. The simulations systematically characterized the evolution of 

interfacial structures, frictional responses, oxygen diffusion pathways, and molecular-

scale interactions. The results reveal the critical role of oxygen in regulating interfacial 

friction through both physical and chemical mechanisms, thereby providing theoretical 

guidance for the design and optimization of polymer–coating systems operating in 

reactive gaseous environments. 

2. Computational details 

All reactive molecular dynamics simulations were performed using LAMMPS [23]. 

The friction model (Fig. 1) consisted of a hydrogenated a-C film as the lower 

counterpart and PEEK as the upper sliding pair. A hydrogen-free a-C (6874 C atoms) 

was first generated by atom-by-atom deposition [24], followed by H2 exposure and 

annealing at 600 K to obtain hydrogen-terminated surfaces [17, 25]. The PEEK structure 

contained 200 chains of C38H26O6 with a density of 1.3 g/cm3. 

To investigate the effect of oxygen concentration, 0~800 O2 molecules were 
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introduced into the interfacial layer, corresponding to simulation cells of 42.88 × 40.358 

× 147.777–174.561 Å3. Each system was divided into a fixed layer (bulk constraint), a 

thermostat layer (300 K, NVE with Berendsen thermostat), and a free layer (a-C, O2, 

PEEK) for capturing interfacial evolution (Supporting Information Fig. S1). 

Simulations were carried out with a timestep of 0.25 fs under periodic boundary 

conditions in the x–y directions. The ReaxFF potential developed by Tavazza et al. [26] 

has been extensively validated in our previous studies for simulating complex 

interfacial reactions involving amorphous carbon, hydrogenated surfaces, polymers, 

and oxygen-containing species [27-29]. In particular, it has demonstrated good capability 

in capturing bond breaking and formation processes, structural evolution under shear, 

and tribochemical responses at carbon-based interfaces. 

During the friction process, the friction system was first equilibrated at 300 K for 2.5 

ps. Subsequently, the system established contact by loading the PEEK upper layer 

against the a-C film until reaching 5 GPa contact pressure (25 ps duration). Sliding was 

then initiated by imposing a constant velocity of 100 m/s along the x-direction on the 

fixed layer of the upper PEEK counterpart, and the process was simulated for 1250 ps. 

The contact pressure of 5 GPa was selected, as it is an established value for atomic-

scale investigations of friction in a-C films [30, 31]. A high sliding velocity (100 m/s) was 

used to achieve sufficient sliding distance, sample interfacial configurations, and 

observe oxygen-related saturation within the practical simulation timeframe. Effective 

thermostat control (Fig. S4) maintained the system temperature near 300 K, mitigating 

non-physical heating concerns. Given that the key mechanisms identified—such as 
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shear-activated oxygen diffusion and interfacial chemical bonding—are governed by 

local chemical environments and reach a steady state, the qualitative trends revealed 

here are anticipated to hold under slower, experimentally relevant sliding conditions. 

 
Fig. 1. Friction simulation model of surface-hydrogenated a-C and PEEK with 

varying oxygen concentrations at the interface. 

3. Results and discussion 

The friction force of the system was defined by calculating the total force exerted on 

the fixed-layer atoms along the sliding direction. The temporal evolution of the friction 

force in the a-C/O2/PEEK systems under different oxygen concentrations is shown in 

Fig. 2a. Note that the friction force curves of all systems show a relatively stable 

behavior with only minor fluctuations. These slight oscillations can be attributed to 

dynamic structural evolution events within PEEK molecules during the friction process, 

such as intermolecular cross-linking and chain scission [32]. Furthermore, no obvious 

running-in stage was observed, which is primarily ascribed to the low applied contact 
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pressure (5 GPa). This observation is consistent with the results reported in previous 

studies under similar load conditions [33, 34], further validating the reliability of the 

current simulation setup. 

To quantify the effect of oxygen concentration, friction forces from the final 300 ps 

of steady-state sliding were averaged. Fig. 2b gives the variation of the average friction 

force with oxygen concentration. The friction force generally increases with oxygen 

concentration. However, when the number of O2 molecules exceeds 300, the growth 

rate slows down and eventually shows a saturation effect. This threshold is specific to 

the present simulation cell and corresponds to an areal oxygen density of approximately 

17.3 O2 molecules nm-2. This saturation suggests a transition in the interfacial state, 

driven by the combined effects of reactive site occupancy on the PEEK surface and the 

dynamic equilibrium of an interfacial oxygen-rich layer, which will be analyzed in 

detail in the following sections. This observed correlation between oxygen 

concentration and friction force aligns with the experimental findings of Johansson et 

al. [16], reporting that the presence of oxygen and moisture significantly alters the 

tribological response of PEEK-based composites by modifying the interfacial chemistry. 

This nonlinear behavior indicates that oxygen incorporation does not merely induce 

interfacial passivation, particularly when the a-C surface is already partially 

hydrogenated [18]. Instead, the changes in tribological performance mainly originate 

from the complex interfacial interaction mechanisms between oxygen species and 

PEEK molecules, which warrants further in-depth investigation into the underlying 

atomic-scale processes. Importantly, the “saturation” discussed here refers specifically 
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to the frictional response, rather than to oxygen uptake, oxygen diffusion, or the overall 

interfacial chemical state. Operationally, it denotes the regime in which further 

increasing the O2 concentration produces only a limited additional increase in the 

steady-state friction force. This occurs because the dominant friction-controlling 

reactive sites on PEEK and near the sliding interface become largely occupied, so 

additional oxygen species contribute less efficiently to new friction-relevant bond 

formation. Therefore, although the diffusion coefficient and the fraction of intact O2 

molecules continue to increase with oxygen concentration (Figs. 3b and 6b), the 

interfacial contributions governing friction approach saturation.  

 
Fig. 2. (a) Temporal evolution of the friction force as a function of simulation time. 

(b) Dependence of the steady-state friction force on the oxygen concentration. 

To elucidate interfacial interactions among a-C, O2, and PEEK and the associated 

friction mechanisms, Fig. 3a shows a comparative analysis of the morphology before 

and after sliding. The system containing 300 O2 molecules is used as a representative 

case. Oxygen have already begun to diffuse into the PEEK matrix during the relaxation 

stage [35]. After sliding of 1250 ps, oxygen further permeates into the polymer interior. 

This diffusion is primarily attributed to the loosely packed morphology of PEEK, which 
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provides free volume and transient voids that serve as effective diffusion channels for 

oxygen. Additionally, local thermal effects and shear stresses generated during sliding 

further promote oxygen diffusion, facilitating penetration of the polymer network. 

Another notable structural evolution is the spontaneous cross-linking of PEEK chain 

segments, which appears as early as the relaxation stage (Supporting Information Fig. 

S2). Initially, PEEK exists as discrete chains (C38H26O6). Interchain cross-linking 

gradually produces a denser, network-like macromolecular structure during relaxation. 

This phenomenon reflects the intrinsic reactivity of PEEK and can play a crucial role 

in its subsequent frictional response. 

 
Fig. 3. (a) Structural morphology of the system before and after sliding at an oxygen 
concentration of 300 molecules. (b) Mean square displacement and corresponding 

diffusion coefficient of O2 molecules. (c) Density distribution of O2 molecules during 
the sliding process for different systems. 

Fig. 3b shows the temporal evolution of the mean square displacement (MSD) of O2 

molecules at different concentrations. The data values from the final 300 ps are fitted 

from the MSD curves to extract the corresponding diffusion coefficients. It can be 
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observed that as the oxygen concentration increases, the rising rate of the MSD curves 

accelerates. The diffusion coefficient also increases accordingly, indicating that O2 

molecules exhibit higher mobility and fluidity under oxygen-rich conditions. 

Furthermore, Fig. 3c depicts the density distribution of O2 molecules during the sliding 

process. The results show that O2 molecules at different concentrations can diffuse into 

the deeper regions of PEEK. Their distribution is mainly concentrated in the central 

region of the PEEK structure. The absence of a pronounced gradient along the z-

direction, despite a slight concentration increase near the interface, demonstrates that 

oxygen permeation extends beyond the immediate friction interface into the PEEK 

matrix. 

To further investigate the diffusion behavior of O2 molecules during sliding, Fig. 4 

displays the displacements of O atoms in systems with different oxygen concentrations 

(100, 300, 500, and 800 O2) during the final 300 ps of the simulation. The displacement 

magnitudes are color-coded from blue (low displacement) to red (high displacement), 

directly illustrating the mobility range of oxygen species. To better understand the 

directional characteristics of oxygen diffusion, the atomic displacements are 

decomposed into the x, y, and z components (Supporting Information Fig. S3). The 

results reveal that the displacement contribution along the x-direction is dominant, 

highlighting the crucial role of the applied shear force in driving oxygen diffusion. By 

contrast, the distributions in the y- and z-directions approximate normal distributions 

centered near zero, suggesting that O2 molecules in these directions remain largely 

localized without significant migration. This indicates that part of the oxygen 
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population becomes trapped within the PEEK matrix during sliding, likely due to 

chemical bonding or local physical confinement, while others primarily migrate along 

the sliding direction. Notably, the displacements of O2 molecules in the interfacial 

region approach zero under high oxygen concentrations, particularly in the 500 and 800 

oxygen systems. This suggests the formation of an interfacial “oxygen-rich layer”, 

supported by the elevated oxygen concentration observed at the interface in Fig. 3. In 

this scenario, a fraction of O2 molecules fails to fully diffuse into the polymer interior 

and instead accumulates near the sliding interface, forming a high-density oxygen 

distribution zone. Such an oxygen-rich layer may result from molecular adsorption or 

atomic bonding, which enhances interfacial polarity and strengthens intermolecular 

interactions, thereby increasing the adhesion between the two sliding counterparts. The 

emergence of this structural feature helps explain the continuous increase and 

subsequent saturation of the friction force in systems with high oxygen concentrations. 
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Fig. 4. Displacement of O atoms during the final 300 ps of the sliding process. 

Before analyzing the specific role of oxygen in interfacial chemical reactions, it is 

essential to clarify the intrinsic cross-linking behavior of PEEK molecules during 

friction. After a brief relaxation stage, initially discrete molecular chains spontaneously 

cross-link to form a macromolecular structure. The PEEK counterpart is mainly 

composed of these cross-linked macromolecules, accompanied by a smaller fraction of 

oligomers generated through chain scission or secondary cross-linking reactions during 

sliding. As shown in Fig. 5a, the total number of C38H26O6 PEEK molecules gradually 

decreases with sliding time in all systems, reflecting the continuous incorporation of 

small molecules into the growing cross-linked network. This phenomenon highlights 

the internal reactions of PEEK under shear loading, where friction-induced activation 

further facilitates chain recombination and growth. Moreover, unsaturated molecular 

structures produced by chain scission can chemically react with diffusing O atoms at 

the interface, generating new cross-linking sites and promoting further network 

evolution. 

 
Fig. 5. (a) Evolution of the number of PEEK molecular species in different systems as 

a function of sliding time. (b) Number of atoms incorporated into spontaneously 
formed cross-linked PEEK chains. 
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Fig. 5b compares the variation in the number of atoms contained within the largest 

cross-linked chain across different oxygen concentrations. The results reveal that when 

the number of O2 molecules exceeds ~300, the atomic count of the largest cross-linked 

chain remains essentially stable throughout sliding. This finding indicates that oxygen 

diffusion at higher concentrations provides effective terminal passivation and 

suppresses further chain scission. In contrast, in systems with lower oxygen 

concentrations, this stabilization trend only emerges in the later stages of sliding, 

suggesting that insufficient oxygen limits its passivating and protective effects. Notably, 

in oxygen-free system, pronounced fluctuations are observed, characterized by repeated 

decreases and recoveries in the atomic count of the largest cross-linked chain. This 

behavior can be attributed to alternating shear-induced scission and re-cross-linking 

events, while the absence of oxygen passivation renders the chain structures more 

susceptible to cyclic rupture and reorganization. 
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Fig. 6. (a) C38H26O6 PEEK molecular chain with specific atomic sites labeled by 

color: grey (C4) for aromatic carbons, cyan (C7) for carbons bonded to ether oxygen, 
pink (H9) for hydrogen atoms on the phenyl rings, and yellow (H10) for terminal 

hydrogen atoms bonded to oxygen. (b) Fraction of intact O₂ molecules at the sliding 
interface. (c) Fraction of O atoms contributing to the coordination with other atomic 

species. 

To systematically elucidate the interfacial interaction mechanisms among O2 

molecules, the PEEK structure, and a-C, key sites of a single C38H26O6 PEEK chain are 

first labeled, as shown in Fig. 6a. These include the C4 and C7 carbon atoms in the 

aromatic ring, the oxygen atom in the ether linkage (O of PEEK), and hydrogen atoms 

located at different site (H9, H10). Some O2 molecules that diffuse into the interface 

dissociate, and the resulting O atoms could form chemical bonds with the reactive sites 

of PEEK chains during sliding. 

Fig. 6b illustrates the temporal evolution of the fraction of intact O2 molecules in 

systems with different oxygen concentrations. The results show that this fraction 

increases with rising oxygen concentration, indicating that bonding sites at the interface 
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become saturated under oxygen-rich conditions. Consequently, the excess O2 molecules 

preferentially exist in a physically adsorbed state inside the PEEK structure or at the 

PEEK surface instead of undergoing dissociation. This interpretation also reconciles 

the apparent difference between the continued evolution of intact O2 molecules and the 

saturation of friction force. The increasing fraction of intact O2 molecules at high 

concentration indicates that not all added O2 molecules dissociate or form new friction-

relevant bonds. Once the dominant reactive sites on PEEK are occupied, additional 

oxygen species are more likely to remain molecular, become physically trapped, or 

participate in secondary interactions. 

Fig. 6c further analyzes the bonding types and site distributions of dissociated O 

atoms. O atoms primarily bond with C4 in the aromatic ring, with H9, and with the 

ether linkage along the PEEK chain. The formation of O–C4, O–H9, and O–O(PEEK) 

bonds disrupts the π-conjugated system of the aromatic ring, weakening the intrinsic 

lubricity of PEEK. At the same time, these reactions introduce polar functional groups 

at the interface (e.g., C–O, C=O, O–H), thus strengthening interfacial adhesion and 

increasing the friction force [20, 36, 37]. This trend becomes more pronounced at high 

oxygen concentrations, where the higher availability of oxygen promotes their 

increased participation in bonding. Similarly, Zhang et al. [27] demonstrated that tribo-

chemistry facilitated by functional fillers can significantly modulate the friction 

performance of PEEK composites, suggesting that managing interfacial reactive sites 

is key to controlling the friction of polymer-based systems. In addition, these reactions 

can enhance the physical interactions between the PEEK structure and the penetrating 
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O2 molecules, thereby restricting the flexibility of the PEEK chains, with this flexibility 

being beneficial for lubrication, as in aromatic rings. In low-oxygen systems (<300 O2), 

the chemical reactivity of O2 molecules is more evident. On one hand, dissociated O 

atoms bind to active sites on aromatic rings and ether linkages of PEEK chains. On the 

other hand, they react with hydrogen atoms used to passivate the a-C surface. These 

reactions can lead to the re-exposure of previously passivated a-C sites or, conversely, 

to the passivation of the a-C surface by O atoms. In the 100 O2 system, direct bonding 

between oxygen and the a-C surface is even observed, further confirming the potential 

passivating effect of oxygen. Therefore, there exists a competitive effect between 

oxygen bonds and interface passivation at the frictional interface under low oxygen 

concentration. 

The atomic-scale insights obtained from our RMD simulations provide a mechanistic 

foundation for interpreting experimental observations, particularly those from X-ray 

photoelectron spectroscopy (XPS) analyses of tribo-oxidized PEEK and a-C interfaces. 

The formation of O–C4, O–O(PEEK), and O–H bonds, as identified in our simulations 

(Fig. 6c), corresponds directly to the emergence of C–O, C=O, and O–H functional 

groups commonly detected in XPS studies of worn PEEK surfaces and transfer films 

[38, 39]. More specifically, O–C4 bonding indicates oxidation of aromatic carbon sites in 

PEEK and would contribute to enhanced C–O/C=O components in the C 1s spectrum, 

whereas O–O(PEEK) and O–H motifs are consistent with oxygenated-carbon and 

hydroxyl-related contributions in the C 1s and O 1s spectra. Thus, the simulations 

suggest an increase in the relative intensity of oxygen-containing XPS components with 
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oxygen concentration. For instance, experimental work by Zhou et al. [38] reported 

increased intensities of C–O and C=O peaks in XPS spectra after sliding tests of a-

C/PEEK pairs under oxygen-rich conditions, attributing these changes to interfacial 

oxidation. Our simulations confirm that such oxidation is driven by shear-activated 

oxygen dissociation and subsequent bonding with specific reactive sites on PEEK 

chains, notably aromatic carbons and ether linkages. The introduction of these polar 

groups disrupts the π-conjugation of PEEK’s aromatic rings and enhances interfacial 

polarity, thereby rationalizing the experimentally observed increase in friction and 

adhesion. In addition, the stable temperature profile (Supporting Information Fig. S4) 

further supports that the observed oxygen diffusion and chemical bonding are shear-

driven rather than thermally activated. 

To verify the influence of oxygen–PEEK physical interactions on the overall 

structural response under different oxygen concentrations, Fig. 7 presents the stress 

distributions of PEEK and oxygen during sliding. With increasing oxygen 

concentration, the stress distribution in PEEK shifts from an initial weak compressive 

stress to tensile stress, whereas the stress distribution of O atoms consistently remains 

compressive stress. At low oxygen concentrations, only a limited number of O atoms 

diffuse into the interface (Fig. 4). In this case, the PEEK chains can buffer the external 

shear load through local orientation and compressive deformation, resulting in a slightly 

compressive overall stress state. However, as the oxygen concentration increases, many 

O2 molecules gradually dissociate and chemically bond with reactive carbon and 

hydrogen sites in the PEEK chains, forming oxygen-containing bonds such as C–O, 
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C=O, and O–C–O (Fig. 6). These newly formed bonds increase the crystallinity and 

rigidity of the PEEK segments. More importantly, the excess non-dissociated O2 

molecules establish physical interactions with the PEEK structure, significantly 

reducing its flexibility. The polymer chains can no longer effectively dissipate energy 

through conformational adjustments, leading to a transition of the overall PEEK stress 

distribution from compression to tension during the sliding process. 

 
Fig. 7. Stress distribution of PEEK and oxygen during the sliding process. 

In contrast, the stress distribution of oxygen consistently exhibits compression 

throughout the sliding process. This is because oxygen primarily resides in embedded 

or interstitial configurations, where they are subjected to dual compression from both 

the a-C surface and the PEEK chains. Even when chemical bonding occurs, most O 
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atoms remain confined within these compressed local environments (Fig. 4), preventing 

the development of tensile stress. 

 
Fig. 8. Hybridized structure of a-C films in systems with different oxygen 

concentrations. 

A detailed analysis of the interactions between oxygen and PEEK and the bonding 

contributions of oxygen to a-C is presented in the above discussion. These bonding 

effects are reflected in the hybridization evolution of a-C during sliding, which has a 

critical influence on its tribological performance. Fig. 8 shows the final fractions of sp3, 

sp2, and sp carbon atoms at the interface at the end of the sliding process under different 

oxygen concentrations. Since the friction curves for all cases reached a stable steady-

state toward the end of the simulation, these values effectively represent the 

hybridization structure under the respective oxidative conditions. Combined with the 

hybridization evolution shown in Supporting Information Fig. S5, it can be observed 

that the sp3-C fraction exhibits only slight variation among the systems. This indicates 

that the internal skeleton of a-C remains relatively stable under the friction conditions 

employed in this study. This stability is attributed to the relatively low contact pressure 

(5 GPa), which avoids deep structural reconstruction, and to the localization of 

oxygen/PEEK interactions at the interface. These interactions are dominated by 
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noncovalent intermolecular forces and do not significantly disrupt the subsurface sp3-

dominated regions. 

In contrast, the variations in sp2-C and sp-C are more representative. In particular, in 

the low- and medium-oxygen systems (100 and 300 O2), the sp-C fraction decreases 

markedly, while sp2-C increases significantly, suggesting an active sp–sp2 hybridization 

transition. This process can originate from two mechanisms: (i) unsaturated fragments 

generated by chain scission in PEEK migrate to the a-C surface and participate in 

bonding reactions, and (ii) O2 molecules at low and medium concentrations more 

readily dissociate and react with unsaturated sp-hybridized carbon atoms at the a-C 

surface, forming oxygen-containing functional groups such as C–O and C=O. These 

reactions convert sp-C states into the more stable sp2-C configuration, thus passivating 

interfacial sites. By contrast, in the high-oxygen systems (500 and 800 O2), the fractions 

of sp2 and sp change only slightly. This reflects a state of interfacial chemical 

equilibrium under oxygen-rich but site-saturated conditions, characterized mainly by 

irregular sp2–sp3 interconversion at the a-C surface. 
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Fig. 9. Stress distribution of hydrogen atoms on a-C surface during the sliding process 
and average stress of hydrogen atoms at the end of the sliding. 

In addition, the passivating effect of surface hydrogen plays a crucial role in 

regulating the frictional interface, as shown in Fig. 9. As the oxygen concentration 

increases, the tensile stress of surface hydrogen atoms increases markedly, with the 500 

O2 and 800 O2 systems exhibiting significantly higher local stress peaks compared with 

the low-oxygen cases. This suggests that some O2 molecules remain trapped in the 

interfacial region, where they form an oxygen-rich layer (Fig. 4) that strengthens 

interactions with the PEEK structure. As a result, the tensile stress on surface hydrogen 

atoms becomes higher under oxygen-rich conditions. At the same time, certain O atoms 

may directly react with surface hydrogen, weakening the stability of existing C–H 

bonds and even inducing hydrogen migration or desorption. In contrast to the intrinsic 

low-friction mechanisms of pure amorphous carbon interfaces reported by Li et al. [10], 

where structural passivation dominates the sliding behavior, our results indicate that the 

introduction of O atoms disrupts the original steady state, leading to a transition from 

low-friction sliding to a high-adhesion regime due to the loss of hydrogen passivation. 

Both mechanisms contribute to the amplification of local stress acting on surface 

hydrogen atoms. This trend indicates that passivating hydrogen on the a-C surface no 

longer acts as a purely beneficial barrier for friction reduction at high oxygen 

concentrations. Instead, it can serve as an active response site in oxygen–PEEK 

interfacial interactions, thereby reshaping the tribochemical environment of the sliding 

interface. Overall, surface hydrogen plays a concentration-dependent role under 

oxidative conditions. At low O2 concentrations, it mainly acts as a passivating site, 
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although local reactions with dissociated O atoms weaken this effect. At high O2 

concentrations, it becomes an active response site involved in oxygen-mediated 

interfacial interactions. This transition explains why surface hydrogenation is not purely 

friction-reducing in oxygen-containing environments. 

4. Conclusion 

In this study, reactive molecular dynamics simulations were conducted to explore the 

tribological mechanisms of hydrogenated a-C/PEEK interfaces under different oxygen 

concentrations. The key conclusions can be summarized as follows: 

 Frictional response: The increase in friction force and subsequent stabilization 

with oxygen concentration can be attributed to the loss of intrinsic lubricity of 

PEEK caused by oxygen diffusion and to the enhanced interfacial polarity induced 

by the formation of an oxygen-rich layer. 

 Chemical bonding: Dissociated O atoms form bonds with aromatic carbons, ether 

oxygens, and hydrogen atoms of PEEK, leading to disruption of π-conjugation, 

introduction of polar functional groups, and enhanced interfacial adhesion. 

 Oxygen diffusion and interfacial structure: Oxygen diffusion is primarily driven 

by sliding shear, enabling O2 molecules to penetrate into the PEEK structure. At 

high oxygen concentrations, oxygen intrusion and saturation suppress the intrinsic 

lubricity of PEEK, while the oxygen-rich layer retained at the interface further 

interacts with surface hydrogen on a-C.  

 Role of surface hydrogen: Passivating hydrogen on a-C surfaces is no longer 

purely beneficial for friction reduction. At low oxygen concentrations, hydrogen 
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atoms participate in chemical bonding with dissociated oxygen species, while at 

high oxygen concentrations, they interact with the interfacial oxygen-rich layer. 

Both effects partially offset the intrinsic lubrication of surface hydrogen through 

additional interfacial adhesion, meaning surface hydrogenation is no longer purely 

beneficial under oxidative conditions. 

 

Acknowledgments 

This research was supported by the National Natural Science Foundation of China (No. 

U24A2030), Ningbo Science and Technology 2035 Innovation Project (No. 2024Z134), 

and Xuzhou “343” Industrial Development Project (No. gx2025006). 

 

References  

 [1] Seenath A A, Baig M M A, Katiyar J K, et al. A Comprehensive Review on 

the Tribological Evaluation of Polyether Ether Ketone Pristine and Composite 

Coatings[J]. Polymers, 2024,16(21):2994. 

 [2] Zheng Z, Liu P J, Zhang X M, et al. Strategies to improve bioactive and 

antibacterial properties of polyetheretherketone (PEEK) for use as orthopedic 

implants[J]. Materials Today Bio, 2022,16:100402. 

 [3] Deshwal D, Belgamwar S U, Bekinal S I, et al. Critical Review of 

Reinforcement Effect in PEEK Tribology and Its Usage in Biomedical, 

Coating and Bearing Applications[J]. Polymer-Plastics Technology and 

Materials, 2025,64(8):1071-1100. 

Ju
st

 A
cc

ep
te

d



25 

 [4] Natarajan E, Santhosh M S, Markandan K, et al. Mechanical and wear 

behaviour of PEEK, PTFE and PU: review and experimental study[J]. Journal 

of Polymer Engineering, 2022,42(5):407-417. 

 [5] Christmann J B P, Krätz L J, Bart H. PEEK film heat transfer surfaces for 

multi-effect distillation: A mechanical investigation[J]. Applied Thermal 

Engineering, 2012,38:175-181. 

 [6] Laux K A, Jean-Fulcrand A, Sue H J, et al. The influence of surface properties 

on sliding contact temperature and friction for polyetheretherketone (PEEK)[J]. 

Polymer, 2016,103:397-404. 

 [7] Robertson J. Diamond-like amorphous carbon[J]. Materials Science & 

Engineering R-reports, 2002,37(4-6):129-281. 

 [8] Lin B, Zou H, Meng Y, et al. Evaluation of the tribological properties of two 

PEEKs sliding against Al2O3, WC and DLC coatings under dry friction and 

water lubrication[J]. Surface Topography-Metrology and Properties, 

2021,9(4):045027. 

 [9] Chen L, Li W, Zhang B, et al. Research on the friction law of TiCx on rubber 

surface in aviation kerosene lubrication environment[J]. Tribology 

International, 2026,214:111242. 

[10] Bai C, Gong Z, An L, et al. Adhesion and friction performance of DLC/rubber: 

The influence of plasma pretreatment[J]. Friction, 2021,9(3):627-641. 

[11] Shi P, Sun J, Liu Y, et al. Running-in behavior of a H-DLC/Al2O3 pair at the 

nanoscale[J]. Friction, 2021,9(6):1464-1473. 

Ju
st

 A
cc

ep
te

d



26 

[12] Qiang L, Zhang B, Gao K, et al. Hydrophobic, mechanical, and tribological 

properties of fluorine incorporated hydrogenated fullerene-like carbon films[J]. 

Friction, 2013,1(4):350-358. 

[13] Bai C, Qiang L, Zhang B, et al. Optimizing the tribological performance of 

DLC-coated NBR rubber: The role of hydrogen in films[J]. Friction, 

2022,10(6):866-877. 

[14] Rajak D K, Kumar A, Behera A, et al. Diamond-Like Carbon (DLC) Coatings: 

Classification, Properties, and Applications[J]. Applied Sciences-Basel, 

2021,11(10):4445. 

[15] Li X, Wang A, Lee K. Fundamental understanding on low-friction 

mechanisms at amorphous carbon interface from reactive molecular dynamics 

simulation[J]. Carbon, 2020,170:621-629. 

[16] Li X, Du N, Feng C, et al. Theoretical superlubricity and its friction stability 

of amorphous carbon film induced by simple surface graphitization[J]. Applied 

Surface Science, 2023,615:156318. 

[17] Li X, Wang A, Lee K. Atomistic understanding on friction behavior of 

amorphous carbon films induced by surface hydrogenated modification[J]. 

Tribology International, 2019,136:446-454. 

[18] Du N, Wei X, Li X, et al. Unraveling the friction response from selective 

hydrogenation of textured amorphous carbon surface[J]. Applied Surface 

Science, 2023,614:156246. 

[19] Theiler G, Gradt T. Environmental effects on the sliding behaviour of PEEK 

Ju
st

 A
cc

ep
te

d



27 

composites[J]. Wear, 2016,368-369:278-286. 

[20] Zhou X, Du N, Li H, et al. Oxygen-related interfacial tribo-chemical reaction 

and wear mechanism between a-C coating and PEEK[J]. Tribology 

International, 2025,211:110840. 

[21] Johansson P, Marklund P, Björling M, et al. Effect of Oxygen and Moisture 

on the Friction and Wear of Carbon Fiber-Reinforced Polymers[J]. Lubricants. 

2023,11:412. 

[22] Zhou X, Zhang Y, Guo P, et al. Tribological behavior of Cr/a-C multilayered 

coating against PEEK under dry sliding condition[J]. Wear, 2023,518-

519:204625. 

[23] Thompson A P, Aktulga H M, Berger R, et al. LAMMPS - a flexible 

simulation tool for particle-based materials modeling at the atomic, meso, and 

continuum scales[J]. Computer Physics Communications, 2022,271:108171. 

[24] Li X, Ke P, Zheng H, et al. Structural properties and growth evolution of 

diamond-like carbon films with different incident energies: A molecular 

dynamics study[J]. Applied Surface Science, 2013,273:670-675. 

[25] Li X, Xu X, Qi J, et al. Insights into Superlow Friction and Instability of 

Hydrogenated Amorphous Carbon/Fluid Nanocomposite Interface[J]. ACS 

Applied Materials & Interfaces, 2021,13(29):35173-35186. 

[26] Tavazza F, Senftle T P, Zou C, et al. Molecular Dynamics Investigation of the 

Effects of Tip–Substrate Interactions during Nanoindentation[J]. The Journal 

of Physical Chemistry C, 2015,119(24):13580-13589. 

Ju
st

 A
cc

ep
te

d



28 

[27] Du N, Li X, Wei X, et al. Atomistic Insights into Interfacial Optimization 

Mechanism for Achieving Ultralow-Friction Amorphous Carbon Films under 

Solid–Liquid Composite Conditions[J]. ACS Applied Materials & Interfaces, 

2023,15(45):53122-53135. 

[28] Wei X, Du N, Guo P, et al. Friction dependence on processing priority for 

graphitization/passivation coupled amorphous carbon films[J]. Carbon, 

2024,230:119631. 

[29] Li X, Wang A, Lee K. Mechanism of contact pressure-induced friction at the 

amorphous carbon/alpha olefin interface[J]. npj Computational Materials, 

2018,4(1):53. 

[30] Ma T, Wang L, Hu Y, et al. A shear localization mechanism for lubricity of 

amorphous carbon materials[J]. Scientific Reports, 2014,4(1):3662. 

[31] Corni S, Righi M C, Zilibotti G. Load-Induced Confinement Activates 

Diamond Lubrication by Water[J]. Physical Review Letters, 

2013,111(14):146101. 

[32] Zhang K, Lin Z, Ma S, et al. Silver with tribo-chemistry facilitation synergized 

with graphite particles for enhancing the tribo-performance of PEEK 

composites[J]. Composites Part A: Applied Science and Manufacturing, 

2024,187:108456. 

[33] Du N, Wei X, Li X, et al. Friction reactions induced by selective hydrogenation 

of textured surface under lubricant conditions[J]. Friction, 2024,12(1):174-

184. 

Ju
st

 A
cc

ep
te

d



29 

[34] Du N, Feng C, Chen K, et al. Friction dependence on the textured structure of 

an amorphous carbon surface: A reactive molecular dynamics study[J]. 

Applied Surface Science, 2023,610:155584. 

[35] Monson L, Moon S I, Extrand C W. Permeation resistance of poly(ether ether 

ketone) to hydrogen, nitrogen, and oxygen gases[J]. Journal of Applied 

Polymer Science, 2013,127(3):1637-1642. 

[36] Powell C J. Recommended Auger parameters for 42 elemental solids[J]. 

Journal of Electron Spectroscopy and Related Phenomena, 2012,185(1):1-3. 

[37] Ishitani A. Application of X-ray photoelectron spectroscopy to surface 

analysis of carbon fiber[J]. Carbon, 1981,19(4):269-275. 

[38] Zhou X, Zhang Y, Li H, et al. Cr doping modification for tribological behavior 

of Cr/a-C multilayer coatings against PEEK under diverse operational 

conditions[J]. Friction, 2025,13(3):9440920. 

[39] Wang X, Xing Z, Yang P, et al. Tribology performance of diamond-like carbon 

films on polyether-ether-ketone surfaces[J]. Diamond and Related Materials, 

2024,146:111187. 

 

 

Ju
st

 A
cc

ep
te

d


	1. Introduction
	2. Computational details
	3. Results and discussion
	4. Conclusion
	Acknowledgments

