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Abstract: Amorphous carbon films have attracted substantial interest due to their exceptional mechanical and 

tribological properties. Previous studies revealed that the amorphous carbon films exhibited lower coefficient 

of friction (COF) because of the transformation in bond structure from sp3-C to sp2-C during friction processes. 

However, the mechanism for such a transformation during friction is not well understood. This study is 

conducted to get an insight into the metastable transformation in amorphous carbon film during friction by 

means of experiments and molecular dynamics (MD) simulation. Relevant wear tests showed that wear of the 

film changed from an abrasive wear mode to a mixture of abrasion and adhesive wear, resulting in a decrease 

in growth rate of the wear rate after the running-in stage. It is worth noting that the sp3-C atoms were increased 

during the running-in stage when the films contained lower sp3/sp2 ratios. However, the formed sp3-C atoms 

could only be short-lived and gradually transformed to sp2-C atoms with the graphitization generated on the 

wearing surface of the films. The radial distribution function and translational order parameter indicated that 

the films' high sp3/sp2 ratio led to an increased sp2-C proportion on the wear scar after friction, which caused an 

increased structural ordering. 
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1 Introduction 

Friction and wear in dynamic mechanical systems can 

cause significant energy consumption [1]. Application 

of low-friction and wear-resistant films and coatings 

is an effective approach to reduce the energy 

consumption and mitigate wear issues. However, 

during friction and wear, the structure of the films or 

coatings could change, thus influencing the expected 

performance of the films/coatings. Therefore, 

understanding the materials’ stability and response 

to friction and wear would help achieve better 

tribological control. The relationship between 

microstructure and tribological performance largely 

governs the design and application of the film/coating 

materials [2]. As a superior solid lubricant, amorphous 

carbon film has attracted intensive research 

attention for dynamic mechanical components in 

both microelectromechanical devices and traditional 

mechanical transmissions [3]. There are several types 

of amorphous carbon films, such as diamond-like 

carbon (DLC) films [4], graphite-like carbon (GLC) 
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films [5], fullerene-like carbon (FLC) films [6], onion-like 

carbon (OLC) [7], and similar films with hydrogen 

or metals doping, which have been synthesized over 

years [8].  

Previous experiments and theoretical studies have 

shown that the tribological performance of amorphous 

carbon films may be quantitatively related to the 

state of chemisorption passivation of dangling 

bonds [9], graphitization [10], and transfer film [11] 

of the sliding interface, which are influenced by the 

environment, friction conditions, and properties of 

the materials and their counterparts [12]. Erdemir et al. 

[13] observed the desorption of the surface adsorbate 

of amorphous carbon films due to the frictional heat, 

causing exposure of the σ bond on surface and the 

formation of a strong covalent bond with the material 

at the contacting interface in an inert atmosphere   

or vacuum, which showed a high friction coefficient 

during the friction process. Wang et al. [14] studied 

the interfacial phase transformation of hydrogen-free 

DLC films during friction via MD simulation; they 

considered that lubrication of the films originated 

from the shear-induced strain localization, in which 

phase transition started by the local shear, resulting 

in a weakening of the shear force and thus lowered 

coefficient of friction (COF). Liu et al. [15] investigated 

the tribological performances of DLC films against 

various counterparts, and concluded that a transfer 

film with low shear strength could be generated 

between the film and the counterpart during the 

friction process, thus reducing COF and corresponding 

wear rate. Fan et al. [16] studied the stick–slip 

friction of the sp2 nanocrystallited carbon films via 

in-situ transmission electron microscope (TEM) and 

nanofriction tests and revealed that the shear stress 

gradually increased with the contact load until reaching 

a critical shear strength at which the interfacial 

adhesion or bonding was broken in the stick stage. 

Chen [17] characterized the contact area produced on 

several a-C:H films and their counterpart via the 

scanning electron transmission microscopy and electron 

energy-loss spectroscopy; this study suggested that the 

occurrence of a super-lubricious state of the films was 

generally dependent on the formation of a tribolayer 

with interfacial nanostructures by different carbon 

rehybridization pathways due to the shear-induced 

phase transformation from sp3-C to sp2-C. 

However, since the amorphous carbon films have a 

metastable structure, the hybridized carbon structure 

would be transformed into a more stable state if the 

energy barrier of the phase transition can be overcome 

[18]. A consensus was reached that graphite could be 

converted to hexagonal and cubic diamond at pressures 

above 15 GPa and temperatures above ~300 K [19]. 

Since then, many attempts have been made to reduce 

the difficulty of converting graphite into diamond. Tan 

et al. [20] investigated the atomic structure, stability, 

and mechanical properties of the ta-C synthesized 

under high pressure via in situ high-pressure X-ray 

diffraction and large-scale first-principles calculations, 

and found the bulk ta-C could be generated by 

compressing the amorphous carbon with sp2-C structure 

at high pressures (97 GPa) and room temperature. 

Edalati et al. [21] demonstrated that high pressure 

could thermodynamically stabilize DLC and the 

formed high-density lattice defects by straining could 

reduce the energy barrier to DLC formation, which 

suggested the condition to form DLC from bulk 

graphite by applying severe plastic deformation under 

high pressures. Wen and Sun [22] studied the phase 

transitions of amorphous carbon under both shear 

strain and pressure via first-principles calculation 

and found that the shear strain could significantly 

reduce the external pressure needed to transform from 

a sp2-rich structure to a sp3-rich one. On this basis, 

Wong et al. [23] showed that hexagonal diamond 

could be formed from amorphous carbon precursors 

under pressures ~100 GPa at the relatively low 

temperature of 400 °C, and the observed distribution 

of the hexagonal phase was well correlated to regions 

having the greatest shear strain. A recent study by 

Dong et al. [24] showed that the graphite could be 

transformed into ultra-strong sp3 phases under high 

pressures with large shearing, and the metastable sp3 

phases transformed into either diamond or graphite 

upon decompression.  

The above-mentioned studies show that pressure 

can induce sp2–sp3 transformation in metastable 

carbon structure. This phenomenon could also occur 

during wear of carbon films under the frictional force, 

and thus affect their performance and applications. 

However, such studies are very limited. Motivated  

by such a possibility and potential benefits, we 

investigated related transformations in metastable 
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carbon structure under normal loads, tangential loads, 

and frictional heat during friction/wear processes. It 

was noticed that the ratio of sp3/sp2 in the amorphous 

carbon films influenced the transformation of sp2–sp3 

in the metastable carbon structure during the friction 

process. The sp3/sp2 ratio of amorphous carbon film 

should affect its tribological behavior and applications. 

Revealing the tribological behavior of amorphous 

carbon films with different sp3/sp2 ratios and 

elucidating the mechanism for the transformations 

in the metastable hybridized carbon structures 

during the friction process would help understand 

the mechanism and optimize carbon films for effective 

applications. 

Although the transformation from sp3-C to sp2-C has 

been considered as the main factor that is responsible 

for low COF of amorphous carbon films, it remains a 

great challenge for understanding the mechanism for 

the metastable hybridized structural transformation 

of amorphous carbon under applied pressure and 

frictional shear stress during a dynamic friction 

process. In this study, we investigated the tribological 

performance and the metastable hybridized structural 

transformation using both experimental techniques 

and MD simulation. Obtained results of the study 

would deepen the understanding of the tribological 

behavior of amorphous carbon films and provide 

new insight into the transformation of the metastable 

structures during friction processes.   

2 Experimental methods 

2.1 Amorphous carbon film deposition 

The amorphous carbon film used in this study    

was deposited on the polished 304 stainless steel  

disc ( 60 mm × 5 mm) by ion beam-assisted enhanced 

unbalanced magnetron sputtering equipment 

(Diamant-VII-340). Before deposition, the substrate 

was cleaned by ultrasonic cleaning in an anhydrous 

ethanol solution to remove surface adsorbed impurities 

and oil stains. After the substrate was placed into a 

vacuum chamber, it was further cleaned using argon 

ions at a bias voltage of –600 V. The base pressure 

and temperature of the vacuum chamber were 

maintained at 5 × 10-5 Pa and 150 °C during this 

process, respectively. Ti/TiC transition layers were 

initially deposited on the substrate to improve the 

adhesion between the amorphous carbon film and 

the substrate. A high purity C target (99.99%) was 

used, and the target current was controlled as 3 A to 

deposit the amorphous carbon film. The deposition 

parameters are shown in Table S1 in the Electronic 

Supplementary Material (ESM). 

2.2 Tribological evaluation and wear scar  

observation 

The amorphous carbon film samples and counterparts 

(balls made of GCr15 of 6 mm in diameter) were 

ultrasonically cleaned with absolute ethanol for    

20 min to remove oil and dirt on the surface, and then 

dried with a nitrogen flow. The test was performed in 

vacuum of 1 × 10-2 Pa at the temperature of 25 °C with 

a contact load of 5 N at a sliding speed of 40 rpm (R = 

19 mm), using a ball-on-disk vacuum tribometer 

(Anton Paar, HVTHT). A digital holographic microscope 

(DHM) with a high-power laser dual-wavelength   

of 415 and 485 nm (Lyncée Tec, Model R2100) was  

set during the test to observe the real-time wear scar 

morphology of the amorphous carbon film during 

each sliding circle. The apparatus and schematic for 

the vacuum tribometer with DHM are shown in Fig. 1. 

Continuous acquisition at the same position was 

ensured during the test by synchronizing an external 

trigger with the rotation of the tribometer, and the 

wear rates of the amorphous carbon film at different 

sliding circles were calculated using Eq. (1): 

K = V/(F·S)                  (1) 

 

Fig. 1 (a) Apparatus and (b) schematic of the vacuum tribometer 
with real-time wear scar observation by DHM. 
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where V is the total loss volume (m3) of the film caused 

by wear/friction, F is the contact force (N), and S is the 

total sliding distance (m). 

2.3 Characterization of amorphous carbon film 

The bonding information and the sp3/sp2 hybridized 

carbon atoms ratio of the wear scar and the surface  

of the amorphous carbon film were comparatively 

acquired by X-ray photoelectron spectroscopy (XPS, 

Thermo Scientific, ESCALAB 250Xi) and Raman 

spectrometer (HORIBA, XploRA PLUS). 

Based on the site- and material-specific lift-out 

technique, cross-sectional observation and analysis 

were conducted for the tribofilm of the amorphous 

carbon film using a focused ion beam/scanning electron 

microscope (SEM/FIB, FEI. Helios 5) dual-beam 

system. Before FIB milling, a Pt layer with a thickness 

of 10 μm was deposited on the surface of the wear 

scar to protect the surface layer from being etched 

away by FIB.  Then, an in-time adjustment for ion 

beam voltage, beam current, and probe size was made 

to protect the surface integrity and the microstructural 

features of interest during the FIB milling. Afterward, 

the microstructure of the tribo-film was observed using 

a high-resolution transmission electron microscope 

(HRTEM, Talos F200X). 

2.4 MD computational approach 

The metastable hybridized amorphous carbon 

transformation during the friction process was 

simulated using the Large-scale Atomic/Molecular 

Parallel Simulation (LAMMPS). The size of the 

amorphous carbon film model was set to 80 Å × 80 Å × 

80 Å. A series of sp2/sp3 hybridized atoms (sp3/sp2 

ratios of the amorphous carbon film models were 

determined by obtaining the number of C atoms 

with different coordination numbers using Ovito) of 

amorphous carbon films of 0.17 (1/5.78), 0.23 (1/4.35), 

0.30 (1/3.29), and 0.39 (1/2.57) were settled and randomly 

filled into the model to make the simulation results 

have better generalizability. The simulated model was 

kept at a constant temperature of 300 K for 10 ps and 

quickly heated to 8,000 K within 10 ps. After staying 

at the constant temperature for 6 ps, the temperature 

of the simulated system was cooled promptly to 300 K 

within 6 ps to obtain a stable amorphous carbon film 

structure [25]. The carbon atoms were deleted in the 

top 40 Å part of the model in the Z direction to create 

a vacuum layer. The simulated model is shown in 

Fig. S1 in the ESM. The atoms in the fixed layer  

were not affected by loading, which ensures the 

stability of the simulation model. The microcanonical 

ensemble (NVE) was used for the simulation, and the 

Berendsen method was employed for the thermostat 

layer to stabilize the temperature at 300 K. Since 

Tersoff/Zbl potential function has been shown to be 

suitable for molecular dynamics simulations of the 

amorphous carbon films [26–28], it was utilized to 

control the interaction between C atoms in the 

amorphous carbon films and Fe atoms in the α-Fe 

counterpart [26]. Specific parameters of the potential 

function for the modeling are shown in Table 1 [26–28]. 

The simulated time step was set as 1 fs in this work. 

The simulated process contains the stages of 

relaxation, loading, and sliding friction. In the relaxation 

stage, the α-Fe counterpart was placed 20 Å above 

the surface of the amorphous carbon film to avoid 

the interaction between the amorphous carbon 

films and the α-Fe counterpart. The entire simulated 

model was then relaxed for 40 ps to ensure that the 

simulation system reached stability. In the loading 

stage, a force of 160 nN was applied to the α-Fe 

counterpart, which was pressed onto the surface  

of the amorphous carbon films within 40 ps. In the 

friction stage, based on the loading force, the α-Fe 

counterpart was given a speed (v = 60 m/s) along the 

positive X direction within a reasonable range [29, 30]. 

Finally, slide the α-Fe counterpart out of the model 

and then enter the model from the starting end as a 

Table 1 Parameters between C and Fe atoms in the Tersoff/Zbl potential function [26–28]. Reproduced with permission from Ref. [26], 
© American Institute of Physics, 1984; Ref. [27], © IOP Publishing Ltd., 2007; Ref. [28], © IOP Publishing Ltd., 2013. 

Bond D0 (eV) r0 (Å) R (Å) D (Å) S γ c d h β (Å-1) 

C–C 6 1.39 1.85 0.15 1.22 2.08 × 10-4 330 3.5 1 2.1 

Fe–Fe 1.5 2.29 3.15 0.2 2.07 1.16 × 10-2 1.29 0.34 –0.26 1.4 

C–Fe 3.95 1.53 2.6 0.2 1.43 7.49 × 10-2 1.12 0.95 –0.19 1.82 
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friction circle, and the total friction simulation process 

had 40 circles. 

3 Experimental results 

3.1 Tribological performance 

Figure 2 shows the coefficient of friction (COF) curve, 

wear rate, and the typical wear scar morphology   

of the amorphous carbon film. It can be seen from  

Fig. 2(a) that the first 10th sliding circles were in 

the running-in stage, which showed a high COF 

and relatively large fluctuations. In the initial stage 

or running-in stage, the surface irregularities such as 

roughness and adsorbed layer containing oxygen 

or oxide [31] may make the amorphous carbon film 

subjected to three-body wear with formed furrows, 

resulting in large fluctuation in COF. After a short 

period of friction, the counterpart started being in 

direct contact with the amorphous carbon films, and 

the graphitization was gradually developed at the 

contact interface, which more or less helped reduce 

COF. After the first 10 circles, the running-in stage 

could be considered to be ended, and the COF of the 

film decreased and became stable with an average 

COF value of 0.142 within the 10–1,000th friction 

circles. The inserted figures in Fig. 2(a) illustrate typical 

wear scar morphologies. The amorphous carbon  

film acquired a deep and wide wear scar during the 

running-in stage and gradually worsened during 

subsequent steady-state wear process. 

Figure 2(b) shows the average wear rate of 

amorphous carbon films as a function of the sliding 

or friction circles. The average wear rate was 

determined by measuring the dimensions of 2D 

profiles in five different locations of the wear track 

for each case, from which the volume loss per sliding 

distance and per unit contact force (m3/(N·m)) was 

calculated as the wear rate. As the friction circle 

increased from 10th to 1,000th, the wear rate of the 

amorphous carbon film decreased from 88.5 × 10-14  

to 0. 9 × 10-14 m3 /(N·m). As shown in Eq. (1), the wear 

rate was related to the sliding distance, and the wear 

rate decreased with increasing the sliding distance. 

This result is consistent with the variation in the  

wear scar illustrated in Fig. 2(a). Typical wear scar 

morphologies in different wear stages are illustrated 

in Fig. 2(c). As shown, the depth of wear scar reached 

656.1 nm in the running-in stage. With increasing the 

sliding distance, the depth of the wear scar increased 

 

Fig. 2 (a) COF curve of the amorphous carbon film; (b) wear rates of amorphous carbon film with the sliding or friction circles; and 
(c) changes in the wear scar morphology. 
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to 664.7 nm at 200th circles. After stable friction for a 

certain period, the wear scar depth was 678.9 nm at 

400 circles, and this value slowly increased to 708.9 nm 

at 1,000th circles. The optical image and the Raman 

spectra of the counterpart surface after friction/wear 

are displayed in Fig. S2 in the ESM, showing that no 

significant large-area carbon transfer was generated 

in the central area of the amorphous carbon film in 

contact with the counterpart after friction but a small 

amount of transfer was observed at the edge of the 

contact area.  

3.2 Metastable structure transformation 

In order to clarify the mechanism for the metastable 

structure transformation, the wear scar and the surface 

of the amorphous carbon film were characterized in 

comparison via XPS, Raman, and HRTEM analysis. 

The XPS C1s spectra of the surface and its wear 

scar of the amorphous carbon film were acquired to 

quantify the conversion of bonding structures caused 

by friction. Obtained data and results of the Gaussian 

fitting analysis are shown in Fig. 3(a). The XPS pattern 

could be fitted to 3 distinct peaks for the amorphous 

carbon film. The strong binding energy peak at  

285.1 eV corresponds to the C–C bond, the high 

binding energy peak at 278.1 eV belongs to the C–O 

bond, and the binding energy peak at 288.9 eV is 

related to the C=O bond. The formation of C–O and 

C=O bonds was probably caused by residual water 

vapor and oxygen molecules during the film deposition 

and processes. Further analysis by Gaussian fitting of 

the strong peak of C–C bond binding energy includes 

two peaks: sp2-C peak and sp3-C peak, and the ratio 

of the carbon atom hybridization bonds is estimated 

by the peak area ratio.  

As shown in XPS spectra, the C 1s core position 

(284.6 eV) of the wear scar is closer to that of the 

typical graphite peak (284.3 eV), compared to that of 

the surface (284.8 eV) of the amorphous carbon film. 

The deconvolution of the XPS spectrum from wear scar 

revealed an increased fraction of sp2-C hybridized 

bonds (Area of sp2-C peak is 44,933.1 cps*eV) and a 

decreased fraction of sp3 carbon bonds (Area of sp3-C 

peak is 15,613.8 cps*eV), compared to the situation 

of unworn surface of the amorphous carbon film. 

Besides, the ratio of sp3-C to sp2-C hybridized bonds 

of the film decreased from 1/2.45 to 1/2.87 after 

friction/wear. Therefore, it can be speculated that the 

sp3-C bonds were condensed and converted into 

sp2-C bonds during friction due to the fact that sp2-C 

bonds are more thermodynamically stable [32]. 

Meanwhile, the results show that graphitization also 

has a contribution to the low COF of the amorphous 

carbon film. 

Raman spectroscopy is an effective and non- 

destructive method to characterize detailed bonding 

structure of amorphous carbon film. The full spectra 

of the surface and the wear scar of the film are 

illustrated in Fig. 3(b). As shown, the broad peak   

in the range of 800–2,000 cm-1 was fitted by the 

Gaussian function, which could get the D peak near 

1,300–1,380 cm-1 and the G peak near 1,520–1,580 cm-1 

[33]. The G peak is generated by the stretching motion 

of all sp2-C atom pairs in the carbon ring or long chain, 

and the D peak is caused by the breathing vibration 

mode of the sp2-C atom in the carbon ring. Typically,  

 

Fig. 3 (a) XPS and (b) Raman spectrum of the amorphous carbon film before and after friction.  
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the increased integrated intensity ratio of ID/IG, closely 

related to the increased content of sp2-C bonds 

configured in aromatic rings, is widely used to 

evaluate the graphitization of the amorphous carbon 

film [34]. The ID/IG ratio of the wear scar is 0.563, 

higher than that of the film's surface before friction 

(0.534), indicating that graphitization occurred at  

the wear scar of the amorphous carbon film. The 

graphitization phenomenon was caused by the 

combined action of the shear force generated and the 

friction flash temperature at the contact interface during 

the friction process, resulting in the transformation 

of hybridized sp3-C atoms to hybridized sp2-C 

atoms. The graphitization phenomenon indicates 

that hybridized sp2-C atoms increased at the wear   

scar position, consistent with the XPS results. The 

graphitization phenomenon at the wear scar could 

reduce the shear strength of the contact interface, 

thereby reducing the COF. As shown in Fig. 2(a), 

there is a running-in stage with large fluctuation in 

COF during 0–10 friction circles. After 10 friction 

circles, the COF fluctuations are significantly lower 

and COF actually decreases as well, which could be 

attributed to graphitization of the friction contact 

area of the amorphous carbon films. As for the later 

somewhat rise in COF at higher numbers of circles  

in the stable friction stage, it is attributed to the 

increased contact between the film and counterpart 

with deeper and wider wear scar, which increases  

the resistance to the sliding of the counterpart on  

the film. 

The XPS and Raman characterization demonstrated 

that the metastable hybridized carbon atoms in 

amorphous carbon film transformed from hybridized 

sp3-C structure to hybridized sp2-C structure during 

the friction process. In order to further determine the 

structural characteristics of the amorphous carbon 

film, the cross-sectional structure of the wear scar was 

characterized by a combination of FIB and HRTEM. 

As displayed in Fig. 4(a), with the assistance of FIB, 

the specific site of the cross-section of amorphous 

carbon film along the friction direction in the middle 

of the wear scar was selected and lifted out by an 

EasyLift nanomanipulator. The lamella sample was 

extracted by means of ion bombardment, as shown in 

Fig. 4(b). An approximate rectangle-shaped morphology 

can be observed, and the middle region is the thinnest. 

The presence of the approximate rectangle-shaped 

morphology was caused by a difference in the intensity 

of ion bombardment. The cross-sectional HRTEM 

sample in Fig. 4(b) shows that the amorphous carbon 

film and its Ti/TiC transition layer were deposited on 

the 304 substrates, and a relatively thicker Pt protective 

layer was used to cover the wear scar surface layer  

of the amorphous carbon film. Meanwhile, the area 

for HRTEM analysis was selected on the top of the 

amorphous carbon film in the thinnest area, as observed 

in Fig. 4(c). 

The amorphous carbon structure (subsurface layer 

of the film), the wear scar layer, and the Pt protective 

layer are marked as A1, A2, and A3 in Fig. 4(c).   

Fast Fourier transform (FFT) images and enlarged 

representative microstructure of zones marked by 

squares are displayed in Fig. 4(d)–4(f), respectively. 

As shown in Fig. 4(d) and its inserted figure illustrate, 

the microstructure of the film’s subsurface layer has  

a typical disordered amorphous carbon structure. 

During the friction process, some localized ordered 

nanoclusters formed in the amorphous structure   

at the worn surface of the film, as shown in Fig. 4(e). 

 

Fig. 4 (a) Cross-sectional HRTEM sample lifted out by an 
EasyLift nanomanipulator. (b) SEM images of the cross-sectional 
HRTEM samples after the final thinning. (c) HRTEM image of 
the amorphous carbon film after friction. (d–f) FFT images of  
the marked square regions in the corresponding HRTEM image 
in (c) (The inserted figures in (d–f) are the typically enlarged 
microstructures in each marked square region.). 
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The lattice spacing of the localized ordered structure 

in the wear scar surface layer was determined as 

0.204 nm from the inserted figure in Fig. 4(e). Chen  

et al. [35] studied clustering and local ordering     

of sp2-C phase in the outer-most ~3 nm region     

of central scar surface, and demonstrated that a 

graphitized tribolayer could be formed due to the 

shear-induced transformation from sp3-C to sp2-C in 

a superlubricity a-C: H film. Along with the structural 

characterization Data (XPS and Raman results 

shown in Fig. 3) and previous studies [36, 37], it can 

be inferred that the localized ordered structure with 

lattice spacings of 0.204 nm may be the {101} planes 

of graphite-2H, which has a positive effect on reducing 

the COF to a certain extent. From Fig. 4(c), one may 

also observe that a small number of platinum crystals 

sputtered into the amorphous carbon structure. In 

order to distinguish the localized ordered structure 

in amorphous carbon films from Pt nanoparticles, 

we analyzed the FFT image and representative local 

microstructure in the zones marked by squares in  

the HRTEM image as shown in Fig. 4(f). It can be  

easily identified that the lattice spacing of the Pt 

nanostructure is 0.226 ± 0.006 nm, which is its {111} 

planes. 

3.3 MD simulation of friction process 

In order to better understand the experimental 

results and gain insights into the atomistic processes 

of metastable hybridized amorphous carbon 

transformation, MD simulations were performed. 

Figure S3 in the ESM shows the atomic structure of 

the amorphous carbon films with different sp3/sp2. 

From Figs. S3(a) and S3(c) in the ESM, one may see 

that the amorphous carbon films with different sp3/sp2 

ratios are composed of C atoms in three hybridized 

modes (sp1-C, sp2-C, and sp3-C). The hybridized sp1-C 

atoms are mainly distributed on the surface of the 

amorphous carbon films due to the small coordinated 

number of C atoms located on the surface of the films. 
As shown in Figs. S3(b) and S3(d) in the ESM, the 

hybridized sp3-C atoms in the film with a sp3/sp2 ratio 

of 1/5.78 are dispersed in the clusters composed of 

the hybridized sp2-C atoms, while with the increased 

sp3/sp2 ratio, the skeleton of the amorphous carbon is 

mainly composed of hybridized sp3-C atoms in the 

film with sp3/sp2 ratio of 1/2.57. The hybridized sp2-C 

atoms existed in the sp3-C skeleton in the form of 

short-chain clusters. As the compressive yield strength 

of sp3-C bond is higher than that of sp2-C bond, the 

amorphous carbon film with high hybridized sp3-C 

atoms content shows a better compression strength 

[38, 39]. Therefore, it could be inferred that the 

deformation of the amorphous carbon film with a 

high sp3/sp2 ratio is minor, which reduces wear in 

the running-in stage with decreased contact area and 

adhesion between the grinding pair and the films.  

Figure 5 illustrates curves of the frictional forces 

and wear rates of the amorphous carbon films with 

different sp3/sp2 ratios as a function of the friction 

circles, respectively. Figure 5(a) displays that the 

frictional forces of the amorphous carbon films 

 

Fig. 5 (a) Frictional forces and (b) wear rates of the amorphous carbon films with different sp3/sp2 ratios. 
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exhibit a significantly high level at the beginning of 

the friction circles (friction circles < 5th) and then 

decrease to a relatively low level as friction process 

proceeds. The average frictional forces of the amorphous 

carbon films for 20–40th friction circles were 

calculated. The calculation shows that the average 

frictional force is 56.523 nN in the film with a sp3/sp2 

ratio of 1/5.78, and this value decreases to less than  

50 nN with increasing the sp3/sp2 ratio. Closer 

observation reveals that the changes in the frictional 

forces are relatively insignificant when the sp3/sp2 ratio 

of the films increases from 1/4.35 to 1/2.57, showing 

that the frictional forces are nonlinearly related to the 

films with different sp3/sp2 ratios.  

For the wear rate calculation, variations in position 

of C atoms in the amorphous carbon film during 

each friction circle were determined using the Ovito 

software, from which the wear scar maps were drawn. 

Based on the wear scar dimensions determined via 

the Origin software, the wear rates of the amorphous 

carbon films were calculated. As shown in Fig. 5(b), 

the trend of changes in the simulated wear rates is 

highly consistent with the experimental result. The 

wear rates of the amorphous carbon films decrease 

with increasing friction circles, indicating that the 

relationship between the wear rate and friction circles  

is not linear. The film with a lower sp3/sp2 ratio has a 

higher wear rate. The inserted figures in Fig. 5(b) also 

illustrate the variations in the wear scar depth of 

amorphous carbon films with different sp3/sp2 ratios 

after 40th friction circles. It can be seen that the depth 

of the wear scar decreases with increasing the sp3/sp2 

ratio in the amorphous carbon films, which is attributed 

to the structural features of the films. It is thus 

necessary to clarify how the metastable hybridized 

amorphous carbon transforms during friction. 

3.4 Mechanism for metastable hybridized 

amorphous carbon transformation  

Figure 6 shows the cross-sectional morphologies of 

the wear scars on the amorphous carbon films with 

different sp3/sp2 ratios, covering 1st to 40th circles. 

The friction process shows three stages. The wear 

scar morphology changes significantly during the 1st 

friction circle with chip formation. Changes in wear 

morphology were relatively small during 2nd–5th 

friction circles, After the 5th friction circle, the change 

in the wear scar morphology was not obvious. Thus, 

we chose the wear morphologies of 1, 2, 5, 20, and 40 

friction circles as representative morphologies of 

wear track on the film for the three stages. 

 
Fig. 6 Morphologies of the amorphous carbon films with different sp3/sp2 ratios along the cross-section of the wear scar during the 
friction process. 
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In the initial stage of friction (first friction circle), the 

large displacements of C atoms and their intensive 

accumulations in front of the counterpart suggest the 

bond breakage and thus the chip formation during 

the initial abrasive wear. The worn surface of the 

amorphous carbon films is subjected to plowing in 

the early stage of the friction/wear process. However, 

when the number of friction circles increases, C 

atoms mainly follow the tail of the α-Fe counterpart, 

indicating that the wear mode of the amorphous 

carbon films changes from abrasive wear to a mixture 

of abrasion and adhesive wear. An optical image of 

the counterpart surface after friction and corresponding 

Raman spectra show that a small amount of transferred 

amorphous carbon was detected at the edge of the 

worn area of the counterpart (Fig. S2 in the ESM). As 

shown in Fig. 6, the displacement becomes smaller 

with increasing the sp3/sp2 ratio (more blue sites), 

meaning that the adhesive wear could be more 

obvious when carbon atoms in the film have a low 

sp3/sp2 ratio. For more quantitative information, the 

interfacial bond numbers of the amorphous carbon 

films with different sp3/sp2 ratios are provided in  

Fig. S4 in the ESM. As shown in Fig. S4, in general, 

the interfacial C–Fe bond number is dynamically 

decreased with an increase in the sp3/sp2 ratio, which is 

consistent with the observations shown in Fig. 6. One 

may see in Fig. 5 that with the increase in the sp3/sp2 

ratio, the wear scar depth of the amorphous carbon 

films decreases significantly, suggesting that higher 

sp3/sp2 ratios benefit the wear resistance of the 

amorphous carbon films.  

Although the MD simulation was performed for 

small systems on a nano-scale to elucidate underlying 

mechanisms rather than to obtain quantitatively 

accurate data comparable to the realistic situation, 

the changes in COF curves, wear rate, and wear 

morphology obtained from the experiments are 

basically consistent with those from the MD simulations. 

Therefore, it is reasonable to further explore the 

transformation mechanism of the interfacial structure 

of amorphous carbon films during friction by MD 

simulations. 

Although the results in Fig. 6 and the reported 

studies in the literature [40] show that the bonds   

at the contact interface between the films and their 

counterparts are broken easily, the metastable 

transformation of the hybridized amorphous carbon 

is unclear. Figure S5 in the ESM illustrates metastable 

hybridized structure transformation in the amorphous 

carbon films with different sp3/sp2 ratios during the 

friction process. The curves of each hybridized 

structure fluctuate with increased friction circles. The 

statistic information on transformation in the whole 

amorphous carbon film model during the initial state, 

running-in state, and steady wear state of the friction 

process is generalized and comparatively analyzed 

in Fig. 7. During the friction process, the proportion 

of hybridized sp2-C atoms in the amorphous carbon 

films increases to various degrees because of different 

sp3/sp2 ratios, which indicates that the graphitization 

may occur at the wear scar in the amorphous carbon 

film whatever the sp3/sp2 ratio is. It is well known that 

the existence of graphitization in amorphous carbon 

films reduces COF during the friction process [33]. It 

can be noticed that the increment of hybridized sp2-C 

atoms differs, depending on the film’s sp3/sp2 ratio, and 

higher sp3/sp2 ratios could lead to more graphitization 

during the friction process. Nevertheless, the proportion 

of hybridized sp3-C atoms in the amorphous carbon 

films changes differently in the film with different 

sp3/sp2 ratios during the friction process. 

It is observed that sp1-C atoms are mainly distributed 

on the surface of the amorphous carbon films. The 

proportion of sp1-C atoms markedly decreases in films 

with higher sp3/sp2 ratios. Besides, the proportion of 

sp1-C atoms decreases significantly during friction, 

generating more sp2-C atoms but reducing sp3-C 

atoms as Fig. 7 illustrates. Such a trend is more obvious 

for films with higher sp3/sp2 ratios, which suggests 

that in films with higher sp3/sp2 ratios favor the 

transformation of sp1-C and sp3-C atoms to sp2-C 

atoms during the friction process.As shown in Figs. 7(a) 

and 7(b), one may see that the proportion of hybridized 

sp3-C atoms in the amorphous carbon films with the 

sp3/sp2 ratios of 1/5.78 and 1/4.35 does not decrease 

but slightly increase during the friction process. More 

notably, the proportion of hybridized sp3-C atoms 

does not gradually increase during the friction 

process but shows a significant increase in the initial 

running-in state. Afterwards, it changes to a relatively 

lower level as the friction continues after the 20th  
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Fig. 7 (a)–(d) Proportion of hybridized amorphous carbon atoms 
in the films with sp3/sp2 ratios equal to 1/5.78, 1/4.35, 1/3.29, and 
1/2.57, respectively. 

friction circles. The metastable transformation of 

hybridized amorphous carbon from sp2-C type to 

sp3-C type during the friction process could be 

induced by the external force. It was reported that 

the pressure could induce the transformation from 

the sp2-C structure to the sp3-C structure, shown   

by an experimental study [41] and first-principles 

calculations [42]. Meanwhile, a recent study also 

revealed that the shear strain could effectively induce 

the transformation of hybridized sp3-C structure in 

amorphous carbon under much lower pressure [22]. 

Although the metastable hybridized sp3-C structure 

could be short-lived and transformed from unsaturated 

sp1-C and sp2-C structures under an applied contact 

force during the friction/wear process, it is not easy 

to maintain the state. The reformed hybridized 

structures may revert from sp3-C type to the more 

stable hybridized sp2-C type with the generated 

graphitization at the contact interface during friction. 

Besides, the hybridized sp1-C atoms from the film's 

surface also play an essential role in the hybridized 

sp2-C structure generation in the amorphous carbon 

films with low sp3/sp2 ratios. While the proportion of 

hybridized sp3-C atoms in the amorphous carbon 

films with sp3/sp2 ratios of 1/3.29 and 1/2.57 reveals a 

gradually decreasing trend during the friction process 

with a more complex metastable transformation of 

hybridized sp1-C atoms, which can be seen in Figs. 7(c) 

and 7(d). 

Figure S5 in the ESM shows the curves of the 

interfacial C–Fe bonding number of the amorphous 

carbon films with different sp3/sp2 ratios. According 

to Fig. S5 in the ESM, the interfacial C–Fe bond 

number decreased significantly as the sp3/sp2 ratio 

increased from 1/5.78 to 1/3.29 during 5–40 friction 

circles, while it increased when sp3/sp2 was equal to 

1/2.57. One may see in Fig. 5 that with the increase of 

sp3/sp2 ratio, the wear scar depth of the amorphous 

carbon films decreases significantly, leading to 

decreased contact area between the counterpart and 

the amorphous carbon film. The number of saturated 

carbon atoms in the amorphous carbon film increases 

with increasing the sp3/sp2 ratio, causing a decreased 

interfacial C–Fe bonding number. Based on the 

results shown in Fig. 7, the amorphous carbon film with 

the sp3/sp2 ratio of 1/2.57 has the highest decreasing 

trend in the saturated carbon atoms at the contact 

interface during the friction process. However, the 

wear scar depth of the film with a sp3/sp2 ratio of 

1/2.57 is not much different from that with sp3/sp2 

ratio equal to 1/3.29. Moreover, the amorphous carbon 

film with sp3/sp2 equal to 1/2.57 transforms more 

unsaturated carbon atoms at the contact interface 

during the friction process; thus, the number of 
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interfacial C–Fe bonding increased slightly compared 

with that of the film with sp3/sp2 equal to 1/3.29. 

It can therefore be inferred that the applied 

pressure and the frictional shear stress drive the 

metastable hybridized amorphous carbon transformation 

by breaking the existing carbon atomic bonds in the 

amorphous carbon film. The hybridized amorphous 

carbon could then be reformed into new hybridized 

structures, depending on the frictional environment. 

Although the transformation ability of hybridized 

amorphous carbon from sp2-C to sp3-C type is 

weakened with higher sp3/sp2 ratios, it can be 

concluded that the friction process provides the 

condition for the inter-transformation of the metastable 

hybridized amorphous carbon. A schematic diagram 

showing the transformation possibility of the metastable 

hybridized amorphous carbon with different sp3/sp2 

ratios is presented in Fig. 8. More detailed transforma-

tion can be found in Fig. S6 in the ESM, showing the 

bonding transformation from sp1-C to sp2-C and sp3-C, 

respectively, during wear/friction of the metastable 

hybridized amorphous carbon films with low and high 

sp3/sp2 ratios. As shown in Fig. S6 in the ESM, the 

transformation of the metastable hybridized amorphous 

carbon is mainly due to the frictional force. In the 

loading stage, the structure of the metastable hybridized 

amorphous carbon is transformed under the frictional 

shear stress and pressure. 

Radial distribution function (RDF, g(r)) is an 

important structural characteristic of amorphous 

materials, which can be determined using Eq. (2) [43]: 
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where ρ is the average density of the system, δr is the 

distance difference, T is the total time, N is the total 

number of atoms, and dN is the number of molecules 

between r → r + δr. Figure 9 illustrates RDF curves 

of the amorphous carbon films with different sp3/sp2 

ratios before and after friction. As observed, the first 

peak near 1.54 Å in the RDF curve is related to the 

bond length of the amorphous structure, and the second 

peak near 2.52 Å is associated with the bond length 

and bond angle of the amorphous structure. Besides, 

a small peak at 2.1 Å is caused by the truncation  

 

Fig. 8 Schematic diagram of the transformation possibility of 
the metastable hybridized amorphous carbon with low and high 
sp3/sp2 ratios, respectively. 

 

Fig. 9 RDF curves of the amorphous carbon films with different 
sp3/sp2 ratios before and after friction. 

of the Tersoff-type potential function and can be 

considered a “false peak” [43]. The results demonstrate 

that the amorphous carbon films with different sp3/sp2 

ratios have both short-range order and long-range 

disorder structural characteristics, and their RDF 

curves are changed significantly by friction. The RDF 

curves of the amorphous carbon films with sp3/sp2 

ratios from 4.35 to 2.57 show a downward shift at the 

location of wear scars. However, the RDF curves of 

the amorphous carbon film with a sp3/sp2 ratio of 

1/5.78 reveal an opposite trend. 

In order to further investigate the degree of 

structural disorder of the amorphous carbon films, 

the translation order parameters (t) of the films with 

different sp3/sp2 ratios before and after friction are 
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calculated using Eq. (3) [44, 45]: 
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where ξ(= rρ1/3) is the distance between carbon atoms, 

r is what divided by the mean separation between 

carbon atoms at the given density, ρ is the density or 

the number of molecules per unit volume (N/V), g is 

the carbon–carbon radial distribution function, and 

ξc is a cut-off distance. The value of ξc is set as 1.85 Å 

in this work according to the cut-off distance for C–C 

bond [45]. In an ideal gas, g = 1, and t vanishes. While 

in a crystal, t is large, since there is long-range 

translational order and g  1 over a long distance.  

As shown in Fig. 10, as the sp3/sp2 ratio of the 

amorphous carbon films increases, the translation 

order parameter t gradually decreases, indicating that 

the degree of structural disordering of the amorphous 

carbon films increases. After friction, except for the 

translation order parameter t of the amorphous 

carbon film with a low sp3/sp2 ratio of 1/5.78 decreases, 

those with sp3/sp2 ratios from 1/4.35 to 1/2.57 show 

an increasing trend. The high sp3/sp2 ratio leads to an 

increased structural ordering at the wear scar. In 

comparison, the translation order parameter t has an 

opposite trend for the amorphous carbon film with a 

low sp3/sp2 ratio of 1/5.78, indicating a structural 

disorder at the wear scar. According to Figs. 7 and 10, 

the proportions of both sp2-C and sp3-C increased in 

the amorphous carbon films with sp3/sp2 = 1/5.78 

after friction/wear, while only the proportion of sp3-C 

atoms increased and those of sp2-C and sp1-C decreased 

or remained almost unchanged in the amorphous 

carbon films with other sp3/sp2 ratios after friction/wear.  

 

Fig. 10 Translational order parameter t of the amorphous carbon 
films with different sp3/sp2 ratios before and after friction. 

This indicates that the structural ordering of the 

contact interface of the amorphous carbon films 

increases significantly only when the proportion of C 

atoms in a single hybridized mode increases during 

the friction process (e.g. the proportion of sp2 hybridized 

C atoms increases, and the proportion of sp1 and sp2 

hybridized C atoms decreases or remains unchanged), 

while the structural ordering of the contact interface 

of the amorphous carbon films decreases when the 

proportion of C atoms in multiple hybridized modes 

increases (e.g. the proportion of sp2 and sp3 hybridized 

C atoms increases, and the proportion of sp1 hybridized 

C atoms decreases). 

4 Conclusions 

The metastable hybridized structure transformation 

in amorphous carbon film during the friction process 

was investigated. Both experiments and molecular 

dynamics (MD) simulation showed that the wear 

mode of the film changed from abrasive wear to a 

mixture of abrasion and adhesive wear, causing a 

rapid decrease in the wear rate after the running-in 

stage. The hybridized amorphous carbon structure 

is not permanently transformed from sp3-C to sp2-C 

type at the beginning of the friction process, which is 

a dynamic metastable transformation. It is demonstrated 

that the ratio of sp3/sp2 in the amorphous carbon 

films influenced the transformation of sp2–sp3 in the 

metastable carbon structure during the friction/wear 

process. The amorphous carbon films with higher 

sp2-C proportions reveal the transformation from 

sp2-C to sp3-C under pressure and shear stress. 

However, the formed sp3-C atoms could be short-lived 

and may gradually transform to sp2-C ones with 

graphitization at the contact interface of the films. 

The amorphous carbon films with high sp3-C ratio 

tend to transform from sp3-C to sp2-C with increased 

degree of ordering. It can be concluded that the 

inter-transformation of the metastable hybridized 

amorphous carbon occurs by breaking the existing 

carbon atomic bonds and reforming new hybridized 

structures. The radial distribution function and 

translational order parameter indicate that the high 

sp3/sp2 ratio may lead to increased structural ordering 

at the wear scar after friction. This study clarifies the 

mechanism for the metastable hybridized carbon 
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structure transformation during the friction/wear 

process, which helps understand the mechanism for 

the dynamic transformation in the amorphous carbon 

film caused by friction.  
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