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A B S T R A C T

Diamond-like carbon (DLC) films have attracted significant attention in the field of microscale mechanical 
components owing to their exceptional tribological properties and chemical inertness. However, the intricate 
interaction between residual stress and structural integrity poses substantial challenges for their widespread 
application, particularly under harsh load conditions. This study investigates the deposition and friction be
haviors of alternating-energy DLC films under a high contact pressure of 20 GPa using molecular dynamics 
simulations. By comparing the single- and alternating-energy deposition schemes, this study focuses on the 
modulation ratio, residual stress distribution, and friction-wear characteristics. The results reveal that 
alternating-energy deposition significantly reduces residual stress, with values dropping to − 3.7 and 0.1 GPa for 
the 1–70 and 70–1 eV systems, respectively, representing an up to 99 % reduction compared to single-energy 
deposition. Friction behavior analysis demonstrates that high-energy-terminated deposition systems (70 and 
1–70 eV) exhibit low friction coefficients, which was attributed to the formation of a stable, saturated amorphous 
carbon network at the sliding interface. Quantitative wear rate analysis revealed that the alternating interfacial 
structure in the alternating-energy deposition system can compromise its wear resistance performance. This 
study enhances the understanding of DLC multilayer systems under extreme conditions and provides theoretical 
guidance for the design of stress-relieved and wear-resistant carbon coatings with tailored nanoscale structures.

1. Introduction

Diamond-like carbon (DLC) films have attracted widespread atten
tion as high-performance protective coatings for microscale mechanical 
components owing to their excellent tribological properties and chem
ical inertness [1–3]. Their unique structural characteristics—comprising 
a hybridized network of sp2- and sp3-bonded carbon atoms—contribute 
to their suitability for advanced surface engineering applications, 
particularly where low friction and chemical stability are essential 
[4–6]. However, the complex interaction between residual stress and 

structural integrity poses significant challenges to their widespread 
application, particularly when operating under harsh load conditions 
[7–9].

An effective strategy to address these challenges is to modulate the 
structure of intrinsic DLC films using multilayer structures [10–15]. By 
alternately stacking layers with different stress states, this multilayer 
configuration can achieve a stress offset and interrupt the stress network 
while maintaining ideal friction performance. The alternating layer 
design provides a way to balance the inherent tradeoffs between hard
ness, toughness, and stress tolerance. Wang et al. [16] fabricated an 
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ultra-thick DLC film with a remarkable thickness exceeding 50 µm using 
the plasma hybrid chemical-physical vapor deposition technique. The 
film exhibited a sophisticated multilayered architecture of (Six-DLC/
Siy-DLC)ₙ/DLC, where the periodic transition layers consisted of alter
nately stacked Si-doped DLC sublayers with low and high silicon 
contents. The compressive stress in the low-silicon-doped layers and the 
tensile stress in the high-silicon-doped layers counteracted each other, 
effectively relieving internal stress and resulting in an exceptionally low 
residual stress of 0.05 GPa. In addition, the ultra-thick DLC film incor
porating this periodic transition structure exhibited excellent mechani
cal performance, including strong film–substrate adhesion (57 N) and 
high load-bearing capacity (up to 3.2 GPa). However, studies on the 
performance of multilayer deposition without additional element 
doping and on the preservation of other intrinsic properties of DLC films 
are still lacking.

Moreover, the stress and friction responses of DLC film exhibit high 
sensitivity to multiple factors, including substrate properties, film 
thickness, and applied contact pressure [17–23]. Notably, recent studies 
have revealed that under medium-to-high-pressure conditions, the 
nanostructure and interfacial behavior of DLC films undergo significant 
modifications compared to low-load scenarios, typically manifesting as 
nonlinear transitions in both stress distribution and friction mecha
nisms. For example, Du et al. [24,25] investigated the solid–liquid 
coupling lubrication behavior between DLC films and PAO lubricants 
over a wide pressure range. Their work emphasized the transition in the 
friction mechanism from predominantly hydrodynamic lubrication 
under low pressure to a competitive regime involving both 
carbon-hybridized structural evolution and hydrodynamic lubrication 
under high pressure, demonstrating that this transition process and the 
resulting friction performance deviated markedly from linear behavior. 
However, for such a multilayer DLC structure, the accurate extraction of 
complicated information on the structural evolution of the friction 
interface is still very challenging yet essential for understanding struc
ture–tribology correlations.

In the absence of in situ experimental characterization methods for 
deposition and friction processes, molecular dynamics (MD) simulations 
are an effective approach for analyzing stress fields, bonding environ
ments, and friction responses under highly controlled ideal conditions at 
the atomic scale [26,27]. Hence, this study used MD simulations to 
investigate the deposition and friction behavior of a single-period 
soft-hard alternating DLC film under high-contact pressure conditions. 
By considering single- and alternating-energy deposition schemes, 
comparative insights into the modulation ratio, residual stress distri
bution, and friction and wear were obtained. These results expand the 
current understanding of DLC multilayer systems under extreme con
ditions and provide theoretical guidance for the design of stress-relief 
and wear-resistant carbon coatings with customized nanoscale 
structures.

2. Computational method

All MD simulations were performed using the LAMMPS package to 
investigate the deposition and friction behavior of the DLC films 
modulated by the incident energy [28]. For computational efficiency, 
both Tersoff and Reactive Force Field (ReaxFF) potentials were consid
ered separately. The Tersoff potential was adopted to describe the 
interatomic interactions during the deposition stage, with parameteri
zations specifically optimized for capturing the dynamic transitions 
between sp2- and sp3-hybridized carbon under varying energy condi
tions [29,30]. This potential has been widely recognized for its success 
in modeling the bond-rearrangement processes of carbon film growth 
[31,32]. However, to simulate the friction interactions and interfacial 
chemical reactions during the subsequent sliding process accurately, the 
ReaxFF potential parameterized by Tavazza et al. [33] was employed. 
This potential was extensively validated in our previous work for its 
ability to capture complex interfacial chemistry and structural evolution 

under tribological conditions [34–36]. The combined implementation of 
these two complementary potentials enables a comprehensive explora
tion of both the energetics and mechanisms governing DLC film growth 
and tribological performance under operating conditions. In addition, 
Prior to the friction simulation, the deposited model was relaxed at 
300 K for 2.5 ps, during which the atomic configuration was allowed to 
adapt to the ReaxFF description. This process minimized potential in
consistencies inherited from the Tersoff potential and ensured that the 
subsequent tribological response was representative within the ReaxFF 
framework.

2.1. Film deposition

The molecular dynamics simulations employed a diamond (001) slab 
composed of 3072 carbon atoms and measuring 
40.232 × 40.232 × 84.779 Å3. Periodic boundaries were enforced along 
the x and y directions (Fig. 1a). To equilibrate the substrate, the system 
was maintained at 300 K for 10 ps using the Berendsen thermostat [37]. 
During deposition, carbon atoms were introduced from a height of 7 nm 
above the surface with randomized in-plane positions. A three-layer 
configuration—consisting of fixed, thermostatic, and dynamic region
s—was adopted to preserve structural stability while permitting realistic 
relaxation and growth. Building on the optimal conditions determined 
in single-energy deposition tests at 1 and 70 eV/atom [31], 
alternating-energy protocols were implemented. Two modulation stra
tegies were explored: a sequence starting with low-energy deposition 
followed by high-energy deposition (1–70 eV, low-to-high) and the 
reverse sequence beginning at high energy then changing to low energy 
(70–1 eV, high-to-low). For each case, the number of incident atoms was 
tuned according to optimized modulation ratios to form single-period 
layered structures. A 10-ps interval between successive impacts was 
selected to ensure proper structural equilibration (Fig. 1b). To rigorously 
validate this choice, the evolution of the global system temperature and 
total kinetic energy was monitored throughout the entire deposition 
process for various multilayer configurations (Supplementary Informa
tion Figure S1). The absence of thermal drift, evidenced by the stable 
oscillation of temperature around 300 K, confirmed that the 10 ps in
terval was sufficient to fully dissipate the impact energy of high-energy 
atoms (70 eV) before the next deposition event. The simulations 
employed a timestep of 0.25 fs and excluded sputtered atoms to preserve 
the designed energy conditions. Temperature control was maintained at 
300 K throughout the deposition process, and the thermostatic layer was 
regulated using the Berendsen algorithm. After the deposition stage, the 
model underwent equilibration at 300 K for 10 ps to ensure thermal 
relaxation and structural stability. This treatment provided a reasonable 
representation of the fundamental deposition physics while remaining 
compatible with the computational limitations inherent to molecular 
dynamics simulations.

Fig. 1. (a) Substrate model for the deposition process. (b) Evolution of system 
energy during deposition at an incident energy of 70 eV/atom.
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2.2. Friction simulation

To evaluate the tribological response of both multilayer DLC films 
with varying deposition sequences and single-energy DLC coatings, self- 
mated sliding models were constructed. Each configuration was parti
tioned into three regions: a fixed bottom layer, a thermostatted layer for 
temperature control, and a mobile free layer. Periodic boundary con
ditions were imposed along the x and y directions, and the atomic tra
jectories were integrated using a timestep of 0.25 fs. To emulate harsh 
load conditions, a contact pressure of 20 GPa was progressively applied 
to the top amorphous carbon slab, followed by a sliding run of 1250 ps. 
During this process, the top constrained layer was driven at a uniform 
velocity of 100 m/s in the x direction. Additional parameter settings and 
methodological details were consistent with those reported in earlier 
studies [18,19].

3. Results and discussion

3.1. Deposition of DLC films in single- and multilayer configurations

Table 1 summarizes the key deposition conditions applied to the 
single- and alternating-energy systems. Film thickness was evaluated 
from density distribution curves using the full width at half maximum 
approach, and the variation in thickness among different cases was 
found to be within 8 %. The detailed procedure for defining the effective 
film thickness is illustrated in Supporting Information Figure S2. The 
mean density and residual stress distributions were quantitatively 
evaluated within the defined effective film regions. Notably, the single- 
energy deposition systems exhibited distinct stress characteristics; 
deposition at 1 eV resulted in the development of tensile stress, whereas 
deposition at 70 eV induced compressive stress. This stress transition is 
governed by distinct growth mechanisms. At 1 eV, the low adatom 
mobility leads to an island-growth mode, where the coalescence of 
adjacent atomic clusters generates tensile stress due to attractive grain 
boundary forces [38]. In contrast, the 70 eV deposition is dominated by 
the subplantation mechanism; the energetic ions penetrate the subsur
face and occupy interstitial sites, creating a dense, over-packed network 
that exerts strong intrinsic compressive stress on the surrounding matrix 
[2,39].

The modulation ratio λ was optimized to reduce residual stress in 
alternating-energy depositions, using the following equations: 

λ =
t1
t2

(1) 

σavg =
σ1t1 + σ2t2

t1 + t2
(2) 

where t1 and t2 represent the effective thicknesses and σ1 and σ2 denote 
the average stress per unit thickness for depositions carried out at 1 and 
70 eV, respectively. Parametric optimization across λ ∈ [0, 10] yielded 
an optimal ratio of 2.1 that minimized residual stress (Supporting in
formation Figure S3 provides a more detailed calculation process). The 
alternating-energy configurations 1–70 and 70–1 eV exhibited remark
able stress reduction, with residual stresses measuring − 3.7 and 
0.1 GPa, respectively, representing an up to 99 % reduction compared to 
single-energy depositions (Table 1). Notably, the optimal modulation 

ratio and residual stress values differ from those in previous reports 
[40], which can be attributed to variations in film thickness. As the film 
thickness increased, the residual stress decreased [18]. This effect was 
particularly pronounced in films deposited at 70 eV/atom, where the 
coupled relaxation of the distorted bond angles and C–C bond lengths 
facilitated a rapid stress release in thicker films. Complementary density 
measurements further confirmed the optimized structural characteris
tics. Although Eq. 2 offers an idealized theoretical prediction by 
neglecting interfacial transition effects, the results demonstrate that the 
optimized deposition strategy effectively achieves both substantial re
sidual stress reduction and structural stability.

Fig. 2a shows the atomic-scale morphologies of the DLC films 
deposited under different energy conditions, with color coding repre
senting the coordination numbers. The 1 eV/atom deposition yielded a 
film with pronounced surface roughness, where incident atoms caused 
minimal substrate disturbance, resulting in a well-defined film–sub
strate interface. In contrast, the film deposited at 70 eV/atom exhibited 
a significantly enhanced density and reduced thickness with superior 
surface smoothness. This morphological transition stems from the inci
dent energy (70 eV) substantially exceeding the cohesive energy of 
diamond (7.6–7.7 eV/atom) [31], enabling atomic implantation that 
creates an intermixed interfacial layer. Although this implantation im
proves the film adhesion, it concurrently generates residual stress by 
disrupting the crystalline regularity of the substrate.

The 1–70 and 70–1 eV alternating-energy schemes produced layered 
structures with distinct regions of high and low density. To facilitate 
comparison between the hard and soft layers, atoms were color-coded in 
Fig. 2a, with gray representing the hard layers and blue denoting the soft 
deposition layers. This alternating structure arises from fundamentally 
different growth mechanisms; the low-energy phase (1 eV) promotes 
surface adatom configurations with a reduced packing density, whereas 
the high-energy phase (70 eV) facilitates atomic penetration into the 
subsurface region, leading to enhanced densification. In the 1–70 eV 
system, the interlayer interface exhibits pronounced compositional 
gradients, primarily owing to the looser structure of the underlying 
1 eV/atom soft layer, which is attributed to its intrinsic tensile stress 
characteristics. Subsequent bombardment by high-energy (70 eV) car
bon atoms more easily penetrated the deeper regions of the soft layer, 
promoting extensive interfacial atomic intermixing, and thus forming 
strong interlayer bonding. In contrast, the 70–1 eV configuration pre
sents sharper layer interfaces with limited atomic interdiffusion between 
adjacent layers. Despite these interfacial distinctions, both alternating- 
energy configurations significantly reduced residual stress via two 
complementary mechanisms: (i) stress compensation between layers of 
differing densities and (ii) suppression of long-range stress transmission 
pathways through periodic modulation of the local structure. This 
nanoscale architectural tuning underscores the crucial influence of en
ergy sequencing on interlayer bonding characteristics and stress distri
bution in multilayer DLC films.

To quantitatively evaluate the surface morphology, the surface 
atoms were first identified using the “Construct Surface Mesh” algorithm 
in OVITO [41]. A probe sphere radius of 3.4 Å and a smoothing level of 8 
were employed to accurately distinguish the outermost atoms from the 
bulk structure without relying on an arbitrary z-height threshold. Sub
sequently, the root mean square (RMS) method was employed to char
acterize the surface roughness of the DLC films under different 
deposition conditions. The surface roughness parameter (Rq) was 
calculated using the following equation: 

Rq =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑N

i
(Zi − Z)2

N

√
√
√
√
√

(3) 

where i denotes the atom index, Zi is the z coordinate of atom i on the 
deposited film surface, Z‾ is the average height of all surface atoms, and 
N is the total number of surface atoms.

Table 1 
Key parameters obtained from different deposition schemes.

Scheme Film thickness 
(Å)

Average density (atoms/ 
Å3)

Average stress 
(GPa)

1 eV 36 0.1073 8.37
70 eV 36 0.1477 − 17.67
1–70 eV 34.5 0.1280 − 3.7
70–1 eV 37.5 0.1225 0.1
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As shown in Fig. 2b, the surface roughness of the film deposited at a 
low incident energy of 1 eV/atom was significantly greater than that of 
the film grown at a high incident energy of 70 eV/atom. The corre
sponding contour plots further highlight the pronounced differences in 
the surface topography: the low-energy surface exhibits localized pro
trusions and irregular features, whereas the high-energy surface remains 
notably smooth. This contrast can be attributed to the distinct surface 
evolution mechanisms associated with the different incident energies. At 
low energies, the limited atomic mobility promotes the preferential 
accumulation of atoms at the surface asperities, thereby amplifying the 
initial roughness. In contrast, high-energy carbon atoms induce a 
downhill atomic flow that redistributes surface atoms from elevated 
regions into adjacent depressions. This energetic redistribution mecha
nism facilitated the rapid smoothing of the initially rough surface, 
leading to the formation of a more uniform film morphology [42].

3.2. Structure and stress distributions of single- and multilayer DLC films

The atomic-scale structures of the deposited DLC films were char
acterized by radial distribution function (RDF) analysis, as shown in 
Fig. 3a. All the films exhibited characteristic amorphous features. Spe
cifically, the sharp primary peak centered at ~1.5 Å confirms the pres
ence of short-range order corresponding to the nearest-neighbor C–C 
bond lengths. However, at larger radial distances (r > 3 Å), the absence 
of discrete, periodic peaks and the rapid convergence of g(r) to unity 
indicate a lack of translational symmetry, confirming the long-range 
disorder of the carbon network. Notably, films deposited at 1 eV/atom 
displayed additional well-defined peaks at larger interatomic distances, 
suggesting enhanced medium-range ordering compared with films 
deposited at higher-energy. The sharp peak observed at approximately 
2.1 Å originates from the cutoff radius of the Tersoff potential, 
commonly referred to as a “false peak” in MD simulations [43,44].

A complementary analysis of the bond length and bond angle dis
tributions (Fig. 3b and c) revealed the atomic-scale mechanisms 

Fig. 2. (a) Coordination configurations of coatings obtained under different incident energies. The color coding represents the coordination numbers. (b) Surface 
maps and surface roughness (Rq) of coatings obtained under different incident energies.

Fig. 3. (a) Radial distribution function. (b) Bond length distribution. (c) Bond angle distribution.
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underlying the stress evolution in the deposited films. The bond angle 
distributions consistently exhibit a dominant peak near 120◦, indicative 
of graphitic sp2 bonding, confirming the widespread presence of 
threefold-coordinated carbon atoms across all deposition conditions. 
However, with increasing incident energy, notable structural variations 
emerge: the bond angle distribution becomes broader and skews to
wards smaller angles, reflecting the formation of distorted tetrahedral 
configurations that are closely associated with the build-up of intrinsic 
compressive stress. The films prepared under alternating-energy condi
tions displayed intermediate characteristics, indicating a gradual 
structural transition modulated by energy alternation. A similar trend 
was observed for the bond length distributions, which deviated from the 
ideal C–C bond length value of 1.54 Å. These deviations in the bond 
lengths and bond angles collectively contribute to the generation of 
residual stress.

The spatial distribution of the mass density along the z direction 
(Fig. 4) reveals three distinct structural regions that demonstrate a clear 
dependence on the incident energy: (i) the substrate region maintaining 
a complete diamond lattice, (ii) the initial effective film thickness region 
showing gradual amorphization, and (iii) the surface region dominated 
by unsaturated carbon. Notably, in the 70 and 70–1 eV systems, the 
film–substrate interface exhibit pronounced structural gradients, char
acterized by a gradual decrease in mass density and sp3 content 
accompanied by a corresponding increase in the sp2 fraction (Supporting 
Information Figure S4). This gradient originates from the enhanced 
atomic penetration and extensive intermixing induced by the high 
incident energy, resulting in a broader interfacial transition zone and 
partial disruption of the diamond lattice structure. In the surface region, 
elevated sp hybridization was consistently observed owing to the 
termination of the carbon network, with the unsaturation levels 
inversely correlated with the incident energy (Supporting Information 
Figure S4).

Alternating-energy deposition (1–70 and 70–1 eV) resulted in a 
distinct modulation structure in both the mass density and hybridized 
states (Fig. 4). These systems exhibit synchronized oscillations in sp3 

content and mass density, accompanied by reverse variations in sp2 and 
sp fractions, highlighting the effectiveness of energy modulation in 
spatially tailoring local bonding environments (Supporting Information 
Figure S4). Across all films, the sp3 fractions remain within a constrained 
range (15–30 %), which partially reflect the intrinsic limitations of the 
Tersoff potential in accurately capturing the complex bonding in highly 
disordered carbon networks [30]. Quantitative hybridization analysis 
(Fig. 5) further confirmed the structural intermediacy of 
alternating-energy systems, with both density and sp3 content posi
tioned between those of the porous, sp2-rich 1 eV films and the dense, 
sp3-rich 70 eV films (Supporting Information Figure S5). This tunable 
hybridization and density profile underscores the potential of 
alternating-energy strategies to mitigate excessive residual stress.

Fig. 6 shows the residual-stress distribution along the z direction, 

revealing distinct energy-dependent characteristics. In the 1 eV/atom 
deposited films, a distinct transition is evident, shifting from compres
sive stress in the substrate to tensile stress in the stabilized film region. In 
contrast, the 70 eV/atom deposition produced uniform compressive 
stress throughout the film thickness, resulting from both implantation- 
induced densification and the formation of distorted tetrahedral 
bonds. Notably, a pronounced compressive stress is observed in the 
transition zone connecting the substrate and the film body, significantly 
exceeding that of the stabilized film region. This stress concentration is 
likely a key driver of delamination behavior.

The alternating-energy deposition method (1–70 and 70–1 eV) pro
duces a single-period opposite stress distribution that oscillates between 
the tensile and compressive states in synchronization with the energy 
modulation. This stress distribution can achieve an effective compen
sation mechanism in which adjacent layers with opposite stress states 
cancel out their residual stresses. The significant reduction in the re
sidual stress compared with single-energy deposition was due to the 
prevention of large-scale stress network formation by continuously 
interrupting the stress propagation path.

3.3. Comparison of frictional responses in single- and multilayer DLC 
films

To comprehensively investigate the tribological behavior of various 
DLC deposition systems under high contact pressure and to elucidate the 
structure–property relationships governing their friction performance, 
particularly the unique characteristics of alternating-energy deposited 
films, self-mated friction configurations using identical DLC film models 
were constructed (Fig. 7).

Fig. 8a shows the evolution of friction forces of the four distinct DLC 
deposition systems during sliding under a contact pressure of 20 GPa, 
revealing a pronounced running-in period (~100 ps) characterized by 
an initial rise in friction followed by stabilization. Notably, the 70 eV 
system exhibited distinct behavior, with a sharp initial friction peak that 
subsequently decreased significantly. This trend results from the inter
play between the interfacial C–C covalent bond formation—driven by 
dangling bond interactions, which temporarily enhances shear resis
tance—and the rapid development of a saturated carbon hybridization 
network that suppresses further bond formation and reduces friction 
[45,46]. The dense atomic structure and elevated sp3 content of the 
70 eV film promote the early formation of a stable interfacial network, 
enabling faster friction stabilization compared with the more porous, 
low-energy-deposited counterparts. This interfacial restructuring un
derscores the critical role of deposition energy-controlled surface 
chemistry in dictating the tribological performance of films (Supporting 
Information Figure S6).

The average friction forces and normal loads during the stable sliding 
period (final 200 ps) revealed distinct load-bearing capacities and fric
tion responses across the different deposition systems (Supporting 

Fig. 4. Distribution of the mass density of different deposition systems.
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Information Figure S7). The 70 eV system demonstrates superior load- 
bearing ability, attributed to its dense, highly cross-linked amorphous 

carbon structure with elevated sp3 content. In contrast, the 1–70 eV 
system shows intermediate performance owing to the structural 
compromise between its dense top layer (70 eV) and porous bottom 
layer (1 eV), while both the 1 and 70–1 eV systems exhibit significantly 
reduced load-bearing capacity resulting from their predominant sp2- 
rich, loose architectures (Supporting Information Figure S5). For every 
simulated system, the value of the friction coefficient (μ) was obtained 
using the following equation: 

μ =
f
W

(4) 

where f is the average friction force and W refers to the normal load, 
both averaged over the final 200 ps of steady sliding. The 70 and 
1–70 eV systems exhibit lower friction coefficients (μ = 0.789 and 
0.927, respectively) compared to the 1 and 70–1 eV systems (μ = 1.336 
and 1.186, respectively) (Fig. 8b). This enhanced tribological perfor
mance is correlated with the presence of high-energy carbon atoms 
deposited at the sliding interface, which form a stable, saturated 
amorphous carbon network that effectively minimizes adhesive in
teractions and shear resistance [47]. It should be emphasized that the 
friction coefficients reported herein are systematically higher than the 
values typically observed in experimental studies [19]. The primary 
reason for this deviation lies in the simulation setup, which employed 
idealized amorphous carbon surfaces without passivation. Conse
quently, effects such as surface contamination, adsorbed species, and 
other environmental influences—commonly present in real experi
mental conditions—were not captured in the MD simulations.

The origins of the tribological behavior in alternating-energy- 
deposited films were investigated through a systematic analysis of 
their morphological evolution during sliding. As shown in Fig. 9, the 
color-coded interacting counterfaces at 20 GPa reveal two distinct 
phenomena: progressive densification occurs in the 1 eV/atom regions 
through the collapse of their intrinsic porous structure (Supporting In
formation Figure S5), whereas extensive interfacial C–C covalent bond 
formation becomes particularly evident in the 70 eV system. The pro
nounced bonding behavior originates from the inherently high sp3-hy
bridized carbon content and abundant surface dangling bonds 
characteristic of this system (Supporting Information Figure S5). Inter
estingly, although pressure-dependent graphitization has been reported 
in dual-period soft-hard alternating systems at 5 GPa [40], such layered 
graphitic structures become negligible at 20 GPa. This transition sug
gests the existence of a critical pressure threshold, where the structural 
evolution is dominated by the combined effects of the loading condi
tions, modulation periodicity, and film thickness.

The observed interfacial C–C bonding behavior directly correlated 
with significant changes in the atomic coordination states, as revealed 
by coordination number mapping and distribution analysis (Fig. 9). The 

Fig. 5. Hybridized structures of different deposition systems.

Fig. 6. Stress distribution along the z direction under different inci
dent energies.

Fig. 7. Friction pair constructed model of the 1–70 eV deposition system.
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sliding interface undergoes rapid transformation from an initially un
saturated state (dominated by sp-hybridized carbon) to a complex 3D 
network of sp2- and sp3-hybridized carbon, with this transition 
completing within the running-in period (~100 ps) of the friction curve. 
This reconstruction process is particularly enhanced in the high-energy 
surface systems (70 and 1–70 eV), where carbon atoms exhibit a 
stronger coordination saturation trend (Supporting Information 
Figure S8), as evidenced by the higher sp3 content in the coordination 
morphology of the 1–70 eV system at the end of sliding.

The mass density distributions (Fig. 10a) reveal the complex struc
tural evolution during sliding in the different deposition systems. In the 
single-energy systems, densification occurs in the initially loose 1 eV 

system, as evidenced by the aforementioned morphological and coor
dination distributions. For the 70 eV system, although interfacial C–C 
covalent bonding increases the density at the sliding interface, shear- 
induced atomic rearrangement leads to the homogenization of the 
initially dense bulk structure. These structural changes are closely 
correlated with stress redistribution (Fig. 10b): the 1 eV system exhibits 
increased compressive stress under load owing to densification, while 
the 70 eV system achieves stress homogenization, alleviating the deep- 
layer stress concentration observed under static conditions.

In the alternating-energy systems, friction weakens the original soft- 
hard stratified structures via distinct mechanisms. In the 1–70 eV 
configuration, the bottom soft layer (1 eV) acted as a buffer layer that 

Fig. 8. (a) Temporal evolution of friction forces during sliding. (b) Friction coefficient of different deposition systems.

Fig. 9. The original morphology and coordination number morphology of the friction interface in the (a) 1–70 and (b) 70–1 eV systems, as well as the evolution of 
the coordination number distribution in the systems.
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lost its low-density characteristics under the combined normal and shear 
stresses, causing a rapid increase in stress during the initial running-in 
period (~100 ps). In contrast, the 70–1 eV system primarily undergoes 
friction-induced densification in the top soft layer (1 eV), whereas the 
underlying hard layer (70 eV) largely maintains its high-density and 
high-stress distribution. This structural asymmetry highlights the critical 
role of the deposition sequence in controlling friction reorganization 
within nanolayered DLC films.

Fig. 11 shows the friction-induced evolution of the hybridized 
structures in the different deposition systems. The 70 eV system 
exhibited the highest sp3-hybridized carbon content, because of the 
dense structure formed by the high incident energy, followed by the 
1–70 eV system, whereas the 1 and 70–1 eV systems have lower sp3- 
hybridized carbon content at the friction interface. Notably, consistent 
with the density distribution during the friction process, the sp3 content 
in the systems tended to be more uniformly distributed along the z di
rection. Specifically, low incident energy systems form numerous C–C 
bonds during friction, thereby increasing the amount of saturated 
amorphous carbon. In high-incident energy systems, where sp3-hybrid
ized carbon is initially concentrated in the upper and lower friction 
pairs, the shear forces during friction led to a homogeneous distribution 
at the friction interface. In the alternating-energy deposition systems, 
the sp3 distribution maintains a hard-soft alternating state at the early 
stage of friction, especially in the 1–70 eV system. However, as friction 
progressed, the sp3-hybridized carbon in the hard surface layer was 
redistributed towards both the hard and soft regions under high pres
sure. In the 70–1 eV system, because tribochemical reactions predomi
nantly occur in the soft surface layer with minimal impact on the hard 
bottom layer, the sp3-hybridized carbon at the friction interface does not 
diffuse as deeply as in the 1–70 eV system. Overall, the sp3-hybridized 
carbon content of the different deposition systems increased to varying 
degrees after sliding; however, the order of the sp3-hybridized carbon 
content among these systems remained unchanged. This indicates that 
even under high pressure, alternating-energy deposition systems can 
maintain excellent tribological performance despite the partial densifi
cation of the soft surface layer.

Regarding sp2 hybridization, because the internal structure of the 

DLC films is mainly composed of sp3- and sp2-hybridized carbon, a 
mutual transformation occurs during the friction process. In the 1 eV 
system, sp2-hybridized carbon significantly accumulated at the friction 
interface, whereas in the 70 eV system, sp2-hybridized carbon diffused 
towards both ends. Intriguingly, in the 1–70 eV system, sp2-hybridized 
carbon in the hard surface layer diffused towards both ends, whereas 
sp2-hybridized carbon in the soft buffer layer concentrated at the friction 
interface, resulting in a homogeneous distribution of hybridized struc
tures (including sp3 and sp2) at the end of friction. In contrast, the 
70–1 eV system mainly relies on the soft surface layer for structural 
evolution during friction. In addition, because the sp-hybridized carbon 
content was relatively low, it largely transformed into sp2 and sp3- 
hybrided carbon under high-pressure friction. Notably, in the 1 and 
70–1 eV systems, as the friction interface is dominated by the loose soft 
layer, the conversion ratio of sp content during friction is higher.

Fig. 11b shows the hybridized content before and after friction, 
demonstrating the contribution of sp to the formation of sp2 and sp3 

during the friction process. In the 1 eV system, sp mainly transforms into 
sp2. However, compared to previous friction studies under low pressure, 
the significant increase in sp2 content did not lead to the formation of 
obvious graphite-like layered structures, suggesting that the sp2-hy
bridized carbon formed during the friction process mainly constitutes 
C–C bonds that impede shear motion, resulting in a higher friction co
efficient. In the 70 and 1–70 eV systems, the friction process was 
dominated by the hard surface layer. The limited transformation of the 
relatively small amount of sp-hybridized carbon mainly results in sp3 

hybridization. This indicates that the hybridization distribution during 
friction is mainly attributable to the mutual transformation between sp2- 
and sp3-hybridized carbon, leading to a homogeneous distribution. The 
formation of saturated amorphous carbon implies an increase in the 
degree of passivation at the friction interface. The lack of active sites in 
saturated amorphous carbon reduces its resistance to shear during 
friction, resulting in a relatively low friction coefficient. Although the 
70–1 eV system also experienced a significant transformation of sp into 
sp3, the hard layer in its alternating structure did not participate in the 
friction evolution process to a great extent. The positive effect of the 
passivation of the soft surface layer fails to significantly change the fact 

Fig. 10. (a) Mass density distribution and (b) residual stress distribution of different deposition systems during the friction process.
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Fig. 11. (a) Hybridized structure distribution of different deposition systems during the friction process. (b) Hybridized structure fraction of different deposition 
systems before and after sliding.
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that the content of saturated carbon hybridization is inherently low, 
resulting in a slightly higher friction coefficient compared with that of 
the 1–70 eV system.

3.4. Comparison of wear behavior in single- and multilayer DLC films

Atomic-scale wear differs fundamentally from macroscopic wear, as 
chemical reactions and interfacial interactions dominate the tribological 
behavior rather than bulk material properties such as strength and 
hardness [48]. However, understanding the interfacial reactions and 
atomic-scale wear mechanisms presents significant challenges. The most 
widely accepted atomic-scale wear model employs a ball-on-disk 
configuration in which a rigid spherical counterface slides against a 
flat substrate or coating [49]. This approach allows the quantification of 
wear through the analysis of two/three-dimensional topographic pro
files, similar to experimental measurements. However, this model 
cannot adequately simulate lubrication conditions involving liquid lu
bricants, water molecules, or gaseous environments. Alternatively, 
Wang et al. [50] developed a hydrogenated amorphous carbon model 
with semicircular protrusions to study the triboemission of hydrocarbon 
molecules, defining chemical wear as hydrocarbon release and adhesive 
wear as interfacial C–C bond formation.

In self-mated sliding systems, research has primarily focused on 
friction behavior, whereas wear characterization remains less defined. 
The presence of surface dangling bonds in amorphous carbon leads to 
extensive interfacial crosslinking. Previous studies [25] have quantified 
this wear-like behavior using a bonding ratio (the fraction of newly 
formed C–C bonds relative to the total number of atoms), which provides 
a reasonable but simplified representation of wear. Herein, we imple
mented a more direct quantification method by physically separating 
the counterfaces after sliding. The high strength of C–C covalent bonds 
enables this approach.

The separation procedure involved: (1) unloading the 20 GPa 

contact pressure over 25 ps, followed by (2) applying a 5 m/s upward 
velocity to the upper fixed layer for 100 Å displacement (Fig. 12a). This 
process generated elongated C–C chains between the separated surfaces, 
although their influence on the wear quantification was negligible 
because of the sufficient separation distance. Material transfer between 
counterfaces was clearly observed, with notable differences between 
systems: the single-energy systems showed symmetric transfer, whereas 
alternating-energy systems exhibited asymmetric transfer, likely due to 
soft-hard interface effects.

Mass density distribution analysis during unloading (Fig. 12b and 
Supporting Information Figure S9) revealed uniform density changes in 
the single-energy systems, compared to significant gradients in 
alternating-energy systems. The 1–70 eV system lost its layered struc
ture, while the 70–1 eV system maintained a high-density bottom layer. 
The wear rate was quantified as the ratio of the number of transferred 
atoms to the total number of system atoms (Fig. 12c). The single-energy 
systems demonstrated lower wear rates, with the 70 eV system showing 
exceptional resistance (wear rate = 0.062), consistent with conventional 
hardness–wear relationships. Although high-pressure sliding homoge
nized the soft-hard layers in the alternating-energy systems, their wear 
behavior fundamentally differed from that of the single-energy systems. 
Weaker bonding at the homogenized soft-hard interfaces became 
apparent during separation, leading to higher wear rates, particularly 
for the 70–1 eV system, where the initially distinct interfaces (Fig. 2) 
ultimately compromised the wear resistance.

As shown in Fig. 13, the Pearson correlation analysis revealed sig
nificant structure–property relationships in the investigated DLC sys
tems. Density showed a near-perfect positive correlation with sp3 

content (r = 0.989) and strong negative correlation with sp2 content 
(r = − 0.900), confirming the fundamental relationship between film 
densification and carbon hybridization states. Residual stress had an 
exceptionally strong negative correlation with wear rate (r = − 0.948), 
highlighting that the stress state directly influences wear resistance. The 

Fig. 12. (a) Schematic of the unloading-stretching process and morphology of different deposition systems after stretching. (b) Mass density distribution of the 
alternating-energy systems during the unloading process. (c) Wear rate.
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Pearson correlation analysis revealed distinct tribological behavior 
patterns. While the sp2 content exhibited a remarkably strong positive 
correlation with friction (r = 0.988), its correlation with the wear rate 
was substantially weaker (r = 0.527). This decoupling indicated that 
friction and wear were governed by different mechanisms in these sys
tems. The coefficient of friction exhibits a near-perfect negative corre
lation with applied load (r = − 0.992), demonstrating extreme pressure 
sensitivity in the friction response.

Notably, several moderate correlations provided additional insights. 
The positive correlation between density and applied load (r = 0.909) 
suggested pressure-induced densification effects, while the negative 
correlation between sp3 content and friction (r = − 0.926) confirmed the 
role of diamond-like bonding in friction reduction. The relatively weak 
correlations involving the wear rate (absolute values <0.53 except for 
stress) indicate that the wear behavior depends on more complex in
teractions between multiple factors.

Collectively, these correlation patterns demonstrate that, while car
bon hybridization states primarily govern friction properties, residual 
stress plays a dominant role in wear resistance. These results suggest that 
optimizing the DLC film performance requires balancing these 
competing structural characteristics, particularly for applications 
involving high contact pressures.

4. Conclusion

This study utilized MD simulations to elucidate the stress release, 
friction, and wear mechanisms of alternating-energy DLC films under 
high contact pressure (20 GPa). The key findings provide theoretical 
guidance for balancing the trade-offs in DLC films design: 

❖ Stress Reduction Mechanism: Alternating-energy deposition ach
ieves a substantial residual stress reduction (up to 99 %) via a stress 
compensation mechanism. The alternation between tensile-stressed 
(soft) and compressive-stressed (hard) layers effectively interrupts 
long-range stress transmission pathways, offering a superior strategy 
for stress management compared to single-energy deposition.

❖ Tribological performance: The high-energy surface termination 
promotes the rapid formation of a stable, saturated amorphous car
bon network at the sliding interface. This structural evolution tran
sitions the friction mechanism from adhesion-dominated to 

homogeneous shear, resulting in significantly reduced friction co
efficients for the alternating systems.

❖ Wear mechanisms: While alternating structures excel in stress re
lief, their wear resistance is influenced by interfacial integrity. The 
chemical gradient at the soft-hard interface can compromise bonding 
strength, leading to asymmetric wear behavior. A strong negative 
correlation between residual stress and wear rate confirms that 
retaining some compressive stress is essential for wear resistance.

❖ Structure–property relationships: Mass density correlated 
strongly with sp3 content (r = 0.989) and residual stress, whereas sp2 

content significantly influenced friction (r = 0.988). These re
lationships underscore the importance of carbon hybridization and 
the stress state in tailoring the performance of DLC film.
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