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A B S T R A C T

Constructing the periodically modulated multilayer architectures is a prevalent strategy to resolve the intrinsic 
trade-off between hardness and stress in diamond-like carbon (DLC) films. However, the specific dynamic 
contributions of distinct modulated layers to structural evolution under complex loading remain elusive. Here, 
the structure-property relationships of modulated DLC films were investigated at the atomic scale, spanning from 
energetic deposition to dynamic tribology. A counterintuitive tribological reversal governed by pressure was 
identified, where increasing modulation period caused a degradation in frictional performance under moderate 
pressure but an enhancement under high pressure. The modulation period acted as a kinetic regulator governing 
competitive evolution pathways. In particular, under high-pressure conditions, frequent interfaces facilitated 
interfacial densification via energetic subplantation, transforming soft layers into a hard tribofilm that effectively 
supported loads through stress segmentation. Conversely, under lower pressures, shear stress was dominant, 
leading to the destabilization of thin layers and a consequent loss of load-bearing capacity. These findings 
establish a unified theoretical framework linking performance to a critical transition from shear-dominated 
softening to adaptive pressure-driven hardening, and thus provide essential criteria for tailoring coating archi
tectures to specific operational contact pressures.

1. Introduction

Diamond-like carbon (DLC) films are widely employed as high- 
performance protective coatings in tribological systems due to their 
exceptional hardness, chemical inertness, and intrinsic self-lubricating 
properties [1–3]. Nevertheless, a fundamental paradox limits their 
broader industrial application [4,5]. Efforts to achieve higher hardness 
by increasing the fraction of sp3-hybridized carbon typically result in 
excessive internal compressive stress, which in turn can cause poor 
adhesion or catastrophic delamination [6,7]. To overcome this 
constraint, a common engineering solution involves the construction of 

functionally graded or periodically modulated multilayer architectures. 
These systems incorporate soft (sp2-rich) and hard (sp3-rich) alternated 
layers, providing an effective strategy for decoupling mechanical hard
ness from internal stress [8–11]. For example, Wang et al. [12] suc
cessfully leveraged alternating tensile and compressive stress fields in 
Si-doped DLC multilayers to deposit ultra-thick films (>50 µm) with 
minimal residual stress (0.05 GPa).

Despite the prevalence of such modulated designs, a unified under
standing of the optimal modulation period remains elusive. Experi
mental studies frequently reported conflicting trends regarding the 
influence of interface period on mechanical and tribological 
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performance [13–15]. For instance, Xu et al. [13] proposed that residual 
stress in soft/hard alternating DLC multilayers could be effectively 
mitigated by optimizing the modulation period. However, Usman et al. 
[15] reported a contradictory trend, wherein the stress was generally 
intensified with increasing the number of periods, only exhibiting a 
slight reduction in dual-period configurations, which was also accom
panied by the aggravation of wear rate at high contact stress. These 
discrepancies largely stem from a lack of fundamental insight into the 
structure-property relationships at the atomic scale. It is impossible to 
predict whether increasing the number of modulation periods will act as 
a mechanism for stress relief or a source of structural discontinuity.

Moreover, the understanding of how alternating soft and hard layers 
evolve structurally during dynamic friction remains significantly frag
mented. For instance, Lin et al. [14,16] utilized unbalanced magnetron 
sputtering to fabricate C/C multilayers and investigated their tribolog
ical performance under high contact pressure. Their results indicated 
that a specific hard-layer fraction (50%) provided optimal tribological 
properties, which was ascribed to the lubricating effect of the formed 
transfer film, highlighting the acute sensitivity of the tribological 
response to the properties of the outermost surface layers. However, the 
specific dynamic contributions of these distinct layers and the atomistic 
mechanisms governing their in-situ interaction remain obscure. Eluci
dating this dynamic evolution is pivotal not only for advancing the 
theoretical framework of modulation effects, but also for expanding the 
application scenarios of multilayer DLC architectures.

Hence, this study employs large-scale molecular dynamics (MD) 
simulations to comprehensively explore structural properties of DLC 
films with varying modulation periods, spanning from energetic depo
sition to static nanoindentation and dynamic tribology [17–20]. The 
investigation first elucidates the regulation of interface-induced densi
fication and stress segmentation mechanisms by the modulation period 
during growth and indentation. Subsequently, through subjecting these 
architectures to different contact pressures, a counter-intuitive pres
sure-regulated tribological reversal is uncovered. These results demon
strate that the modulation period acts as a kinetic lever, determining 
whether the film undergoes shear-induced unsaturation or adaptive 
pressure-densification. It establishes a unified atomistic framework that 
connects the initial architectural design to the dynamic frictional 
response.

2. Computational method

2.1. Simulation framework and potential strategy

All MD simulations were performed using the LAMMPS package 

[17]. To strictly balance computational efficiency with the accuracy of 
tribochemical reactions, a dual-potential strategy was adopted. The 
Tersoff potential, optimized for sp2/sp3 transitions under varying en
ergies, was employed to describe the deposition process [21,22]. Sub
sequently, the ReaxFF potential (parameterized by Tavazza et al. [23]) 
was utilized for the tribological stages. As a bond-order-based field, 
ReaxFF is essential for capturing the complex bond breaking/formation 
and interfacial chemistry during the sliding process [24,25]. Especially, 
to ensure physical consistency, the as-deposited structures were fully 
relaxed under ReaxFF before friction simulations to minimize artifacts 
arising from the potential switch. A time step of 0.25 fs was used 
throughout, with periodic boundary conditions applied in the x and y 
directions.

2.2. Deposition of modulated DLC films

The deposition substrate consisted of a diamond (001) block 
(40.232 × 40.232 × 84.779 Å3, 3072 atoms), equilibrated at 300 K 
(Fig. 1). To mimic realistic heat dissipation and structural support, the 
system was divided into fixed, thermostatic (Berendsen thermostat 
[26]), and dynamic regions. Carbon atoms were injected from a height 
of 70 Å with randomized xy coordinates. Based on prior single-energy 
optimizations [9], multilayer films with 1- to 3-period interfaces were 
constructed using an alternating energy scheme, with a "hard layer" 
deposited at 70 eV/atom and a "soft layer" deposited at 1 eV/atom. The 
atomic ratios and layer thicknesses were tuned to maintain consistent 
total film thickness across different modulation periods. Sputtered atoms 
were removed to maintain energy consistency, and post-deposition 
relaxation was performed at 300 K for 10 ps to ensure structural 
equilibration.

2.3. Nanoindentation simulation detail

Nanoindentation simulations were performed on the 2 × 2 expanded 
supercells of the DLC films using a rigid spherical indenter with a radius 
of 12 Å. The interaction between the indenter and the film was described 
by a standard Lennard-Jones (LJ) potential (ε = 0.01 eV, σ = 3.0 Å) to 
mimic a purely repulsive contact interface without chemical bonding. 
The indentation process consisted of three distinct phases: loading, 
holding, and unloading. During the loading phase, the indenter was 
driven vertically into the substrate at a constant velocity of 0.5 Å/ps to a 
maximum penetration depth of 12 Å. Upon reaching the peak depth, a 
holding period of 20 ps was implemented to allow for structural relax
ation, followed by an unloading phase at the same velocity.

Fig. 1. Schematic illustration of the atomistic deposition strategy for constructing DLC films with distinct periodic modulation architectures on a (001) dia
mond substrate.
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2.4. Tribological Setup and Loading Conditions

A self-mated sliding model was constructed by pairing the deposited 
DLC films [27]. In line with the deposition phase, the friction system 
maintained a three-layer configuration consisting of a fixed layer, a 
thermostatic layer, and a dynamic layer. Tribological tests were con
ducted under normal contact pressures of 10 and 20 GPa, with a sliding 
velocity of 100 m/s applied to the top fixed layer along the x-direction 
for 1250 ps. While these parameters exceed macroscopic experimental 
conditions, they are established standard practices in nanotribology to 
accelerate tribochemical evolution and ensure sufficient statistical 
sampling within the nanosecond timescale of MD simulations [28–30]. 
Specific parameters of the friction process can be found in previous 
studies [31,32]. The friction coefficient (μ) was calculated as follow: 

μ =
f
W

(1) 

where the friction force, f, is calculated by summing the force acting on 
the fixed atoms of the lower a-C model along the sliding direction and W 
is the normal force acting on the fixed atoms of the lower a-C model 
along the z direction.

3. Results and discussion

3.1. Morphological characteristics and structural homogenization

The cross-sectional molecular configurations presented in Fig. 2a 
reveal the impact of modulation period on the coordination environ
ment and hierarchical architecture of the DLC films [33]. The 1-period 
system is characterized by a distinct layered structure, where the car
bon network gradually becomes more saturated from the substrate to the 
surface. However, increasing the number of modulation periods disrupts 

the layered characteristics and progressively blurs the boundaries be
tween sp3-dominated and sp2-dominated regions. This trend suggests 
that the film architecture evolves from a distinct layered structure into a 
more intermixed state. This structural evolution originates from the 
kinetic asymmetry inherent in the energetic deposition process. Carbon 
atoms at a high incident energy of 70 eV/atom possess sufficient mo
mentum to penetrate deeply into the underlying soft layer. This sub
plantation effect facilitates strong interlayer bonding but simultaneously 
creates diffuse and indistinct interfaces. Conversely, low-energy atoms 
at 1 eV/atom lack the kinetic energy required to infiltrate the dense, 
hard layer formed previously. This kinetic disparity results in the 
development of well-defined periodic separation in the 2-period system, 
where the interfaces remain relatively sharp. Further increasing the 
modulation period to the 3-period system introduces a competing 
mechanism driven by sputtering and erosion effects. The frequent 
bombardment of underlying soft layers by high-energy atoms creates a 
broad transition region that suppresses the independent growth of pure 
hard layers. Consequently, the alternating deposition yields a unique 
quasi-periodic architecture that simultaneously exhibits trends toward 
structural homogenization.

The stability of these architectural features is further reflected in the 
surface morphology evolution shown in Fig. 2b. While the total film 
thickness remains constant at approximately 36 Å, the introduction of 
periodic interfaces significantly influences surface roughness. The 1- 
period system benefits from the continuous and steady growth of the 
outermost hard layer and thus maintains a relatively smooth surface 
profile. In contrast, the frequent interruption of growth by transition 
regions in the 2-period and 3-period systems hinders the formation of a 
stable hard cap. This disruption leads to a rougher and more irregular 
surface morphology as the modulation period increases [14].

The intrinsic structural and mechanical evolutions of the DLC films 
are quantified by the depth-resolved profiles presented in Fig. 3. These 
spatial distributions along the z-axis corroborate the morphological 

Fig. 2. (a) Coordination configurations of films obtained under different modulation periods. The color coding represents the coordination numbers. (b) Corre
sponding surface maps and roughness (Rq).
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homogenization observed in Fig. 2 and reveal the limitations of 
increasing modulation period. The amplitude of periodic alternation in 
both mass density and coordination number significantly attenuates as 
the number of periods increases. Specifically, the 3-period system ex
hibits a convergence of soft and hard layer characteristics, implying that 
the local carbon hybridization no longer maintains a distinct binary 
separation. Consequently, the film evolves toward a structurally mixed 

configuration where the intended mechanical contrast between layers is 
compromised by kinetic intermixing.

A more critical transformation occurs within the residual stress 
profile (Fig. 3c). While the structural composition tends toward ho
mogenization, the internal stress field retains a quasi-periodic oscillation 
but undergoes a fundamental state shift. The effective stress compen
sation mechanism observed in the 1-period system, which relies on an 

Fig. 3. (a) Density distribution, (b) Coordination distribution, and (c) Residual stress along the z direction of DLC films under different modulation periods.

Fig. 4. (a) Visualization of the sp³ -C backbone architecture. (b, c) Quantitative comparison of hybridization fractions. (d-f) Spatial distribution of bonding states in 
the 1-period, 2-period, and 3-period systems, respectively.
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alternating sequence of tensile and compressive domains, is progres
sively lost. This pattern transforms into a fluctuation between strong and 
weak compressive states in the multi-period systems. Such a transition 
indicates that the structural homogenization induced by frequent in
terfaces leads to a gradual accumulation of global internal stress rather 
than the desired compensation [15]. This reveals an intrinsic trade-off in 
periodically modulated DLC films where the pursuit of finer layering 
inevitably competes with the capacity for internal stress compensation.

The macroscopic performance of DLC films is fundamentally enco
ded in the spatial arrangement and relative fractions of sp3 and sp2 

hybridized carbon atoms. Fig. 4a shows how the modulation period 
reprograms this internal hybridization architecture. The 1-period system 
maintains a high degree of architectural integrity where distinct soft and 
hard layers exhibit a sharp contrast in sp3 density. However, increasing 
the modulation period induces a progressive structural homogenization. 
The distinct stratification observed in the 1-period system degrades into 
a unified network with uniform sp3 distribution in the 3-period system. 
This structural convergence suggests that the frequent imposition of 
high-energy deposition phases actively disrupts the preservation of soft 
layers. A distinct feature common to all systems is the emergence of a 
disordered surface layer rich in sp-hybridized carbon. This unsaturated 
region represents a high-energy surface laden with dangling bonds, 
which acts as a critical precursor for the subsequent tribochemical 
interactions.

Quantitative analysis in Figs. 4b and 4c further reveals that the 
global fraction of sp3-C increases positively with the modulation period. 
In the 1-period system, the thick soft layer partially isolates the 

underlying structure from high-energy bombardment and allows stable 
low-density growth. In contrast, the frequent interruption of soft layer 
growth in multi-period systems exposes these thin regions to intense 
high-energy carbon subplantation. This energetic impact promotes deep 
cross-linking and effectively converts potential sp2 sites into sp3 con
figurations through a mechanism of interface-induced densification. 
Consequently, the modulation period serves as a kinetic lever that dic
tates the transition from a layered composite to a homogenized high-sp3 

structure.

3.2. Mechanical response and stress transfer pathways

The mechanical characteristics of the deposited architectures were 
evaluated via nanoindentation simulations, as schematically illustrated 
in Fig. 5a. The resulting force-displacement curves in Fig. 5b expose a 
divergence in load-bearing capacity driven by the underlying structural 
arrangement. The 1-period system displays a distinct mechanical 
signature characterized by a high initial resistance due to its intact hard 
cap, followed by a yield behavior as the indenter engages the compliant 
soft underlayer. This response confirms that the 1-period architecture 
functions effectively as a composite buffer where the surface layer 
provides rigidity while the subsurface layer facilitates energy dissipa
tion. In contrast, for the multi-period systems, they display more smooth 
curves, indicating a stiffer and more monolithic response, which is 
related to the relatively dense, uniform film structure (Fig. 3 and Fig. 4).

The hardness values derived via the Oliver–Pharr method in Fig. 5c 
rise progressively with the modulation period [34]. This mechanical 

Fig. 5. (a) Schematic of the nanoindentation simulation model used to evaluate the mechanical response of DLC films. (b) Representative force–displacement curves 
obtained during the loading–unloading process. (c) Hardness. (d–f) Temporal evolution of the internal stress distribution during indentation for the 1-period, 2- 
period, and 3-period systems, respectively.
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reinforcement arises not from the simple stacking of layers, but from the 
cumulative densification effect driven by the frequent interfaces. The 
homogenization of the sp3 network in the 2-period and 3-period systems 
eliminates the compliant reservoirs required for buffering and results in 
a global stiffening of the film.

The evolution of internal stress fields presented in Fig. 5d–f further 
clarifies these deformation mechanisms. For the 1-period system, the 
single thick hard layer exhibits a behavior of monolithic stress concen
tration. A massive, continuous zone of high compressive stress (indi
cated by the deep red region) accumulates within this layer. While this 
confirms its high load-bearing capacity, such concentrated stress accu
mulation makes the film susceptible to catastrophic failure once the 
yield limit is exceeded. In contrast, despite the trend toward structural 
homogenization discussed earlier, the multi-period architectures retain 
sufficient mechanical contrast to disrupt the stress field. As shown in 
Figs. 5e and 5f, the continuous high-stress zone observed in the 1-period 
system is effectively sliced into multiple discrete strata separated by low- 
stress bands. These intervening soft layers function as elastic decoupling 
zones that interrupt the vertical transmission of stress. Consequently, the 
load is not borne by a single concentrated volume but is distributed 
across multiple independent hard sub-layers [12]. This transition from 
localized stress accumulation to distributed multi-stage buffering en
hances the ability to manage deformation energy by mitigating peak 
stress intensity within any single layer, which is difficult to characterize 
accurately in an experimental approach.

The observed hardness enhancement stems from interface-induced 
densification, where high-energy subplantation at periodic interfaces 
converts the soft sp2 phase into a denser sp3 network (Fig. 4). This 
process increases global stiffness but introduces a competition between 
structural homogenization and phase stability [35]. Consequently, the 
stress management mechanism shifts from a global buffering mode in 
the 1-period system to a distributed load-bearing network in 
multi-period films (Fig. 5). Thus, the governing factor for performance is 
the maintenance of sharp mechanical contrast, which allows the system 
to combine high hardness with effective stress segmentation.

In addition, this perspective offers a unified explanation for varying 
experimental outcomes [13,15]. The successful realization of the stress 
segmentation mechanism requires a sharp divergence in mechanical 
properties between the sub-layers. Deposition techniques involving high 
ionization energies, such as Filtered Cathodic Vacuum Arc (FCVA) [36, 
37], are capable of generating highly energetic carbon ions. This allows 
for the deposition of hard layers with exceptionally high sp3 content and 
density. Consequently, FCVA-grown films can establish the strong me
chanical contrast required to distinguish the soft layers from the hard 
matrix, thereby activating the stress segmentation effect. In contrast, 

films produced by conventional magnetron sputtering often suffer from 
a lower ionization rate and less defined energy control [38,39]. This 
results in "hard" layers with moderate sp3 fractions and "soft" layers that 
lack distinct elasticity. Under such conditions, the mechanical imped
ance mismatch between layers is insufficient to interrupt stress 
transmission.

3.3. Tribological response

Building on this understanding of static load-bearing mechanisms, it 
is imperative to further investigate whether the observed benefits of 
stress segmentation and mechanical contrast translate into superior 
tribological performance under dynamic sliding conditions. This is 
achieved by fabricating the self-mated sliding model, illustrated in 
Fig. 6a for friction simulation, and according to the modulated period of 
DLC film (1-period (p1), 2-period (p2), and 3-period (p3)) and applied 
contact pressures (10 and 20 GPa), the friction system is abbreviated as 
p1–10, p1–20, p2–10, p2–20, p3–10, and p3–20, respectively, for 
convenience.

Upon the initiation of sliding, all systems undergo a characteristic 
running-in phase before converging to a dynamic steady state as shown 
in Fig. 6b. Despite the overlap in the instantaneous friction traces, a 
distinct pressure-dependent reversal in friction is uncovered by the 
quantitative analysis of the final 200 ps presented in Fig. 6c and Fig. S1. 
Under the moderate contact pressure of 10 GPa, the friction coefficient 
exhibits a positive correlation with the modulation period, which in
creases progressively from the 1-period to the 3-period system (Fig. 6c). 
This trend originates from the load-bearing limitations observed in 
Fig. S1b, where the normal load capacity diminishes with increasing 
periods. This suggests that at lower contact pressures, the numerous soft 
interlayers in the multi-period systems act as structural weak points that 
yield under load rather than supporting the film integrity.

In contrast, increasing the contact pressure to 20 GPa triggers a 
complete reversal of this trend. The friction coefficient decreases as the 
number of modulation periods increases (Fig. 6c). This transition in
dicates that the high-pressure environment activates the interface- 
induced densification mechanism discussed previously. Under these 
conditions, the multi-period architectures undergo rapid homogeniza
tion and hardening, which allows them to support higher normal loads 
(Fig. S1b) while simultaneously reducing shear resistance (Fig. S1a). 
Consequently, the modulation period functions as a critical switch that 
dictates the tribological regime. It shifts the system from a shear- 
dominated state where interfaces are liabilities to a pressure- 
dominated state where interface-induced densification minimizes fric
tion. This reversal should not be attributed to real contact area, 

Fig. 6. (a) Friction pair constructed from the deposited DLC films. (b) Temporal evolution of friction forces during sliding. (c) Friction coefficient of different 
deposition systems.
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interfacial bonding, or load-bearing capacity alone (Fig. S1), because 
these factors are strongly coupled with the pressure-dependent hybrid
ization evolution of the interfacial carbon network. At 10 GPa, the 
interface evolves toward disordered sp2-rich carbon with higher shear 
resistance, whereas at 20 GPa, enhanced C–C bonding promotes the 
formation of a compact sp3-rich tribofilm with improved load-bearing 
stability, as will be discussed in detail below.

The temporal evolution of mass density maps before and after sliding 
processes reveals a progressive structural transformation in the p2–10 
system under shear (Fig. 7b). The initially distinct density stripes, which 
correspond to the soft and hard layers, gradually smear out into a more 
continuous distribution (Fig. 7a). This blurring signifies a shear-induced 
mixing process, wherein sliding promotes atomic diffusion across the 
interfaces. Correspondingly, the stress field transitions from a stratified 
state to a uniformly compressive distribution, as confirmed by the data 
in Fig. 7c. A layer-resolved analysis of the final density profiles further 
elucidates the homogenization mechanism under 10 GPa. The structural 
integrity is inversely related to the modulation period, with the p1–10 
system maintaining a sharp interface between its densified soft layer and 
shear-loosened hard layer (Fig. 7d). In multi-period systems, however, 
significant peak broadening occurs (Figs. 7e and 7f). The p3–10 system, 
in particular, exhibits extensive density overlap, indicating that its thin 
soft layers cannot withstand shear and succumb to interfacial cross- 
linking (Fig. 7f).

However, at 20 GPa, the system enters a pressure-dominated densi
fication regime. The density evolution maps in Fig. S2 reveal that the 
periodic low-density stripes visible at 10 GPa are almost entirely elim
inated at 20 GPa. Instead, the entire film volume evolves into a high- 
density state characterized by a pervasive red coloration in the color 
maps. This observation is further supported by Fig. S3, which presents 
the layer-resolved density distributions for the p1–20, p2–20, and p3–20 
systems. Unlike the clearly separated peaks observed at 10 GPa, the 

profiles at 20 GPa indicate that even the originally soft layers become 
compacted to densities comparable to those of the hard layers. This 
ubiquitous densification explains the friction reversal observed earlier. 
Under high pressure, the soft buffering layers are effectively forged into 
a hard tribofilm. This creates a homogenized and stiff interface with 
improved load-bearing stability, thereby reducing the effective shear 
resistance despite the loss of the original modulation architecture.

The tribological mechanisms are fundamentally governed by the 
dynamic evolution of interfacial connectivity. For the subsequent anal
ysis of interfacial bonding and hybridization evolution, the friction 
interface is defined as the structurally mixed contact region between the 
two opposing DLC surfaces, where pronounced density variation and 
shear-induced atomic mixing occur during sliding process. At 10 GPa, 
Fig. 8a reveals a distinct shear-driven rehybridization process. The 
friction surfaces are initially populated by abundant unsaturated sp- 
hybridized terminations. Upon sliding process, shear stress forces 
these segments to bridge with the counter-surface and rapidly consumes 
the unstable sp species to form a cross-linked sp2 network. In contrast, 
the system at 20 GPa exhibits a state of pressure-enhanced saturation. As 
shown in Figs. 8b and 8c, the interface maintains a consistently high 
coordination density throughout the sliding process. This indicates that 
the high contact pressure instantly compresses the interface into a dense 
network where stable covalent bonds predominate from the onset 
without requiring a gradual accumulation phase.

The increased C-C bonding in Fig. 8d confirms the difference in this 
mechanism. The significantly faster and more extensive C–C bond for
mation at 20 GPa validates the existence of a pressure-saturated regime 
where the carbon network is actively forged into a dense tribofilm. This 
highly saturated structure minimizes reactive dangling bonds and 
effectively lowers shear resistance. Consequently, the tribological 
behavior shifts from a regime governed by the shear-induced con
sumption of sp sites at 10 GPa to a regime dominated by pressure- 

Fig. 7. (a) Layered morphology of the p2− 10 system before and after sliding processes. (b) Density evolution of the p2− 10 system during the sliding process. (c) 
Stress evolution of the p2− 10 system during the sliding process. (d–f) Layer-resolved density distributions at the end of the sliding process for the p1− 10, p2− 10, and 
p3− 10 systems, respectively.

N. Du et al.                                                                                                                                                                                                                                       Tribology International 224 (2026) 112370 

7 



stabilized saturation at 20 GPa.
A deeper examination of the hybridization changes associated with 

interfacial bonding provides crucial insight into the mechanisms gov
erning the friction coefficient. As shown in Fig. 9, together with Figs. S4 
and S5, all systems exhibit a trend toward structural homogenization 
where the initial layering boundaries fade during the sliding process. 
However, the hybridization transition is strictly governed by the contact 
pressure.

At 10 GPa, the system exhibits a shear-dominated structural trans
formation. As shown in Figs. 9a, S4a, and S5a, the sp3 fraction de
creases markedly over the sliding process while the sp2 fraction rises. 
This trajectory indicates that the applied shear stress destabilizes the 
rigid sp3 network and promotes a transformation toward a softer sp2- 
rich configuration (Fig. 9c). The multi-period systems, particularly 
p3–10, possess a thinner surface monolayer that is kinematically un
stable against shear mixing. This structural softening diminishes the 
load-bearing capacity of the interface and increases the effective shear 
resistance, which is reflected by the higher friction coefficient of the 
multi-period films (Fig. 6c and Fig. S1). Conversely, the p1–10 system 
retains a thick and robust hard surface layer (Fig. S4a) that resists shear- 
induced unsaturation and thus maintains lower friction.

In contrast, increasing the pressure to 20 GPa activates a pressure- 
driven densification regime. The hybridization distributions in 
Figs. 9b, S4b, and S5b show that sp3 hybridized species accumulate 
significantly during the sliding process, while the proportion of sp2 

hybridized species tends to stabilize or decrease. This trend confirms 
that high compressive stress actively forces the conversion of unsatu
rated carbon into dense sp3 bonding. The multi-period architectures 
contain numerous soft interfaces that serve as fertile sites for this 
pressure-induced transformation. The modulation period functions as an 
asset for adaptive hardening under high pressure. The stress dispersion 

mechanism in nanoindentation also demonstrates that multi-period 
systems are better adapted to high-pressure environments. The p3–20 
system exhibits the most dramatic increase in sp3 fraction in Fig. 9c 
because its abundant soft material is effectively forged into a hard tri
bofilm. The p1–20 system, being initially saturated, lacks this adaptive 
capacity and shows minimal structural enhancement.

Therefore, the tribological behavior of modulated DLC films is 
defined by a critical pressure threshold that separates shear-induced 
softening from pressure-induced hardening. The modulation period 
determines the sensitivity of the film to these regimes. High modulation 
period accelerates structural unsaturation at low pressures but facilitate 
rapid adaptive densification at high pressures. This fundamental 
mechanism explains the frictional crossover and suggests that the 
optimal design of multilayer architectures must be tailored to the spe
cific contact pressure of the intended application. Although the simu
lated film thickness is much smaller than that of practical DLC films, the 
pressure-dependent structural evolution identified here occurs mainly 
within the near-surface contact region and can therefore provide 
atomistic guidance for thicker multilayer films.

4. Conclusion

This study has systematically explored the atomistic mechanisms 
governing the mechanical and tribological responses of periodically 
modulated DLC films via large-scale MD simulations. By linking the 
kinetic deposition to the in-situ structural evolution under different 
contact pressures, this work establishes a unified atomistic theoretical 
framework for modulated DLC films. The key conclusions are summa
rized as follows: 

Fig. 8. (a) Original morphology of the p2− 10 and p2− 20 systems before the sliding process, in which the enlarged ones are the coordination morphologies of the 
friction interface before and after friction processes. (b) Coordination number distribution during the friction process for the p2− 10 system. (c) Coordination number 
distribution during the friction process for the p2− 20 system. (d) Increase in C–C covalent bonding as the coordination number grows during the friction process.

N. Du et al.                                                                                                                                                                                                                                       Tribology International 224 (2026) 112370 

8 



• The modulation period is not merely a geometric parameter but a 
determinant of film quality. Frequent high-energy bombardment at 
periodic interfaces drives an in-situ densification of the soft layers, 
enhancing the global sp3 fraction and hardness. Mechanically, the 
multilayer architecture transforms the stress dissipation mode from 
"monolithic buffering" in single-period films to "distributed stress 
segmentation" in multi-period systems. The surviving soft interlayers 
segment peak stress accumulation into manageable discrete zones, 
thereby preventing catastrophic failure while maintaining load- 
bearing capacity.

• A fundamental crossover in frictional behavior governed by contact 
pressure is identified. At 10 GPa, the friction coefficient increases 
with modulation period, whereas at 20 GPa, this trend is completely 
reversed, with multi-period systems exhibiting the lowest friction. 
These findings highlight that the "optimal" period is not an intrinsic 
property but is strictly dependent on the operational load regime.

• The frictional reversal originates from the competition between 
shear-induced softening and pressure-induced densification. At 
10 GPa, high-frequency modulation promotes shear-driven 

disordering and sp2-rich structural evolution, which increases the 
effective interfacial shear resistance. In contrast, at 20 GPa, high 
compressive stress facilitates the formation of a compact and satu
rated sp3-rich tribofilm, improving load-bearing stability and 
reducing shear resistance.

• These findings suggest that multilayer DLC films should be designed 
according to their specific service conditions. For high-pressure 
contacts, increasing the modulation period can activate pressure- 
induced densification and improve tribological performance. For 
lower-pressure conditions, preserving thicker and more stable layers 
is more favorable for resisting shear-induced degradation. This work 
provides atomistic guidance for designing load-adaptive carbon- 
based coatings.
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