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DLC coatings have great potential in semiconductor manufacturing due to their excellent friction and hydrogen
permeation barrier (HPB) properties. However, how H-atom irradiation affects interfacial structure evolution
and friction remains unclear, largely due to the limitations of in situ characterization techniques. This study
combines molecular dynamics simulations and experiments to investigate the effects of H-atom irradiation on the
interfacial structure and frictional properties of Fe substrate/DLC coatings. The hydrogen permeability of DLC is
approximately three orders of magnitude lower than that of the Fe substrate (~10%), indicating superior
hydrogen resistance. H-atom irradiation degrades the friction of the Fe substrate by producing lattice phase
transitions and interfacial defects. In contrast, H-atom irradiation enhances the structural order of the DLC
coating by modifying the carbon bonding at the interface, improving strain distribution, and reducing local stress
concentrations. This strain control improves the durability of the graphene-like six-membered ring structure
formed at the friction interface, thus enhancing the DLC friction performance under H-atom irradiation. This
study elucidates the atomic-scale mechanisms for hydrogen-induced structural evolution and enhancement of
frictional properties in DLC coatings and offers insights into their applications to semiconductor manufacturing.

1. Introduction

Hydrogen plasma is an ionized gas consisting of positively charged
hydrogen ions (H"), electrons (e”), neutral hydrogen atoms (H),
hydrogen molecules (Hz), and energetic particles. It is widely used in the
etching of thin films as well as cleaning and modification of surfaces [1].
As a core process medium for semiconductor manufacturing, its highly
reactive particle environment induces severe surface degradation on
precision components (such as slide rails), which will affect its friction
performance [2-4]. Continuous hydrogen permeation into steel sub-
strates triggers hydrogen embrittlement, resulting in microcrack initia-
tion and mechanical property deterioration, which has emerged as a
critical bottleneck in limiting the service lifetime of semiconductor
equipment [5]. Owing to their exceptionally small atomic radius,
hydrogen atoms preferentially diffuse along defect pathways including
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grain boundaries and dislocations, causing a synergistic deterioration of
both strength and toughness in structural materials [6-9]. Therefore,
developing lubricant coatings with hydrogen embrittlement and corro-
sion resistance is crucial to addressing wear failure in hydrogen plasmas.

Diamond-like carbon (DLC) coatings have significant potential as
wear-resistant coatings on precision components in semiconductor
equipment because of low friction, superior wear resistance, high
hardness, and excellent chemical inertness [10-12]. High-density DLC
coatings are also effective hydrogen barriers [13-15]. Abbas et al. [16]
have studied the gas barrier properties of DLC coatings. Owing to the
amorphous structure of DLC coatings, the nanopores in the films serve as
‘hydrogen traps’ to reduce hydrogen permeation [17-19]. Tamura et al.
[20] have discovered that DLC coatings with a high concentration of
hydrogen have high hydrogen permeability resistance because hydrogen
influences the bonding state of carbon and alters the density and
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hardness of the materials. At low hydrogen content, the density and
hardness of the coating increase, leading to improved wear resistance.
Conversely, if the hydrogen concentration is large, "hydrogen traps’ can
be occupied by hydrogen atoms to block the diffusion of hydrogen
through the coatings. However, due to constraints in temporal and
spatial resolution, most studies have primarily focused on experimental
observations. Consequently, it is important to gain a better under-
standing of the structural evolution and underlying mechanism of DLC
coatings during exposure to hydrogen plasmas.

Molecular dynamics (MD) simulation is a powerful method that can
overcome the limitations of spatial and temporal resolution in experi-
mental research. Due to its unique in-situ observation advantages, it has
become a popular tool for studying the mechanisms of diamond-like
carbon (DLC) coatings [21-26]. For instance, Shi et al. [23] have stud-
ied the effects of the C-atom irradiation dose on the mechanical prop-
erties of amorphous carbon (a-C) films and determined the intrinsic
relationship between structural changes and materials properties. In
another study, Shi et al. [24] have explored the interactions and
mechanism of atomic oxygen (AO) irradiation on amorphous carbon and
the direct correlation between the interfacial atom removal and inter-
facial bonding energy. However, research on hydrogen irradiation ef-
fects in diamond-like carbon (DLC) coatings remains scarce, with
existing studies predominantly addressing carbon, oxygen, and swift
heavy ion irradiation [25].

Owing to the limitations in temporal and spatial resolution of con-
ventional experimental approaches, the underlying mechanisms gov-
erning irradiation-induced structural evolution in thin films remain
incompletely understood. Moreover, a comprehensive assessment of the
mechanical properties (especially tribological properties) of irradiated
films is particularly lacking. To address the aforementioned limitations,
molecular dynamics (MD) simulations are performed to systematically
investigate the effects of H-atom irradiation on the interfacial structural
evolution of the Fe substrate/DLC coating system. The diffusion
behavior of hydrogen atoms and the influence on the tribological
properties are investigated. The simulation results, validated with
experimental data, demonstrate excellent accuracy and reliability. This
study not only provides fundamental insights into the irradiation-
induced structural evolution of DLC coatings, but also lays a scientific
foundation for facilitating their application in addressing key friction
and wear challenges in the semiconductor industry.

2. Computational methods and experimental details
2.1. Molecular dynamics calculations

The diffusion behavior of hydrogen atoms at the interface between
the Fe substrate and DLC coating was investigated using the large-scale
atomic/molecular massively parallel simulator (LAMMPS) [27], and the
effects of hydrogen irradiation on the friction properties were deter-
mined. The simulation results were visualized using the open visuali-
zation tool (OVITO) [28]. To facilitate the discussion and differentiation
of the samples under various conditions, the following nomenclature
was adopted in this study: Fe denoting the pure Fe substrate without
irradiation, H Fe denoting the Fe substrate irradiated with hydrogen
atoms, DLC denoting the diamond-like carbon coating without irradia-
tion, and H DLC denoting the diamond-like carbon coating irradiated
with hydrogen atoms. The simulations were carried out using the
following interatomic potentials. The adaptive intermolecular reactive
empirical bond order (AIREBO) potential, which described C-C, C-H,
and H-H interactions in DLC coatings, was adopted to simulate the
chemical reactions and intermolecular interactions in amorphous car-
bon systems [29]. The Tersoff potential described the C-C interactions in
the frictional counterpart of diamond [30]. The embedded atom method
(EAM) potential described Fe-Fe, Fe-H, and H-H interactions [31], and
the Lennard-Jones (L-J) potential function was used to describe the in-
teractions between frictional counterparts, DLC coatings, Fe substrates,
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and hydrogen atoms. The interaction parameters for the L-J potential
function are listed in Table 1 [32,33].

The simulation system consisted of the Fe substrate and DLC coating
with dimensions of 90 A x 90 A x 45 A. To mitigate boundary effects
[34,35], periodic boundary conditions were applied in the X- and
Y-directions, while free boundary conditions were applied in the Z-di-
rection. The Fe substrate was modeled as a body-centered cubic (BCC)
lattice containing 30799 Fe atoms. The DLC coating, comprising 46552
C atoms, was constructed by the ’liquid quenching’ method, which had
been demonstrated to accurately reproduce the properties of DLC
coatings in experimental studies [36-38]. The construction process
involved four steps: melting, constant temperature, quenching, and
relaxation. Initially, a crystalline diamond block was heated rapidly to
8300 K at a rate of 1000 K/ps. The system was maintained at 8300 K for
10 ps to achieve temperature equilibration and then quenched to 300 K
at a rate of 1000 K/ps. Finally, to eliminate residual stresses, the system
was relaxed for 30 ps using the NPT ensemble at 300 K. The resulting
DLC model had a density of 2.6 g/cm3 [39].

In the H-atom irradiation simulation, atoms in the 0-5 A region at the
bottom of the model were fixed to ensure structural stability during
irradiation. The 5-15 A region was designated as the thermostatic layer,
and its temperature was maintained at 300 K by a Langevin thermostat.
The 15-45 A region was designated as the Newton layer. Prior to irra-
diation, structural relaxation was performed to the DLC layer at 300 K to
produce the optimal atomic configuration and energy minimization.
During irradiation, hydrogen atoms were directed toward the model
surface with an initial kinetic energy of 100 eV from a 90 A x 90 A
irradiation region positioned at 45 A above the surface. The choice of
hydrogen atoms (rather than hydrogen ions) as incident particles was
based on the following rationale. At low kinetic energies, energy transfer
is predominantly governed by nuclear collision processes, and the
contribution of electron interactions can be neglected [40]. The irradi-
ation time interval was set to 2 ps to ensure the complete interaction
between each hydrogen atom and surface. Fig. S1 illustrates the tem-
poral evolution of kinetic energy, potential energy, total energy, and
interfacial temperature as functions of irradiation time. A total of 200
hydrogen atoms were irradiated using a time step of 0.1 fs/step. The
irradiation process is illustrated in Fig. 1a. To characterize the motion
state of hydrogen atoms in the model after irradiation and their influ-
ence on the evolution of the bonding structure, a 100 ps dynamic
simulation was performed for the irradiated model. The mean square
displacement (MSD) of hydrogen atoms, the "hydrogen diffusion coef-
ficient" and the spatial non-uniformity (h) of carbon atom distribution
were calculated. The MSD was calculated as follows [41]:

MSD(t) =r*(t) :% >_Ir(®) = n(0)? @

where N is the number of i atoms in the system and r;(t) and r;(0) are
the positions of the i, atom at time t and 0, respectively. The calculation
method for the "hydrogen diffusion coefficient" is shown in Eq. (2).

1 ¢ )
D= lim ; Iri(t) — r:(0)] 2

The coefficient before the MSD takes the value of 1/6 for a three-
dimensional system. The expression for the spatial non-uniformity (h)
of the carbon atom distribution is shown in Eq. (3) [42]:

Table 1

Lennard-Jones energies (¢) and distances (A) for C, Fe and H.
Species e (eV) o (;\)
Cc-C 0.00284 3.4
C-H 0.00207 3.025
C-Fe 0.02495 3.7
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Fig. 1. Simulation process: (a) Schematic of the MD model for H-atom irradiation of DLC films, (b) Schematic of the MD model for friction between the diamond

frictional counterpart and hydrogen atom irradiated DLC films.
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where h is the local inhomogeneity parameter. The closer the value
to 1, the more the atoms are clustered together. N represents the number
of atoms, r is the smallest integer that satisfies 25k N, m; is the number
of atoms contained in each grid element, and m is the average of m;.

In the friction simulation, the fixed layer, thermostatic layer, and
Newton layer of the model were consistent with those used in the irra-
diation simulation, as shown in Fig. 1b. A frictional counterpart
composed of diamond atoms with a radius of 15 A was utilized. To
prevent the deformation of the diamond frictional counterpart under
load and friction, it was defined as a rigid body. The time step was set to
0.5 fs/step. The simulation was divided into three stages: relaxation,
loading, and friction. In the relaxation stage, to ensure no initial inter-
action between the model and the diamond frictional counterpart, the
frictional counterpart was positioned 20 A above the model surface
along the Z-axis. The system was relaxed for 10 ps to achieve a steady
state and eliminate residual stresses from the initial structure. In the
loading stage, the diamond frictional counterpart was moved along the
Z-axis at a speed of 0.2 A/ps until a predetermined loading depth of 5 A
was reached. In the friction stage, at a sliding speed of 0.2 A/ps, the
diamond frictional counterpart was moved horizontally along the X-
axis. The frictional counterpart slid out of the model from its initial
position, re-entered from the same position, and completed five friction
cycles. The friction process is illustrated in Fig. 1b. In order to charac-
terize the distribution of interface stress during the friction process, the
hydrostatic stress and Von-Mises stress of the friction interface were
calculated. The calculation of hydrostatic stress and Von-Mises stress is
as follows [43,44]:

1
Otyd =3 (614024 03) (C))

1
Ovon = \/3(‘7%2 +oly+0%) +35lon - 02)* + (03 = 03)" + (03 — 01)”]

(5)

where 011, 622, 033, 612, 613 and 623 are the stress compo nents of atoms
in the Newtonian layer. The calculating of wear rate is as follows [45,
46]:

Vv

K:FXS ©

where V is the total loss volume (10\3) of the film caused by wear, F is the

contact force, and S is the total friction distance (f\).

2.2. Materials preparation, tribological assessment, and characterization

The substrate for DLC deposition was X70 industrial pipeline steel
with dimensions of 50 x 30 x 1.5 mm. Prior to deposition, the substrate
was cleaned ultrasonically in deionized water and anhydrous ethanol.
The DLC coating was fabricated in a DC magnetron sputtering system.
Initially, the sample was positioned in a vacuum chamber evacuated to a
base pressure of 1 x 10~° Pa, followed by the introduction of high-purity
Ar (99.9995 %) to reach a working pressure of 0.4 Pa. Surface pre-
treatment was performed by applying 1000 V to a linear ion source, and
Ar plasma cleaning was conducted for 30 min to activate the surface. To
enhance interfacial adhesion, a Ti interlayer was deposited by sputtering
of a high-purity Ti target (99.9 %) for 20 min at —100 V using a pulsed
DC power supply (500 W). Subsequently, a Ti-C gradient transition
layer was synthesized by co-sputtering of C (99.9 %) and Ti targets. The
Ti target power was reduced linearly from 500 W to 0 W while the C
target power increased from 0 W to 500 W during the 30-min deposition
period. Finally, the DLC film was deposited for 120 min at a constant
bias voltage with the C target maintained at 500 W. The experimental
parameters are presented in Table 2.

In the hydrogen plasma treatment, both the uncoated and diamond-
like carbon (DLC)-coated specimens were positioned in a vacuum
chamber for plasma irradiation. Prior to treatment, the chamber was
evacuated to a base pressure of 1.5 x 10~ Pa using a turbomolecular
pump. A gas mixture of argon and hydrogen (5 % Hj) was subsequently
introduced through a mass flow controller at 20 standard cubic centi-
meters per minute (sccm), establishing a working pressure of 0.15 Pa.
Plasma generation was achieved using a linear ion source powered by a
pulsed DC supply operating in constant-voltage mode (1200 V, 0.05 A),
delivering an effective power of 60 W. The substrate holder was main-
tained at a negative DC bias of —100 V to optimize ion flux

Table 2
Experimental parameters of DLC deposition.
Step Ti target C target Substrate bias Time
power (W) Power (W) voltage (V) (min)
Ion cleaning 0 0 —100 30
Ti layer 500 0 —100 20
Gradient 500 - 0 0 — 500 —100 30
layer
Carbon 0 500 —100 120
layer
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directionality, and the hydrogen plasma irradiation lasted for 60 min.
During the experiment, due to the thermal effect of the plasma, the
temperature of the chamber increased by about 5 K. The sample was
removed by cooling after irradiation.

Field-emission scanning electron microscopy (FE-SEM, SU8600) was
performed at 5 kV to examine both the surface and cross-sectional
morphologies of the unirradiated and H-atom irradiated DLC coatings.
Laser confocal micro-Raman spectrometry (HJY LabRAM Odyssey) was
employed to monitor the structural evolution of DLC coatings during H-
atom irradiation and friction processes. X-ray photoelectron spectros-
copy (XPS, Kratos Axis Supra®, UK) was utilized to determine the
chemical composition of the coatings before and after the tribological
test. The tribological properties were determined on a ball-on-disc
tribometer (MS ETC3000) with GCr15 steel balls (3 = 6 mm) as coun-
terparts under the following conditions: 5 N normal load, 200 rpm
rotational speed, 5 mm wear track radius, and 30-min test duration. The
wear track morphology was quantitatively analyzed by 3D optical pro-
filometry (Talysurf CLI 1000).

3. Results and discussion
3.1. Irradiation-induced interfacial microstructural modification

H-atom irradiation forms vacancy defects on the Fe surface, as shown
in Fig. 2a. Hydrogen atoms predominantly occupy the interstitial sites in
the Fe substrate lattice. The phenomenon is attributed to vacancy
occupation facilitated by the inherent interstitial structure of the Fe
lattice coupled with the small atomic radius and high chemical reac-
tivity of hydrogen [5]. Analysis of hydrogen atom trajectories in the Fe
substrate (Fig. 2c1) reveals irregular diffusion patterns through lattice
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gaps [47,48]. The drawing of a schematic diagram of the diffusion
motion of H atoms in the Fe matrix is based on this, as shown in Fig. 2c2.
Computational analysis of the lattice structure evolution and interface
dislocation (Fig. 2c3-c4) demonstrates that hydrogen spurs the BCC
phase transformation, which increases with hydrogen concentration.
The interaction between hydrogen atoms and dislocations exhibits a
complex dual nature (Fig. S2), while increasing the hydrogen concen-
tration reduces the dislocation diffusion energy and enhances disloca-
tion mobility [48-50]. Hydrogen atoms also exhibit the tendency to
accumulate at and pin pre-existing interfacial dislocations, thereby
restricting their movement [51-53].

In contrast, when diffusing hydrogen atoms encounter dangling
carbon bonds in or on the DLC coating, they form stable C-H bonds, a
critical mechanism contributing to the hydrogen barrier properties [54,
55]. The amorphous DLC coatings have numerous irregular nanopores
[56]. When hydrogen atoms diffuse to these nanopores (Fig. 2d3), they
maintain the high energy states due to the absence of stable chemical
bonding. Notably, despite the lack of strong chemical interactions,
hydrogen diffusion remains constrained (Fig. 2d3) as surrounding car-
bon atoms create a weak van der Waals interaction barrier [20]. This
nanopore confinement mechanism, mediated by van der Waals forces,
impedes hydrogen atom diffusion in the DLC coating.

Based on dynamic simulation results of the H-atom irradiation
model, the hydrogen diffusion behavior of the Fe substrate and DLC
coating was compared (Fig. 3a-b). The distribution and clearer migra-
tion paths of hydrogen atoms (disregard of DLC or Fe morphology) are
shown in Fig. S3. The results reveal distinct diffusion characteristics: the
Fe substrate facilitates irregular hydrogen atom diffusion primarily
through lattice gaps, while the DLC coating shows substantial hydrogen
atom diffusion inhibition. Mean square displacement (MSD) calculations

Fig. 2. Morphological evolution and atomic-scale mechanisms of H-atom irradiated effects: (a) Surface morphological alterations of Fe substrate induced by H-atom
irradiation; (b) Structural modifications of DLC layer following H-atom irradiation; (c1) Three-dimensional trajectory mapping of hydrogen atoms within Fe substrate
(The blue line is the atomic motion trajectory); (c2) Enhanced trajectory visualization of hydrogen atoms on Fe substrate surface; (c3-c4) Atomic structure and
dislocation changes in Fe substrate during H-atom irradiation; (d1, d3) Magnified trajectory visualization of hydrogen atoms within DLC layer (The blue line is the
atomic motion trajectory.); (d2, d4) Three-dimensional trajectory mapping of hydrogen atoms diffusion in DLC layer. (For interpretation of the references to color in

this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Dynamic simulation analysis of the H-atom irradiation behavior: (a) Trajectory mapping of hydrogen atom diffusion on the Fe substrate surface (The green
line is the atomic motion trajectory.); (b) Hydrogen atom diffusion pathway on the DLC coating surface (The green line is the atomic motion trajectory.); (c—e) Mean
square displacement (MSD) profiles of irradiated hydrogen atoms along the x-, y-, and z-axes; (f) Comparative analysis of hydrogen atom diffusion coefficients in
different materials; (g) Evolution of the hybrid bond content in DLC coating during H-atom irradiation. (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)

of irradiated hydrogen atoms indicate greater diffusion tendencies along
the X, Y, and Z directions in the Fe substrate compared to the DLC
coating (Fig. 3c—e). These findings suggest that while the Fe substrate
supplies relatively unimpeded hydrogen atom diffusion pathways, the
DLC coating restricts hydrogen atom diffusion [14]. Quantitative anal-
ysis of the diffusion coefficients substantiates the observations, revealing
that the hydrogen diffusion coefficient in DLC is 1/1137 of that in the Fe
substrate (Fig. 3f). The results are in agreement with previous findings
[20]. Kinetic analysis reveals that the hybrid bonding structure at the
DLC interface exhibits remarkable stability, demonstrating that
hydrogen atom diffusion within the coating does not considerably
modify its structural configuration (Fig. 3g).

3.2. Irradiation-induced alterations of interfacial friction properties

By performing a comprehensive analysis of H-atom irradiation, the
lattice structure of the Fe substrate facilitates hydrogen atom diffusion
and H-atom irradiated surface defect formation, as shown in Figs. 2 and
3. In contrast, the DLC coating shows effective hydrogen adsorption and
retention without altering the hybrid bonding structure. The tribological
properties, which are crucial to the stable operation of semiconductor
manufacturing equipment, are assessed by evaluating the irradiation-
induced changes in the friction properties. Particularly, hydrogen-
induced surface modification of the Fe substrate and the hydrogen
adsorption characteristics of the DLC coating may influence the

tribological properties upon irradiation. Furthermore, irradiation-
induced surface defects, dislocation slips, and hydrogen adsorption
may evolve during friction to potentially alter the tribological response.
Therefore, the friction behavior of the non-irradiated and H-atom irra-
diation systems is determined to assess the irradiation effects on wear
properties of both the Fe substrate and DLC coating.

Fig. 4 displays the simulated results during friction. Fig. 4a presents
the friction curves of the four systems for five friction cycles (The load
variation during friction is shown in Fig. S4.). In the initial stage (0-90
A, first cycle), the friction decreases in the following order: H Fe > Fe >
DLC > H_DLC. The reduced friction of H DLC may be attributed to
surface reconstruction resulting from H-atom irradiation, which also
decreases the contact resistance [36]. Notably, both the Fe and H_Fe
systems exhibit significant friction fluctuations, showing an initial in-
crease and then a gradual decrease, resulting from substantial contact
stress and interfacial plastic deformation in the early stage, followed by
stress relaxation as friction progresses. The friction coefficient curves in
Fig. 4b reveal that both DLC systems have superior tribological prop-
erties, with H DLC showing enhanced stability throughout the test.
However, H_Fe shows a larger friction coefficient, indicating the detri-
mental effects of H-atom irradiation on the Fe substrate tribological
properties. Furthermore, as shown in Fig. 4c, the average frictional force
and coefficient of the system with the frictional force and coefficient of
the four models in the 3rd to 5th cycles are calculated. The DLC system
maintains an average friction force of 6.63 nN and a coefficient of 0.04.



H. Zhang et al.

Carbon 244 (2025) 120658

Fig. 4. Comparative analysis of the tribological properties of the non-irradiated and H-atom irradiated systems: (a) Frictional force evolution during sliding cycles;
(b) Friction coefficient variation profiles; (c) Quantitative comparison of average frictional force and coefficients; (d) Three-dimensional wear scar topographic maps;

(e) Cross-sectional wear scar morphology analysis; (f) Average wear rates.

H-atom irradiation slightly reduces the friction force to 5.15 nN while
maintaining the same coefficient. In contrast, the Fe substrate exhibits
higher frictions (16.60 nN, 0.39), which increases to 21.99 nN and 0.55
after H-atom irradiation, demonstrating substantial degradation.

The wear scar analysis (Fig. 4d—e) reveals distinct morphological
differences. The H_Fe surface shows pronounced wear marks (blue low-
value area) and wear debris (red-yellow high-value area). Conversely,
the DLC samples retain relatively smooth surfaces [57], with H_ DLC
showing further wear reduction. The wear rate calculations (Fig. 4f)
indicate that H-atom irradiation decreases the DLC wear rates from
2893 x 107 m x N ! xm 1 t02.61 x 107 m® x N1 x m_l, while
increasing the Fe substrate wear rates from 6.826 x 10 14 m?® x N7! x
m ! t0 9939 x 107 m® x N™! x m™L. Analysis of the wear scar
evolution for different cycles (Fig. S5) demonstrates that primary wear
occurs during the first cycle, and subsequent cycles show reduced wear
atom counts, consistent with the observed friction evolution. These
findings collectively demonstrate that, compared with the deterioration
of the tribological properties of the Fe substrate caused by H atom
irradiation, the DLC coating not only maintains excellent tribological
stability after the same irradiation, but also shows a trend of improved

performance in key properties (The data demonstrate a 22.3 % decrease
in friction coefficient and a 9.8 % decrease in wear rate of the DLC
coating when exposed to H atoms, in comparison to the unirradiated
original DLC coating.) compared to the unirradiated original DLC
coating.

3.3. Irradiation-induced microstructural modification of friction surfaces

The distribution of shear strain on the surface of non-irradiated (Fe)
and H-atom irradiation (H_Fe) Fe substrates is illustrated in Fig. 5al-a5
and 5b1-b5, respectively. The pronounced accumulation of Fe atoms
ahead of the friction pair demonstrates that both Fe and H_Fe models
experience substantial abrasive wear in the initial friction stage. This
phenomenon leads to the concentration of shear stress primarily on the
abrasive particles composed of accumulated Fe atoms in front of the
friction pair. As the interfacial accumulation of abrasive particles rea-
ches a critical level, the shear strain progressively localizes in the wear
debris regions flanking the wear scar.

In the H_Fe model, with prolonged friction duration, Fe atoms
migrate along the trailing edge of the frictional counterpart, signifying a
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Fig. 5. Surface shear strain and lattice composition analysis of unirradiated (Fe) and H-atom irradiated (H_Fe) Fe substrates: (al-a5) Interfacial shear strain of
unirradiated model with sliding distance, (a6-a10) Change of lattice composition of the unirradiated model with sliding distance, (b1-b5) Change of interfacial shear
strain of the H-atom irradiated model with sliding distance, (b6-b10) Change of lattice composition of the H-atom irradiated model with sliding distance.

transition in the wear mechanism from purely abrasive wear to a hybrid
mode incorporating both abrasive and adhesive wear components
(Fig. S6). This mechanistic transition (Fig. 5b1-b5) results in a higher
shear strain distribution at the interface of the H_Fe model and provides
direct evidence of the impact of H-atom irradiation on the frictional
behavior of the Fe substrate. Notably, the H_ Fe model shows conspicu-
ous residual stress clusters on the friction surface (Fig. 5b5), contrasting
with the unirradiated Fe model. This phenomenon can be ascribed to
lattice defects and localized structural modification due to the diffusion
of hydrogen atoms into the substrate. To elucidate the influence of H-
atom irradiation on the tribological properties of the Fe substrate, the
evolution of lattice structure with sliding distance is analyzed. The H_Fe
model shows a more pronounced phase transformation during friction
compared to its unirradiated counterpart. Furthermore, the interfacial
dislocation line density in the H_Fe model substantially exceeds that of
the unirradiated model, corroborating that hydrogen atom diffusion
facilitates lattice defect formation and dislocation multiplication [58,
59]. The accumulation of these defects and dislocations profoundly in-
fluences the characteristics of interfacial stress distribution and shear
behavior at the frictional interface.

In conclusion, H-atom irradiation produces significant microstruc-
tural modification in the Fe substrate, including lattice phase trans-
formation and interfacial defect formation. The diffusion behavior of
hydrogen atoms promotes lattice phase transition and dislocation pro-
liferation [59], consequently altering the friction properties. These
microstructural changes enhance the interfacial stress concentration and
strain distribution heterogeneity, ultimately affecting the wear mecha-
nism and interfacial shear stress distribution.

Fig. 6 illustrates the microstructural evolution and interfacial strain

distributions of the non-irradiated (DLC) and hydrogen-atom irradiated
(H_DLC) DLC coatings. A graphite-like multi-group six-membered ring
structure emerges at the wear scar of the DLC model (Fig. 6al-a3) under
frictional shear stress. The progressive transformation of interfacial
carbon chains into graphene-like six-membered rings is demonstrated in
Fig. 6a7-a9. These structural formations provide substantial evidence for
system stabilization during friction and contribute to the stabilization of
the friction coefficients. Furthermore, the presence of six-membered
ring structures corroborates the theoretical framework suggesting that
DLC coatings can develop sp? hybrid bonding configurations under
mechanical shear stress [60-62]. Notably, the graphitized structure in
the wear scar region exhibits instability. The reciprocating shear action
of the frictional counterpart system induces continuous bond-breaking
and reformation cycles in these six-membered rings (Fig. 6a4-a6). This
dynamic process accounts for the pronounced fluctuations observed
from the friction and coefficient curves of DLC coatings (Fig. 4a and b).
Stress distribution analysis indicates that hydrostatic stress in the
interfacial region is predominantly concentrated at the wear scar
(Fig. 6al0-al12), while the von Mises stress demonstrates a progressive
increase throughout the friction process (Fig. 6al3-al5). This stress
evolution (Fig. 6al15) ultimately leads to substantial strain concentration
at the wear scar. The structural instability of interfacial six-membered
rings during friction tests can be directly correlated with the increase
in interfacial stress and its spatial distribution characteristics.

In contrast, the HDLC coating exhibits a markedly different
behavior. The graphitized six-membered rings formed at the interface of
H-atom irradiation coatings maintain structural stability throughout the
friction process without significant bond rearrangement (Fig. 6b1-b3).
The enhanced stability can be primarily attributed to the incorporation
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Fig. 6. Analysis of the microstructure and interfacial strain of unirradiated (DLC) and hydrogen-atom irradiated (H_DLC) diamond-like carbon coatings: (a) Unir-
radiated DLC coatings: Microstructural evolution in the wear scar region (al-a3), Transformation of graphite-like six-membered ring structures in the wear scar (a4-
a6), Detailed progression of graphite-like six-membered ring structure formation (a7-a9), Hydrostatic stress distribution analysis (a10-al12), Von Mises stress evo-
lution with sliding distance (a13-al5); (b) H-atom irradiation DLC (H_DLC) coatings analysis: Microstructural modification (b1-b3), Evolution of graphitized six-
membered ring structures (b4-b6), Detailed transformation process of graphitized six-membered ring structures (b7-b9), Hydrostatic stress distribution changes

(b10-b12), Von Mises stress variation with sliding distance (b13-b15).

of hydrogen atoms. The stabilization mechanism operates through two
distinct pathways: (1) Hydrogen atoms form robust covalent bonds with
dangling carbon bonds (Fig. S7) and maintain the C-H bond integrity
during friction (Fig. 6b4-b7) and (2) H-atom irradiation substantially
reduces interfacial stress. This reduction is evidenced by the lower hy-
drostatic stress (Fig. 6b10-b12) and von Mises stress (Fig. 6b13-b15)
compared to the unirradiated DLC model, accompanied by effective
strain release. As shown in the stacked bar diagram of interface stress
distribution in Fig. S8, the H_ DLC model exhibits the following changes
in hydrostatic stress: the proportion of the 10-15 GPa interval decreases;
the proportion of the 5-10 GPa interval increases; and the proportion of
the <5 GPa interval also declines. Regarding von Mises stress, the H DLC
model shows that the proportion in the 70-80 GPa interval decreases,
while the proportions in the 60-70 GPa and <60 GPa intervals increase.
In summary, the DLC’s response to irradiation results in a shift towards
lower stress levels. Comparative analysis of interfacial shear strain
further confirms that the H_DLC coatings exhibit lower shear strain than
the unirradiated coatings (Fig. S9). These findings demonstrate that H-
atom irradiation mitigates the fracture and recombination of graphitized
six-membered ring structures during friction tests by optimizing the
interfacial stress distribution characteristics and reducing the shear
strain. Consequently, this process enhances the durability and stability.

Fig. 7a and b present the evolution of hybrid bonding configurations
in both unirradiated (DLC) and H-atom irradiated (H-DLC) DLC coatings
during friction tests. When the sliding distance is 0 A, that is, before the
friction starts, the sp® bond content of the DLC film irradiated by H

atoms (9.9 %) is higher than that of the unirradiated DLC coating (9.6
%). The data reveal a progressive reduction in sp* hybridized bonds in
both DLC and H-DLC systems as friction progresses due to the stress-
induced reconfiguration of surface carbon atoms under compressive
loading [63]. Compared to the H-DLC system, the DLC interface main-
tains a higher concentration of sp? bonds.

To elucidate the mechanistic influence of H-atom irradiation on the
structural evolution of DLC coatings during tribological processes, the
hybrid bond transformations in the wear scar interface are studied (x:
0-90 A, y: 25-55 A, z: 39-45 A, as detailed in Fig. S10). Fig. 7c and
d reveal larger fluctuations in the sp? and sp® contents at the DLC friction
interface compared to the H-DLC coating, suggesting that irradiation
with hydrogen atoms increases the structural stability of the DLC
coating, in agreement with Fig. 3g. This improvement primarily arises
from that the hydrogen-mediated modulation of carbon bonding states
increases the sp hybrid bonds at the friction interface., thus enhancing
the compressive strength and suppressing fracture of interfacial carbon
bonds [61,64,65]. The hydrogen permeation-induced structural stabi-
lization mechanism of the DLC coating enhances both the wear resis-
tance and long-term operational stability of the system.

Fig. 8a and b present the atomic configurations of carbon atoms in
the DLC coatings at the friction termination stage analyzed by the
Voronoi tessellation methodology [23,66]. Both the unirradiated (DLC)
and H-atom irradiated (H-DLC) coatings show 17-19 face polyhedra.
H-atom irradiation increases the population of 15-face and 17-face
polyhedra, demonstrating the influence of hydrogen atoms on the
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Fig. 7. Analysis of the hybrid bond contents in non-irradiated (DLC) and H-atom irradiated (H_DLC) DLC coatings (The green, orange, and purple lines represent
changes in sp’, sp?, and sp® bond content, respectively): (a) Change of the hybrid bond content in non-irradiated DLC coatings, (b) Change of the hybrid bond
content in H-atom irradiated DLC coatings, (c) Change of the hybrid bond content at the wear marks of non-irradiated DLC coatings, (d) Change of the hybrid bond
content at the wear marks of H-atom-irradiated DLC coatings. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)

atomic stacking configurations. Gaussian distribution analysis reveals
reduced peak intensity after H-atom irradiation. Both systems display
distinct three-fold and four-fold symmetries (Fig. 8b), and the Gaussian
fitting curves of the Voronoi polyhedron edge numbers mirror the facet
distribution trends.

The spatial non-uniformity of the atomic distributions is quantita-
tively characterized using the local spatial non-uniformity parameter
(h), as shown in Fig. 8c. H-atom irradiation reduces the initial h value
from 0.34 to 0.31, indicating enhanced structural ordering. Comparing
the data at the end of the friction process, the structural ordering of both
coatings shows significant improvement, with the unirradiated DLC
exhibiting an increase of 14.7 % and the H-DLC system 19.4 %. The
differential enhancement confirms hydrogen’s efficacy in promoting the
transition of plastic deformation regions from disordered to ordered
states, consistent with the observed sp> hybridization trends at the
interface (Fig. 7). Frictional interface temperature monitoring (Fig. 8d)
reveals lower thermal generation in the H-DLC coatings, further
corroborating the enhanced stability by hydrogen incorporation. The
temperature variation clouding diagram of the friction interface is
shown in Fig. S11. The interface temperature of both systems is below
the hybrid bond transition threshold (1000 K), indicating that interfacial
bond transformations are predominantly stress-mediated rather than
thermally activated [67]. In conclusion, hydrogen incorporation opti-
mizes the structure via enhanced atomic ordering and improved inter-
facial strain distributions. Structural modification improves the stability
of graphitic six-membered rings and mitigates interfacial fracturing and
reorganization through localized stress reduction.

3.4. Experimental validation

To validate the simulation results, DLC coatings are fabricated by DC
magnetron sputtering and then undergo H-atom irradiation. The results
reveal a thinner coating after H-atom irradiation due to etching
(Fig. S12) [24,68,69]. The surface morphology changes after hydrogen

bombardment, showing diminishing or disappearing cauliflower-like
structures and improved planarity and uniformity (Fig. S12-S14). To
ensure the experimental reliability, tribological testing was performed
on both diamond-like carbon (DLC) coatings and iron substrates sub-
jected to pure Ar plasma treatment (Fig. S15). The experimental results
revealed that pure Ar plasma treatment reduces the initial friction co-
efficient of the Fe substrate (Fig. S15a), which can be attributed to the
surface cleaning effect induced by Ar plasma. Subsequently, the friction
coefficient demonstrated a gradual increase, though with smaller
amplitude fluctuations compared to Fe substrates treated with Ar/Hy
mixed plasma. This contrast further confirms the critical role of
hydrogen components in chemically modulating the friction interface.
For DLC coatings, the friction coefficient of Ar-treated specimens began
decreasing at approximately 1100 s, while those treated with Ar/Hj
plasma entered the friction reduction and stabilization phase around
700 s (Fig. S15a). Raman spectroscopy analysis revealed distinct struc-
tural changes: the Ip/Ig ratio showed a slight decrease from 1.07 to 1.01
for pure Ar treatment, compared to a more substantial reduction to 0.95
for Ar/H; treatment (Fig. S15b and Fig. 9e). These results indicate that
hydrogen more effectively facilitates the reconstruction of carbon bond
structures at the DLC interface. In summary, it is reliable to use a mixture
of Ar/H; mixed plasma instead of pure Hy plasma in this study. Tribo-
logical evaluation is conducted by systematic friction tests on the un-
coated substrates and DLC coatings, as shown in Fig. 9a—c. The H-atom
irradiated DLC coatings have reduced friction coefficients and enhanced
wear resistance, while the uncoated substrate shows a contrasting
behavior. The experimental results indicate that the friction coefficient
(CoF) of the iron matrix increased from 0.46 to 0.61 after irradiation,
representing a 32.61 % rise. The wear rate rose from 620.58 x 10 x
107 m® x N7! x m™ to 744.08 x 107" m® x N™' x m™, 2 19.90 %
increase. For the DLC coating, the friction coefficient decreased from
0.30 to 0.26 (a 13.33 % reduction), while the wear rate dropped from
731x107m*x N 1xm1t03.16 x 107" m® x N~! x m’l, marking a
56.77 % reduction. The simulation results show that after irradiation,
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Fig. 8. Changes in the parameters of unirradiated (DLC) and H-atom irradiated (H_DLC) DLC coatings during friction tests: (a) Changes in the number of Voronoi
polyhedron faces with the curve in the graph being the Gaussian fit corresponding to the color of the bar graph; (b) Changes in the number of Voronoi polyhedron
edges with the curve in the graph being the Gaussian fit corresponding to the color of the bar graph; (c) Changes in the local spatial non-uniformity; (d) Changes in
the interface temperature during friction. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

the friction coefficient of the iron matrix increased from 0.39 to 0.55 (a
41.03 % increase). The wear rate rose from 68.263 x 107 m3 x N1 x
m! t0 99.39 x 107 ® m® x N™! x m™, a 45.60 % rise. The friction
coefficient of the DLC coating remained stable at 0.04. Its wear rate
decreased from 2.893 x 107 m3 x N™! x m™! to 2.61 x 1071° m® x
N1 x m™!, a 9.78 % drop. The trends in the experimentally measured
friction coefficients and wear rates (Fig. 9a—c and Fig. S14) align well
with the simulation results (Fig. 4), considering the significant scale
differences and inherent simplifications of the simulation model.
Microstructural characterization is performed by Raman scattering, and
Gaussian deconvolution shows peaks at 1380 cm ™~ * (D band representing
disordered structures) and 1560 c¢cm~' (G band corresponding to
graphitic structures) from both the unirradiated and H-atom irradiated
coatings (Fig. 9d and e). Fig. 9d and e show that the Ip/Ig ratio of the
unirradiated sample exhibits a minimal increase of approximately 0.01
following friction. This change aligns with the molecular dynamics
simulation results (Fig. 7). These findings suggest that transiently
formed graphene-like structures lack thermodynamic stability. In
contrast, the irradiated sample shows a more pronounced Ip/Ig ratio
increase of ~0.08 post-friction, indicative of enhanced sp? bond for-
mation at the interface. This observed trend corresponds well with
simulation predictions (Fig. 7), where hydrogen irradiation facilitates
structural modifications that promote sp? hybridization during tribo-
logical processes. [70,71], consistent with Figs. 6 and 7. X-ray photo-
electron spectroscopy (XPS) confirms the larger sp°® content after H-atom
irradiation in agreement with Fig. 7. The observed decrease in the Ip/Ig

10

ratio after H-atom irradiation (Fig. 9d and e) stems from the passivation
of dangling carbon bonds by hydrogen atoms, which promotes the for-
mation of sp® hybridized bonds and enhances interfacial structural
ordering. The experimental findings are in excellent agreement with the
simulation results in Fig. 8.

4. Discussion

According to the simulated and experimental results, a friction
model is established to elucidate the influence of H-atom irradiation on
the tribological behavior and underlying mechanisms of the Fe substrate
and DLC coating, as shown in Fig. 10. The diffusion dynamics of irra-
diated hydrogen atoms in the Fe substrate modifies the microstructure
by primarily generating surface defects and proliferating dislocations
(Fig. 10b) [47-49,58]. These microstructural alterations change the
transition in the friction mechanism of the Fe substrate from conven-
tional abrasive wear to a composite wear mode incorporating both
abrasive and adhesive components (Fig. 10d). In this composite mode,
the interfacial stress and strain concentrations are amplified due to
enhanced adhesion between abrasive particles and the Fe substrate,
ultimately compromising the friction through intensified localized wear.
With regard to the DLC coatings, H-atom irradiation shows a distinct
mechanism. As shown in Fig. 10c, the primary interactions between
irradiating hydrogen atoms and the DLC coating occur through C-H
bond formation and pore binding [54,55]. These interactions yield two
significant benefits: (1) enhancement of the coating structure and



H. Zhang et al. Carbon 244 (2025) 120658

Fig. 9. Experimental results of unirradiated and H-atom irradiated samples: (a) Friction coefficient curves, (b) Average friction coefficients, (c) Wear volumes, (d)
Raman spectra of unirradiated DLC coating surface and wear pit, (¢) Raman spectra of H-atom irradiated DLC coating surface and wear pit, (f) XPS spectra of
unirradiated and H-atom irradiated DLC coating.

Fig. 10. Mechanism of the friction properties of amorphous carbon films after H-atom irradiation: (a) Schematic diagram of the experimental process of H-atom
irradiation, (b) Effects of H-atom irradiation on the Fe substrate structure, (c) Effects of H-atom irradiation on the DLC layer structure, (d) Friction mechanism of H-
atom irradiation on the Fe substrate, (e) Friction mechanism of H-atom irradiation on the DLC layer.

ordering, and (2) reduction of the interfacial interaction energy [36,72, has substantially better wear resistance and durability in the friction
731, which facilitates strain relaxation at the interface. The graphitized test.

six-membered ring structures, initially susceptible to stress concentra-

tion, have improved stability during friction due to hydrogen atom in- 5. Conclusions

teractions. This stabilization effect enables gradual interfacial strain

release to prevent structural fracture or slip. Consequently, the coating Molecular dynamics simulations and experimental investigations are

11



H. Zhang et al.

performed to systematically analyze the diffusion behavior of hydrogen
atom irradiation on the material properties and the impact on the
interfacial structural evolution between the Fe substrate and DLC
coating. Our findings reveal that the DLC coating shows approximately
three orders of magnitude better hydrogen permeation barrier proper-
ties than the Fe substrate. H-atom irradiation enhances the structural
ordering of the film by facilitating the evolution of carbon atom bonding
states, as evidenced by Raman scattering and X-ray photoelectron
spectroscopy. Tribological evaluations indicate that hydrogen atoms
degrade the frictional properties via two primary mechanisms: lattice
phase transitions in the Fe substrate and generation of interfacial de-
fects. Conversely, H-atom irradiation enhances the durability of the six-
membered ring structure formed at the friction interface by optimizing
the strain distributions at the DLC coating interface and mitigating local
stress concentrations. This investigation provides comprehensive
atomic-level insights into the structural evolution and tribological
properties of DLC coatings upon H-atom irradiation and valuable guid-
ance for their implementation in semiconductor applications.
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Supplementary Material

Fig. S1. Time-dependent evolution of kinetic energy, potential energy, total energy,

and interfacial temperature during hydrogen irradiation.

Fig. S2. The dependence of atomic structure and dislocation evolution on the

irradiation dose of hydrogen atoms in Fe matrix: (a) 50 hydrogen atoms, (b) 100
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hydrogen atoms, (¢) 150 hydrogen atoms, (d) 200 hydrogen atoms.

Fig. S3. The distribution and trajectory of hydrogen atoms: disregard of the
morphology of DLC and Fe. (The green line represents the trajectory of the atom, and

the red sphere represents the H atom.)
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Fig. S4. The load variation during friction

Fig. S5. Analysis of cross-sectional wear scar morphology between non-irradiated
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system and h-atom irradiation system: (a) unirradiated DLC coating, (b) H-atom
irradiated DLC coating, (c) unirradiated Fe substrate, (d) H-atom irradiated Fe

substrate.

Fig. S6. The left view of the surface shear strain of unirradiated (Fe) and H-atom

irradiated (H_Fe) Fe substrates.
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Fig. S7. Radial distribution function for C-H.

Fig. S8. Stacking bar chart of the interface stress distribution ratio, (a) Hydrostatic

stress, (b) Von Mises stress
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Fig. S9. Presents an analysis of stress strain variation with sliding distance in both
unirradiated (DLC) and hydrogen-atom irradiated (H_DLC) DLC coatings: (a)

unirradiated DLC coating, (b) H-atom irradiated DLC coating.

Fig. S10. Data extraction model for quantifying the variation of hybrid bond content
within the wear scar interface, with green atoms representing the computational

domain.
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Fig. S11. Spatial temperature distribution profile at the frictional contact zone.

Fig. S12: The surface and cross-sectional morphologies of unirradiated DLC coatings

(a-b) and H-atom-irradiated DLC coatings (c-d) were characterised using field
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emission scanning electron microscopy.

Fig. S13. Surface topography characterization of unirradiated and H-atom irradiated
samples using optical profilometry: (a) unirradiated Fe substrate, (b) H-atom
irradiated Fe substrate, (c) unirradiated DLC coating, (d) H-atom irradiated DLC

coating.
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Fig. S14. Wear scar morphology analysis of unirradiated and H-atom irradiated
samples using optical profilometry: (a) unirradiated Fe substrate, (b) H-atom
irradiated Fe substrate, (c) unirradiated DLC coating, (d) H-atom irradiated DLC

coating.

Fig. S15. (a) Friction coefficient profiles of specimens treated in pure Ar versus
Ar-hydrogen mixed plasma environments; (b) Raman spectra of pure Ar-atom

irradiated DLC coating surface.
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