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ARTICLE INFO ABSTRACT

Keywords: The distinctive hybridization structure of amorphous carbon (a-C) imparts remarkable mechanical and tribo-
Amorphous carbon logical characteristics, making it highly relevant for lubrication applications, particularly in critical sectors such
Irradiation

as nuclear energy. In this work, we employed molecular dynamics simulations to examine the effects of irra-
diation on the structural evolution and mechanical behavior of a-C. The findings indicate that with increasing
irradiation doses, the short-range order within the a-C is disrupted, leading to a substantial increase in sp> hy-
bridization. Then, nanoindentation simulations revealed a reduction in both hardness and elastic modulus as a
consequence of irradiation damage, associated with the transition in hybridization from sp® to sp? and the
associated creation of free volume. Furthermore, nanoscratch mechanical testing showed a slight increase in the
friction, primarily attributed to the weakened load-bearing ability of a-C after irradiation. Interestingly, a
metastable transition from sp? to sp° hybridization was observed on the scratched surface, which was concur-
rently validated by experiments as Raman spectroscopy and TEM-EELS. This study provides a detailed atomic-
level mechanism for the irradiation-induced damage on the structural bonding and mechanical properties of
a-C, offering guidance for its performance in nuclear reactors and the aerospace industry.

Nanomechanical behavior
Molecular dynamics simulation

1. Introduction research endeavors are dedicated to investigating the frictional perfor-

mance of a-C coatings, both prior to and after irradiation. Xu et al. [11]

Amorphous carbon (a-C) refers to a type of amorphous carbon ma-
terial characterized by a mixture of sp? and sp® hybridized carbon atoms
[1,2]. The distinct microstructural features and bonding configurations
of a-C merge the lubrication characteristics of sp>-hybridized carbon
with the mechanical strength of sp3— hybridized carbon [3,4]. This
amalgamation opens up wide-ranging possibilities for the utilization of
a-C in tribological applications, especially in critical environments such
as extreme temperature [5,6], vacuum [7], irradiation [8], etc.

The rapid expansion of nuclear energy in recent decades has resulted
in a significant demand for solid lubricants to be used in mechanical
components within nuclear facilities. a-C, as a remarkable option, has
found applications in plasma-facing material [9], rocker shaft and roller
pin [10], etc. Irradiation within nuclear reactors is a key element
contributing to the deterioration of material performance. Currently,
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conducted Ni ion irradiation experiments on a-C to investigate the
morphology as well as the mechanical and tribological properties of the
film. It was found that the local sp>-sp? transformation in the irradiation
area is an important factor leading to rapid failure of the lubrication
performance of the irradiated thin film. Shen et al. [12] found that Ni ion
implantation can reduce the wear resistance of a-C and cause delami-
nation upon friction. Nevertheless, up to this point, the majority of
existing research has not thoroughly examined the influence of the
irradiation dose on the mechanical characteristics of a-C, nor has it
aimed at clearly understanding the mechanisms behind the deteriora-
tion in wear resistance of thin films.

A thorough investigation into the evolution of bonds, the energy
transfer dynamics during irradiation, and the interactions between
incoming and matrix atoms is essential to gain a deeper insight into the
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Fig. 1. Process diagram of a-C model generation. The figure includes four steps in the NVE ensemble: heating, maintaining at 10,000 K, cooling, and maintaining at
300 K, and two steps in the NPT ensemble: relaxation in PPP (X-Periodic, Y-Periodic, Z-Periodic) and relaxation in PPS (X-Periodic, Y-Periodic, Z-“shrink wrapped™).

The inset is the radial distribution function of the model.
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Fig. 2. Schematic diagram of the irradiation process: (a) Irradiation model; (b) The overall morphology under different irradiation doses (The radiation doses of RO,
R1, R2, R3 are 0 atoms/cm?, 4-10** atoms/cm?, 8-10** atoms/cm?, and 12-10'* atoms/cm?, respectively); (c) Statistics of RMS roughness (pink) and R, (blue) for
each sample after irradiation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

possible damage mechanisms of a-C. The constraints imposed by tem-
poral and spatial resolution often hinder the direct observation of these
processes experimentally. Employing molecular dynamics (MD) simu-
lations offers a practical approach to overcome these challenges [13-16].
The simulation of friction processes involving a-C has consistently been
a highly popular research area [17-19]. Wang et al. [20] conducted
molecular dynamics simulations to study the friction mechanism at the
friction interface and the hybridization transformation in the bonding
structure of a-C coatings. Li et al. [21] examined how the frictional
performance of a specially designed a-C system correlates with sliding
velocity and contact pressure via reactive molecular dynamics simula-
tions. They found that changes in the interface structure from sp® to sp?
bonds are more influenced by contact pressure than by sliding speed,
highlighting the greater impact of mechanical stress over kinetic factors
in this context. However, the state of research on the irradiation effect
and mechanical behavior of a-C coatings is limited, with the majority of
studies concentrating on the swift heavy ion model [22,23].

Given the outlined circumstances, this research delves into the
typical behavior of irradiated a-C with a density of 2.8 g/cm?®, employing
molecular dynamics (MD) simulations to particularly assess bonding
and structural evolution. Furthermore, our study meticulously examines

the impact of irradiation on nanomechanical properties and the deteri-
oration of tribological characteristics, shedding light on the intrinsic
connection between structure and properties. By compiling these find-
ings, this study not only advances our understanding of how irradiation
influences the performance of a-C, but also lays a foundation for further
research and practical applications of a-C in the nuclear industry.

2. Simulation method

Carbon atoms are initially dispersed using the Packmol package
[24]. All simulations are conducted using the Large-scale Atom-
ic/Molecular Massively Parallel Simulator (LAMMPS) [25]. The ob-
tained simulation data is visualized with the Open Visualization Tool
(OVITO) [26].

2.1. Modeling

In preparation, we used the Packmol package to randomly disperse
80,000 carbon atoms into a 100 A x 100 A x 50 A box, which is much
larger than the size of the main cascading collision zones. The “liquid
quenching” method [27] is chosen to construct the a-C atomic model,
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which has been proven to accurately reproduce the experimentally
observed characteristics of a-C. Periodic boundary conditions are used in
the X, Y, and Z directions, and the melting and quenching processes are
simulated in the micro-canonical (NVE) ensemble. The time step was 0.1
fs in all simulations. The temperature is controlled using the “tem-
p/rescale” method. According to Hilbert et al.’s work [28], the model
construction process involves the following specific steps (Fig. 1): (1)
Increase temperature from 0.1 K to 10,000 K within 5 ps; (2) Maintain
temperature at 10,000 K for 5 ps; (3) Reduce the temperature to 300 K
within 1 ps; (4) Maintain temperature at 300 K for 5 ps; (5) Maintain 300
K and 0 GPa external pressure under the isothermal-isobaric (NPT)
ensemble via Nose-Hoover thermostat/ barostat for 5 ps; (6) Change the
periodic boundary conditions in + Z to free boundaries to generate a
free surface, and relax the free surface by running 20 ps in the NPT
ensemble to create an environment suitable for the bombardment pro-
cess. As a result, we have successfully established an a-C atomic model
with a density of 2.8 g/cm3. The radial distribution function (RDF) re-
veals a first peak positioned approximately at 1.54 A [29], a second
“pseudo peak” around 2.1 A resulting from the cutoff of the potential
[30], and a third, broad peak located around 2.52 A signifying a pro-
nounced structure with short-range order and long-range disorder
(Fig. 1 inset). We selected a cutoff distance of 1.85 A between the two
main peaks to determine the coordination number.

For the irradiation simulation, the incident carbon atom is positioned
above the central square (50 A x 50 A) within the model, carrying an
initial kinetic energy of 5 keV (Fig. 2(a)). The choice of carbon atoms
rather than ions is based on the knowledge that energy transfer is pri-
marily governed by nuclear collisions with low kinetic energies, thereby
allowing electronic interactions to be neglected [31]. The irradiation
process (cascade overlapping) is carried out using a variable time step
between 0.000001 fs and 0.5 fs to control the movement of atoms. The
continuous incidence of carbon atoms is simulated in the NVE ensemble,
and system stability is reached after 30,000 steps. The thermal energy
generated by irradiation is then absorbed using the Berendsen temper-
ature control method to maintain 300 K. The models where 100, 200,
and 300 carbon atoms randomly impinge on the surface are labeled as
R1, R2, and R3, respectively, while the unirradiated sample is desig-
nated as RO.

For nanoindentation simulations, the R0-R3 samples are structured
into three distinct layers: a fixed layer occupying the bottom 5 A, fol-
lowed by a 5 A thick temperature control layer positioned directly
above, and a Newtonian layer of approximately 45 A up to the surface
[32]. A diamond indenter of 20 A radius is pressed into the sample at a
velocity of 20 m/s to a depth of 15 A, held in place for 100 ps, and
subsequently retracted at the initial velocity. For nanoscratch simula-
tions, we replicate the irradiated model once along the x-direction. A
diamond indenter with a radius of 15 A is pressed into the sample to a
depth of 10 A and moved along the x-direction for 160 A at a speed of 20
m/s.

2.2. Interatomic potential

To precisely model the carbon atom interactions in this work, we
selected the Tersoff potential [33,34], which has been extensively
employed for simulations of a-C with relatively high-density (>2.6
g/crn3) [35,36]. Nevertheless, the Tersoff potential encounters chal-
lenges in accurately characterizing atom collisions at close proximity
during irradiation events. Consequently, we smoothly connected the
Ziegler-Biersack-Littmark (ZBL) universal repulsive potential [37] to
describe the interaction at close range using the Fermi function, which
predominantly controls the collision process [38,39]. The “dis-
tance-potential energy” curve is included in the Supplementary Mate-
rials. In addition, we selected the Lennard-Jones (LJ) potential to
describe the van der Waals (vdW) interactions between the carbon
atoms in the diamond indenter and the carbon atoms in the a-C matrix
during nanoindentation and the nanoscratch processes [33], with a
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depth of the potential well ¢ = 0.00284 eV and a zero-crossing distance ¢
= 3.4 A [40]. The diamond indenter is modeled as a rigid body, therefore
its internal interactions are neglected.

3. Material and methods

Thin a-C films were prepared on the surface of single-crystal silicon
substrates using magnetron sputtering [11] with a supply power of 1.8
+ 0.2 kW and a deposition time of 100 min. The total thickness of the
prepared carbon film was approximately 1.5 pm. The sample then un-
derwent carbon ion irradiation at a dose of ~10'° ions/cm? A
single-pass scratch was performed on the irradiated as well as the un-
irradiated reference samples using a tribometer (UMT Tribo, Bruker,
USA) with a normal force of 3 N. The surface morphology was examined
via Scanning Electron Microscopy (SEM, Supra 55, Zeiss, Germany), and
the hybridization states of carbon were analyzed using Raman spec-
troscopy (Alpha 300R, WITec, Germany) with wavelength of 532 nm. To
prepare thin lamellae of the scratched scar for transmission electron
microscopy (TEM, FEI Talos F200X, USA) observation, a focused ion
beam (FIB) system (FEI Helios G4 CX, USA) was utilized, electron energy
loss spectroscopy (EELS) is captured by double Cs-corrected TEM (FEI
Themis Z, USA).

4. Results and discussion
4.1. Irradiation simulations

4.1.1. Radiation-induced morphological changes

Based on the a-C model established in Section 2.1, as shown in Fig. 2
(b1), we observe that carbon atoms exhibiting sp! hybridization are
predominantly located on the surface [29]. The bulk structure of the
model comprises a mixed hybridization of sp? and sp® carbon atoms,
with the precise ratios detailed in the subsequent text. Besides, the
bulging of the central region can be obviously observed in Fig. 2(b) as a
result of the irradiation effect. To be more quantitative, we use the
Alpha-shape method [41] to extract atoms from the surface of the model
for roughness analysis. The root-mean-square (RMS) roughness is given
as follows:

(€3]

where S, is the RMS roughness, N stands for the number of surface
atoms, Z; is the position in Z direction of the i th atom and Z is the
average position in Z direction of all surface atoms. Fig. 2(c) suggests
that radiation can cause a significant increase in surface roughness of a-
C, as confirmed by experiments [11]. Also, an increase in irradiation
dose is accompanied by an increased surface roughness. Another
approach to assessing surface roughness involves measuring the height
difference between the highest peak and the deepest valley (R,), quan-
tifying the height of the irradiated protuberance. This quantity exhibits a
trend consistent with that observed in the RMS roughness data.

4.1.2. Structural changes caused by irradiation

Irradiation typically changes the stress state of materials. Therefore,
we calculated the average biaxial stress of a-C atoms during the irradi-
ation process, using the following formulas [42]:

N N
p, — 2k m‘;;wavkj 4 2k ‘r/ufu @
1
P:g[Pxx+Pyy+Pzz] (3)
3
0= 7§P (€]
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Fig. 3. Changes in biaxial stress, bond length, and bond angle in models with different irradiation doses: (a) Relationship between biaxial stress and irradiation dose,
continuously recorded during the irradiation process; (b) radial distribution function for each model, the inset shows an enlarged view of the peak ranging from 1.4 to
1.55 ;\; (c) General angle distribution functions (ADF) for the four models, demonstrating the changes in bond angle caused by irradiation; (d-f) ADF diagrams for the
different hybridization states (sp!, sp, sp®) of carbon atoms. The R0O-R3 samples are represented by green, yellow, purple, and navy, respectively. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Here, I and J take on values x, y and z; k is the kth atom in the
domain; N is the total number of atoms in the sample; my is the mass of
atom k; vy and vy are the Ith and Jth components of the velocity of atom
k; V is the volume of the sample; ry; is the Ith component of the position
of atom k; fi is the Jth component of the force applied on atom k; P
represents hydrostatic pressure; Pxy, Py, and P,; denote components of
stress tensors in the X, Y, and Z directions, respectively; ¢ represents
biaxial stress, the factor of 1.5 is according to McKenzie [43,44]. The
calculation results are shown in Fig. 3(a). The observation indicates that
a-C initially exhibits negative biaxial stress, commonly referred to
compressive stress in the unirradiated sample. With increasing irradia-
tion doses, there is a substantial rise in the compressive stress, which
then appears to stabilize after reaching a certain threshold, consistent
with experiments [45]. The compressive stress induced by irradiation
shortens the carbon-carbon covalent bond length, leading to a leftward
shift of the first peak in the RDF. Nevertheless, the bond length in the
R1-R3 samples remains relatively unchanged, attributed to the similar-
ity of compressive stresses in these three samples (Fig. 3(b)). The slight
increase in bond angle, as indicated by Fig. 3(c), is mainly attributed to
the difference in bond angles between sp? and sp® (120° vs. 109.5°).
Radiation causes a transition of carbon atom hybridization from sp® to
sp, resulting in an increase in the general angle distribution function
(ADF). The ADF diagrams for the different hybridizations of carbon
atoms are further provided in Fig. 3(d)—(f). It can be seen that the bond
angles for sp' hybridized carbon undergo significant changes after
irradiation, whereas those for sp> and sp> carbon atoms remain rela-
tively stable. This stability in sp? and sp® hybridized carbon bond angles
suggests that the structural changes induced by irradiation are depen-
dent on the hybridization state.

The atomic arrangements of a-C can be characterized using a Voronoi
tessellation method [46], which is commonly employed for the analysis
of amorphous materials [47]. As shown in Fig. 4(a), in all four models,
the prevalence of 15-17-sided polyhedra is evident. However, with
increasing irradiation doses, there is a decrease in the proportion of

15-17-sided polyhedra, while polyhedra with more than 20 (or fewer
than 14) faces are created. This trend gradually diminishes, leading to a
diverse evolution in face distributions across more or fewer directions,
which can also be clearly seen from the Gaussian fitting of Fig. 4(a).
Here, the abscissa of the Gaussian peaks in the four models remains
almost unchanged, but the peaks decrease with the irradiation dose. On
the other hand, Fig. 4(b) analyzed the number of edges on the face of the
Voronoi polyhedra. In the unirradiated model, the optimal distribution
of the 3-fold and 4-fold faces is evident. With an increase in irradiation
dose, this preference is weakened and replaced by an increase percent-
age in 5-7-fold faces. the decrease in peak value of Gaussian fitting curve
can also clarify this point. Furthermore, we use the parameter intro-
duced by Kim et al. [48] to characterize the degree of spatial
non-uniformity of carbon atoms distribution as follows:

23k

he L D 8.891F > " jm; —m(2%)| (5)
2N k=1 i=1

where h is the local inhomogeneity parameter. The closer the value is to
1, the more the atoms are clustered together. N represents the number of
atoms, r is the smallest integer that satisfies 2% > N, m; is the number of
atoms contained in each grid element, and m is the average of m;. As
shown in Fig. 4(c), the value of h increases with the irradiation dose,
revealing an uneven spatial distribution of carbon atoms after irradia-
tion. The above data all indicate that irradiation induces the gradual
destruction of the short-range ordered structure of carbon atoms in a-C
and intensifies amorphization. Fig. 4(d) shows the variation in free
volume for the four models. As the irradiation dose increases, the free
volume gradually increases, indicating a transition from a soild-like
state to a liquid-like state. The increase in free volume enhances the
material’s plasticity, which will be discussed in detail in the following
sections.
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4.1.3. Radiation induced structure changes Radiation can cause a large amount of transition from sp® to sp?. To

In the initial model, sp> hybridized carbon accounted for around quantitatively characterize the impact of irradiation on the hybridiza-
70.9% of the total content, while sp> and sp' hybridized carbon tion of carbon atoms in different regions of a-C, the R3 model was
constituted approximately 25.2% and 3.8% (Fig. 5(a)), respectively. selected for examination. We segmented the model into cubes with an
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edge length of 4 A along the x, y, and z axes (Fig. 5(b1)). Subsequently,
we evaluated the hybridization state within each segment to obtain a
comprehensive, spatially resolved statistical analysis. Figs. 5(b2) and
(b3) illustrate a notable hybridization change from sp® to sp? and sp! in
the irradiated area, aligning well with experimental observations [11].
Additionally, owing to the cascading effect and heat generation induced
by radiation, some transformation has also occurred in the periphery of
the irradiation area. As a result of the irradiation-induced hybridization
structure change, the sp® content in R3 model is lower than that in RO.
Fig. 5(b4) proves that the relative content for each hybridization along
the z direction is uniform throughout the core of the sample.

A detailed analysis of the hybridization transformation at the atomic
scale is provided in Fig. 6. Fig. 6(a) illustrates the hybridization transi-
tion near the surface upon initial irradiation. Two differently hybridized
carbon atoms (C1-sp®, C5-sp?) are connected by covalent bonds at first.
Due to different hybridization states, there exists an energy difference
between the two atoms (Fig. 6(c1)) [49]. The incident carbon atoms
collide with C5, transferring approximately 12.5 eV of kinetic energy to
C5. This results in the breaking of the bond between C1 and C5. This
leads to a variation in the potential energy of C1, enabling it to surpass
the energy barrier and undergo a transition from sp° to sp? hybridization
(Fig. 6(c2)). Meanwhile, the C5 atom does not absorb enough energy to
cross energy barriers, so that after experiencing a short period of energy
fluctuation, it then moves to bond with the C8 atom, resulting in the
formation of another stable sp? hybridization and exhibiting a final
energy comparable with that of C1 (Fig. 6(c1)). Fig. 6(b) depicts the later
stage of the cascade, where Ca and C§, initially both sp? hybridized

carbon atoms connected by covalent bonds, have similar energies (Fig. 6
(d1)). The incident atom Ci collides with C3, expending nearly all of its
kinetic energy, which results in the breaking of the covalent bond be-
tween Ca and C8. Co absorbs sufficient energy to overcome the energy
barrier for hybridization transition and subsequently transforms from
sp? to sp! hybridization (Fig. 6(d2)). As the energy of the incident carbon
atom is depleted, it remains in the matrix and bonds with C8, Cn, and C6,
resulting in the formation of a sp? hybridization (Fig. 6(b)). Despite
these structure and energy changes, after experiencing slight energy
fluctuations, C5 retains its sp> hybridization after the irradiation process
(Fig. 6(d2)). It is worth mentioning that the difference in steady-state
potential energy between sp2 hybridized carbon in Fig. 6(c2) and (d2)
is due to different environments. C1 and C5 are located near the surface
with higher potential energy, while Ca and C$ are located inside the
matrix with lower potential energy.

4.2. Nanoindentation simulations

Fig. 7(a) shows the detailed parameters of the nanoindentation
simulation, which is carried out within the irradiated area of a-C. The
“loading force vs. time” curve shown in Fig. 7(b) for the nanoindentation
simulations of the RO-R3 samples indicates that while the overall trend
of the four curves is similar, there are notable differences in the slope of
the loading section and the magnitude of the loading force during the
holding section. This suggests that the mechanical properties of the
samples undergo significant degradation as the irradiation dose in-
creases. To quantitatively characterize the decline in elastic
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performance, we apply the Hertz model, which is often used to describe
the elastic deformation under contact loads to fit the elastic stage of
loading [50,51]. The formula to calculate the loading force, as a function
of the indentation depth, in Hertzian contact mechanics is given by [50]:

Fe gE* VRd2 ©)

1-02
E;

)

where E* is the effective modulus derived from the properties of the
indenter and the substrate, R is the radius of the indenter, and d is the
depth of indentation. The effective modulus E* is calculated using the
Young’s moduli and Poisson ratios of the indenter (Ej, v;) and the
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substrate (E, vs). Since we assume the diamond indenter to be a rigid
body and neglect its internal forces, Eq. (7) can be written as:

E,=E(1-17) 8)

According to Fig. 7(c), the calculated E; of RO is around 430 GPa. This
outcome is similar to the experimental value of a-C with the same
density (~450 GPa [1,52]). This similarity underscores the reliability
and validity of the present simulation [53]. We continue to calculate the
elastic modulus of R1-R3 and fit them in the power-law relationship
proposed by He et al. [54], which is described as follows:

E=k(r—2.4)" ©)

where E is the elastic modulus, r is the average coordination number, k
and m are the fitting parameters. The result of fitting Eq. (9) to our data
yields k = 694.27 and m = 2.39, illustrating that it conforms to an
exponential relationship (Fig. 7(d)). The modulus of the irradiated
sample decreases noticeably as the irradiation dose increases, corre-
lating with a reduction in sp® content. Within a-C, sp® hybridized carbon
often serves as a structural skeleton providing support, whereas sp>
hybridized carbon forms short-chain clusters that act as fillers. As a
result, the decreased sp>/sp? ratio leads to a significant decrease in the
material’s resistance to deformation. Moreover, irradiation leads to an
increase in the free volume of the sample (Fig. 4(d)), consequently
resulting in a reduction of its modulus. We computed the hardness using
the approach outlined by Valencia et al. [53], revealing that the R0-R3
models exhibited a trend akin to the elastic modulus (Fig. 7(e)), i.e., the
value decreases with increasing irradiation dose. The material’s resis-
tance to wear can be empirically described by the values of H/E and

H3/E2, with higher values indicating better wear resistance [55]. We
calculated the values for three samples and observed a decrease due to
irradiation (Fig. 7(f)), consistent with the subsequent discussion on the
deterioration of wear resistance performance.

Fig. 8(a) and (b) illustrate the atomic shear stain during loading and
unloading phases of the RO-R3 samples, respectively. In amorphous
materials, atoms with a shear strain larger than 0.2 are frequently
employed to characterize local plastic deformation within the substrate
[56]. During the loading phase, the plastic region in RO samples is
narrow and shallow. As the irradiation dose increases, the deformation
zone gradually expands, evidenced by the width of the zone marked by
the yellow dashed lines growing larger and the deformation zone
becoming deeper (white dashed line). The transition from sp® to sp?
bonds increases the flexibility of the a-C, which is responsible for the
larger deformation zone after irradiation damage. The sp? hybridized
structure tends to buckle and deform more readily than the sp® hy-
bridized structure, facilitating the material’s ability to disperse stress
across a broader area when subjected to stress. Moreover, the increase in
free volume causes a transition from solid-like to liquid-like behavior
within the sample, allowing strain to be transmitted over a wider range
with an increased number of atoms experiencing high strain (Fig. 8 (c)).
We also calculated the elastic recovery after unloading and observed
that the rebound becomes increasingly difficult with higher irradiation
doses (Fig. 8(d)). In Fig. 8(a) and (b), no significant shear bands are
observed away from the indenter, which contrasts with amorphous
metallic materials [53,57].
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4.3. Nanoscratch simulations displacement-controlled nanoscratch simulations on the RO-R3 samples.

The results are presented in Fig. 9. We analyzed the evolution of lateral
After replicating the system once along the x-axis, we performed force, normal force, and the coefficient of friction (CoF, defined as

10
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lateral force divided by normal force [58]) during the sliding process, as
shown in Fig. 9(b)-(d). Regarding the averaged lateral force, the irra-
diated samples exhibited a reduction compared to the unirradiated ones.
This decrease is attributed to the lubricating effect of sp? carbon induced
by irradiation. The CoF in the irradiated region, however, is higher than
that in the unirradiated region due to surface swelling caused by irra-
diation, which hinders the movement of the indenter. (Fig. 9(f) top). The
magnitude of the averaged normal force in the four models notably
decreases as the irradiation dose increases (Fig. 9(e) middle), and it is
lower in the irradiation area than in the unirradiated area (Fig. 9(f)
middle) due to the reduced hardness, as mentioned in Section 3.2. On
the other hand, the irradiation led to a rise in the average CoF for the R2
and R3 samples (Fig. 9(e) bottom), whereas the R1 sample exhibits a CoF
lower than the original RO sample.

Bowden and Tabor proposed that friction primarily originates from
two aspects: adhesion between contacting solid surfaces and plastic
plowing deformation of the substrate. Therefore, the CoF (u) can be
described as the sum of contributions of both plowing (4, and adhesion
(4ad) components:u = uy, + jiqq-To quantitatively elucidate the impact of
these two factors on a-C after irradiation, a virtual, purely repulsive

11

indenter with a force constant of 10 eV/A® is introduced to compare the
resulting nanoscratch processes with the ones conducted with the
explicit indenter. This approach allows the exclusion of the contribution
of adhesion to friction, focusing solely on the effects of plowing defor-
mation, and gy is calculated by dividing the averaged lateral force
during the scratch process of the virtual indenter by the averaged normal
force. According to Fig. 10(a)-(c), after switching to the virtual indenter,
due to the absence of the adhesion term, both lateral and normal forces
are reduced by varying degrees, and CoF also decreases. The contribu-
tion of plowing to CoF (up%) is defined by: p,% = py,/p, which is
calculated to be between 1/2 and 2/3. This ratio first increases and then
decreases with the increase in the irradiation dose (Fig. 10(d)), with the
trend being more significant at higher doses (Fig. S2), indicating a
competitive mechanism between adhesion and plowing as shown in
Fig. 11. When the irradiation dose is low (R0-R2) and the irradiation
dose is increasing, the increased plowing contribution to friction (as a
parameter sensitive to the penetration depth of the indenter [59]) might
be due to surface swelling (Fig. 11(b)). On the other hand, as the irra-
diation dose increases, the transformation of sp® to sp? structure (Fig. 11
(c1)) and increase in free volume (Fig. 11(c2)) lead to a change from a
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colour in this figure legend, the reader is referred to the web version of this article.)

commonly said “solid-like” to a “liquid-like” state within the amorphous
material. This change facilitates the contacting force between the
indenter and a-C [60], thereby promoting adhesion and weakening the
relative contribution of plowing to the overall CoF.

We calculated the wear rate of the four samples after the nanoscratch
process. The statistical approach involved extracting the atomic co-
ordinates on the surface and calculating the average z-position along the
x-direction, as schematically shown in Fig. 12(a). The cross-sectional
wear area is determined by calculating the difference in surface pro-
file before and after the scratch (Fig. 12(b)-(e)). The wear rate is then

12

calculated using the formula [61]:

==

7 10$)

where w is the wear rate, S is the averaged wear cross-sectional area, and
F is the averaged normal force. We found that the wear rate increases
with the irradiation dose, with the wear rate of the R3 sample being
nearly twice that of the RO sample (Fig. 12(f)). This significant increase
in wear rate can primarily be attributed to changes in hybridization and
an increase in free volume. The transition from sp® to sp? bonding, as a
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result of irradiation, deteriorates the material’s resistance to wear by
making it more susceptible to material removal processes during sliding.

As a metastable material, a-C is also found to undergo hybridization
transformation during nanoscratching as illustrated in Fig. 13. The sp’-
hybridized carbon content in all four samples decreased after scratching,
due to compressive-stress-assisted rebonding of carbon atoms on the
surface, which is consistent with previous observations [21]. Intrigu-
ingly, all three irradiated samples demonstrated an unusual rise in sp®
content after scratching (Fig. 13(b)—(d)), contrasting with the decrease
trend observed in unirradiated samples (Fig. 13(a)). Some additional
constant- load nanoscratch simulations also featured this abnormal
phenomenon (Figs. S3 and S4).

The above hybridization transformation is further elucidated
through atomic-scale observation, as shown in Fig. 14 for the RO sample.
The sp' carbon content decreases distinctly on the scratched area
(Fig. 14(a) and (b)). Furthermore, the presence of a graphene-like
multicomponent ring observed in the wear tracks (Fig. 14(c)) provides
a compelling explanation for the reduction in frictional force in a-C. This
observation supports the claim that mechanical wear in a-C can induce
the formation of more thermodynamically stable, graphitic (sp?

13

hybridized) structures [62-64]. The atomic evolution process for
graphene-like rings in Fig. 14(c2) are given in Fig. 14(d), showing the
connection of carbon chains and gradual transformation towards two
sp? six-membered rings. The kinetic energy, as shown in Fig. 14(el),
exhibits minimal variation, thereby ruling out any significant tempera-
ture influence on this transformation. The maximum temperature during
sliding is less than 500 K, far from reaching the transformation tem-
perature (<1000 K) of sp to sp? hybridization [65]. The averaged po-
tential energy of per-atom has decreased by 0.47 eV, indicating that the
transition process is toward a thermodynamically stable state. Fig. 14
(e2) displays the stress evolution throughout the four stages, exhibiting
the presence of a stress barrier during the transformation process.
Similar to the trend of the potential energy changes, the stress in stage 4
is lower than that in the initial stage, indicating that the transition is
moving towards structural stability.

In the case of the R3 model, a reduction in sp! carbon atoms on the
surface is also observed after scratching (Fig. 15(a) and (b)), accompa-
nied by the formation of a graphene-like structure within the wear scar
(Fig. 15(c)), similar to that shown in Fig. 14(c). Anomalously, we found
that the gathered sp® skeleton structure like Fig. 15(d) at the bottom of
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Fig. 17. Analysis of TEM images of unirradiated and irradiated samples: (al), (a2) Cross-sectional bright-field images of the scratched scar of unirradiated and
irradiated samples; (b1), (b2) High-resolution TEM images of the scratched surface layer and the undeformed layer of the unirradiated sample, with the yellow box
showing the local sp2 nanostructures; (b3), (b4) High-resolution TEM images of the scratched surface layer and the undeformed layer of the irradiated sample; (c1) -
(c4): Enlarged microstructures and Fast Fourier Transforms (FFT) of each selected area in (b1) - (b4). The scale bar in (a) is 50 nm, and the scale bar in (b) is 5 nm.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 18. EELS characterization of the scratched scar surface layer: (al), (a2) HRTEM image of the unirradiated and irradiated a-C film, the number represents the
location of the sampling point for EELS data collection; (b1), (b2) EELS spectrum of five sampling points for unirradiated and irradiated samples; (c1), (c2) The full

width at half maximum (FWHM) ratio of ¢* peak to n* peak in two samples.

the scratched scar. From the perspective of data statistics, it manifests as
the increased sp® content in the R3 sample as illustrated in Fig. 13(d).
The evolution process of atoms depicted in Fig. 15(d2) was monitored,
wherein the dispersed sp? carbon atoms underwent aggregation and
eventually merged to form the sp® cluster, as illustrated in Fig. 15(e).
Likewise, we investigated the changes in energy and stress during this
process and discovered that the transformation was also driven by stress
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rather than temperature. The overall potential energy decreased slightly
(Fig. 14(el)), but this is a natural result because according to Fig. 6(c2),
the potential energy of sp° is lower than that of sp. Notably, a signifi-
cant amount of stress remains within the sp3 atoms (Fig. 15(f2)) which is
different from Fig. 14(e2), suggesting the meta-stable nature of this
transformation. This stress-induced sp? to sp® transformation has been
reported in graphite [66] and certain a-C with low sp> content [29].
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Moreover, defects within the a-C, such as dangling bonds or pores, serve
as nucleation points that facilitate the transition from sp? to sp> hy-
bridization. These imperfections offer favorable conditions for the
reorganization of carbon atoms, leading to the formation of sp® bonds.

4.4. Experimental validation

To demonstrate the reliability of our simulations, we performed
scratch experiments on unirradiated and irradiated samples as shown in
Fig. 16(a) and (b). We observed that the scratches on the irradiated
samples were more obvious than that on the unirradiated sample under
the same loading conditions, suggesting reduced wear resistance after
irradiation (Fig. 12). Raman spectroscopy serves as an efficient, non-
destructive technique for analyzing the intricate bonding configura-
tions within a-C films. The spectral data of matrix and scratched scar are
presented in Fig. 16(c)—(f). As indicated, the peak spanning 800-2000
cm’! was analyzed by Gaussian fitting, allowing for the identification of
the D (disorder) peak in the vicinity of 1380 cm™ and the G (graphitic)
peak around 1560 cm™ . Generally, a higher intensity ratio of the D peak
to the G peak (Ip/Ig) indicates a lower proportion of sp® hybridization
[2]. After conducting three repeated tests at different spots (Spots d1-d3
and f1-f3 shown in Fig. 16(a) and (b), the spots in the matrix are not
shown in due to the small scale), we noted that in the unirradiated
samples, the Ip/I ratio increased after scratching, indicating a reduction
in sp3 content; whereas in the irradiated samples, it decreased, which
also aligns well with our simulation results. Comparing Fig. 16(c) and
(e), the reason for the increase in Ip/Ig is due to the large number of
defective carbon atoms generated by irradiation, leading to an increase
in the disordered structure [67].

To further validate the rationality of this transformation, we con-
ducted TEM analysis of the scratched structure beneath the wear scars.
The cross-sectional bright-field images of the wear scar are shown in
Fig. 17(a), and selected high-resolution TEM observations of the
scratched surface and the undeformed substrate layer are shown in
Fig. 17b. For the unirradiated a-C film, the substrate exhibits a typical
disordered amorphous structure (Fig. 17(b2) and (c2)). However, after
scratching, layered sp? ordering appears in the scratched surface layer,
with an interlayer spacing of 0.21 nm, which is estimated to be the (100)
plane of graphite [68]. The irradiated a-C film exhibits a significantly
higher degree of sp? ordering structures within the undeformed layer, in
comparison to the original fully amorphous structure shown in Fig. 17
(b2). The direct experimental evidence presented here confirms the
irradiation-induced transformation of carbon atoms from sp® to sp?
hybridization. Meanwhile, the layered sp? ordering in the scratched scar
surface layer is less than in the undeformed layer, which proves a
decrease in sp>-hybridized carbon content in the scratch scar and cor-
relates well with the previous Raman and simulation results.

Electron energy loss spectroscopy (EELS) is an important method for
analyzing the hybridization level of carbon atoms. A larger intensity
difference between the o* and n* peaks suggests a higher sp®/sp? ratio
[68-70]. We selected 5 points at equal intervals from the center to the
border of the scratched scar surface layer for analysis in both unirradi-
ated and irradiated samples (Fig. 18(al) and (a2)). By deconvolution of
the two peaks shown in Fig. 18(b1) and (b2), we obtained the scale of
Fig. 18(c1) and (c2). In the unirradiated sample, there was an increase in
the ratio of FWHMy+/FWHM,~ (FWHM: full width at half maximum)
from the surface to the maximum scratch depth, indicating that
scratching reduces the sp3 content in the surface (Fig. 18(c1)). Never-
theless, in the irradiated sample, the closer the sampling point is to the
surface, the higher FWHM,+/FWHM,+ ratio (Fig. 18(c2)), which sup-
ports the previously mentioned abnormal transformation from sp? hy-
bridization to sp® hybridization.

5. Conclusions

This molecular dynamics study provides a thorough investigation
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into the structural, mechanical, and hybridization changes in amor-
phous carbon (a-C) caused by irradiation. By combining advanced
simulation techniques with detailed experimental analytical methods,
the research offers significant contributions to the understanding of a-C
behavior under irradiation. We draw the following conclusions:

(1) Irradiation can cause the surface of a-C to bulge, introducing
compressive stresses that cause changes in bond angle and bond
length, weakening the optimal distribution of Voronoi polyhedra
of a-C and exacerbating amorphization. The increase in sp? con-
tent is the main transformation mechanism of hybridization, and
this transformation process was analyzed from the perspective of
atomic configuration.

Nanoindentation reveals that irradiation weakens the a-C in

terms of hardness and elastic modulus, which is related to hy-

bridization transformation and an increase in free volume.

(3) The coefficient of friction of a diamond indenter against the a-C
increases with the irradiation dose, mainly due to a decrease in
the normal force, and the wear rate increases as well. Nano-
scratching can cause a-C to form graphene-like structures, and the
irradiated samples undergo a metastable hybridization transition
featuring an increase in sp° content, which we confirmed by
Raman spectroscopy and TEM-EELS.
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