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A B S T R A C T

Ion-beam irradiation of diamond-like carbon (DLC) by He ions was studied. Molecular dynamics simulation was
performed to understand the effects of irradiation on the nano-topography and chemical state of the coatings and
determine the optimal irradiation conditions. Then, the experiment was conducted to validate the results of the
simulation and correlate surface modifications to biomedical properties. It was demonstrated that the irradiation
led to the formation of a low-density and low-sp3 content surface layer. The structural and chemical properties of
the final surface were nearly independent of the initial sp3 content and irradiation energy. The biocompatibility
of DLC-based nanocomposite coatings was significantly improved by ion-beam irradiation. Nanocomposite
coatings were irradiated by 1 keV He ions. Irradiation with a dose of 4.2× 1015 ion/cm2 increased the adhesion
of MG63 cells dramatically from 10 to ∼100%.

1. Introduction

The effectiveness of biomaterials implanted into the human body is
determined by the interactions between the materials and surrounding
tissues and depends on the chemical processes in the surface layers [1].
Various protective coatings were recently proposed to increase the
chemical stability, biocompatibility, and mechanical durability of alloys
in corrosive environments such as the human body [2,3]. One of such
coating materials is Diamond-like carbon (DLC) which have recently
gained attention because of their unique combination of chemical and
mechanical properties [4–6]. The mechanical performance of DLC-
based coatings was further improved by incorporating other materials
in the form of nanoparticles or nanolayers [7]. For instance, Si/DLC
periodical nanocomposites (PNCs) are known to exhibit high mechan-
ical durability and biocompatibility [8].

Despite significant progress in the development of DLC-based na-
nocomposites, the biocompatibility of such materials remains mediocre
[5,9–10]. Typically, such coatings demonstrated cell adhesion in the
range of 20–70% depending on the cell culture [8,11,10]. Such values
of cell adhesion are much higher compared to that of bare metal alloys
[12,13], but may be improved further. Some types of DLC-based

nanocomposites such as SiOx-DLC show very high cell adhesion, but
their high biocompatibility alters their mechanical properties [14].
Such a compromise between mechanical and biological properties
commonly occurs [7,8,13]. This problem can be overcome by surface
treatment, in particular, by changing the surface chemistry without
altering the mechanical properties of the bulk material or coating.

Various types of surface treatments can be used to modify the
chemical state of surfaces such as by using plasma or accelerated par-
ticles [15–17]. A previous study showed that treatment with plasma or
electron beams significantly altered the surface chemistry of DLC
coatings [18]. Additionally, the wettability of DLC coatings, which can
be significantly varied by the particle treatment, is very important in
biomedical applications. For example, the hydrophobicity of carbon
coatings was shown to be crucial for preosteoblast cell adhesion by
enhancing bonding between proteins and the surface [13].

Studies regarding the interactions of accelerated particles with DLC
will aid in the development of methods and recommendations for a
broad class of mechanical, nanomechanical, and biological applica-
tions. Typically, these processes are investigated using specific analy-
tical techniques such as X-ray photoelectron spectroscopy (XPS) and
Auger electron spectroscopy (AES). Because of the relatively high

https://doi.org/10.1016/j.apsusc.2018.11.109
Received 31 August 2018; Received in revised form 29 October 2018; Accepted 13 November 2018

⁎ Corresponding author at: Department of Mechanical Engineering, Yonsei University, Seoul 03722, Republic of Korea.
E-mail address: kimde@yonsei.ac.kr (D.-E. Kim).

Applied Surface Science 469 (2019) 896–903

Available online 14 November 2018
0169-4332/ © 2018 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/01694332
https://www.elsevier.com/locate/apsusc
https://doi.org/10.1016/j.apsusc.2018.11.109
https://doi.org/10.1016/j.apsusc.2018.11.109
mailto:kimde@yonsei.ac.kr
https://doi.org/10.1016/j.apsusc.2018.11.109
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2018.11.109&domain=pdf


sensing depth which is in the range of several nanometers [19], it is not
possible to adequately describe the surface modification mechanisms
and the information provided by these methods may be limited [20].
Instead, molecular dynamics simulation (MD) can be used to investigate
the surface processes in the range of several angstroms. Thus, MD can
be used to improve the understanding of the fundamental mechanisms
of surface modification [21].

In this study, the physical processes occurring on the surface of DLC
under irradiation by accelerated He ions were systematically in-
vestigated by MD. The relationships between irradiation parameters
and surface transformations were illuminated. Si/DLC periodical na-
nocomposite coatings (PNCs) [8] were irradiated using optimized
conditions predicted by the MD simulations. The effects of the irra-
diation on cell adhesion were systematically analyzed.

2. Material and methods

2.1. Molecular dynamics simulation

Initial parameters for molecular simulations, such as dimensions,
ion energy, irradiation dose, and the incident angle of the ion beam,
were determined based on the results of the simulation performed using
“The stopping and range of ions in matter” code (SRIM 2013) [22].
SRIM is a Monte Carlo simulation code which is widely used to compute
many parameters relevant to ion beam implantation and ion beam
processing of materials [23]. SRIM code can simulate recoil cascades,
vacancy and interstitial (Frenkel pair) production, on a per ion basis.

The optimal size of the target in the direction of the ion beam (along
with the z-axis) was 20 units of a diamond cell where the size of one
unit was 0.356 nm. This value was selected considering the distribution
of the He atoms in the target obtained by the simulation in SRIM. Using
a larger MD model was not desirable because longer calculation times
would be required.

The LAMMPS (lammps.sandia.gov) simulation package was used to
conduct all MD simulations. The Tersoff 2005 potential was applied to
model carbon-carbon interactions [24]. For other pairs (C-He and He-
He), the Lennard-Jones potential was used. Full periodic boundary
conditions were used during the first stage of simulation (melting). The
diamond block with dimensions of 6× 6×20 diamond cell units was
created automatically (Figs. 1a, S1a) and stabilized over 5 ps using a
Nose-Hoover thermostat in a canonical ensemble (NVT). After stabili-
zation, the block was heated to the target melting temperature (Table 1)
and maintained during the melting time. After the melting stage, the
block was fast cooled to 300 K. After cooling, relaxation was performed
for 100 ns using the isothermal-isobaric ensemble (NPT). The final NPT
relaxation step was required to stabilize the model before further con-
version to the semi-periodic boundary condition.

The DLC block prepared in the first stage was transferred from a full-
periodic to a semi-periodic boundary condition for use in the simulation
of ion beam irradiation (Fig. S1d). Thus, the MD model represented the
top DLC layer and the “Vacuum/Solid” interface. The total height of the
MD model was 7.12 nm. The conditions were periodic along the X- and
Y-axes and non-periodic along the Z-axis. The periodical boundary
condition is not applicable along the Z direction because the coating has
only the one top surface. After the conversion of periodic conditions,
the structure was stabilized using a Nose-Hoover thermostat for 100 ps.
Parameters of C-He potential were adjusted based on the results of
Monte-Carlo simulation. Values of ε and σ were tuned until the He
distribution inside the substrate block given by the MD simulation
matched the distribution predicted by simulation in SRIM.

To evaluate the concentration of sp3 bonds, distribution of bonds
length was calculated for all carbon atoms in the model. Then, the
distribution was deconvoluted. In general, the bond’s distribution
should be fitted using six components [25]. If the primary purpose of
the curve fitting is to calculate the sp3 content, the simplified curve
fitting may be used instead. The goal of simplified fitting was to

facilitate processing of a large amount of data due to its higher con-
vergence rate and lower uncertainty. The simplified fitting based on
three components is shown in Fig. S2b. The first component located at
0.154 nm represented sp3-sp3 hybrids. To minimize the uncertainty, the
initial parameters of the first component (position and FWHM) were
fixed based on the initial distribution for ideal diamond structure. In
that case, only sp3 bonds were present, and the curve was fitted merely
by the single Gaussian (Fig. 1b). Two other components represented all
different types of hybridizations listed in Table S2. Parameters of these
components were not fixed.

For calculation of the material density, the number of carbon atoms
in a specific volume was counted. Then, the number of atoms was
multiplied by the atomic mass of carbon and divided by the volume.

2.2. Simulation of ion-beam irradiation

Ion-beam irradiation was simulated using NVE integration in the
microcanonical ensemble. The thermostat was applied to the irradiated
substrate block, and simulations were performed at a constant tem-
perature of 300 K. Simulation was performed in a loop in which four He
atoms were created at a random position on the plane 2 nm from the top
surface of the substrate block for each loop. Next, the velocity in the Z-
direction was set for the He atoms. The velocity was calculated based on
the desired kinetic energy of He atoms. The irradiation process was
simulated for 0.1 ps, and then the loop was repeated. Five hundred
cycles of irradiation were performed for each condition, which corre-
sponded to an irradiation dose of 1.2× 1016 ion/cm2. After the last
cycle, the final stabilization in the Nose-Hoover thermostat ensemble
was performed for 10 ps. No specific boundary condition was applied to
the bottom plane of the substrate block. Atoms which penetrated the
substrate block were excluded from the further simulation.

2.3. Coating deposition and analysis

Si/DLC PNCs were deposited by direct current/radio frequency
magnetron sputtering on 20× 20mm2 AISI 304 polished substrates as
described previously [8,26]. A 120-nm-thick Cr adhesive layer was
coated on the substrate before deposition of a multilayered structure,
and then 120 Si/DLC pairs were deposited on the top of this layer. The
thickness of the top DLC layer was 8 nm. The total thickness of the PNC
was ∼370 nm, and an 80 V negative bias potential was applied to the
substrate holder during the deposition of Si layers [8]. Twenty identical
specimens were deposited for further ion-beam irradiation and bio-
compatibility analyses. Surface chemistry was characterized by XPS (K-
Alpha, Thermo Scientific) and by measuring the wetting angle as de-
scribed elsewhere [27]. The surface topography was evaluated by
Atomic-force microscopy (AFM, NX 10, Park Systems).

2.4. Ion-beam irradiation

A custom-built vacuum system with differential pumping was used
to irradiate the PNCs with the He ion beam. The ion beam was gener-
ated with a commercial ion gun (Perkin-Elmer 04-303, Waltham, MA,
USA). Irradiation was performed under the vacuum of 1×10-6 Torr at
room temperature. He with a purity of 99.9999% was used as the gas
source. The ion beam was defocused, and the beam diameter was
∼2mm on the specimen surface. The specimen was scanned in the XY
directions by a motorized stage to uniformly irradiate an area of
16× 16mm2 with the ion beam irradiated at an angle perpendicular to
the specimen surface. The scan speed was set to 1mm/s. The ion cur-
rent was 4.85 μA, and the acceleration energy was 1 keV. The highest
irradiation dose was 6.0× 1015 ion/cm2, which corresponded to 10 h
of irradiation.
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2.5. Evaluation of biocompatibility

The biological properties of the samples were investigated using
MG63 cells (Pasteur Institute of Iran, Tehran, Iran) expanded in
Dulbecco’s modified Eagle medium (DMEM-low with 10% fetal bovine
serum and 0.1% penicillin/streptomycin). After sterilization of the
samples for 30min by soaking in 70% (v/v) ethanol and exposure to
ultraviolet light for 2 h, the cells were immersed in complete culture
medium overnight before cell seeding into 6-well plates. MG63 cells
were seeded at a density of 5×103 cells/well and incubated for 3 days
at 37 °C in a 5% CO2 atmosphere.

Immunostaining was performed to assess the effect of the surface
treatment process on the cytoskeletal organization (F-actin) of MG64
cells after 3 days of culture. Cell-seeded samples were fixed using 4%

(v/v) paraformaldehyde (Sigma, St. Louis, MO, USA) for 3 h following
permeabilization in 0.1% Triton X-100 (Sigma) for 5min. The samples
were incubated with 2% (v/v) bovine serum albumin (Sigma) in
phosphate-buffered saline (PBS, Bio-IDEA, Tehran, Iran) for 1 h to re-
duce nonspecific background staining. After rinsing twice with warm
PBS, cell-seeded samples were incubated with a 1:40 dilution of rho-
damine phalloidin (Cytoskeleton, Inc., Denver, CO, USA) solution for
30min to stain the actin filaments. Following immunostaining, cell
nuclei were stained with a 1:1000 dilution of 4′,6-diamidino-2-pheny-
lindole dihydrochloride (Sigma) in PBS for 5min. Finally, the stained
samples were imaged using a confocal microscope (Leica TCS SPE,
Wetzlar, Germany).

2.6. Statistics

At least three specimens were irradiated under the same conditions,
and statistical analysis was performed using the Student's t-test for two-
tailed distributions with unequal variance. Significance in the statistical
analysis was assigned for p < 0.05.

Fig. 1. MD simulation of diamond melting. (a) Structure at different time points. sp3 bonds are shown in red color and sp2 in blue. (b) Corresponding bonds length
distribution. (c) Final bulk density of the simulated structures as a function of sp3 content.

Table 1
Parameters of melting simulation and final sp3 content.

Melting temperature (K) Melting time (ns) Cooling time (ns) sp3 (%)

60,000 100 0.05 20.54
30,000 100 0.05 31.3
12,500 1 0.1 42.8
9800 10 100 59.6
300 10 100 99
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3. Results and discussion

3.1. Modeling of DLC structures

Models for several DLC structures with various sp3 contents were
initially prepared for the simulations. To prepare amorphous DLC, an
ideal diamond lattice was automatically created initially, followed by
melting and ultrafast cooling processes. The number of sp3 bonds in the
final structure depended both on the melting temperature and cooling
time. The combination of parameters used for melting and resulting sp3

content are listed in Table 1. Fig. 1a and b illustrate the changes in the

structure and corresponding bond distribution during the creation of
low-sp3 DLC (31%). The bond distribution of the initial diamond
structure showed a well-distinguished and narrow single peak at
0.154 nm, corresponding to sp3-sp3 hybridization [25]. After melting,
the broad halo in the center corresponded to the first coordination
number of the diamond. Ultra-fast cooling led to the freezing of the
amorphous structure. The final bond distribution was vast compared to
that in the original state, but narrow compared to that of melted
carbon. The sp3 content of the final structure increased as the melting
temperature decreased and as cooling time increased. The bulk density
of the final structure (Fig. 1c) increased with increasing sp3 content and

Fig. 2. Changes in diamond structure under irradiation by 1 keV He neutrals after different irradiation doses (side view). Red arrows indicate initial direction of ions
and sp3 bonds are shown in red color and sp2 in blue.

Fig. 3. Depth profile of density and sp3 contents for diamond (a, d), 60% DLC (b, e), and 43% DLC (c, f) before (green) and after irradiation with 1 keV He (4×1015

ion/cm2 - blue, 1.2× 1016 ion/cm2 - red).
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reached the density of the ideal diamond. These results agreed well
with previously published data [28].

3.2. Simulation of ion-beam irradiation

Diamond and DLC structures with sp3 contents of 43%, 60% were
irradiated by He neutrals with energy in the range of 0.5–4 keV. This
energy range was selected for several reasons. First, using less than
500 eV energy was not appropriate because the intensity of surface
treatment decreased when the He energy was reduced from 1 keV to
500 eV. Moreover, conventional ion-beam sources showed significantly
lower ion currents at low voltages which required longer irradiation
times in actual experiments. The upper limit of energy was selected
based on the results of SRIM simulation. At higher energy, the peak
distribution of residual He shifted in the direction of the substrate and
the intensity of the surface modification was reduced (Fig. S3).

He atoms were accelerated in a normal direction to the surface
(incident angle of 0°). Increasing the incident angle increased the
sputtering rate. Thus, irradiation at higher angles led to predominant
sputtering of the surface rather than surface modification. The total
simulated irradiation dose was limited to 1.2× 1016 ion/cm2 because
increasing the treatment to higher than this level may lead to the ac-
cumulation of radiation defects and cause adverse effects [29]. Overall,
the selected irradiation conditions were considered to be appropriate
for practical application.

Fig. 2 shows the changes in the diamond structure at different stages
of irradiation by 1 keV neutrals. Irradiation led to amorphization,
breaking of sp3 bonds, and formation of a nanoporous surface layer.
Because the density of the material was reduced, expansion in the

direction opposite to the irradiation beam occurred. Fig. 3 illustrates
some quantified variations of the diamond, 60%, and 43% DLC under
irradiation. It was found that formation of a low-sp3 content layer oc-
curred on the surface. The sp3 content significantly changed on the
surface and then gradually increased from the surface to the inner part
of the specimen, approaching the initial values. The density showed
similar variations. Structure swallowing occurred because of the for-
mation of a sparse structure. On the other hand, whisker formation was
observed when the irradiation dose was increased.

Results of evaluation the sp3 concentration depended on the ex-
amined volume. Because irradiation led to the formation of a sparse
structure, it was not possible to define the surface layer. Thus, the
variation of sp3 concentration was performed for a certain number of
atoms close to the surface. The number of particles used in the calcu-
lation was defined in the following manner. First, the sampling depth
for MD simulation was introduced. The sampling depth was equal to the
sampling depth of XPS, and it represented the thin top layer from which
information was collected. Then, the atoms located within the given
sampling depth (e.g., 2 nm) of the non-irradiated structure were
counted to obtain the population size N. For the irradiated state, the sp3

content was averaged starting from the surface using the same popu-
lation size. In other words, sp3 content was calculated among the same
number of atoms in both the non-irradiated and irradiated states.

Fig. 4a and b provide a comparison of sp3 content aviation obtained
using different MD sampling depth (0.2 and 2 nm). When the low MD
sampling depth was used, MD simulation showed a sudden drop in sp3

content after an irradiation dose of 1× 1014 ion/cm2 (Fig. 4a). For the
diamond, it dropped down to ∼60%, for the 60% DLC - down to
∼40%, and for the 43% DLC down to ∼20%. That was attributed to

Fig. 4. Effect of MD sampling depth on the variation in sp3 content with irradiation dose: (a) 0.2 nm; (b) 2 nm. (c) Effect of He energy on sp3 content as a function of
irradiation dose for 60% DLC. (d) Variation in sp3 content as a function of He energy for different irradiation doses for 60% DLC.
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Fig. 5. XPS spectra of Si/DLC PNC (carbon line): (a) As-deposited state; (b) After irradiation by 1 keV He ions at an irradiation dose of 1.2× 1016 ion/cm2. (c)
Measured and calculated sp3 content as a function of irradiation dose for Si/DLC PNCs irradiated by 1 keV He ions. (d) Measured wetting angle on Si/DLC PNCs as a
function of irradiation dose for 1 keV He ions.

Fig. 6. Surface topography of Si/DLC PNC. (a) As-deposited state; (b) After irradiation by 1 keV He ions at an irradiation dose of 4× 1015 ion/cm2; (c) After
irradiation by 1 keV He ions at an irradiation dose of 6× 1015 ion/cm2. Bottom insets demonstrate surface profiles corresponded to directions indicated by red and
green arrows.
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very fast disordering of the surface. Then, sp3 content continued to
reduce reaching saturation around 5–10%.

In the case of the larger MD sampling depth (Fig. 5b), the sp3

content reduced slower. The calculated values of sp3 content would
approach the values observed in the experimental measurement using
methods such as XPS or AES. Thus, using a large MD sampling depth
was suitable for comparison with an experiment, but small values were
preferable for evaluating the chemical state of the irradiated surfaces.
For all irradiated structures, the final sp3 content was approximately
5%, which also depended on the He energy (Fig. 4d). For example, in
the case of 60% DLC, the lowest value was observed for He energies of
1–3 keV. The final sp3 content slightly increased when the He energy
was increased to 4 keV. Interestingly, the final structure of the thin
surface layer did not depend on the initial structure, sp3 content, or He
energy.

The surface structure after irradiation was found to be the same for
all irradiated specimens. Formation of long sp2 chains was observed,
and some sp3 bonds were present on the surface, but their concentra-
tions were minimal. Based on the results of MD simulation, 1 keV en-
ergy was selected for the following irradiation experiment. The thick-
ness of the top DLC layer was set to 8 nm to prevent ion-beam mixing
between the top DLC layer and Si layers beneath. Thus, the effect of Si
on the cell adhesion can be excluded from further considerations.

3.3. Ion-beam irradiation and biocompatibility

Si/DLC PNCs were deposited as described in Section 2.2. The che-
mical state of the surface before and after irradiation was evaluated
using XPS (Fig. S4). Fig. 5 shows the C1s peak of the coating before and
after irradiation. The peak was deconvoluted using parameters listed in
Table S2. Fig. 5A displays the spectrum of DLC with two major peaks

corresponding to sp2 and sp3 hybrids, and other peaks representing the
adventitious carbon. According to the XPS analysis, the initial sp3

content was ∼60% (Fig. 5a). PNCs were irradiated as described in
Section 2.3. Accumulation of the irradiation dose led to a gradual de-
crease in the sp3 content as shown in Fig. 5C. Besides, a variation of
carbon-oxygen bonds took place. Irradiation reduced the amount of
C(O)O functional groups but increased C]O groups on the surface.

MD simulation showed that surface topography and sp3 content
changed significantly under ion-beam irradiation. These changes oc-
curred at the nanoscale level and could not be appropriately assessed
using conventional analytical methods such as XPS due to relatively
high sensing depth. As shown in Fig. 5c, XPS analyses revealed a re-
duction in the sp3 content from 60 to ∼30%, but the sp3 content pre-
dicted by MD was much lower (∼10%, Fig. 4b). Agreement between
MD simulation and XPS analysis could be matched if the MD data had
been evaluated using a sampling depth of 1.9 nm.

Irradiation significantly changed the wettability of the DLC
(Fig. 5d). The initial wetting angle was approximately 70°. It rapidly
decreased to 42–45° after irradiation with a dose of 1.7× 1015 ion/
cm2. A further increase in the irradiation dose slightly reduced the
wetting angle to 37°. AFM analysis showed that irradiation led to a
slight reduction of surface roughness (Fig. 6). The “peak-to-valley”
roughness (Rz) decreased from 1.4 nm to 1.2 nm after an irradiation
with a dose of 6×1015 ion/cm2. Hence, significant decrease in the
wettability should be attributed to the changes in the chemical state of
the surface. XPS spectra the of irradiated specimens demonstrated the
absence of Si peaks (Fig. S4) confirming that beforementioned features
were not attributed to the presence of Si.

As-deposited coating of PNC showed a relatively low MG63 cell
coverage of ∼10% (Fig. 7a). Irradiation by 1 keV He ions led to a rapid
increase in coverage to 65% after a dose of 1.7× 1015 ion/cm2

Fig. 7. Fluorescence images of the actin cytoskeleton of MG63 cells on (a) as-deposited Si/DLC coating, (b) Si/DLC coating irradiated by 1 keV He ions at a dose of
1.6× 1015 ion/cm2 and (c) Si/DLC coating irradiated by 1 keV He ions at a dose of 4.2×1015 ion/cm2. (d) Cell coverage as a function of irradiation dose for 1 keV
He ions.
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(Fig. 7b). Finally, the coverage reached ∼100% after higher-dose ir-
radiation (Fig. 7c and d). Based on the results of MD simulation and the
observation that 100% cell coverage was achieved after an irradiation
dose of 4.2× 1015 ion/cm2, higher irradiation doses were also in-
vestigated. However, it was found that further increase in the irradia-
tion dose was counterproductive.

A strong correlation between the variation in wettability and cell
adhesion was observed. Higher wettability obtained after irradiation
corresponded to better cell adhesion. Similar relationships between
wettability and cell adhesion were found for Ti alloys [12] and ZrO2-
DLC composites [10]. These effects were attributed to the ability of the
nanostructures to modify the absorption of proteins which stimulated
cell adhesion to increase subsequent cell functions [12,30].

Using an ion beam allowed for selective surface modification and
selective surface treatment. Thus, a combination of areas with low and
high cell adhesion on the same material could be prepared. Such tar-
geted treatment may be useful for forming scaffolds or different func-
tional areas on implant surfaces.

4. Conclusions

MD simulation of ion beam irradiation treatment of various DLC
structures was performed. The resulting surface had a low density and
very low sp3 content. The structure and chemical properties of the final
surface were nearly independent of the initial sp3 content and He en-
ergy. Based on the results of MD simulations, irradiation of Si/DLC PNC
was performed. Irradiation by 1 keV He ions increased MG63 cell ad-
hesion dramatically to 100%.

Acknowledgments

This work was supported by the National Research Foundation of
Korea (NRF) grant funded by the Korea government (MSIT) (No. 2010-
0018289).

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.apsusc.2018.11.109.

References

[1] K. Torne, A. Ornberg, J. Weissenrieder, Influence of strain on the corrosion of
magnesium alloys and zinc in physiological environments, Acta Biomater. 48
(2017) 541–550 http://www.sciencedirect.com/science/article/pii/
S1742706116305578.

[2] X. Yang, C.R. Hutchinson, Corrosion-wear of β-Ti alloy TMZF (Ti-12Mo-6Zr-2Fe) in
simulated body fluid, Acta Biomater. 42 (2016) 429–439 http://www.sciencedirect.
com/science/article/pii/S1742706116303245.

[3] O.V. Penkov, V.E. Pukha, S.L. Starikova, M. Khadem, V.V. Starikov, M.V. Maleev,
D.E. Kim, Highly wear-resistant and biocompatible carbon nanocomposite coatings
for dental implants, Biomaterials 102 (2016) 130–136 http://www.sciencedirect.
com/science/article/pii/S0142961216302836.

[4] A. Grill, Diamond-like carbon coatings as biocompatible materials—an overview,
Diam. Relat. Mater. 12 (2003) 166–170 http://www.sciencedirect.com/science/
article/pii/S0925963503000189.

[5] G. Dearnaley, J.H. Arps, Biomedical applications of diamond-like carbon (DLC)
coatings: A review, Surf. Coat. Technol. 200 (2005) 2518–2524, https://doi.org/10.
1016/j.surfcoat.2005.07.077.

[6] A. Erdemir, C. Donnet, Tribology of diamond-like carbon films: recent progress and
future prospects, J. Phys. D 39 (2006) R311–R327 http://stacks.iop.org/0022-
3727/39/i=18/a=R01.

[7] R. Hauert, A review of modified DLC coatings for biological applications, Diam.
Relat. Mater. 12 (2003) 583–589 http://www.sciencedirect.com/science/article/
pii/S0925963503000815.

[8] O. Penkov, M. Khadem, S. Lee Jung, M. Kheradmandfard, C. Kim, S.W. Cho,
D.E. Kim, Highly durable and biocompatible periodical Si/DLC nanocomposite
coatings, Nanoscale 10 (2018) 4852–4860, https://doi.org/10.1039/C7NR06762C.

[9] R. Hauert, C.V. Falub, G. Thorwarth, K. Thorwarth, C. Affolter, M. Stiefel,

L.E. Podleska, G. Taeger, Retrospective lifetime estimation of failed and explanted
diamond-like carbon coated hip joint balls, Acta Biomater. 8 (2012) 3170–3176
http://www.sciencedirect.com/science/article/pii/S1742706112001638.

[10] L. Randeniya, A. Bendavid, P. Martin, J. Cairney, A. Sullivan, S. Webster, G. Proust,
F. Tang, R. Rohanizadeh, Thin film composites of nanocrystalline ZrO2 and dia-
mond-like carbon: Synthesis, structural properties and bone cell proliferation, Acta
Biomater. 6 (2010) 4154–4160 http://www.sciencedirect.com/science/article/pii/
S1742706110002035.

[11] G. Thorwarth, B. Saldamli, F. Schwarz, P. Jurgens, C. Leiggener, R. Sader,
M. Haeberlen, W. Assmann, B. Stritzker, Biocompatibility of doped diamond-like
carbon coatings for medical implants, Plasma Process. Polym. 4 (2007) S364–S368
http://onlinelibrary.wiley.com/doi/10.1002/ppap.200731001/full.

[12] M. Kheradmandfard, S.F. Kashani-Bozorg, J.S. Lee, C.L. Kim, A.Z. Hanzaki,
Y.S. Pyun, S.W. Cho, A. Amanov, D.E. Kim, Significant improvement in cell adhe-
sion and wear resistance of biomedical ?-type titanium alloy through ultrasonic
nanocrystal surface modification, J. Alloys Compd. 762 (2018) 941–949.

[13] V.S. Dhandapani, R. Subbiah, E. Thangavel, M. Arumugam, K. Park, Z.M. Gasem,
V. Veeraragavan, D.E. Kim, Tribological properties, corrosion resistance and bio-
compatibility of magnetron sputtered titanium-amorphous carbon coatings, Appl.
Surf. Sci. 371 (2016) 262–274.

[14] L.K. Randeniya, A. Bendavid, P.J. Martin, M.S. Amin, E.W. Preston, F.S. Magdon
Ismail, S. Coe, Incorporation of Si and SiOx into diamond-like carbon films: Impact
on surface properties and osteoblast adhesion, Acta Biomater. 5 (2009) 1791–1797.

[15] D.Y. Yun, W.S. Choi, Y.S. Park, B. Hong, Effect of H2 and O2 plasma etching
treatment on the surface of diamond-like carbon thin film, Appl. Surf. Sci. 254
(2008) 7925–7928 http://www.sciencedirect.com/science/article/pii/
S0169433208006612.

[16] R.G. Toro, P. Calandra, B. Cortese, T. de Caro, M. Brucale, A. Mezzi, F. Federici,
D. Caschera, Argon and hydrogen plasma influence on the protective properties of
diamond-like carbon films as barrier coating, Surf. Interf. 6 (2017) 60–71 http://
www.sciencedirect.com/science/article/pii/S2468023016300736.

[17] J.C. Avelar-Batista, E. Spain, G.G. Fuentes, A. Sola, R. Rodriguez, J. Housden,
Triode plasma nitriding and PVD coating: A successful pre-treatment combination
to improve the wear resistance of DLC coatings on Ti6Al4V alloy, Surf. Coat.
Technol. 201 (2006) 4335–4340 http://www.sciencedirect.com/science/article/
pii/S0257897206008851.

[18] G. Gotzmann, Long-term stable surface modification of DLC coatings, Curr.
Directions. Biomed. Eng. 3 (2017) 351–354, https://doi.org/10.1515/cdbme-2017-
0072.

[19] A. Jablonski, C.J. Powell, Information depth and the mean escape depth in Auger
electron spectroscopy and x-ray photoelectron spectroscopy, J. Vac. Sci. Technol. A
21 (2002) 274–283, https://doi.org/10.1116/1.1538370.

[20] D. Kruger, A. Penkov, Y. Yamamoto, A. Goryachko, B. Tillack, Characterization of
Ge gradients in SiGe HBTs by AES depth profile simulation, Appl. Surf. Sci. 224
(2004) 51–54, https://doi.org/10.1016/j.apsusc.2003.08.027.

[21] N. Willems, A. Urtizberea, A.F. Verre, M. Iliut, M. Lelimousin, M. Hirtz,
A. Vijayaraghavan, M.S. Sansom, Biomimetic phospholipid membrane organization
on graphene and graphene oxide surfaces: a molecular dynamics simulation study,
Acs Nano 11 (2017) 1613–1625, https://doi.org/10.1021/acsnano.6b07352.

[22] J.F. Ziegler, M.D. Ziegler, J.P. Biersack, SRIM – The stopping and range of ions in
matter, Nucl. Instr. Meth. Phys. Res. B 268 (2010) 1818–1823 http://www.
sciencedirect.com/science/article/pii/S0168583X10001862.

[23] R.E. Stoller, M.B. Toloczko, G.S. Was, A.G. Certain, S. Dwaraknath, F.A. Garner, On
the use of SRIM for computing radiation damage exposure, Nucl. Instr. Meth. Phys.
Res. B 310 (2013) 75–80 http://www.sciencedirect.com/science/article/pii/
S0168583X13005053.

[24] J. Tersoff, Modeling solid-state chemistry: Interatomic potentials for multi-
component systems, Phys. Rev. B 39 (1989) 5566–5568 https://link.aps.org/doi/
10.1103/PhysRevB.39.5566.

[25] H. Allen Frank, O. Kennard, G. Watson David, L. Brammer, G. Orpen A, R. Taylor,
F.H. Allen, D.G. Watson, A.G. Orpen, Tables of bond lengths determined by X-ray
and neutron diffraction. Part 1. Bond lengths in organic compounds, J. Chem. Soc.
Perkin Trans. (1987) S1–S19, https://doi.org/10.1039/P298700000S1.

[26] M. Khadem, T.L. Park, O.V. Penkov, D.E. Kim, Highly transparent micro-patterned
protective coatings on polyethylene terephthalate for flexible solar cell applications,
Sol. Energy 171 (2018) 629–637 http://www.sciencedirect.com/science/article/
pii/S0038092X18306868.

[27] N. Nemati, M. Emamy, S. Yau, J.K. Kim, D.E. Kim, High temperature friction and
wear properties of graphene oxide/polytetrafluoroethylene composite coatings
deposited on stainless steel, RSC Adv. 6 (2016) 5977–5987, https://doi.org/10.
1039/C5RA23509J.

[28] A. LiBassi, A.C. Ferrari, V. Stolojan, B.K. Tanner, J. Robertson, L.M. Brown, Density,
sp3 content and internal layering of DLC films by X-ray reflectivity and electron
energy loss spectroscopy, Diam. Relat. Mater. 9 (2000) 771–776 http://www.
sciencedirect.com/science/article/pii/S0925963599002332.

[29] J.H. Chen, W.G. Cullen, C. Jang, M.S. Fuhrer, E.D. Williams, Defect scattering in
graphene, Phys. Rev. Lett. 102 (2009) 236805, https://doi.org/10.1103/
PhysRevLett.102.236805.

[30] R.Z. Valiev, I.P. Semenova, V.V. Latysh, H. Rack, T.C. Lowe, J. Petruzelka,
L. Dluhos, D. Hrusak, J. Sochova, Nanostructured titanium for biomedical appli-
cations, Adv. Eng. Mater. 10 (2008) B15–B17, https://doi.org/10.1002/adem.
200800026.

O.V. Penkov et al. Applied Surface Science 469 (2019) 896–903

903

https://doi.org/10.1016/j.apsusc.2018.11.109
https://doi.org/10.1016/j.apsusc.2018.11.109
http://www.sciencedirect.com/science/article/pii/S1742706116305578
http://www.sciencedirect.com/science/article/pii/S1742706116305578
http://www.sciencedirect.com/science/article/pii/S1742706116303245
http://www.sciencedirect.com/science/article/pii/S1742706116303245
http://www.sciencedirect.com/science/article/pii/S0142961216302836
http://www.sciencedirect.com/science/article/pii/S0142961216302836
http://www.sciencedirect.com/science/article/pii/S0925963503000189
http://www.sciencedirect.com/science/article/pii/S0925963503000189
https://doi.org/10.1016/j.surfcoat.2005.07.077
https://doi.org/10.1016/j.surfcoat.2005.07.077
http://stacks.iop.org/0022-3727/39/i=18/a=R01
http://stacks.iop.org/0022-3727/39/i=18/a=R01
http://www.sciencedirect.com/science/article/pii/S0925963503000815
http://www.sciencedirect.com/science/article/pii/S0925963503000815
https://doi.org/10.1039/C7NR06762C
http://www.sciencedirect.com/science/article/pii/S1742706112001638
http://www.sciencedirect.com/science/article/pii/S1742706110002035
http://www.sciencedirect.com/science/article/pii/S1742706110002035
http://onlinelibrary.wiley.com/doi/10.1002/ppap.200731001/full
http://refhub.elsevier.com/S0169-4332(18)33188-X/h0060
http://refhub.elsevier.com/S0169-4332(18)33188-X/h0060
http://refhub.elsevier.com/S0169-4332(18)33188-X/h0060
http://refhub.elsevier.com/S0169-4332(18)33188-X/h0060
http://refhub.elsevier.com/S0169-4332(18)33188-X/h0065
http://refhub.elsevier.com/S0169-4332(18)33188-X/h0065
http://refhub.elsevier.com/S0169-4332(18)33188-X/h0065
http://refhub.elsevier.com/S0169-4332(18)33188-X/h0065
http://refhub.elsevier.com/S0169-4332(18)33188-X/h0070
http://refhub.elsevier.com/S0169-4332(18)33188-X/h0070
http://refhub.elsevier.com/S0169-4332(18)33188-X/h0070
http://www.sciencedirect.com/science/article/pii/S0169433208006612
http://www.sciencedirect.com/science/article/pii/S0169433208006612
http://www.sciencedirect.com/science/article/pii/S2468023016300736
http://www.sciencedirect.com/science/article/pii/S2468023016300736
http://www.sciencedirect.com/science/article/pii/S0257897206008851
http://www.sciencedirect.com/science/article/pii/S0257897206008851
https://doi.org/10.1515/cdbme-2017-0072
https://doi.org/10.1515/cdbme-2017-0072
https://doi.org/10.1116/1.1538370
https://doi.org/10.1016/j.apsusc.2003.08.027
https://doi.org/10.1021/acsnano.6b07352
http://www.sciencedirect.com/science/article/pii/S0168583X10001862
http://www.sciencedirect.com/science/article/pii/S0168583X10001862
http://www.sciencedirect.com/science/article/pii/S0168583X13005053
http://www.sciencedirect.com/science/article/pii/S0168583X13005053
https://link.aps.org/doi/10.1103/PhysRevB.39.5566
https://link.aps.org/doi/10.1103/PhysRevB.39.5566
https://doi.org/10.1039/P298700000S1
http://www.sciencedirect.com/science/article/pii/S0038092X18306868
http://www.sciencedirect.com/science/article/pii/S0038092X18306868
https://doi.org/10.1039/C5RA23509J
https://doi.org/10.1039/C5RA23509J
http://www.sciencedirect.com/science/article/pii/S0925963599002332
http://www.sciencedirect.com/science/article/pii/S0925963599002332
https://doi.org/10.1103/PhysRevLett.102.236805
https://doi.org/10.1103/PhysRevLett.102.236805
https://doi.org/10.1002/adem.200800026
https://doi.org/10.1002/adem.200800026

	Ion-beam irradiation of DLC-based nanocomposite: Creation of a highly biocompatible surface
	Introduction
	Material and methods
	Molecular dynamics simulation
	Simulation of ion-beam irradiation
	Coating deposition and analysis
	Ion-beam irradiation
	Evaluation of biocompatibility
	Statistics

	Results and discussion
	Modeling of DLC structures
	Simulation of ion-beam irradiation
	Ion-beam irradiation and biocompatibility

	Conclusions
	Acknowledgments
	Supplementary material
	References




