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ABSTRACT: A series of Ti/Ti-diamond-like carbon (Ti-DLC)
films was deposited onto monocrystalline Si substrates by dual-
magnetron sputtering. The mechanical properties, chemical
composition, and microstructure of the films were investigated
by Raman spectroscopy, X-ray photoelectron spectroscopy (XPS),
scanning electron microscopy (SEM), X-ray diffraction (XRD),
and nanoindentation. The biocompatibility of the Ti-DLC films
was evaluated via cell viability testing. The TiC phase was formed
at a Ti content of 4.43 atom %, and the surface roughness gradually
increased as the Ti content increased. Ti-DLC films with 17.13
atom % Ti exhibited superior adhesion strength and surface
hardness. The optical densities (ODs) of the different Ti-DLC
films were similar, indicating that the films exhibit biocompatibility regardless of the Ti content. Overall, doping DLC films with Ti
provides a better film for medical applications, as it improves the mechanical properties, as evidenced by the elastic modulus,
hardness, adhesion strength, and surface roughness of the coating, and maintains ideal biocompatibility.

1. INTRODUCTION

A variety of medical devices such as artificial knee and hip
joints, heart valves, and coronary stents are implanted in
human bodies for restorative medical purposes. The material
components of these devices must be compatible with the cells
and fluids of the human body. However, implants without
proper surface modification exhibit low wear resistance, and
the debris particles generated by wear ultimately lead to tissue
inflammation.1 Metallic implants release metal ions and wear
debris into the surrounding tissues, which may induce
pseudotumour formation2 and lead to osteolysis and loosening,
resulting in implant failure.3 Coating implants with protective
films can reduce wear and corrosion and extend the lifetime of
implants for the benefit of patients.
A diamond-like carbon (DLC) film is an attractive

biomedical material owing to its high hardness, low friction
coefficient, good chemical stability, and biocompatibility.4

DLC films have been widely used to modify the surfaces of
medical devices5 such as artificial articulating joints, heart
pumps and valves,4 and biomedical implants.6 DLC is an
amorphous allotrope of carbon containing 0−40 atom %
hydrogen and sp3- and sp2-bonded carbon atoms.6 The sp2 and
sp3 ratio has a strong effect on the mechanical properties of
DLC films. The bioinertness of DLC has been confirmed in
various studies.7−12 For example, studies on the effects of DLC
coatings on cells found no evidence of cytotoxicity,12 and
studies of the interactions of macrophages with DLC coatings
have confirmed that DLC does not induce inflammatory

reactions in cells. DLC has also shown excellent biocompat-
ibility with blood monocytes;9 this is crucial because
monocytes control inflammatory reactions that can affect
osteointegration of implants. However, the commercialization
of DLC films has been limited by their poor adhesion13 to
substrates due to their high internal stress and chemical
bonding mismatch.14,15

Two methods have been explored to improve the adhesive
strength of DLC films: deposition of interlayers and doping.16

To overcome the most critical issues, different coating
concepts involving W, Ni, Si, and Zr have been proposed.17−20

Ti, silicon nitride, and chromium carbide are commonly used
as interlayers, as these materials potentially offer a physical
barrier between corrosive environments and their substrates.
However, some doping materials such as Ag may slightly
reduce the coating hardness,21 which is problematic with
regard to mechanical performance. Several studies have found
that NiTi alloy samples coated with TiC have better thermal
dynamic stability22 and mechanical performance.23 Addition-

Received: April 14, 2020
Accepted: August 14, 2020
Published: August 31, 2020

Articlehttp://pubs.acs.org/journal/acsodf

© 2020 American Chemical Society
22772

https://dx.doi.org/10.1021/acsomega.0c01715
ACS Omega 2020, 5, 22772−22777

This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mengqi+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tianyi+Xie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xuzheng+Qian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ye+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaomo+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.0c01715&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01715?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01715?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01715?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01715?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/5/36?ref=pdf
https://pubs.acs.org/toc/acsodf/5/36?ref=pdf
https://pubs.acs.org/toc/acsodf/5/36?ref=pdf
https://pubs.acs.org/toc/acsodf/5/36?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c01715?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_termsofuse.html


ally, Ti coatings on stainless steel samples have been shown to
reduce bacterial attachment.24

Ti reduces the residual stress by lowering the amount of sp3-
bonded C in the DLC matrix and improves the bonding
between the coating and the substrate, preventing delamina-
tion.25 Studies have shown that the addition of 7−13% Ti in
DLC increases bone marrow cell differentiation and lowers
osteoclast-like activity on coated surfaces.26,27 Slight differ-
ences in the Ti content of Ti-DLC films may lead to variations
in film properties, and a consensus is yet to be reached on the
appropriate amount of Ti to obtain optimum film properties or
the influence of gradient Ti doping.
To improve the properties of DLC films and determine the

optimum concentration of Ti, a series of Ti/Ti-DLC films was
deposited using a dual-magnetron sputtering system. The
mechanical properties, chemical composition, microstructure,
and biocompatibility of the films were investigated.

2. RESULTS AND DISCUSSION

2.1. Surface and Cross-sectional Morphologies. Figure
1 shows cross-sectional SEM images of the Ti/Ti-DLC films
prepared with different Ti contents. The Ti interlayer and
DLC top layer are clearly evident, and the two-layer structure
appears to be dense. The Ti interlayer, which provides good
adhesion between the DLC layer and the substrate, had a
thickness of ∼135 ± 15 nm. The thicknesses of the DLC films
with Ti contents of 17.13 and 26.98 atom % were 415 and 328
nm, respectively, whereas that of the pure DLC film (0 atom %
Ti) was ∼274 nm. The lower thickness of the pure DLC film is
possibly due to the higher growth stress.
Figure 2 shows the contrast in the three-dimensional atomic

force microscopy (AFM) morphology of the Ti-DLC film as a
function of the Ti doping content. All film surfaces were

smooth and uniform and consisted of many small compact
microparticles. Nevertheless, the surface roughness values, Ra

and Rq, gradually increased with the Ti content, as summarized
in Table 1. It is considered that the incorporation of Ti
reduced the migration energy of C atoms, resulting in a slightly
rougher film surface.

2.2. Chemical Composition and Microstructure. The
phase composition of the as-deposited composite films with
different Ti contents was examined using X-ray diffraction
(XRD); the results are shown in Figure 3. No peaks related to

C or diamond were detected, suggesting that the coating
matrix was amorphous. Compared with the pure DLC film, all
Ti-DLC films exhibited TiC (111) peaks centered near 2θ =
36.57°; the relative intensities of these peaks gradually
increased as the Ti content increased. The introduction of
Ti can lead to TiC formation, and the fraction of the TiC
phase is positively correlated with the Ti content.
X-ray photoelectron spectroscopy (XPS) was carried out to

further investigate the detailed bonding state of the Ti-DLC
films. Figure 4a,b shows the Ti 2p and the C 1s XPS spectra of
Ti-DLC films as a function of the Ti content, respectively. The

Figure 1. Cross-sectional SEM morphologies of Ti/Ti-DLC films prepared with different Ti contents.

Figure 2. Typical AFM images of Ti-DLC films with different Ti
contents.

Table 1. Ra and Rq Values of Ti-DLC Films Prepared with
Different Ti Contents

Ti doping content (atom %) Ra (nm) Rq (nm)

0 1.23 1.57
4.43 1.42 1.81
9.98 1.44 1.85
17.13 2.01 2.57
21.64 2.31 2.89
26.98 2.64 3.32

Figure 3. XRD patterns of the as-deposited Ti-DLC films with
different Ti contents.
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peaks near 454.2 and 460.3 eV in the Ti 2p spectrum
correspond to Ti 2p3/2 and Ti 2p1/2 of pure TiC,
respectively;28,29 this indicates that Ti atoms were incorporated
into the films and formed TiC. Moreover, the intensities of the
peaks were relatively weak at a Ti content of 4.43 atom % and
then increased with the Ti content because of the increased
fraction of the TiC phase. Figure 4b shows a high-intensity C
1s peak located near 284.6 eV for the pure DLC film, whereas
the peak shifted to lower binding energy with an increase in the
Ti content from 0 to 26.98 atom %; this is attributed to the
transformation from sp3 to sp2 bonding. However, the peak
intensity decreased as the Ti content increased, i.e., the
concentration of C decreased in the films. The samples with Ti
contents of 21.64 atom % may have generated the intermediate

metallic compound TixC1−x and a small amount of Ti oxide
during the generation of TiC, resulting in a slightly higher
binding energy. The XPS peak has no asymmetric peak at
281.6 eV because there is no TiC formed with Ti contents of 0
atom %. When the Ti content is 4.43 atom %, only a small
amount of TiC is formed. Therefore, the XPS curve has no
obvious shoulder peak at 281.6 eV. Nevertheless, the intensity
of this peak was very weak in the film with a Ti content of 4.43
atom %, which is inconsistent with the XRD results. It can be
inferred that below a concentration of 4.43 atom %, a small
amount of Ti element exists as a simple substance in the
carbon matrix because the substrate reaction temperature is
not high, which plays a role in adjusting the carbon atom
structure and can relieve internal stress to a certain extent, thus

Figure 4. (a) Ti 2p and (b) C 1s X-ray photoelectron spectra of Ti-DLC films as a function of the Ti content.

Figure 5. (a) Raman spectra and (b) ID/IG of Ti-DLC films as a function of the Ti content.

Figure 6. (a) Hardness and elastic modulus and (b) critical loads of Ti-DLC films as a function of the Ti content.
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the Ti dopants are mainly dissolved in the amorphous C
matrix, and only a small amount of TiC is formed.
Raman spectroscopy is an effective method for studying the

evolution of C atomic structures. Figure 5a shows the typical
Raman spectra of the DLC films with and without Ti doping.
The Raman spectra were fitted with two Gaussian peaks: the D
peak at approximately 1360 cm−1 and the G peak at
approximately 1540 cm−1. It is well known that the D peak
is related to the graphite structure and represents the breathing
mode of sp2 atoms in aromatic rings, whereas the G peak
corresponds to the diamond structure, originating from the
stretching mode of sp3 atoms in both aromatic rings and
chains. As a result, the sp2 and sp3 ratio can be determined
from the ratio of the areas of the D and G peaks (ID/IG). The
results are shown in Figure 5b; the ID and IG ratio increased as
the Ti content increased from 0 to 21.64 atom % and then
slightly decreased at 26.98 atom % Ti. On the basis of these
findings, we can conclude that the introduction of Ti resulted
in an increase in the amount of sp2 bonding in Ti-DLC films.
2.3. Mechanical Performance. The hardness and film−

substrate adhesion are two main factors that affect the
mechanical properties of films; they are directly correlated
with their reliability and service life. Figure 6a shows the
hardness and corresponding elastic modulus as a function of
the Ti content. The hardness decreased from 12.54 to 8.89
GPa as the Ti content increased from 0 to 9.98 atom %.
During this stage, the Ti atoms uniformly dissolved in the
amorphous C matrix and formed small amounts of nano-
crystalline carbides (according to the XRD and XPS results),
effectively breaking the continuity of the C network. As a
result, the film hardness decreased. A further increase in the Ti
content from 17.13 to 26.98 atom % resulted in an increase in
the hardness from 9.98 to 10.54 GPa; this is attributed to the
continuous formation of nanocrystalline carbides with the
increase in the Ti content, which effectively compensated for
the destruction of the C network, thus leading to an increase in
the film hardness. Notably, the changes in the elastic modulus
and hardness of the films were not synchronized.
In general, the critical loads LC1, LC2, and LC3 are used to

characterize the adhesion strength of films, where LC1 is
defined as the normal load at which the first crack appears in
the film, LC2 is the load at which chipping of the film first
occurs, and LC3 corresponds to complete delamination of the
film. Figure 6b shows the relationship between the adhesion
strength and the Ti content. The adhesion strength sharply
increased as the Ti content increased from 0 to 17.13 atom %
and then increased at a slower rate with a further increase in

the Ti content. Although the hardness of the Ti-DLC film with
17.13 atom % Ti was lower than that of the pure DLC film, the
adhesion strength of the former was significantly higher than
that of the latter. As a result, the Ti-DLC film with a Ti content
of 17.13 atom % is considered to be superior in terms of the
mechanical properties.

2.4. Biocompatibility. Figure 7 shows the cytotoxicity of
the Ti-DLC films. The hPDLCs proliferated favorably during
the incubation period. After 24 and 72 h, the optical densities
(ODs) of the control samples (DLC alone) and groups with Ti
doping were not significantly different. There was also no
significant difference in the ODs of the Ti-DLC films prepared
with different Ti contents. Thus, doping with Ti can maintain
the biocompatibility of a biomaterial over a long term and
independent of the Ti content. Several dental products made
of metallic materials are used in the mouth, such as
restorations, braces, and implants; thus, the evaluation of
hPDLCs can reflect the compatibility in the mouth well.
DLC coatings have been reported to be noncytotoxic,10,12

and the formation of TiC has no effect on compatibility, as it
has been proved that no sign of toxicity was found after the
absorption of TiC.30 The addition of Ti particles reportedly
has a beneficial effect on human dental pulp stem cells and
osteoblast viability.31 Overall, doping DLC films with Ti
provides a better film for medical applications, as it improves
the mechanical properties, as evidenced by the elastic modulus,
hardness, adhesion strength, and surface roughness of the
coating, and maintains ideal biocompatibility. Thus, Ti/Ti-
DLC coatings have considerable potential for applications
involving bone tissue engineering, biomedical implants, soft
tissue (e.g., blood vessel) repair, and so on. We hope the
existing data could conclude the optimal Ti doping content
considering the mechanism properties and biocompatibility.
Further exploration, including high-resolution transmission
electron microscopy (HRTEM) is required in the future.

3. CONCLUSIONS

We prepared Ti/Ti-DLC composite films consisting of an
amorphous DLC phase with varying Ti contents. The
formation of the TiC phase was initiated at a Ti content of
4.43 atom %. The surface roughness and hardness of the films
increased when the Ti content exceeded 17.13 atom %.
Specifically, Ti/Ti-DLC films with a Ti content of 17.13 atom
% demonstrated a superior adhesion strength and surface
hardness. The introduction of Ti increased the amount of sp2-
bonded carbon in Ti-DLC films. An evaluation of the cell

Figure 7. Cell proliferation of Ti-DLC films with different Ti contents. The data represent the mean and standard deviation (SD) values. The “*”
over the bar indicates “significantly different from the control group (P, 0.05)”.
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viability of the Ti-DLC films indicated good biocompatibility
independent of the Ti content.

4. EXPERIMENTAL SECTION
4.1. Film Preparation. A series of Ti/Ti-DLC films was

deposited onto monocrystalline Si substrates by dual-magnet-
ron sputtering using graphite and Ti targets. Using Raman
spectroscopy, we confirmed that sputtering increased the ratio
of sp2 to sp3 bonding in the films.32 The substrate was
successively cleaned with acetone, isopropanol, and deionized
water. The vacuum system was first pumped to 5 × 10−4 Pa for
∼45 min. Pure Ar gas was then pumped into the deposition
chamber using a mass-flow controller to maintain a working
pressure of 5 × 10−1 Pa. To obtain a homogeneous Ti-DLC
film, the substrate stage was rotated at 6 rpm. During the
deposition process, the Ti target was operated at a power of
550 W for 30 min to deposit the Ti interlayer. Subsequently,
the Ti target was switched off, and the graphite target was
operated at 550 W for 3 h. During C deposition, the Ti target
was operated at 40, 60, 80, 100, and 120 W to vary the Ti
doping content of the DLC film (Table 2).

4.2. Characterization. The surface morphologies of the
films were studied by scanning electron microscopy (SEM;
SU8200, Hitachi, Tokyo, Japan). The chemical structure of the
films, mainly including the sp2 and sp3 structures of the carbon-
based film, and the existent state of doping element Ti existing
in the carbon matrix, was characterized by Raman spectroscopy
(HR-800, Horiba, Kyoto, Kyoto Prefecture, Japan; excitation
wavelength: 514.5 nm). X-ray photoelectron spectroscopy
(XPS; PHI Quantera II, Ulvac-Phi Inc., Kanagawa, Japan) was
used to analyze the element content and existent state of the
DLC film after doping. The crystalline structures of the films
were examined using a Rigaku D/max-RB X-ray diffraction
(XRD) system. The scanning range was 10°−90°. Continuous
scanning mode was used, and the scanning speed was 2°/min.
The elastic modulus and hardness of the films were measured
using a nanoindentation tester (model NHT2, CSM Instru-
ments, Needham, MA).
4.3. Cytotoxicity Evaluation. Samples were cut into

rectangles (length: 14 mm; width: 7 mm) and placed in 12-
well plates. The viability of human periodontal ligament cells
(hPDLCs, provided by Peking University Hospital of
Stomatology, Beijing, China) on the sample films was
evaluated using a cell counting kit (Cell Counting Kit-8:
Code: ck04, Dojindo Laboratories, Kumamoto, Japan). The
hPDLCs (P7) were seeded at a concentration of 2 × 105 cells/
well onto each test sample and placed in an incubator with an
atmosphere of 5% CO2 at 37 °C. After 24 and 72 h of
incubation, a CCK-8 treatment was used to measure the cell
viability at 37 °C for 2 h. Additionally, the optical density
(OD) of the culture medium was measured for two samples

from each test group, and the ODs were compared using a
one-way analysis of variance (ANOVA).
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