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Titanium alloys are widely used in parts of dental implants, such as screws and abutments. In practice, unwanted
relative sliding between contacting implant parts can cause excessive wear, which may lead to early failure. The
effect of a submicron diamond-like carbon (DLC) coating on the friction and wear of Ti6Al4V alloys under sliding
contact in artificial saliva was investigated. Critically, the DLC film suppressed adhesion between contacting
surfaces, significantly lowered the coefficient of friction and contact stress, and ultimately the wear rate, relative

to uncoated Ti6Al14V, while maintaining good film-substrate bonding and undergoing a limited extent of fracture.
Results are explained within the framework of contact mechanics. Implications for the development of durable

dental implants are discussed.

1. Introduction

Owing to their biocompatibility and osseointegration capacity, high
corrosion resistance, strength, and machinability, titanium alloys
(especially Ti6Al4V) are widely used in the more internal parts of dental
implants, namely the screw and the abutment [1]. The connection be-
tween screw and abutment is intended to be fixed and motionless, i.e.,
experiencing static friction only. However, unwanted relative rotation in
practice can result in sliding contact. Even if such contact is of small
amplitude, the dynamic friction associated with sliding inevitably cau-
ses wear. If excessive, this wear may loosen the connection between
screw and abutment and contribute to early failure [2-7].

Titanium alloys typically show strong adhesion in sliding contacts
against metals, resulting in high friction and severe wear (galling) [8,9].
Secondary abrasion can also take place, typically controlled by plastic
deformation, but also assisted by fracture when brittle tribolayers form
[10]. Moreover, under certain conditions—including conditions which
may occur in the human oral environment [11,12]—titanium can also
be subject to corrosion, harmful for human health. Accordingly, ceramic
coatings and films (with primarily ionic-covalent atomic bonding) have
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been considered in order to decrease friction and wear and to impart
chemical protection for Ti-based implant parts [12,13]. Among these,
diamond-like carbon (DLC) presents a unique combination of mechan-
ical and tribological properties and, being biocompatible and bioinert,
has demonstrated potential for use in both orthopaedics and dental
implants [2,4,14-18]. However, some studies have indicated that DLC
bonds relatively poorly to Ti-based substrates, which can limit the
durability of the coating [17,19-22]. Moreover, DLC films can be
significantly harder and stiffer than Ti-alloys. Property mismatch thus
results in relatively large stresses at the film/substrate interface upon
cyclic loading, which limits their use to relatively low loads [23].
Previous work [8] investigated the sliding-wear of DLC/Ti6Al4V vs
Ti6Al4V cylinders by means of galling tests, using high loads (up to 200
N), without external lubrication. The DLC films effectively prevented
adhesion at low and intermediate loads, thereby reducing friction and
resulting in significantly greater galling loads compared with uncoated
contacts. Galling was related to film delamination at high contact
pressures. These films provided increased protection relative to other
surface treatments such as thermal oxidation and TiN films. In this tri-
bosystem wear rates are dependent on load/contact pressure and sliding
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speed, with wear transitions related to tribochemical reactions [24].

In the field of biomedical engineering, much of the research on the
tribological aspects of DLC-coated titanium has focused on orthopaedic
implants, typically employing a counter-body other than titanium, such
as ceramic (e.g., [25-28]) or polymer (e.g., [29-31]), and lubrication by
some form of simulated body fluid. In general, the application of a DLC
coating to orthopaedic Ti-based implant parts under sliding was found to
protect against the severe adhesion and oxidation occurring in uncoated
systems, and to result mostly in moderate abrasion [10,26,27,29]. As a
result, DLC films generally decreased friction and wear compared to
uncoated tribopairs by up to various orders of magnitude (e.g., by factors
of ~10[10,32], ~10? [25,26], and ~10° [27]), with specific wear rates
dependent on the particular contact and environmental conditions
employed.

Work in the dental field has focused on actual screw-abutment
contacts involving DLC films (e.g., [2,4,33,34]). One of the issues with
such studies is that the contact configuration is complex and there are
competing failure modes, e.g. plastic yield, fatigue, fracture, wear, and
corrosion. This hinders comparison, and can lead to contradictory re-
sults, with some studies concluding that DLC coatings significantly
improve the resistance to screw loosening [2,33] while others find no
difference between coated and uncoated groups [4,34]. Moreover,
studies in dentistry generally provide limited information on wear
mechanisms. Investigations using model systems under simplified con-
tact conditions (e.g., pin-on-disk) have the advantage of allowing spe-
cific effects of friction and wear to be assessed independently [35,36].
Employing such systems, it was reported that, also under artificial saliva
lubrication, a DLC coating suppressed oxidation and adhesion and
minimized abrasion of Ti6Al7Nb alloys against Si3N4 antagonists,
leading to reductions by factors of up to 5 in the coefficient of friction
(CoF) and 15 in the wear rate compared with uncoated systems [37].
When tested against ZrO, antagonists, relatively thick (in excess of 1
pm) polycrystalline diamond coatings resulted in reductions by up to a
factor of 3 in the CoF of Ti6Al4V alloys [6].

Given the above, the present study was aimed at contributing fresh
experimental friction and wear results in the Ti6Al4V vs DLC/Ti6A14V
tribopair under artificial saliva lubrication by means of pin-on-disk en-
gineering tests, as a simple model of dental implant against abutment
sliding contacts. Effects of a thin (less than 1 pm thickness) DLC film are
investigated with a view to providing guidelines for the development of
durable dental implants. Wear tests are supplemented with microscopy
observations of both the surface and the cross-section for detailed
analysis of the damage modes and mechanisms. Results are explained
within the framework of contact mechanics.

2. Materials and methods

Ti6Al4V alloy substrates were employed (Shaanxi CXMET Technol-
ogy Co. Ltd., China). The chemical composition of the substrates was Al:
6.0 wt%, V: 4.0 wt%, Fe: 0.05 wt%, C: 0.01 wt%; N: 0.009 wt%; H:
0.001 wt%; O: 0.06 wt%, Ti: balance. Substrates were ground and
initially polished using 15 pm diamond suspension and then finely-
polished using an oxide suspension consisting of 2.0 ml ammonia and
1.0 ml hydrogen peroxide. Polished substrates were subsequently
washed with isopropanol and nitrogen dried.

DLC films were deposited onto TiAl4V substrates using a custom-
made radio-frequency plasma enhanced chemical vapour deposition
(RF-PECVD) system [38], equipped with a turbo pump. The vacuum
achieved in the chamber was 1 x 1072 Pa. Acetylene (C2Hy), argon (Ar),
and tetramethylsilane (TMS) were employed as process gases. Mass flow
controllers were employed to control the individual gas flow into the
chamber. The deposition pressure was controlled by adjusting a throttle
valve. All specimens were sputter cleaned in-situ prior to the deposition
of a hydrogenated amorphous silicon carbide (a-SiC:H) bonding layer,
obtained from a TMS precursor, at a pressure of 3.3 Pa, with the TMS
flow rate set to 80 standard cubic centimetres per minute (sccm) at 200
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W for 3 min (~75 nm thickness). For the DLC films, deposition condi-
tions were: pressure of 6.6 Pa, CoHs flow rate of 100 sccm, RF power of
200 W, and deposition duration 10 mins. The self-bias voltages during
the deposition of a-SiC:H and DLC were 650 V and 450 V, respectively.

The thickness of the deposited DLC films was measured from
Focused-lon Beam, FIB (AURIGA Compact, ZEISS, Germany), micro-
graphs to be 800 nm. DLC films’ elastic modulus and hardness are ~106
GPa, and =12.8 GPa, respectively, and contain an equibiaxial,
compressive, residual stress of ~1 GPa [39]. The elastic modulus and
hardness of Ti6Al4V are 110 GPa, and 3.4 GPa, respectively [40].

The surface of the materials prior to tribological testing was
inspected by Atomic-Force Microscopy, AFM (Bruker Multimode 8),
operated in PeakForce Tapping mode, and optical profilometry (Profilm,
Filmetrics, San Diego, CA). Average roughness (R,) values of 0.031 +
0.003 pm and 0.039 + 0.009 pm were measured on uncoated Ti6Al4V
substrates, and DLC/Ti6Al4V systems, respectively.

Sliding-wear experiments were conducted using a pin-on-disk test
equipment (THT, Anton Paar, Graz, Austria) [41]. Precision Ti6Al4V
spheres (grade 200) of radius R = 3 mm (Goodfellow Cambridge Ltd.,
UK) were used as pin, and plane-parallel DLC-coated and uncoated
Ti6Al4V specimens as disk. The normal load selected was F = 20 N,
within the 5 N-100 N interval typically used in in-vitro wear testing of
dental systems [42]. The load employed in this study lies within the
lower range of that interval as being assumed to be representative of the
load transferred to an individual implant upon chewing. The radius of
wear scar and sliding speed were 3 mm and 10 mm-s~!, respectively.
The sliding distance was L = 150 m. A commercial artificial saliva so-
lution (Lacer S.A., Spain), with a viscosity of 3.22 mm?s ! at 20 °C, was
employed as lubricant. For each tribosystem, tests were performed three
times. The wear volume (V) of the disks was calculated from direct
measurements on the scars using the profilometer, as indicated in
greater detail elsewhere [43]. The wear volume of the pins was esti-
mated from the diameter of the wear scar, d, measured by optical mi-

croscopy (Epiphot 300, Nikon, Tokyo, Japan), in accordance to V = %

3
[41]. Specific wear rates (SWR) were calculated as SWR = %

The surface and cross-section of the specimens after testing were
inspected by High Resolution Field Emission Scanning Electron micro-
scopy (HRFESEM, Quanta 3D FEG, FEI, The Netherlands, and Gem-
iniSEM 500, Zeiss, Germany) and FIB microscopy, respectively. The SEM
observations were made using secondary electrons at accelerating
voltages up to 15 kV. The FIB cross-section milling was done using in-
tensities of 10 nA; with the milled cross-sections subsequently being
polished using intensities of 100 pA, and finally imaged with secondary
electrons. Specimens were not metal-coated prior to microscopy.

Relevant contact stresses were simulated using the commercial
software package FilmDoctor® (SIO®, Saxonian Institute of Surface
Mechanics, Ruegen, Germany). The software calculates stress fields in
substrate-film(s) systems, from the contact conditions and the materials’
elastic property values, using the extended Hertzian model for layered
materials [44].

3. Results

Fig. 1 shows representative AFM micrographs of the surface of un-
coated (Fig. 1(A)) and DLC-coated (Fig. 1(B)) Ti6Al4V substrates used as
disk specimens in the pin-on-disk tests. Both surfaces are very smooth,
showing asperities of heights less than 9 nm, with slightly greater mean
and dispersion in the coated specimen. These values are consistent with
the low R, values measured by profilometry (0.031 + 0.003 pm and
0.039 + 0.009 pm, in the uncoated Ti6Al4V substrates and the DLC
films, respectively).

Fig. 2 shows the coefficient of friction (CoF) data measured from the
pin-on-disk tests for the tribosystems Ti6Al4V (pin) vs Ti6Al4V (disk),
hereafter ‘Uncoated’, and Ti6Al4V (pin) vs DLC/Ti6Al4V (disk), here-
after ‘Coated’. Compared with the ‘Coated’ system, the friction curve for
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Fig. 1. AFM topography micrographs of the surface of (A) uncoated Ti6Al4V
substrate; and (B) DLC-coated Ti6Al4V. Shading indicates height contours.

the ‘Uncoated’ system is somewhat more irregular, showing small
amplitude peaks and valleys which suggest the occurrence of stick-slip
processes and abrasion by relatively hard (oxide) debris. The average
values of CoF are 0.42 4 0.02 (‘Uncoated’), and 0.11 &+ 0.06 (‘Coated’).
The introduction of a DLC film in the tribosystem thus results in a 4-fold
reduction in the CoF.

Fig. 3 shows representative low-magnification optical microscopy
images of the wear damage at the conclusion of the sliding tests on the
surface of both pin and disk. They illustrate the protective effect of the
DLC film. While the wear track on the Ti6Al4V disks in the ‘Uncoated’
system is very wide, the disks in the ‘Coated’ systems merely show a
slight, barely visible, scratch on the surface. The DLC film appears to
remain well adhered to the substrate by the end of the wear tests, after
150 m of continuous sliding contact. Similarly, the wear scar observed
on the contact surface of the Ti6Al4V pins in ‘Coated’ systems is
dramatically reduced compared with ‘Uncoated’ systems. Abrasive
marks on the worn surface of all the uncoated Ti6Al4V specimens are
observed in both systems.

Fig. 4 shows profilometry images typical of the wear scars obtained
on disks. The 3-D images reveal that, in addition to being of greater
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Fig. 2. Representative curves of coefficient of friction vs sliding distance ob-
tained from pin-on-disk tests in the Ti6Al4V vs Ti6Al4V (‘Uncoated’, red line)
and Ti6Al4V vs DLC/Ti6Al4V (‘Coated’, blue line) tribosystems. (For interpre-
tation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Uncoated

Pin Disk

Fig. 3. Low-magnification optical microscopy images, obtained at the end of
the wear tests, representative of the wear damage on the contact surface of both
pin and disk in the Ti6Al4V vs Ti6Al4V (‘Uncoated’) and Ti6Al4V vs DLC/
Ti6Al4V (‘Coated’) tribosystems. The disk specimens (right) have a width of
2 cm.

width, the wear scar observed on the Ti6Al4V disks in the ‘Uncoated’
system (Fig. 4(A)) is significantly deeper than that observed on the
‘Coated’ disks (Fig. 4(B)). For direct comparison of the differences in
scar size, the 2-D profiles are shown in Fig. 4(C). The profilometry im-
ages confirm the presence of abrasive scratches on the wear surface of
the specimens, which are of comparatively greater depth in the
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Fig. 4. Typical profilometry images of the wear scar on a (A) Ti6Al4V disk
specimen from a Ti6Al4V vs Ti6Al4V (‘Uncoated’) tribosystem, and a (B) DLC/
Ti6Al4V disk specimen from a Ti6Al4V vs DLC/Ti6Al4V (‘Coated’) tribosystem,
obtained at the end of the sliding-wear experiments. Shading represents height
contours. (C) Two-dimensional (xy, Cartesian, with y being the normal loading
direction) profiles of the cross-section of the above wear scars. The black arrows
mark the width of the wear scar in the ‘Coated’ disk specimen.

‘Uncoated’ system.

Fig. 5 shows the wear volume in both ‘Uncoated’ and ‘Coated’ tri-
bosystems at the end of the pin-on-disk tests. It can be seen that the
presence of a DLC film has a dramatic effect on the wear of TiAl64V parts
under sliding contact in saliva. In particular, in the ‘Coated’ system, the
DLC/Ti6Al4V disks experienced a reduction of 99.97 % in wear volume
compared to Ti6Al4V disks in the ‘Uncoated’ system. Moreover, the
Ti6Al4V counter spheres in the ‘Coated’ system show a reduction of
99.99 % in wear volume compared to the Ti6Al4V counter spheres in the
‘Uncoated’ system. In the ‘Uncoated’ system, the experimental wear
volumes result in SWR values of 2.0 - 10~* mm3/N-m (Ti6Al4V disks)
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Fig. 5. Wear volume bar chart, computed from microscopy and profilometry
images, of the pin and disk materials in the Ti6Al4V vs Ti6Al4V (‘Uncoated’)
and Ti6Al4V vs DLC/Ti6Al4V (‘Coated’) tribosystems investigated in this study,
at the conclusion of the sliding-wear tests. The values plotted are the mean and
standard deviation of the wear volumes for the four categories of material (3
samples in every category).

and 1.0 - 10~* mm®/N-m (Ti6Al4V pins), which indicate severe wear
[45]. By contrast, in the ‘Coated’ system, the experimental wear volumes
result in over 4 orders of magnitude lower SWR values, of 5.7 - 1078
mm?/N-m (DLC/Ti6Al4V disks) and 6.7 - 10° mm®/N-m (Ti6Al4V
pins), which pertain to mild wear.

Fig. 6 shows high magnification details of the wear damage on the
surface of Ti6Al4V pins in ‘Uncoated’ systems, obtained by HRFESEM.
There are three main types of damage modes at the microscopic scale: (i)
scratches of micrometric width, extending parallel to the sliding direc-
tion; and relatively large (diameter over ~10 pm) scattered (ii) pits and
(iii) material pile-ups (higher magnification detail in Fig. 6(B)). The
extent of the damage on the surface of Ti6Al4V pins is significantly
decreased in ‘Coated’ systems, with scratches of smaller width and fre-
quency than in ‘Uncoated’ systems, and with pits and pile-ups essentially
suppressed.

Fig. 7 shows representative HRFESEM images of the wear damage in
the Ti6Al4V disks in ‘Uncoated’ systems, on both the surface and the
cross-section (milled and polished by FIB). As anticipated from Fig. 6, it
can be observed that the wear surface is relatively rough, with notice-
able ‘macro’ steps (boxed area) indicating substantial plastic deforma-
tion, in addition to the micro scratches parallel to the sliding direction.
Material pile-ups on the surface can also be observed. The cross-sections
appear to be free of cracks and damage other than plastic deformation.

In contrast, the amount of plastic deformation, in both the DLC film
and the Ti6Al4V substrate of ‘Coated’ systems, is greatly reduced, as
seen in Fig. 8. Low magnification HRFESEM images show that the wear
surfaces in ‘Coated’ systems are significantly smoother than those in
‘Uncoated’ systems. Microscratches parallel to the sliding surface can
also be observed, although to a much lesser extent. A few scattered
debris particles of submicron size, adhered to the wear surface of DLC-
coated disks, are visible in Fig. 8(B).

Higher magnification details (Fig. 9) confirm that the surfaces of
both the DLC film and the Ti6Al4V substrate remain smooth by the end
of the wear tests. Moreover, as anticipated from the optical images, the
FIB cross-sectional observations reveal that the DLC films remain very
well attached to the substrates after 150 m of sliding contact, with
smooth and seemingly pristine film-substrate interfaces. No damage
other than mild deformation is observed in the coated TiAl64V sub-
strates (Fig. 9(A)). On the other hand, the DLC films show two types of
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Fig. 6. HRFESEM images at (A) intermediate-high and (B) high magnifications
representative of the wear damage on the surface of a Ti6Al4V pin from a
Ti6Al4V vs Ti6Al4V (‘Uncoated’) tribosystem, at the end of a pin-on-disk test.
The arrow indicates the sliding direction.

brittle damage modes, as observed at the cross-section. First, some of the
microscratches observed on the surface appear to be crack-like and
propagate into the film cross-section, forming an angle with respect to
the axial loading axis (e.g, ‘1’ in Fig. 9(A)). Such cracks are not cata-
strophic. In most instances, they arrest before reaching the film-
substrate interface (Fig. 9(B)). When cracks do reach the interface,
they do not propagate into the substrate, but rather deflect at the
interface. Importantly, crack deflection at the interface only results in
very localized detachment which does not compromise the adhesion of
the DLC film, as observed in Fig. 9(E). In addition to cracks generated on
the surface, radial cracks generated at the film-substrate interface are
also observed (e.g., 2" in Fig. 9(A) and (C)). Again, such cracks are
relatively stable and not catastrophic, and arrest before they can reach
the film surface and form significant wear particles. The submicron wear
particles observed on the surface (Fig. 8(B)) largely correspond to DLC
debris from relatively wider scratches (e.g., ‘3’ in Fig. 9(A) and (D)).

Surface & Coatings Technology 460 (2023) 129409

Surface

Cross-section

Fig. 7. HRFESEM images at (A) intermediate-high and (B) high magnifications
representative of the wear damage at the cross-section (milled by FIB) of a
Ti6Al4V disk from a Ti6Al4V vs Ti6Al4V (‘Uncoated’) tribosystem, at the end of
a pin-on-disk test. The arrow indicates the sliding direction. The specimen is
tilted 52° with respect to the observation axis.

4. Discussion

The experimental results unambiguously show the beneficial effect
of a DLC film to impart protection from excessive wear to Ti6Al4V parts
under sliding contact, such as those in dental implants. In particular, in
our experiments the application of a DLC film to a Ti6Al4V vs Ti6Al4V
tribosystem under lubrication with artificial saliva reduced the SWR by
over 4 orders of magnitude in both the pin and the disk. This can be
attributed to three causes. First, the presence of the DLC film physically
separates the contacting titanium surfaces, thus changing the wear mode
from mixed abrasion and adhesion (in ‘Uncoated’) to abrasion only (in
‘Coated’). The latter is evidenced by the microscopic markings observed
on the wear surfaces (Figs. 6-8): microscratches caused by the asperities
of the counter sphere and hard oxide debris, and adhesive deposits (i.e.,
material transfer) in ‘Uncoated’ systems vs microscratches only (of
smaller size and lesser frequency) in ‘Coated’ systems. Adhesion be-
tween uncoated titanium contacts is well known and leads to severe
wear [8,46]. Second, the suppression of adhesion by the DLC film lowers
the coefficient of friction [46] by a factor 4, from an average value of
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Fig. 8. (A) Low magnification SEM image of the wear track on the surface of a
DLC/Ti6Al4V disk specimen from a Ti6Al4V vs DLC/Ti6Al4V (‘Coated’) tribo-
system. (B) Low magnification HRSEM image of the damage at the cross-section
milled by FIB. The images were obtained at the end of a pin-on-disk test. The
arrows indicate the sliding direction.

~0.4 (‘Uncoated’) to ~0.1 (‘Coated’). In turn, decreasing the coefficient
of friction results in lower values of the critical macro-contact stresses
[47]: both the surface tensile stress at the rear edge of the contact and
the sub-surface shear stress ahead of the contact are relatively lower in
the ‘Coated’ than in the ‘Uncoated’ system. And third, the low surface
roughness (e.g., Fig. 9(A)) and intrinsic high hardness and resistance to
wear of DLC' [14] contribute to the limited extent of abrasion of both
Ti6Al4V counter sphere and film in the ‘Coated’ system (Fig. 3). The
combination of suppressed adhesion, decreased friction and macro-
contact stress, and reduced abrasion associated with the presence of
the DLC film effectively shift the wear regime of Ti6Al4V sliding con-
tacts, from severe in the ‘Uncoated’ system to mild in the ‘Coated’
system.

The application of a DLC film to Ti6Al4V sliding contacts could also
have some potential downsides. Among them are poor bonding between
film and substrate, and increased susceptibility to fracture in the rela-
tively brittle film. The former is typically a result of large compressive
residual stresses in the film and/or the presence of impurities at the
interface which may be introduced during deposition [21]. In contrast,
the RF-PECVD DLC films employed in this work showed excellent
bonding to the Ti6Al4V substrate, as seen in the cross-sectional FIB
images taken at the conclusion of the wear tests after 150 m of sliding
contact (Fig. 8(B)). Underlying the stability of our DLC films is the
preferential formation of Si—C bonds on the interlayer, which enhances
the chemical affinity of a-SiC:H with the DLC film, and reduces the
elastic modulus mismatch with the substrate [26,49,50]. Note that good
film bonding was achieved here even on highly polished substrates (i.e.,
without mechanical interlocking).

1 According to Archard’s law, the resistance to abrasive wear is inversely
proportional to the materials’ hardness [48]. Thus, DLC shows increased
resistance to abrasion compared with uncoated Ti6Al4V mostly as a result of its
greater hardness.
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Fig. 9. (A) Intermediate-high magnification HRFESEM image showing repre-
sentative damage modes at the cross-section of a DLC/Ti6Al14V disk specimen
from a Ti6Al4V vs DLC/Ti6Al4V (‘Coated’) tribosystem. (B), (C), and (D) are
high magnification details of sites labelled ‘1°, ‘2°, and ‘3’, respectively, in (A).
(E) High magnification detail of a crack reaching the DLC-Ti6Al4V interface. All
images were obtained at the conclusion of a pin-on-disk test. The arrow in-
dicates the sliding direction. The specimen is tilted 52° with respect to the
observation axis.

With regards to fracture, a ceramic DLC film is comparatively harder
and more brittle [14] than the Ti6Al4V substrate, and thus more prone
to the initiation of cracks. The cross-sectional FIB examinations revealed
two basic fracture modes: (i) cracks generated at the contact surface,
which subsequently propagate ‘downwards’ at an angle through the film
thickness; and (ii) cracks generated at the film-substrate interface, which
subsequently propagate ‘upwards’ perpendicular to the surface (ie.,
radial cracks [51]). To ascertain the origin of such cracks, numerical
simulations were made of the stress field upon sliding. Because surfaces
are not ideally flat, the contact between a Ti6Al4V sphere and a DLC/
Ti6Al4V disk is actually effected at the asperity level [48,52-54], ie.,
micro-contacts between the asperities of the sphere and the coated disk.
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the stress field induced on a DLC/Ti6Al4V system by a relatively sharp
indenter/particle (marked by the vertical black arrow) of radius 0.5 pm
applying a normal load of 50 mN. Cross-sectional view xz (Cartesian), with z
being the loading direction. The dashed line marks the film-substrate interface.
Stress units are GPa, with positive values indicating tensile stress and negative
values compressive stress. (A) Normal stress in x-direction, with white arrows
pointing at regions under tensile stress; and (B) Von Mises stress.

Fig. 10 shows a simulation of the relevant components of the stress field
caused in the DLC/Ti6Al4V system investigated in this work by a sub-
micrometric asperity or micro-contact, modelled as a conical (angle 45°)
indenter with a tip of radius 0.5 pm (i.e. relatively sharp), applying a
reference normal load of 50 mN? [55]. The normal stress at the cross-
section (Fig. 10(A)) shows relatively high positive values (i.e., tensile)
on the film surface, outside the contact circle, as well as near the film/
substrate interface due to film bending. The former open tensile cracks
at the surface, such as ‘1’ in Fig. 9(A) and (B), which propagate through
the film cross-section at an angle of ~45° with respect to the normal axis
[56]. The latter open radial cracks at the film-substrate interface, such as
‘2’ in Fig. 9(A) and (C), which propagate normal to the interface [51].
The dominance of contact over bending and the magnitude of the tensile

2 For simplicity, the relatively low frictional force was excluded from the
simulation, as it only adds a small shift of the maxima of the stress field com-
ponents [47], and thus does not affect the damage modes significantly.
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stresses depend on film thickness and the film-substrate property
mismatch: thicker films favour contact-induced surface cracks over
bending-induced radial cracks, and tensile stresses increase with
increasing film stiffness [51,57]. With regards to the shear stress, Fig. 10
(B) shows that the Von Mises stress is greatest just below the contact
surface, along the normal loading axis. High shear stresses induce plastic
deformation at the asperity level and are thus responsible for the abra-
sive microscratches in the film (such as ‘3’ in Fig. 9(A) and (D)) [48].

In addition to their relatively low resistance to crack initiation, their
amorphous structure and reduced dimension (thickness) mean that, in
principle, DLC films lack the extrinsic mechanisms which are present in
some engineering ceramics and natural hard tissues to resist crack
propagation [58,59]. However, none of the fracture modes observed in
the DLC/Ti6Al4V system appear to be catastrophic. Cracks generated on
the contact surface typically arrest before reaching the film-substrate
interface (Fig. 9(B)). When they do reach the interface, they deflect
(without compromising bonding at a macroscopic scale) and do not
propagate through the substrate (Fig. 9(E)). Similarly, radial cracks
generated at the film-substrate interface are effectively arrested before
reaching the contact surface. The observed resistance of the DLC film to
the propagation of radial cracks is attributable to the through-thickness,
equibiaxial (in-plane), compressive residual stress, as well as to the
compressive component of the micro-contact stress field under the
contact and in the mid cross-section of the film (Fig. 10(A)). Fatigue
effects could take place in cyclic, sliding contacts of greater duration.

The results of this work have important implications for the devel-
opment of durable, Ti-based dental implant parts. Indeed, as mentioned
above, adhesion-induced severe wear (galling) between contacting ti-
tanium screw and abutment parts can result in early failure. The depo-
sition of a thin DLC film is effective at physically separating metallic
surfaces and suppressing adhesion, and significantly reduces friction,
macro-contact stresses and ultimately wear. To ensure the stability of
the system, good bonding between the film and the substrate must be
achieved. In dental tribosystems, this is hindered by the low surface
roughness of precision implant parts, but this problem can be overcome
by employing an effective interlayer during RF-PECVD deposition, such
as a-SiC:H, as is it was demonstrated in this work, or by doping DLC with
such elements as fluorine [38].

The main issue associated with the introduction of a ceramic film
such as DLC which could affect the long-term performance of the system
is property mismatch with the substrate. This results in increased sus-
ceptibility to fracture in the relatively brittle film, especially at the
contact surface and interface. Because such fracture is largely due to
tensile stresses introduced at the micro-contact or asperity level, it fol-
lows that contact surfaces should be polished as smoothly as possible in
order to minimize the extent of fracture in the film, while maintaining
good bonding between film and substrate. Moreover, in coated systems,
cyclic stresses during mastication can result in cumulative strain of the
film-substrate interface which could lead to delamination. This issue is
minimized in the present DLC/TTi6Al4V systems, since the DLC films
deposited by RF-PECVD have elastic moduli that are similar to those of
Ti6Al4V. Alternatively, gradient film structures could be attempted
[50], with relatively high modulus and hardness values at the contact
surface for greater load-bearing capacity and abrasion resistance, pro-
gressively decreasing through the film thickness for toughening, and
equating the substrate modulus at the interface for improved adhesion,
thus emulating the highly durable and damage -resistant structure of
human enamel (i.e., bio-mimetic design) [60,61].

5. Conclusions
The effect of a DLC thin film on the wear behaviour of Ti6Al4V disks

in contact with sliding Ti6Al4V spheres under artificial saliva lubrica-
tion was investigated. The main conclusions are:
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1. A submicron DLC film effectively separates Ti6Al4V surfaces under
sliding contact, thus changing the wear mode from mixed abrasion
and adhesion (uncoated system) to abrasion only (coated system).

2. The suppression of adhesion by the DLC film lowers the coefficient of
friction by a factor of 4, and in turn reduces the contact stress.

3. The DLC film improves the abrasion resistance of Ti6Al4V due to its
greater hardness.

4. Under the conditions simulated in this study, suppressed adhesion,
lower friction and contact stress, and reduced abrasion by the DLC
film decrease the specific wear rate of uncoated Ti6Al4V by over 4
orders of magnitude.

5. Potential downsides associated with the incorporation of a DLC film
to dental tribosystems are poorer film-substrate bonding, and
increased susceptibility to fracture in the relatively brittle film. The
former can be improved by suitable interlayers or dopants, and the
latter by engineering the film’s properties to minimize the micro-
contact stress.
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