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Ti6Al4V alloy is the most commonly employed implant material for orthopedic replacements due to its good
mechanical properties close to those of bones, biocompatibility and its good corrosion resistance in biological
media. Nevertheless, it does not exhibit good wear resistance, showing friction and wear even with soft
tissues. This latter feature can lead to a premature failure of the implant with the subsequent component re-
placement. Therefore, a system with good tribological resistance is required for several medical applications.
One possible alternative to solve tribological problems consists of protecting the alloy surface by means of
biocompatible Ti-C-N coatings. In this work, five types of metallic Ti-C-N coatings deposited by physical
vapor deposition (PVD) cathodic arc method on Ti6Al4V substrate have been studied. Different deposition
conditions have been analyzed, and the superficial properties of films have been characterized. Additionally, tri-
bological response of these films have been determined and compared with the substrate one under fretting
conditions in simulated body fluid. The results indicate that Ti-C-N coatings improve the general response of
the biomaterial.

© 2012 Elsevier Inc. All rights reserved.
1. Introduction

In total joint replacements, the purpose of the artificial compo-
nents is to restore the functionality and smooth articulation between
the bones [1]. Among all biomaterials, the Ti6Al4V alloy is one of
the most used material because, in addition to its excellent biocompat-
ibility, it exhibits low elastic modulus (comparable with that of human
bone), good corrosion resistance, high specific strength, and fatigue
resistance [2–5]. In general, the orthopedic bearing is manufactured
fromhighly polishedmetal alloyswith extremeprecision that articulate
against ametalmaterial (CoCrMo or stainless steel), ceramicmaterial or
against a polymeric material, mainly ultra high molecular weight poly-
ethylene (UHMWPE), in case of knee joints.

Major drawback of Ti alloys is their relative low load-carrying
capacity and their poor tribological properties as high friction coeffi-
cient during dry sliding against numerous important technical mate-
rials [6]. In implants, one type of common wear mechanism that takes
place on contacting surfaces is named fretting. It occurs when two sur-
faces are subjected to small amplitude reciprocating motion of micro
order. This phenomenon generated by vibration can significantly re-
duce the contact mechanism life [7]. Moreover, as a result of wear,
metallic ions are released with high facility to enter in the bloodstream,
+34 943 202 757.
Viteri).

rights reserved.
leading to inflammation of the surrounding tissues and give rise to bone
resorption (osteolyse), causing pain and aseptic loosening of the pros-
thesis [8,9]. The wear causes the degradation of the surface with the
consequent loss of accuracy and implant failure [10]. Avoiding the
failure of the prosthesis is, therefore, one of the goals for these types
of materials, and one of the possible approaches consists of minimizing
the wear on the surface of the biomaterial. To this purpose, the en-
hancement of the surface hardness is desired as well as the reduction
of the friction coefficient between contacting surfaces. Cathodic arc
evaporation deposited gradient Ti-C-N coatings exhibiting good adhe-
sion to the Ti6Al4V substrate, and serve as hard intermediate layers be-
tween the Ti substrate and the top hard amorphous carbon (a-C) layer.
Ti-C-N films are an attractive biomedical material due to their high
hardness, low friction coefficient, good chemical stability and excellent
hemocompatibility [11–14]. Thus, Ti-C-N coatings are becoming a suc-
cessful approach to the improvement of wear resistance of the implant
[15]. The purpose of this work is to investigate the potential benefits
of protecting the Ti6Al4V medical alloy by means of Ti-C-N coatings.
Therefore, we herein present our first results, including significant
chemical and structural information. To this purpose, a set offive coated
samples has been deeply analyzed. In fact, microstructural characteriza-
tion has been carried out by means of XRD (X-ray diffraction), SEM
(scanning electron microscope), GD-OES (glow discharge optical emis-
sion spectroscopy) and RAMAN Spectroscopy techniques. Thickness,
hardness, adhesion and roughness of coatings have also beenmeasured.
Concerning to the tribological study, fretting tests were conducted in

http://dx.doi.org/10.1016/j.jinorgbio.2012.09.012
mailto:vsaenzdeviteri@tekniker.es
http://dx.doi.org/10.1016/j.jinorgbio.2012.09.012
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Table 1
Deposition parameters of the coating process.

Sample Ar sccm N2 sccm C2H2 sccm Iarc A

C1 200 50 100 100
C2 200 50 50 100
C3 200 50 200 100
C4 200 – 200 100
C5 200 50 200 75

Table 2
Coatings characterization. Physical properties.

Sample Thickness
μm

Hardness
GPa

Carbon content C2H2

sccm
Roughness
μm

Adhesion
HF

C1 2.00 7 100 0.36 HF 1
C2 2.40 10 50 0.36 HF 1
C3 3.28 3 200 0.40 HF 1
C4 3.05 22 200 0.60 HF 1
C5 3.86 8 200 0.42 HF 1

360 V.S. de Viteri et al. / Journal of Inorganic Biochemistry 117 (2012) 359–366
fetal bovine serum (FBS) environment reproducing the characteristics
of the biological fluids.

2. Experimental

2.1. Materials

Ti6Al4V ELI (extra low interstitial) was selected to be used as sub-
strate. The mechanical properties and composition meet the ASTM
F136-02 standard specification for wrought Titanium-6Aluminum-
4Vanadium ELI alloy for surgical implant applications (UNS R56401).

Discs of Ti6Al4Vwith dimensions of 24 mmof diameter and 7.9 mm
of height were manufactured. They were mirror polished up to a final
roughness of 0.05 μm.

2.2. Coating deposition process

Ti-C-N coatings were deposited by physical vapor deposition
(PVD) technique using cathodic arc evaporation (CAE) method in
the industrial equipment MIDAS 775 designed and manufactured by
Tekniker [16]. This system has 12 circular evaporators of 100 mm,
working intensity range of 60–200 A, and a 45 kW pulsed DC bias
power supply system consisting of two MDX II DC and one SPARC-VS
pulsing unit from Advanced Energy.

Prior the coating deposition process, the samples were sprayed
with a solvent product, cleaned in an alkaline detergent by means
of ultrasounds method and finally rinsed with distilled water and
alcohol before drying with hot air. The substrates were wrapped
with aluminum foil so as to prevent particles of dirt and dust coming
from the air on the surface of the parts. After loading the discs, the
vacuum chamber was evacuated up to a pressure of 10−4 mbar.
Then, they were heated by means of infrared radiant heaters up to a
substrate temperature of 500 °C. After the heating process, a cleanli-
ness step named Glow Discharge was applied to the samples. This
process consists of an electrical pulsed DC discharge to create plasma
around the samples by using a gas mixture of argon and hydrogen at
a pressure of between 0.4 and 0.8 mbar. To ensure the necessary ad-
hesion for the coating a very thin pure titanium layer (around 1 μm
thickness) was deposited. This step needs a very high bias voltage
up to 1000 V to get very high energy ions bombardment to the sub-
strate. This promotes the adhesion in three ways. First of all, the
high-energy-ion bombardment cleans the very top layers of the sub-
strate. Secondly, it is an ion implantation of titanium in the substrate,
and finally it is the beginning of the coating. Then, the Ti-C-N coating
was completed by adding the necessary reactive gases, nitrogen
and acetylene, with a gas flow of between 50 and 200 sccm (standard
cm3/min at a pressure of 1 bar). During this step the pressure in
the chamber was set value in the range of 2–8×10−3 mbar and the
flow of the gases was controlled with a mass flow controller from
Bronkhorst High Tech. The arc intensity of the titanium target was
set between 70 and 140 A and the bias voltage between 400 and
30 V. Therefore, coatings were carried out in two steps for obtaining
in this way two layers. The first one was a pure metallic titanium
layer that worked as a stress relaxing for a better adhesion of the
Ti-C-N coating. The second was the Ti-C-N layer that provided wear
and corrosion resistance to the coated system. In this way, five differ-
ent samples were prepared (C1 to C5) by varying the parameters of
the coating process. During the deposition process, the argon flow
was constant for all the samples (200 sccm), and the nitrogen flow
was 50 sccm for all of them, with the exception of C4, that did not
have any. An arc intensity of 100 A was applied for all the samples,
with the exception of C5 (for which an intensity of 75 A was applied).
Different flows of C2H2 were also tried: 100 sccm for C1, 50 sccm for
C2, and 200 sccm for C3, C4, and C5. Table 1 shows the deposition pa-
rameters of the coating process for all samples.
In joint replacements, in areas in which two artificial components
are in contact and movement takes place, it is necessary to have a
very smooth surface to prevent or minimize friction, and therefore
wear. A polish treatment was applied on the surfaces of the coated
samples using 1 μm polishing diamond cloths in order to prepare
the surface for the characterization process. The final roughness was
lower than 0.2 μm, before performing tribological tests.
2.3. Coatings characterization

Coatings thickness measurement was made with Calotest equip-
ment from CSEM.

For hardness measurements, Fischer nanoindenter equipment
with Vickers indentor was employed, using the method of Oliver and
Pharr [17–19]. A final load of 5 mNwas applied in 20 steps to determine
the coatings hardness profile versus depth.

The profiles of composition in depth were analyzed with GD-OES
equipment from Horiba Jobin Yvon. The measurement conditions
used were 650 Pa and 35 W, with a copper anode of 4 mm of diame-
ter [20]. For this characterization, coatings deposited on Ti6Al4V sam-
ples were employed.

The adhesion of the coating to the substrates was measured by
means of a Rockwell test and for discussion of the results the evalua-
tion system employed in the VDI 3198 indentation test standard was
followed. This test uses a standard Rockwell hardness tester fitted
with a Rockwell “C”‐type diamond cone indenter with an applied
load of 150 kg. The result is obtained by using an optical microscope
and classifying the adhesion as HF 1 to HF 6 according to the level
of cracking or coating delamination around the indent. Only indents
classified as HF 1 andHF 2 correspond to adequate adhesion. Thismeth-
od provides results rapidly with a minimum of effort.

The roughness measurements were performed according to ISO
4287 and ISO 4288 standards specifications with Mahr Perthometer
M2 equipment. Obtained values correspond to the roughness before
the polishing process.

Raman spectra were obtained with a Renishaw Ramascope 2000
microspectrometer and an ion argon laser (emission wavelength
514.5 nm) as the excitation light source. A 100× microscope objec-
tive was used to focus the laser on the sample and to collect the
scattered light. Laser power on the sample was about 3 mW.

X-ray powder diffraction data were collected on a PHILIPS PW1710
powder diffractometer with Cu-Kα radiation in steps of 0.02° over
the 5–69.96° 2θ-angular range and a fixed-time counting of 1 s at 25 °C.



Fig. 1. Coating composition graphics obtained by GD-OES. a) C1, b) C2, c) C3, d) C4 and e) C5.

361V.S. de Viteri et al. / Journal of Inorganic Biochemistry 117 (2012) 359–366
2.4. Fretting tests

For the fretting tests SRV tribometer with ball-on-disc configura-
tion was selected. As counterbody balls of Al2O3 with a diameter of
10 mmwere used. All tests were conducted at a load of 50 MPa, a fre-
quency of 2 Hz (0.6 mm/s) and a stroke of 150 μm. Tests were carried
out at 37 °C during 12 min (3 tests per sample). Tests were done
under lubricated conditions by using fetal bovine serum (FBS) with
sodium azide and EDTA, according to ASTM F732-00 standard. Fric-
tion and wear response of uncoated and Ti-C-N coated Ti6Al4V alloy
were studied and compared.
3. Results and discussion

3.1. Chemical and structural characterization

Ti-C-N coatings developed had a thickness between 2.00 and
3.86 μm. The hardness values registered lie among the typical ones
for this kind of coatings (up to 25 GPa) [21,22] and are displayed in
Table 2. It must be pointed out that the highest hardness has been
found for C4 (22 GPa) which does not present nitrogen. This could
cause a higher sp3/sp2 fraction for the carbon that leads to a higher
hardness values [23].
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Almost all coatings show similar values of the roughness (higher
than 0.3 μm), except the C4 in which is approximately twice. These
high values of roughness are due to the droplets generated during
arc deposition, promoting irregularities on the surface and increasing
the roughness. Therefore, all samples should require post-deposition
treatment for the rest of the characterization tests. Adhesion mea-
surements indicated that, according to the Rockwell test, all the coat-
ings are classified as HF 1. Therefore, all of them exhibit adequate
adherence to the substrate (Table 2).

By means of GD-OES technique, the chemical composition profiles in
depth are obtained (Fig. 1). It must be said that the profiles are accurate
in thickness but they give us a qualitative idea of the progression in chem-
ical composition. On the right of the graphs, the chemical composition of
Ti6Al4V substrate can be seen, and afterwards an increase of the titanium
concentration is appreciated due to the first titanium layer. The decrease
of titanium accompanied by the presence of nitrogen and carbon indi-
cates that the area corresponds to the Ti-C-N layer. In C3, C4 and C5 the
Fig. 2. SEM micrographies of coatings deposited on sili
increase of carbonobserved is due to the increase of acetyleneflowduring
the coating deposition process. This increase of carbon content,moreover,
goes along with the increase of coating thickness, which can be verified
with themeasurement of thickness done by Calotest equipment, where
C3, C4 and C5 are then samples exhibiting the highest thickness.

SEMmicrographies of the transversal section of films deposited onto
siliconwaferwere taken (Fig. 2). All coatings showedpure titanium layer
and Ti-C-N layer well defined. In all cases the coatings are dense. In the
micrographies of C1, C2 and C5, a columnar growth of the layers can be
seen. The presence of droplets embedded in the film while it grows can
be also observed. This is due to the fact that for the study of the micro-
structure by the SEM, the samples were not previously polished.

3.2. Raman spectroscopy

The microstructure of the Ti-C-N coatings was analyzed with means
of Raman spectroscopy (Fig. 3). The overall Raman intensity increases
con substrate: a) C1, b) C2, c) C3, d) C4 and e) C5.

image of Fig.�2


Fig. 3. a) Room temperature Raman spectra of the Ti-C-N samples (laser wavelength
514.5 nm). For clarity the intensity for C2 and C5 samples has been multiplied, respec-
tively by 3 and 0.25, and spectra have been vertically offset. b) Plot of the I(D)/I(G) in-
tensity ratio and the D and G band positions for the Ti-C-N samples as obtained from
the fitting of the Raman spectra (Table 3).
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with the coating thickness and decreases with the Ti concentration
measured by GD-OES. The Raman spectra show two strong bands at
about 1380 and 1580 cm−1. These are, respectively, the D and G
bands typical of graphitic and amorphous carbon materials. The G
band corresponds to a stretching vibrational mode of sp2 bonded car-
bon. The D band is associated to disorder, and is related to a breathing
Table 3
Results of the fitting of the Raman spectra in the region of the D and G bands and the atomic
wavenumber, the integrated area and the full width at half maximum of the obtained Gaus

Sample Ti N C D band

at. % ṽ (cm−1) I FWHM

C1 20 25 55 1370 1.80 271.6
C2 30 10 60 1346 1.83 198.3
C3 20 10 70 1371 2.06 281.1
C4 15 0 75 1388 8.70 316.9
C5 15 15 70 1389 46.95 319.6
mode of carbon rings [24]. The spectra were fitted in this region
to two Gaussians, and a linear background (see Fig. 3 and Table 3 for
a summary of the parameters). The position of the G band depends on
the microstructure, and the laser wavelength. In this case, where the
laser wavelength is 514 nm, the observed frequency is compatible
with a material between nanocrystalline graphite (nc-G) and amor-
phous carbon (a-C)with a low content of sp2 carbon. The relative inten-
sity of the D band provides an indication of the disorder on the sp2

layers, and the sp3 content. For these samples, I(D)/I(G)≈1, which cor-
responds to a sp3/sp2 fraction of around 10%. This also discards other
carbon species like ta-C (tetrahedral amorphous carbon) that have a
much weaker D band. The observed values of the G band Full Width
at Half Maximum (FWHM) of about 110–140 cm−1 indicate that the
average size of the sp2

flakes is of the order of 1 nm, which is below
the size expected for microstructured graphite. All these facts confirm
that thematerial is in the so-called stage 2 (between nc-G and a-C) [24].

Although the Raman spectra look very similar for all samples, with
the exception of the total intensity, the fitting shows that for sample
C2 the I(D)/I(G) ratio is significantly smaller than for the other samples
(see Fig. 3). For materials in stage 2, this decrease leads to the conclu-
sion that the sample C2 has a larger sp3/sp2 fraction, thus explaining
its elevated hardness (10 GPa). We also observe a decrease of the D
and G band positions for sample C2. This shift for the D band could
be related to the higher concentration of titanium or to a variation of
residual stress due, for example, to the varying coating thickness.

The Raman spectra also show some weak bands in the range
200–800 cm−1. They are related to the vibrational modes of TiC [25]
and TiN [26] compounds. These bands therefore testify the alloying
of the titanium with carbon atoms and titanium with nitrogen atoms
with the carbon coating, and their intensity is relatively larger for
samples C1, C2 and C3, which have the larger concentration of Ti or
N atoms as obtained by GD-OES. They are also the thinnest where
thermal diffusion of the ions to the whole coating thickness would
be easier.

3.3. X-ray diffraction

XRD analysis (Fig. 4) is indicative of the presence of crystalline tita-
nium as well as some C-specimens of the sp2 type. In fact, up to three
crystalline forms have been detected for titanium: two of them hexag-
onal (P63/mmc and P6/mmm) and the third one cubic (I m-3 m). In re-
lation to the Ti-C-N, broad signals have been related to lignite (C), phase
corresponding to an amorphous phase, and fullerite (C60), with a higher
contribution of sp2 nanocrystalline graphite (nc-G) phase, which is re-
lated with the results obtained in Raman spectroscopy. With this tech-
nique the interfaces titanium adherence layer/substrate are analyzed.

3.4. Fretting tests

Tribological study was carried out on Ti6Al4V substrate and Ti-C-N
coatings under fretting conditions in the solution of FBS+EDTA+
Sodium azide. The results of friction coefficient and wear scar analy-
sis are listed in Table 4. All Ti-C-N coatings exhibit lower friction
coefficients than Ti6Al4V substrate, being the C2 which presents the
percentage of chemical elements in the coating surface (ṽ, I and FWHM are the center
sians, I(D)/I(G) is the ratio of the integrated intensity for D and G Gaussians).

G band I(D)/I(G)

(cm−1) ṽ (cm−1) I FWHM (cm−1)

1574 0.86 138.6 1.07
1562 0.14 134.9 0.88
1575 0.95 132.5 1.02
1584 2.87 114.9 1.10
1586 15.43 112.4 1.07
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Fig. 4. XRD diffraction diagram of Ti-C-N coatings.
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best tribological response. So it can be determined that, as expected
[27], the Ti-C-N coatings improve effectively the fretting resistance of
the Ti6Al4V substrate, reducing the friction coefficient and the wear. It
seems that during sliding, the wear debris of the outer layers of Ti-C-N
are transformed to graphite oriented with its basal plane parallel to
the surface [28], generating a carbon-based coating as solid lubricant
and reducing in this way friction and wear rates [6].

Among all Ti-C-N coatings, C1, C2 and C5 had very similar wear scars
andonly a smooth effect could be detected in the tested area. These coat-
ings exhibit a better tribological behaviour than others prepared by
PA-CVD technique with similar columnar growth. This can be explained
by the presence of metal in our coatings [29] .

Al2O3 balls did not present significant wear scar in the tested sur-
face. Only material transference from Ti-C-N surface to the alumina
ball could be detected. This transfer film between sliding surfaces
could be the reason of the reduction in the friction coefficient in all
Ti-C-N coatings [12].

Analyzing the evolution of the friction coefficient in Fig. 5, it is ob-
served that the uncoated Ti6Al4V sample has more unstable friction
coefficient than the Ti-C-N coatings especially during the first half
of the test. At the end of the test, an increase in the friction coefficient
of C3 and C4 was also detected. This effect may be due to the material
that has been removed from the coating and deposited again on the
sliding surface (adhesions), which promotes an increase of the sur-
face roughness, and hence, higher friction and wear on the samples.
C1, C2 and C5 samples do not exhibit this phenomenon resulting in
non failure of these coatings.

In Fig. 6 the wear profiles of each surface is represented. The reduc-
tion of the wear scar between uncoated Ti6Al4V and developed Ti-C-N
coatings can be noticed. Effectively, the coatings C1, C2 and C5 show
Table 4
Friction coefficients values and ball and disc wear scars measurements.

Sample μ±SD Disc wear scar, maximum depth (μm)

Ti6Al4V 0.86±0.08 10(3)
C1 0.34±0.01 Polishing effect
C2 0.24±0.01 Polishing effect
C3 0.43±0.01 Adhesions
C4 0.37±0.02 Adhesions
C5 0.37±0.01 Polishing effect
the best wear behaviour with a polished track on the surface that re-
duces the roughness without causing wear (smooth effect). C3 and C4
coating profiles show also a better wear behaviour than the substrate
but the presence of adhesions in both cases can be confirmed, which
explain the slight instability of friction coefficient at the end of the tests.

SEM micrographies (Fig. 7) show a detail of the scars produced on
the surfaces during the fretting tests. The differences found on the
wear scars and the magnitude of the damage produced on each sam-
ple can be observed.

From the wear tracks morphologies it can be observed that even if
the friction coefficient of C3 and C4 are similar, the wear mechanism
of both surfaces differs notably. Wear scratches for C4 are bigger than
for C3. This could be related to the higher hardness of the wear particles
produced during the fretting tests that act as abrasive agents when they
are trapped between the alumina ball and the coating. Themicrographs
of C1, C2 and C5 show a smooth effect on the worn areas.

In general, it is noted that C2 coating exhibits the best tribological
behaviour. This Ti-C-N coating shows the lowest carbon content in
the layer due to the lower acetylene concentration used during deposi-
tion process (see Table 1 and Fig. 1 b)). Additionally, this coating has
a larger sp3/sp2 fraction, thus it could explain its better tribological
properties with respect to the other samples, since it combines a higher
relative hardness (10 GPa) due to sp3 contribution on a predominantly
sp2 hybridation nanocrystalline graphite (nc-G) and amorphous carbon
(a-C) structure.

4. Conclusions

All developed coatings consist of Ti-C-N layers. All coatings im-
proved tribological properties of Ti6Al4V biomedical alloy commonly
used in the manufacturing of artificial prosthesis. C2 coating exhibits
the best tribological behaviour with the lowest friction coefficient and
negligible wear with only a polished effect in the sliding surface. This
response of the coating could be related to the higher sp3/sp2 fraction
which provides the necessary hardness (10 GPa) and the nanocrystal-
line graphite (nc-G) and amorphous carbon (a-C) structure that confers
the bestwear resistance to the coating. Additionally, it could also be due
to the fact that, for the development of this Ti-C-N coating, the amount
of acetylene employed in the deposition process has been the lowest.
First trials have been done trying to correlate the tribological behaviour
of the coatings with their properties andmicrostructure, but more tests
should be done in the future to reinforce these conclusions.

image of Fig.�4


Fig. 5. Friction coefficient graph of fretting tests.
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Abbreviations
Fi
PVD
g. 6. Profiles of the wear tracks gen
Physical Vapor Deposition

XRD
 X-Ray Diffraction

SEM
 Scanning Electron Microscope

GD-OES
 Glow Discharge Optical Emission Spectroscopy

ELI
 Extra Low Interstitial

FBS
 Fetal Bovine Serum

FWHM
 Full Width at Half Maximum
erated during fretting tests against alumina balls.
Acknowledgements

The authors acknowledge financial support from the Spanish Minis-
try of Science and Innovation obtained in the project: CSD2008-00023
FUNCOAT (in frames of the CONSOLIDER INGENIO-2010 program).

G. B. thanks the “Ministerio de Ciencia e Innovación” (MAT2010-
15375) and the “Gobierno Vasco” (Basque University System Research
Groups, IT-177-07) for their financial support. SGIker technical support
(MEC, GV/EJ, European Social Fund) is also gratefully acknowledged.

References

[1] J. Klein, Repair or Replacement – A Joint Perspective, Science 232 (2009).
[2] J.M. Williams, R.A. Bucharan, Mater. Sci. Eng. 69 (1985) 237–246.
[3] R.S. Magaziner, V.K. Jain, S. Mall, Wear 267 (2009) 368–373.
[4] N.M. Everitt, J. Ding, G. Bandak, P.H. Shipway, S.B. Leen, E.J. Williams, Wear 267

(2009) 283–291.
[5] M. Dalmiglio, P. Schaaff, U. Holzwarth, R. Chiesa, G. Rondelli, J. Biomed. Mater.

Res-A 86B (2008) 407–416.
[6] B.G. Wendler, W. Pawlak, J. Achiev. Mater. Manuf. Eng. 26 (2008) 207–210.
[7] M. Sylvestre, H. Zaidi, J.P. Rivière, D. Eyidi, F. Doyen, Surf. Coat. Tech. 205 (2010)

1374–1380.
[8] A. Chandra, J.J. Ryu, P. Karra, P. Shrotriya, V. Tvergaard, M. Gaisser, T. Weik,

J. Mech. Behav. Biomed. 4 (2011) 1990–2001.
[9] M. Larry, Wolford, Proc. (Bayl. Univ. Med. Cent.) 19 (2006) 232–238.

[10] Stuart B. Goodman, Enrique Gómez Barrena, Michiaki Takagi, Yrjo T. Konttinen,
J. Biomed. Mater. Res. A (2008).

[11] Yufeng Zheng, Dong Liu, Xiliang Liu, Biomed. Mater. 3 (2008) 044103–044109.
[12] D.P. Dowling, Diam. Relat. Mater. 6 (1997) 390–393.
[13] L. Zhang, P. Lv, Z.Y. Huang, S.P. Lin, D.H. Chen, S.R. Pan, M. Chen, Diam. Relat.

Mater. 17 (2008) 1922–1926.
[14] Guojia Ma, Shuili Gong, Guoqiang Lin, Lin Zhang, Gang Sun, Appl. Surf. Sci. 258

(2012) 3045–3050.
[15] A.F. Yetim, A. Celik, A. Alsaran, Surf. Coat. Tech. 205 (2010) 320–324.
[16] “Arc evaporator and method for operating the evaporator”: Patent number

WO2010072850 (A1). FUNDACIÓN TEKNIKER.
[17] Z.N. Farhat, Y. King, D.O. Northwood, A.T. Alpas, Mater. Sci. Eng. A206 (1996)

302–308.
[18] J.L. Lubet, J.M. Georges, G. Meille, ASTM (1986) 72–89.
[19] W.C. Oliver, G.M. Pharr, J. Mater. Res. 7 (1992) 1564–1583.
[20] R. Payling, J. Michler, M. Aeberhard, Surf. Interface Anal. 33 (2002) 472–477.
[21] Haruyo Fukui, Surf. Coat. Tech. 187 (2004) 70–76.
[22] Geoffrey Dearnaley, Surf. Coat. Tech. 200 (2005) 2518–2524.
[23] L. Guoqing, Thin Solid Films 475 (2005) 279–282.
[24] A.C. Ferrari, S.E. Rodil, J. Robertson, Phys. Rev. B 67 (2003).
[25] M.V. Klein, J.A. Holy, W.S. Williams, Phys. Rev. B 17 (1978) 1546–1556.
[26] Y.H. Cheng, B.K. Tay, S.P. Lau, H. Kupfer, F. Richter, J. Appl. Phys. 92 (2002)

1845–1949.
[27] Ganesh Sundara S Raman, P. Navaneethakrishnan, R. Gnanamoorthy, P. I. Mech.

Eng. J-J. Eng. 223 (2009) 227–231.
[28] Geoffrey Dearnaley, James H. Arps, Surf. Coat. Tech. 200 (2005) 2518–2524.
[29] W. Österle, D. Klaffke, M. Griepentrog, U. Gross, I. Kranz, Ch. Knabe, Wear 264

(2008) 505–517.

image of Fig.�5
image of Fig.�6


366 V.S. de Viteri et al. / Journal of Inorganic Biochemistry 117 (2012) 359–366
Fig. 7. SEM micrographies of the fretting tests wear scars. a) Ti6Al4V, b) C1, c) C2, d) C3, e) C4 and f) C5.
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Xana Fernándeza, Iñigo Ciarsoloa, Amaya Igartuaa, Ramón Pérez Tanoirac,
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In artificial metallic joint implants, the failure is provoked by two effects in most of the

cases: mass loss and wear debris removed due to tribological-corrosive effects on the

implant alloy, and infections due to the presence of bacteria. In this work, several Ti–C–N

corrosion and wear protective coatings were developed by Physical Vapour Deposition

technology, and deposited on Ti6Al4V alloy. In order to provide the implant antibacterial

properties, an additional silver top coating has been deposited. Tribological behavior was

characterized through tribocorrosion and fretting tests. On the other hand, wettability tests

were performed to study the grade of hydrophilicity/hydrophobia. Additionally, antibac-

terial properties were evaluated by means of bacterial adhesion tests. As a result of these

characterization studies, the coating with the best performance was selected. The as-

coated material includes excellent protection against tribocorrosion and fretting effects (in

relation to the uncoated one) and the silver layer has been confirmed to exhibit

antibacterial properties.
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1. Introduction

In orthopedic applications, artificial joints (e.g., hip and knee

prostheses) include bearing surfaces where the material is

subjected to sliding wear. The surfaces in contact are

immersed in the body fluid, and therefore, corrosion may

also be a concern. Particles and metal ions generated from

wear of prosthetic implants induce inflammatory reactions

that provoke the release of inflammatory mediators from
macrophages (Sinnett-Jones et al., 2005). The concern of

toxicity of high concentration of metal ions has generated a

wide attention (Brodner et al., 1997; Hallab et al., 2000;

Sargeant and Goswami, 2007). Therefore, for metallic artificial

joint component, the improvement of tribocorrosion proper-

ties has become an important factor for their application in

human body.
Tribocorrosion can be defined as a degradation phenom-

enon of material surfaces (wear, cracking, corrosion, etc.)

http://dx.doi.org/10.1016/j.jmbbm.2015.10.020
http://dx.doi.org/10.1016/j.jmbbm.2015.10.020
http://dx.doi.org/10.1016/j.jmbbm.2015.10.020
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subjected to the combined action of mechanical loading
(friction, abrasion, erosion, etc.) and corrosion attack caused
by the environment (chemical and/or electrochemical inter-
action) (Mischler, 2008; Mischler and Ponthiaux, 2001). This
effect produces irreversible transformations on the material,
as it involves numerous synergistic effects between mechan-
ical and electrochemical phenomena, usually leading to an
acceleration of material loss (Diomidis et al., 2010; Iwabuchi
et al., 2007; Landolt et al., 2004). Tribocorrosion involves
numerous interaction effects between mechanical and che-
mical or electro-chemical phenomena (Landolt et al., 2004).
The release of metallic ions due to corrosion and wear is of
vital importance, since it can adversely affect the biocompat-
ibility and mechanical integrity of implants (Vieira et al.,
2006). The metal ions released into the surrounding tissue
may induce the release of potentially osteolytic cytokines
involved in implant loosening (Rogers et al., 1997; Sargeant
and Goswami, 2007).

Surface treatments are widely employed to improve wear
and corrosion resistance as well as hardness of the surface of
metallic alloys employed in orthopedic devices (Cheng and
Zheng, 2006; Kaestner et al., 2001; Yildiz et al., 2007; Zhecheva
et al., 2005). In recent years, diamond-like-carbon (DLC) films
have been the subject of extensive investigations due to their
potential of attaining combination for highly desirable prop-
erties in the context of biomedical applications (Martinu
et al., 1992; Raveh et al., 1992; Snyders et al., 2007). Their
high hardness, low friction and wear, electrical insulation,
chemical inertness and good biocompatibility make them
ideal candidates as protective coatings in joints replacement
(Bendavid et al., 2007). These coatings are preferred since
they improve resistance against wear and corrosion pro-
cesses, especially on Ti6Al4V (the alloy most widely used
for implant fabrication). The Ti6Al4V alloy has an excellent
corrosion resistance, biocompatibility, high strength to
weight ratio and also a high toughness (Xuanyong et al.,
2004). However, the major disadvantage regarding the use of
Ti6Al4V for bio-implant application is its low load-bearing
capacity and poor wear resistance. Moreover, this alloy is not
only subjected to wear but also to active corrosion, generated
by breaking up of the protective passive oxide layer in sliding
contact. The frictional movement in corrosive medium is
continuous (Arslan et al., 2012) which produces particles and
ions that can result in adverse biological reactions (Hodgson
et al., 2002; Sargeant and Goswami, 2007).

The present work is focused in total knee replacements,
where two major problems can be presented: the first one is
produced between the backside of the ultra-high molecular
weight polyethylene (UHMWPE) patellar component and the
tibial tray of fixed bearing tibial component made of Ti6Al4V
where the fretting effect takes place, which is the responsible
of the elimination of mounts of polyethylene and Ti6Al4V
alloy debris (Billi et al., 2010). In this case, the cause of failure
in most cases is related with this wear debris elimination
(Currier et al., 2005; Sharkey et al., 2001). The second problem
is related to implant-associated infections. The presence of
an implanted device results in an increased susceptibility to
infection for the patient (Elek and Conen, 1957; Guggenbichler
et al., 2011). Occurring at a rate of 5%, orthopedic implant
infections remain one of the most devastating complications
(Gordon et al., 2010). The diagnosis and treatment of pros-
thetic joint infections is further complicated by the develop-
ment of a bacterial biofilm. This structure allows bacteria to
resist antimicrobial agents and immune responses. Patients
with this type of infection require a longer period of antibiotic
therapy and repeated surgical procedures. These prosthetic-
joint infections have severe consequences not only for
patients but also for society (An and Friedman, 1998;
Cordero et al., 1996; Edwards et al., 2008; Esteban et al.,
2008; Garner et al., 1988; Gristina, 1987; Harris and Richards,
2006; Katsikogianni and Missirlis, 2004; Perez-Tanoira et al.,
2012; Rochford et al., 2012; Singhai et al., 2012). Factors
influencing the bacteria adherence to a biomaterial surface
include chemical composition of the material, surface charge,
hydrophobicity, as well as surface roughness and/or physical
configuration. It would be desirable to develop biomedical
coatings for implants which are repellent to bacteria to
minimize the colonization of the implant surface with circu-
lating planktonic bacteria that can lead to biofilm develop-
ment (Perez-Jorge et al., 2012; Perez-Tanoira et al., 2014). One
of the strategies that is gaining renewed attention for com-
bating the threat of bacterial infection is the use of an
antibacterial noble metals (Atiyeh et al., 2007).

Taking into consideration the above mentioned aspects,
this work has been focused on the development of several
Ti–C–N protective coatings for Ti6Al4V in order to improve
the wear and corrosion resistance of the surfaces. Thus,
tribological behavior has been characterized through tribo-
corrosion and fretting tests. Additionally, the effect of the
silver top film has been evaluated by means of a bacterial
adhesion study. Finally, wettability tests have been per-
formed in order to study the influence of the hydrophilicity/
hydrophobicity grade in the bacterial adhesion.
2. Materials and methods

2.1. Materials

In a previous work carried out for some authors of this paper
(Sáenz de Viteri et al., 2012), five Ti–C–N coatings were
developed on Ti6Al4V substrates by physical vapor deposi-
tion (PVD) cathodic arc method in order to improve the
fretting resistance of the substrate. These coatings were
characterized by analyzing their physical properties, thick-
ness, hardness, adhesion and roughness. Microstructural
characterization was assessed by means of X-ray diffraction
(XRD), scanning electron microscope (SEM) and RAMAN
spectroscopy techniques; chemical composition in depth
was studied with Glow Discharge Optical Emission Spectro-
scopy (GD-OES) technique; and tribological behavior by
means of fretting tests. This study allowed the selection of
one coating (C2 coating) that could be a good alternative for
protecting Ti6Al4V substrates from the tribological point of
view, and has been codified in this work as Ti–C–N_1.
Additionally, taking into account the superior tribocorrosion
response characterized by Bayón in her thesis work (Bayón,
2011), another coating was selected in this study: the Ti–C–
N_02 coating (codified as C5 in Sáenz de Viteri et al., 2012).
Thus, the details about Ti6Al4V samples preparation and



Table 1 – Thickness, roughness, hardness, I(D)/I(G) and friction coefficient values of selected coatings.

Sample Thickness (mm) Roughness (mm) Hardness (GPa) I(D)/I(G) Friction coefficient

Ti6Al4V – 0.05 – – 0.8670.08
Ti–C–N_1 2.40 0.36 10 0.88 0.2470.01
Ti–C–N_2 3.86 0.42 8 1.07 0.3770.01

I(D)/I(G) is the ratio of the integrated intensity for D and G Gaussians obtained by Raman spectroscopy. The G band corresponds to a stretching
vibrational mode of sp2 bonded carbon, and the D band is associated to disorder, and is related to a breathing mode of carbon rings.
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coating deposition technique were reported elsewhere (Sáenz
de Viteri et al., 2012).

In Table 1 the most significant results of selected coatings
from the previous work are presented (Sáenz de Viteri et al.,
2012).

With the aim of providing additional antibacterial proper-
ties, a thin silver film was deposited on the coatings with
better properties from wear-corrosion tests. The Ag film was
deposited by PVD in a vacuum chamber evacuated up to a
pressure of 10�5 mbar. A DC-pulsed (250 KHz) ENI-RPG50
plasma source has been used to obtain the plasma. The Ag
film was deposited with power density of 1.07 W/cm2 and a
deposition rate of 40 nm/min. During the deposition process,
the argon flow was constant (45 sccm) and the pressure in the
chamber during the deposition process was 0.04 Pa.

2.2. Surface characterization

Chemical composition of the new produced surface with Ag
film was analyzed by GD-OES technique from Horiba Jobin
Yvon. The measurement conditions were 650 Pa and 35 W,
with a copper anode of 4 mm of diameter. Microstructural
study was carried out by means of Scanning Electron Micro-
scope (SEM), from OXFORD INCA Synergy.

2.3. Tribocorrosion tests

Tribocorrosion tests were carried out in order to study the
synergistic effect of wear and corrosion following the experi-
mental procedure defined by Celis and Ponthiaux (2012) and
Ponthiaux et al. (2013) (further explanations can be found as
Supplementary material, under Protocol S1). The tests were
performed by using a Microtest tribometer with rotatory
movement under “ball on disc” configuration, assisted by an
Autolab-Methrom potentiostat PGSTAT302N. The electrolyte
used for simulating biological environment was a phosphate
buffered saline (PBS) solution, composed by: 0.14 M NaCl,
1 mM KH2PO4, 3 mM KCl, and 10 mM Na2HPO4.

The applied load was 5 N, the rotational speed was
120 rpm and track radius 6 mm. The exposed area was, in
all cases, 2.5 cm2. Over the rotatory disc, an electrochemical
cell with three electrodes was placed in order to perform
electrochemical measurements simultaneously. The refer-
ence electrode employed to measure the potential was Ag/
AgCl KCl 3M (0.207 V vs SHE) and the counter electrode was
a platinum wire. As counter bodies, ceramic balls of
alumina with 10 mm of diameter were chosen. Samples
were previously polished until a final roughness of 0.03 mm,
and then cleaned with distilled water and ethanol in an
ultrasonic bath.
After the tribocorrosion tests, the electrolytes (PBS) were
collected and analyzed by inductively coupled plasma atomic
emission spectroscopy (ICP-AES) in ULTIMA 2 HORIBA Jobin
Yvon equipment for analyzing the presence of aluminum,
vanadium and titanium released from the coating/substrate
during tribocorrosion test. Each used electrolyte was then
divided into two volumes. One was directly analyzed by ICP-
AES after filtering at 0.45 mm in order to detect the dissolved
elements, and the other one was firstly treated with H2O:
HNO3 (1:1) and two droplets of HF in order to dissolve all the
possible compounds. In this last measurement, total ele-
ments, dissolved and solids, were analyzed.

2.4. Surface hydrophilicity/hydrophobicity

The SURFTENS universal goniometer was used to investigate
the wetting behavior of different samples, in order to evalu-
ate the grade of hydrophilicity/hydrophobia. This evaluation
is based on the measurement of the contact angle of a drop of
distilled water on the surface to be investigated. This contact
angle is measured by means of an optical camera, recording
and calculating its value.

2.5. Fretting tests

Fretting tests were performed in SRVs tribometer under ball-
on-disc configuration with the aim to try to reproduce as
close as possible real working conditions. Balls of UHMWPE
with a diameter of 10 mm were used as counterbody, trying
to use the real materials. The stemmed tibial component is
made of a titanium alloy and the patellar component is a
UHMWPE. Tests were done under lubricated conditions by
using fetal bovine serum (FBS) with sodium azide and
ethylenediaminetetraacetic acid (EDTA), according to ASTM
F732-00 standard. Tests were carried out at 37 1C during
60 min. Testing conditions applied were: a load of 30 MPa, a
frequency of 210 Hz and a stroke of 150 mm.

2.6. Bacterial adhesion

2.6.1. Staphylococcal adhesion experiments
Coated Ti6Al4V samples were compared against controls of
uncoated Ti6Al4V samples. Staphylococcal adhesion experi-
ments were performed as described by Kinnari et al. (2008)
and Perez-Tanoira et al. (2012). For the preliminary study of
bacterial adhesion, the biofilm-forming collection strains S.
aureus 15981 (Valle et al., 2003), S. epidermidis ATCC 35984 and
6 clinical strain from S. aureus (p1…p6) and 6 other of S.
epidermidis (p7…p12), isolated from patients with implant-
related infection by sonication (Esteban et al., 2008) were
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used. All strains were cultured overnight in tryptic soy broth
(bioMérieux, Marcy l'Etoile, France) at 37 1C in 5% CO2 atmo-
sphere. It is worth mentioning that all patients were diag-
nosed articular infection based on clinical criteria (Cordero-
Ampuero et al., 2007). The clinical Staphylococcus strains are
positive for biofilm development (Esteban et al., 2010).

After culture, bacteria were harvested by 10 min centrifu-
gation at 3500 g at room temperature. Supernatant was
discarded and the pellet was washed three times with sterile
phosphate buffered saline (PBS). Bacteria were then sus-
pended and diluted in PBS to 108 colony-forming units
(CFU)/ml. The biomaterial discs were placed in the bacterial
suspension and incubated for 90 min at 37 1C. Afterwards, the
biomaterial plates were rinsed three times with sterile PBS to
remove any non-adherent bacteria (Kinnari et al., 2008).

The dried plates were stained for 15 min with a rapid
fluorescence staining method using the Live/Deads Bacterial
Viability Kit (BacklightTM) (Boulos et al., 1999). On each plate,
8 fields were viewed and photographed with a Nikon Coolpix
8400 (Nikon, Melville, NY) under a fluorescence microscope at
40� magnification. All experiments were performed in tri-
plicate. The number of microphotographs studied was 24 for
each material and bacterium. The surface area covered with
adhered bacteria was calculated using the ImageJ software
(National Institute of Health, Bethesda, MD).

2.6.2. Statistical analysis
For the statistical study, Mann–Whitney or Wilcoxon non
parametric tests were employed. These tests were used for
two samples while the Kruskal–Wallis test was used for more
than two samples. EPI-Info software version 3.5.1 (CDC,
Atlanta, GA. USA) was used to perform the statistical studies.
3. Results

As previously mentioned, the surface characterization of
Ti–C–N_1 and Ti–C–N_2 has been previously reported by the
same authors (Bayón, 2011; Sáenz de Viteri et al., 2012). Thus,
the aim of this study is the selection of the best coating for
knee implants, the election being based on a pre-selec-
tion. With this aim, the first step was the study of the
Fig. 1 – (Left) Graded coating composition obtained by GD-OE
tribocorrosion behavior of both coatings, and the comparison
with the substrate (Ti6Al4V). Taking into account the good
tribocorrosion results, one of the coatings was selected (Ti–C–
N_2) in order to continue with a more detailed study. As a
further objective was the development of an antibacterial
coating, Ti–C–N_2 film was coated with a film of silver,
producing the coating Ti–C–N_2þAg. This way, wettability,
fretting and bacterial adhesion tests were carried out for
Ti6Al4V and for Ti–C–N_2 and Ti–C–N_2þAg coatings. There-
fore, the surface characterization herein presented was per-
formed just for the new coating Ti–C–N_2þAg.

3.1. Surface characterization

A thin layer of 200 nm of silver was deposited on Ti–C–N_2
coating, and the analysis of the chemical composition was
obtained by GD-OES technique (Fig. 1, left). The as-obtained
profile gives a qualitative idea of the progression in depth of
chemical composition. This measurement was carried out in
a sample where the Ti–C–N_2 and Ag coatings where depos-
ited onto silicon wafer. The presence of titanium layer can be
detected on the top of silicon. The decrease of the amount of
titanium is accompanied by the presence of C and N that
appear gradually because the gases needed to deposit those
elements were introduced into the chamber progressively. On
the left hand side, it was observed that all elements related to
the Ti–C–N coating disappeared, showing a top film layer of
pure the silver, corresponding to the film. It should be noted
the presence of oxygen in large part of the analysis and the
nitrogen continuity once the coating has finished. It seems
that the silver layer peeled due to a break in the vacuum
allowing air introduction.

Fig. 1 right shows the SEM micrograph of transversal
section obtained in a coated silicon wafer. All different coat-
ings, seen by GD-OES analysis, can be also distinguished by
SEM, first the silicon corresponding to the silicon wafer (a),
second the pure titanium layer (b), afterwards the Ti–C–N
coating (c), and finally the silver film (d). It can be detected the
presence of droplets embedded in the film due to the
deposition process itself. This effect was observed because
the sample was not polished for the microstructure study.
The different morphology between pure titanium layer and
S, and (right) SEM micrograph for Ti–C–N_2þAg coating.
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Ti–C–N coating is related to the process conditions and the
influence of deposited elements (Sáenz de Viteri et al., 2012).

3.2. Tribocorrosion tests

The first step in tribocorrosion testing procedure was the
monitoring of the open circuit potential (OCP) of the surfaces
immersed in PBS during 1 h, until its stabilization. The OCP
values for Ti6Al4V, Ti–C–N_1 and Ti–C–N_2 were �0.273 V,
0.063 V and 0.110 V, respectively. Once the OCP of the sam-
ples reached a stable value, an Electrochemical Impedance
Spectroscopy (EIS) was registered in order to evaluate the
corrosion resistance of the exposed surfaces before the
sliding process. After the impedance measurement, the OCP
was again registered during the first sliding process (Fig. 2).
When the sliding process started, the potential decreased in
all samples to more negative values as a consequence of an
activation process on their track surface due to the effect of
sliding. This decrease of the potential was related to the total
or partial destruction of the passive film as a consequence of
the mechanical contact imposed. In case of Ti6Al4V, the
potential decreased to the lowest potential values in compar-
ison to the Ti–C–N coatings. During sliding process, the OCP
for Ti6Al4V and Ti–C–N_1 fluctuated due to the constant
removal and re-growth of their passive film as consequence
of the sliding. In case of Ti–C–N_2 coating, the potential
remained stable during rubbing process. Once the wear
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Fig. 2 – Open circuit potential (OCP) during sliding process for
TiAl4V, and Ti–C–N_1 and Ti–C–N_2 coatings.

Fig. 3 – Bode plots for TiAl4V, Ti–C–N_1 and Ti–C–N_2 coatings (
impedance modulus and f is the frequency).
process was completed, the potential in all samples increased

quickly to more positive values close to the initial ones, as a

consequence of an immediate repassivation phenomenon on

the worn area. The values of the samples at the end of the

sliding, after a stabilization time were: �0.313 V (Ti6Al4V),

�0.160 V (Ti–C–N_1) and �0.055 V (Ti–C–N_2). In any case, the

potential did not reach the initial value registered before the

sliding due to the fact that the worn surface did not present

the same electrochemical state as the unworn area.
Corrosion resistance before and during sliding process was

evaluated from the experimental data registered during EIS

measurements (Fig. 3).
As observed in Fig. 3, bode diagrams for Ti6Al4V, Ti–C–N_1

and Ti–C–N_2 coatings showed that the electrochemical state

of the surfaces in all samples changed due to the wear,

resulting in a reduction in their corrosion resistance. Ti–C–

N_1 and Ti6Al4V samples showed similar values of corrosion

resistance before sliding process, while Ti–C–N_2 presented

slightly lower corrosion resistance after the first hour of

inmersion in PBS. However, during sliding process, the

corrosion behavior of Ti6Al4V and Ti–C–N_1 coating was

more significantly affected than in case of the Ti–C–N_2

coating. The reduction of the corrosion resistance in Ti–C–

N_1 sample seems to be due to the fact that the protective Ti–

C–N coating was completely removed in the sliding contact

area and the bare substrate was exposed to the mechanical

and electrochemical effect during some parts of the tribolo-

gical test. The variation of the corrosion resistance before and

during sliding process for the three samples was calculated

by fitting the experimental data with appropriate equivalent

circuits. The corrosion resistance in case of Ti6Al4V and Ti–C–

N_1 was reduced 99.97% and 99.18%, respectively. Never-

theless, Ti–C–N_2 showed the lowest corrosion resistance

variation with a reduction of 18.05%. It must be pointed out

that polarization resistance values obtained during the slid-

ing process were calculated for the high-medium range of

frequencies for all samples due to the instability of the

system when measuring impedance at low frequencies. In

case of the corrosion resistances before the sliding process,

those values were obtained in the whole frequency range

(10 kHz to 10 mHz).
left) before and (right) during siliding. (Modulus IZI is the



Table 2 – Mean friction coefficient values and material
loss of uncoated and Ti–C–N coated titanium alloy.

Sample Friction coefficient
(m)7SD

Wtr�104 (cm3)
7SD

% Wc
act % Wm

act

Ti6Al4V 0.4170.01 7.75970.172 0.07 99.93
Ti–C–N_1 0.3870.01 6.48070.169 0.06 99.94
Ti–C–N_2 0.1570.01 0.09170.011 0.10 99.90

Table 3 – Contact angle for
TiAl4V, Ti–C–N_2 and Ti–C–
N_2þAg coatings.

Sample Contact angle7SD (1)

Ti6Al4V 4871
Ti–C–N_2 5973
Ti–C–N_2þAg 6371

Table 4 – Friction coefficient values and ball and disc
wear scar measurements.

Sample m7SD Ball wear scar
(diameter, mm)

Disc wear scar

Ti6Al4V 0.2170.01 1.270.1 No wear scar
Ti–C–N_2 0.2370.01 0.870.1 No wear scar
Ti–C–
N_2þAg

0.3270.06 1.870.4 Ag coating
disappears
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In table 2, friction coefficients registered during sliding test

are summarized as well as the total material loss in the wear

track (Wtr), the percentage of material loss due to corrosion of

active area in the wear track (% Wc
act) and the percentage of

material loss due to mechanical wear of active material in the

wear track (Wm
act). As observed, the Ti–C–N_2 coating exhibits

the lowest coefficient of friction and the best wear resistance

with the lowest loss of material. The parameters obtained in

case of Ti–C–N_1 coating are closed to the substrate ones,

with higher friction coefficient and similar material loss. In all

cases, the material loss due to corrosion is very low in

comparison with the material loss due to mechanical effect,

which is in all samples around 99.9%. In fact, the wear tracks

produced for Ti6Al4V and Ti–C–N_1 exhibit similar depth and

width, showing that the Ti–C–N_1 coating was completely

removed during test, and the track depth reached the sub-

strate. This explains the similar potential evolution during

sliding observed for both samples. Additionally, it can be

noticed that the wear depth of Ti–C–N_2 is very low in

comparison to Ti6Al4V and Ti–C–N_1, showing a polishing

effect (profile of the wear tracks in Supplementary material

as Fig. S2).
In summary, the lowest friction coefficient (friction coefficient

evolution can be found as Supplementary material, Fig. S1), the

better corrosion resistance and the lowestmaterial loss produced

during the tribocorrosion process in case of Ti–C–N_2 sample

indicate that this coating is the best alternative in terms of

tribocorrosion performance.
In order to complete previous results, ICP technique was

performed on the electrolyte used for tribocorrosion tests

with the aim of studying the migration of elements from

Ti6Al4V alloy due to the mechanical and electrochemical

effect. In the first analysis, the results confirmed the absence

of dissolved elements. However, after the chemical digestion

(with HNO3, H2O and HF), Ti, Al and V elements were detected

in electrolytes that were in contact with Ti6Al4V and Ti–C–

N_1 samples during tribocorrosion tests. On the contrary,

none of the cited elements were observed for the electrolyte

in contact with Ti–C–N_2 sample, supporting that this coating

was not removed at any time during tribocorrosion test and

showing its good permeability (detailed information about

detected elements in Supplementary material as Table S1).
So-far showed results made us discard the Ti–C–N_1

coating for the rest of the study due to its poor tribological

response. Therefore, next results will be referred to Ti6Al4V,

Ti–C–N_2 and Ti–C–N_2þAg.
3.3. Surface hydrophilicity/hydrophobicity

In order to study the hydrophilicity/hydrophobicity behavior
of the samples, contact angles were measured after a stabi-
lization period of 30 s. The results (Table 3) showed values
lower than 651, which indicates that all samples have a
hydrophilic behavior. Additionally, contact angles point out
that Ti6Al4V is the most hydrophilic surface, whereas Ti–C–
N_2þAg coating presented the highest value (631).
3.4. Fretting tests

Tribological behavior was analyzed by means of fretting tests.
Mean friction coefficient values, and ball and disc wear scars
are compiled in Table 4. As observed, Ti6Al4V and Ti–C–N_2
had similar tribological response with almost the same
friction coefficient and without wear scar on their surface.
The difference between both coatings was observed in the
balls wear scars, where the ball tested against the Ti–C–N_2
samples suffered less wear. Ti–C–N_2þAg presented the
worst tribological behavior with the highest friction coeffi-
cient. Besides, the wear produced in the counterbody was
higher in comparison with the other samples.

The evolution of friction coefficients (this information can
be found in Supplementary material as Fig. S3) clearly
indicates that the presence of the silver film not only worsens
the tribological response (increasing the friction coefficient)
but it makes it more instable over time. During the first 500 s,
the friction coefficient increases, probably due to the remov-
ing of the silver layer. This generates the production of silver
wear debris, resulting in the instability of the friction coeffi-
cient. In the last 1000 s, the friction coefficient becomes more
stable, probably because a steady state regime is reached. The
evolution of the friction coefficient for Ti6Al4V and Ti–C–N_2
coatings is more stable, becoming similar after the first
2000 s.

Wear scar of Ti–C–N_2þAg disc was examined by optical
microscope (Fig. 4, left) and confocal microscopy (Fig. 4,
middle). The scar was evaluated by topographical analysis



Fig. 4 – (Left) Microscope image of Ti–C–N_2þAg disc after fretting test against UHMWPE ball; (middle) topography; and (right)
depth profile of Ti–C–N_2þAg disc after fretting test against UHMWPE ball.

Fig. 5 – Mean percentage of the surface of each biomaterial
covered by the collection of S. aureus and S. epidermidis
strains.
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and depth profile (Fig. 4, right). The depth of the scar in the
sliding contact area was around 1.5 μm. Taking into account
the thickness of the Ag coating and the depth of the wear
scar, this indicates that all the silver film was removed in the
sliding contact area during fretting tests. This was confirmed
by SEM-EDS (electron discharge spectroscopy), where two
measurements were carried out, one outside the sliding
contact area, and the other one just in the wear scar. Thus,
the absence of silver in the scar was confirmed. (Further
details about wear scars in UHMWPE balls and SEM-EDS
analysis carried out in the sample Ti–C–N_2þAg after fretting
test can be found in Supplementary material as Figs. S4 and
S5, respectively).

3.5. Bacterial adhesion

3.5.1. Results of bacterial adhesion for collection strains
Bacterial adhesion for collection strains, S. aureus and S. epider-
midis, was analyzed by means of the percentage of surface
covered by bacteria. Fig. 5 shows that bacterial adherence to
modified surface materials (Ti–C–N_2 and Ti–C–N_2þAg) was
lower than in the control material (Ti6Al4V) for both strains
(po0.0001, Kruskal–Wallis test).

Taking into account the results obtained with the statis-
tical analysis, it can be said that there were no statistical
differences between both modified materials for S. aureus
(p¼0.1072, Kruskal–Wallis test), while such differences
between both coated samples were statistically significant
for S. epidermidis (po0.0001, Kruskal–Wallis test).
In Fig. 6 the efficiency of the silver coating is observed in
the presence of very low concentration of living bacteria on
the surface represented by the green color for collection
strains. The images have been selected because of their
quality but they cannot be used for quantitative comparisons.

3.5.2. Results of bacterial adhesion for clinical strains
Bacterial adhesion for clinical strains, S. aureus and S. epider-
midis obtained from patients was analyzed by means of the
percentage of surface covered by bacteria. In Fig. 7 the results
of adhesion of different clinical strain (p1…p12) for each
material can be seen. As observed, Ti–C–N_2þAg reduced
the covered surface percentage except for p2, and in case of
Ti–C–N_2 except for p1 and p2. Fig. 8 shows an example of
images obtained for clinical isolates of S. aureus (p18) and
S. epidermidis (p33), where the efficacy against bacteria of Ti–
C–NþAg is observed.

After statistical analysis, the conclusion is that the differ-
ences between the surfaces of Ti6Al4V and Ti–C–N_2 were
statistically significant for all isolates except for p5 and p6
(p¼0.1033 and 0.1032 respectively, Kruskal–Wallis). However,
the differences between the surfaces of Ti6Al4V and Ti–C–
N_2þAg were statistically significant for all isolates except p1
and p2 (p¼0.0564 and 0.1349 respectively, Kruskal–Wallis).

On the other hand, comparison of treated samples, Ti–C–
N_2 and Ti_C_N_2þAg, shows that the differences between
both modified materials were statistically significant for all
isolates except for p3 (p¼0.4272, Kruskal–Wallis).

In Fig. 8, similarly to Fig. 6, some representative images
have been selected, but in this case with clinic strains.
4. Discussion

4.1. Effect of Ti–C–N coatings in tribocorrosion response

Titanium implants inserted into the human body are usually
surrounded with blood-rich tissue; this implies exposing
the implant materials to a corrosive media. The release of
vanadium and aluminum particles or metallic corrosion
products may induce immune response in sensitive patients.
Therefore, the assessment of a biomaterial or a coating able
to avoid or reduce the tribocorrosion effect is required to
ensure their safety in the corrosive environment of the
human body.



Fig. 6 – An example of the fluorescence microscope images for Ti6Al4V surface, Ti–C–N_2 surface and Ti–C–N_2þAg surfaces
covered by S. aureus (a) and S.epidermidis (b).

Fig. 7 – Mean percentage of surface covered biomaterial with clinical strains for each material.
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In tribocorrosion tests performed in this work, it was
observed that Ti–C–N_2 coating acts as a good barrier with a
low friction coefficient and wear scar, and completely avoid-
ing the releasing of elements from the substrate alloy to the
electrolyte. This coating acts as a barrier able to protect the
substrate from corrosion and wear processes avoiding the
release of metallic ions and wear debris into the surrounding
implant tissue as it was detected in a previous study of
(Cheng and Zheng, 2006; Iwabuchi et al., 2007).

Concerning the corrosion resistance, it can be related to
the microstructure of coatings. The initial lower corrosion
resistance of Ti–C–N_2 compared with Ti–C–N_1 could be due
to the columnar structure that presents the Ti–C–N_2 coating
(Sáenz de Viteri et al., 2012). A columnar structure contains
more open (through coating) porosity and straight grain
species (Liu et al., 2011). It seems that the coating is self
protected reducing the friction and wear under tribocorrosion
conditions. The better tribological behavior of Ti–C–N_2 also
could be due to the higher quantity of C in the coating in
comparison to Ti–C–N_1 coating (Sáenz de Viteri et al., 2012).
The higher carbon content could lead to the formation of a
carbon-rich tribo-layer during the sliding process and be
transferred to the counterpart which would have self-
lubricating properties (Vitu et al., 2014; Wang et al., 2013).

4.2. Effect of Ti–C–N coatings in tribological behavior

The results of the fretting tests are of specific interest since
the fretting effect that takes places between the backside of
the patellar component and the tibial tray of fixed bearing
tibial component is the main cause that leads to the knee
implant failure. The poor response of Ti–C–N_2þAg sample
obtained in fretting tests was expected due to the low
hardness of silver in comparison with titanium and DLC, that
is, 2.5–3, 6 and 9.5 Mohs hardness, respectively (Bhushan and
Gupta, 1991). It was expected that Ti–C–N coating had lower
friction coefficient due to its excellent tribological properties
generated by its auto-lubricious property. However, the



Fig. 8 – (a) Example of images taken with a fluorescence microscope to the surface of Ti6Al4V, Ti–C–N_2 and Ti–C–N_2þAg
covered by the clinical strain p4 of S. aureus. (b) Example of images taken with a fluorescence microscope to the surface of
Ti6Al4V, Ti–C–N_2 and Ti–C–N_2þAg covered by the clinical strain p8 of S. epidermidis.
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results showed a similar coefficient for Ti–C–N_2 sample than
Ti6Al4V. Sheeja et al. (2001) found that the wear resistance of
UHMWPE sliding against DLC in simulated body fluid did not
show any improvement over that of the untreated material.
Though, analyzing the wear scars produced in the UHMWPE
balls, the Ti–C–N_2 produced lower wear. This seems to
indicate this coating is less aggressive than the Ti6Al4V.
Alternatively, the presence of a carbon tribo-layer formed
by the presence of carbon in the coating could reduce the
wear in the UHMWPE balls.

Concerning the fast elimination of silver due to the friction
process during the fretting test, this could have a positive
effect in real applications, minimizing the risk of infection
that could occur shortly after the implantation surgery
process.

4.3. Effect of Ti–C–N and silver coating in bacterial
adhesion

Implant devices are the most suitable to modification with
the objective of preventing infection. Traditional surface-
modifying preventive approaches have largely focused on
antimicrobial coating of devices and resulted in variable
clinical success in preventing device-associated infections
(Esteban et al., 2014). The use of an antibacterial noble metal
is one of the strategies to avoid bacterial adhesion. The
incorporation of silver has produced a statistically significant
decrease of adhesion with respect to the other materials for
most of the strains. In general, all coated plates showed a
decreased bacterial adherence for S. aureus and S. epidermidis
collection strains and in most of the clinical strains in
comparison to uncoated samples.
In this study, we evaluated the rough adherence of
reference strains. These strains have a lower genetic load
than clinical strains isolated from patients because they are
laboratory-adapted strains which lose genes due to several
passages on culture medium. Further experiments were
performed to evaluate adherence using clinical strains iso-
lated from patients with a diagnosis of prosthetic joint
infection (which can show different properties than
laboratory-adapted strains). These experiments showed
slightly different behavior probably due to the different
pathogenic properties of the strains.

Silver-based coatings have been studied in association
with polymer and metal implants, particularly on external
fixation pins. However, metallic silver mechanical properties
are not adequate to constitute a load-bearing metal implant.
So, the amount of silver deposited must be as low as possible
in order to be useful in preventing implanted-related deep
body infection caused in the first moments after surgery; and
then keep the resistance against corrosion and wear from the
Ti–C–N coating. Concerning the removed silver, it has been
known to be eliminated via the renal system, and can be
absorbed easily through the gastrointestinal system (Secinti
et al., 2011).

Silver particles (5–50 nm), has been tested and in vitro
results have shown that it is effective against methicillin-
resistant S. aureus and S. epidermidis and have indicated that it
is not cytotoxic due to its higher porosity and active surface
(Harris and Richards, 2006).

Furthermore, released silver ions act immediately, as
shown by blockage of protein activities, which is beneficial
for preventing local infections. Possibly the main indication
for these compounds will be prevention of perioperative



j o u r n a l o f t h e m e c h a n i c a l b e h a v i o r o f b i o m e d i c a l m a t e r i a l s 5 5 ( 2 0 1 5 ) 7 5 – 8 684
infections. The major effect on imported bacteria can occur
immediately and vanishes relatively quickly. Thus, long-term
bone damage and possible neutralization of silver effects by
extracellular membrane components, which are deposited on
implants, may be avoided.

Ti–C–N_2þAg sample presented good bacterial anti-
adhesive properties for both types of bacteria. Baba et al.
(2013) have studied the effect of different Ag-containing
diamond-like carbon films in antibacterial activity. In their
results, they just observed small variations depending on the
Ag content. They also observed an increase in the contact
angle as the concentration of silver in the coating is
increased. In this study, the content of silver is stable but it
has observed that the contact angle after a period of stabili-
zation, in case of Ti–C–N_2þAg is higher than in the Ti–C–N_2
and substrate. There are several factors that influence the
antibacterial behavior, such as the chemical roughness,
chemical composition, the structure and the surface free
energy. The latter can be quantified by measuring the contact
angle. The threshold of hydrophobicity is a contact angle
greater than 651 below this value it is considered hydrophilic
(Vogler, 1998). In all analyzed samples, the contact angles
values are lower than 651, so that all samples are hydrophilic.
As a general rule, high contact angles (low surface free
energy) improve antibacterial properties decreasing the bac-
terial adhesion (Media et al., 2012; Zhou et al., 2008). This
effect can be seen with all studied samples, confirming this
theory. The Ti–C–N_2þAg coating presented the highest
contact angle and the bacterial adherence for S. aureus and
S. epidermidis was the lowest one.

In this work it was also observed that silver-free coating,
Ti–C–N_2, show antibacterial properties in comparison with
Ti6Al4V sample. This effect was studied by Marciano et al.
(2011) where they investigate into the antibacterial property
and bacterial adhesion of diamond-like carbon films.
5. Conclusions

The purpose of this work was to develop a coating with good
tribological properties, higher corrosion resistance and anti-
bacterial activity. The tribocorrosion behavior has been in
depth studied for two preselected Ti–C–N coatings. Taking
into account the tribocorrosion response, Ti–C–N_2 coating
was selected due to its excellent wear and high corrosion
resistance and because it acts as a protective barrier against
the release of substrate elements to outside. For this reason, a
thin layer of silver was deposited on this coating in order to
provide antibacterial properties. Fretting tests did not show
so much difference between Ti–C–N_2 coating and Ti6Al4V,
with similar friction coefficient and wear. However, the wear
produced in the UHMWPE balls was lower for Ti–C–N_2
sample probably due to the generation of a carbon rich
tribo-layer during the sliding process. Bacterial adhesion tests
exhibited that silver has broad-spectrum anti-adherence
activity and low risk of resistance. Their low wear resistance
makes the layer disappear during rubbing contact, then their
application should be limited to the avoidance of infection
during implant fixation. The inherent antimicrobial proper-
ties of the Ti–C–N_2 layer makes then still active avoiding
infections during the life of the implant. Therefore, it can

be concluded that developed Ti–C–N_2þAg coating could

be a promising alternative for orthopedic applications with

excellent tribological behavior, corrosion resistance and anti-

bacterial properties.
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Procedure S1. TRIBOCORROSION EXPERIMENTAL PROCEDURE  

Prior to the wear tests, samples remained into the electrolyte for 60 minutes till reach a stable 

open circuit potential (OCP). After this initial immersion time, an electrochemical impedance 

spectroscopy was performed to analyze the electrochemical state of the surfaces before the 

tribological test. The duration of the first mechanical tests was of 1000 cycles. During this 

stage, the open circuit potential under sliding and friction coefficient were registered 

simultaneously. After this stage, a second sliding process of 3500 cycles was then performed 

under potentiostatic control by imposing to the system the previous potential measured 

during sliding. At the same time, a second electrochemical impedance spectroscopy was 

additionally performed during the sliding. After 3500 cycles, the samples were removed from 

the electrolyte, cleaned ultrasonically with alcohol for 5 min, and dried in warm air. The wear 

tracks were analyzed by confocal microscopy (Nykon Eclipse ME600 Confocal Microscopy) 

performing topographical measurements at different locations of the wear tracks. 

 

Fig. S1. FRICTION COEFFICIENT EVOLUTION DURING SLIDING PROCESS IN TRIBOCORROSION 
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Fig. S2. PROFILES OF THE WEAR SCARS OBTAINED AFTER TRIBOCORROSION TESTS  
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Table S1. ELEMENTS DETECTED BY ICP MEASUREMENTS IN THE ELECTROLYTES USED IN 

TRIBOCORROSION TESTS 

 Dissolved elements (mg/l) Total elements (mg/l) 

Sample Ti Al V Ti Al V 

Reference (PBS) <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

Ti6Al4V <0.01 <0.01 <0.01 4.3 0.25 0.20 

Ti-C-N_1 <0.01 <0.01 <0.01 2.14 0.19 0.078 

Ti-C-N_2 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

 

Fig. S3. FRICTION COEFFICIENT EVOLUTION IN FRETTING TESTS 



 
 

Fig. S4. IMAGES OBTAINED BY OPTICAL MICROSCOPE OF WEAR SCARS IN UHMWPE USED AS 

COUNTERBODY IN FRETTING TESTS AND TESTED AGAINTS: a) Ti6Al4V, b) Ti-C-N_2 and c) Ti-C-

N_2+Ag 

 

 

Fig. S5. MICROGRAPHY AND EDS SPECTRUM OF WEAR SCAR IN THE SAMPLE Ti-C-N_2+Ag 

AFTER FRETTING TEST AND WHERE IT CAN BE OBSERVED THE Ag WERE COMPLETELY 

REMOVED DURING SLIDING PROCESS (a) OUTSIDE THE SLIDING AREA AND b) IN THE WEAR 

SCAR 
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Abstract 

In hip joint implants, in particular in the stems, wear-corrosion effects can accelerate 

the degradation of the biomaterial. The lack of osseointegration and the risk of 

contracting implant-associated infections may be other reasons for a premature failure 

of the implant. In this work, TiO2 coatings have been developed by means of Plasma 

Electrolytic Oxidation (PEO) technique in order to achieve wear-resistant hard coatings 

with osseointegration ability and biocide characteristics. During the PEO process, 

elements that favor cell growth, like Ca and P, were introduced into the coating. With 

the purpose of providing the coating with antibacterial properties iodine was added like 

biocide agent. The microstructure and chemical composition of the developed coatings 

were analyzed in order to see if the surface of the films was suitable for the cell 

attachment. The effect of wear-corrosion synergy was studied by means of 

tribocorrosion tests. Finally, the biocide capacity of iodine against S. aureus and S. 

epidermidis was analyzed through bacterial adhesion tests. High wear and corrosion 

resistance was shown in one of the developed coatings. The achieved surface 

microstructures seem to be appropriate to improve the osseointegration with proper 

pore size and porosity index. The antibacterial capacity of iodine was confirmed for S 

epidermidis. 

 

1. Introduction 

According to the European Society of Biomaterial (ESB), a biomaterial is a material 

destined to interact with the biological systems to evaluate, treat, increase or replace 

some tissue, organ or body function. In the case of orthopedic implants, the main 

property required to a biomaterial to be compatible is to avoid an adverse reaction 

when placed into the body. As well, chemical stability, good mechanical properties, 

osseointegration, high corrosion resistance and excellent wear resistance are required. 

In this sense, titanium and its alloys have become the premier choice for biocompatible 

orthopedic implant materials because of their high load strength bearing capacity, high 

strength to weight ratio, low toxicity, chemical stability, superior mechanical properties, 

excellent corrosion resistance and high biocompatibility [1][2][3]. Nevertheless, their 

poor tribological properties limit their use [4]. This tribological behavior is characterized 

by high coefficient of friction, severe adhesive wear with strong tendency to seizure and 



low abrasion resistance [5]. In the human body there are tribological contacts created 

as a consequence of locomotion that can contribute to the accelerated degradation of 

the material [6][7][8]. This can lead to crack initiation, excessive wear and release of 

wear debris from the implant into bloodstream or early fracture of the implant, as well 

as serious inflammatory reactions, allergies or osteolysis, which can significantly 

shorten the lifespan of the implanted device [9][10][11][12]. On the other hand, the 

exposure of the biomaterial to the body fluids can induce corrosion damage on the 

material leading to irreversible material degradation process. This electrochemical 

process combined to the wear produced as a result of the relative contact movement of 

the implant, results in a process called tribocorrosion. This effect takes into account the 

synergistic interaction of wear and corrosion phenomena on surfaces subjected to a 

relative contact movement in biological environments [13]. 

On the other hand, from the biological point of view, two major complications may also 

be present in an implant: the lack of bone tissue integration of titanium and its alloys 

due to the lack of interface bioactivity and the post-operative infections from attached 

bacteria and following proliferation on the surfaces of implants [14]. 

After biomaterial implantation into the body, a complex series of reactions 

(mechanisms) take place on its surface [15]. The material osseointegration occurs in 

different steps, including the adsorption of proteins to the biomaterial surface, the 

contact and attachment of cells, and its subsequent surface diffusion [16][17][18]. 

Surface wettability, initially, may play a major role in adsorption of proteins onto the 

surface, as well as the later cell adhesion. Generally, hydrophobic surfaces are more 

prone to protein-absorption than hydrophilic ones, due to the stronger hydrophobic 

interactions [19]. Other studies have reported that surfaces with moderate hydrophilicity 

display improved cell growth and biocompatibility [20].  Nevertheless, cell adhesion can 

decrease as the material becomes too hydrophilic. Other factors that play an important 

role in the protein adsorption are the surface topography, where a high porosity may 

facilitate the contact with proteins, the chemical composition and surface heterogeneity. 

Implant-associated infections generally result from bacterial adhesion to the surface of 

the implant and the following formation of the bio-film at the implant-tissue interface 

[21]. Sometimes, the outbreak of an infection mask the ongoing soreness of tissue 

inflammation process after surgery, and infection diagnosis often occurs when a full-

blown infection has already caused damage to tissue and host organism. This often 

involves the need for a second surgery to replace total or partial the infected device, 

leading to substantial patient health risk, involving additionally high medical costs [22]. 

The most common species that cause implant-associated infections are 

Staphylococcus aureus, Staphylococcus epidermidis, Enterobacteriaceae, 

Pseudomonas aeruginosa and Candida fungus [23]. 

A possible method to solve wear-corrosion problems, improve the osseontegration 

properties of a device and reduce the incidence of implant-related infections is to use 

surface treatments as Plasma Electrolytic Oxidation (PEO) technique. The PEO 

process consist of the modification of the growing anodic film by spark/arc micro-

discharges in aqueous solutions, which are initiated at potentials above the breakdown 

voltage of the growing oxide film and move rapidly across the anode surface. The 

discharge leads locally to high temperature and high pressure plasma-chemical 



reactions, generating a porous coating. Developed coating usually contains constituent 

species derived from the substrate and the electrolyte. This character reveals that PEO 

coating has excellent bonding strength to the substrate due to its in situ growth process 

and apart from corrosion resistance, they exhibit high hardness and good wear 

resistance. Moreover, it is possible to adjust the composition of the used electrolyte, to 

introduce desired elements into the coating, producing functional films with 

osseointegration or biocide properties.  

By PEO technique, it can be produced TiO2 coatings in two crystallographic phases: 

anatase and rutile. Anatase exhibits poor corrosion resistance in contact with some 

acids and halide solutions, while rutile generally possesses much better protective 

characteristics. It has a high stability, good mechanical properties because of its higher 

hardness and is denser than anatase form. All these characteristics are responsible for 

the significance of the rutile in orthopedic implants. So it is of great interest that the 

developed TiO2 layers are mainly rutile, allowing improving the tribological properties of 

the titanium alloy. Concerning the microstructure of TiO2 layers obtained by this 

technology, they have a porous and rough surface which makes them appropriate for 

cell adhesion [24][25][26].  Additionally, the presence of Ca and P in the coating has 

been reported to be advantageous to cell growth [27][28][29][30]. “In vivo” data showed 

implant surfaces containing both Ca and P enhanced bone apposition of the implant 

surface [31]. 

In order to reduce the incidence of implant-related infections, antibacterial properties 

can provide to the coatings, adding antimicrobial agents during the PEO process. 

Silver, cooper and fluoride have been the most common antimicrobial agents used until 

now in implants [22][32][33][34]. Other antimicrobial agent that has been less studied 

for this application is the iodine. Iodine is the heaviest essential element needed by all 

living microorganism and is a component of thyroid hormones. Some studies indicate 

that iodine supported titanium has antibacterial activity, biocompatibility and no 

citotoxicity [35][1]. However, iodine sublimes at room temperature, making it difficult to 

work with it. 

The aim of this work is to develop TiO2 coating with high wear-corrosion resistance, a 

proper surface morphology to promote the cells growth and antibacterial properties. 

The Ti6Al4V is the implant material of choice for use in hip joint stem implants. So, in 

this work, various TiO2 layers have been developed on Ti6Al4V substrate by controlling 

the applied current intensity and processing time used in the plasma electrolytic 

oxidation (PEO) technology. Ca and P elements have been added to the electrolyte to 

generate a suitable surface for cell adhesion to improve the osseointegration. Also, 

addition of iodine to the electrolyte was carried out in order to provide the coating with 

antibacterial properties. To complete the characterization, the thickness, roughness 

and porosity values were measured. The microstructure and chemical composition 

have been analyzed by means of XRD (X-Ray Diffraction), SEM (Scanning Electron 

Microscope), EDS (Energy Dispersive Spectroscopy) and XRF (X-Ray Fluorescence) 

techniques. Tribocorrosion tests have been performed to analyze the wear-corrosion 

synergy. And finally, the antibacterial efficacy has been evaluated studying the 

bacterial adherence. 

 



2. Materials and methods 

2.1. Materials 

Ti6Al4V (grade 5) discs with dimensions of 24 mm diameter and 7.9 mm height were 

manufactured. Prior to PEO process, the surface of the Ti6Al4V specimens was ground 

by using 1200 grids SiC paper and then, submitted to a chemical attack being 

immersed for 10-15 seconds in a mixture of HF:HNO3:H2O. Finally, the samples were 

cleaned ultrasonically in distilled water, rinsed with alcohol and dried in warm air. 

2.2. Plasma electrolytic oxidation 

The titanium discs were subjected to PEO treatments in an aqueous electrolyte 

containing calcium acetate hydrate ((CH3COO)2Ca·H2O), beta-glycerophosphoric acid 

disodium salt pentahydrate (C3H7Na2O6P·5H2O) and sodium iodide (NaI) at different 

process conditions (PEO-1: 5 A/dm2 during 19 minutes; PEO-2: 15 A/dm2 during 5 

minutes). The pH of the electrolyte was around 7.5. All experiments were carried out in 

a water-cooled bath with a stirring system that ensured an electrolyte temperature 

below 20ºC. A stainless steel mesh was used as the cathode, while titanium samples 

acted as anode. The total area of titanium exposed for each sample to electrolyte was 

4.5 cm2. After PEO process, the samples were immersed in a potassium iodide (KI) 

saturated solution for 24 hours. After some tests, it was observed that this last 

treatment seems to help to maintain the iodine into the coating avoiding its sublimation. 

2.3. Surface characterization 

The thickness of the PEO coatings was measured by using a Dual-Scope (Fischer) 

probe. The average roughness was obtained by a profilometer (Perthometer M2, Mahr) 

at 10 randomly selected locations. 

The microstructure of the specimens was evaluated by Scanning Electron Microscopy 

(SEM, Zeiss GEMINI®). The average pore size was calculated with the Graff-Snyder 

method and the pore percentage was analyzed by ImageJ software. The chemical 

composition of the samples was analyzed by Energy Dispersive Spectroscopy (EDS) 

and X-ray Fluorescence Spectroscopy (XRF) with S8 TIGER equipment, from 

BRUKER. The phase structure of the PEO coatings were detected by X-ray diffraction 

method (PHILIPS PW1710 powder diffractometer) using Cu-Kα radiation in steps of 

0.02° over the 5–69.96° 2θ-angular range and a fixed-time counting of 1 s at 25 °C.  

Hydrophilic/hydrophobia grade analyzed by means of wettability tests was carried out 

in the SURFTENS universal goniometer. The contact angle formed between a drop of 

distilled water and the surface under study was recorded by an optical camera and 

calculated with specialized software. 

2.4. Tribocorrosion tests 

Tribocorrosion tests were performed in a Microtest Tribometer, in rotating sliding 

conditions under ball on disc configuration. The rotating velocity was 20 rpm, the 

applied normal load 3 N and the radius track 5 mm. Tests were carried out during 200 

cycles. The counterbody was an Al2O3 ball with 10 mm of diameter. The tests were 

done under lubricated conditions by using phosphate buffered saline (PBS) solution, 



consisting of 0.14 M NaCl, 1 mM KH2PO4, 3 mM KCl, and 10 mM Na2HPO4. The 

exposed area in all samples was 2.5 cm2. Electrochemical measurements were 

assisted by an Autolab-Methrom potentiostat PGSTAT302N. A three-electrode system 

was used, corresponding as the working electrode the Ti6Al4V samples, as the counter 

electrode a platinum (Pt) wire and as the reference electrode Ag/AgCl KCl 3M (0.207 V 

vs SHE) electrode. Prior sliding tests, open circuit potential (OCP) was monitored until 

achieving a stable value. During the sliding, OCP and friction coefficient were 

monitored. Once the wear process had been completed, OCP was recorded until new 

stabilization. Before and after the wear process, two electrochemical impedance 

spectroscopies (EIS) were registered. The sinusoidal wave was 10 mV of amplitude in 

the frequency range from 105 Hz to 10 mHz under OCP conditions. Completed the 

tribocorrosion test, samples were ultrasonically cleaned in distilled water for 5 minutes 

and dried in warm air. 

The morphology of wear tracks was analyzed by means of the scanning electron 

microscopy (SEM) and chemical composition in sliding area was analyzed by EDS. 

Topographical measurements were made using a confocal microscope (Nykon). 

2.5. Bacterial adhesion 

2.5.1. Staphylococcal adhesion experiments 

Bacterial adhesion to a material surface is the first step in biofilm development. TiO2 

coatings were compared against control of untreated Ti6Al4V samples. Staphylococcal 

adhesion experiments were performed as described by Kinnari et al. and Perez-

Tanoira et al. [36][37]. 

For the preliminary study of bacterial adhesion, the biofilm-forming collection strains, 

Staphylococcus aureus 15981 (CITA) and Staphylococcus epidermidis ATCC 35984 

have been used. 

2.5.2. Statistical analysis 

For the statistical study, non parametric tests were employed. Mann-Whitney or 

Wilcoxon were used for two samples and the Kruskal-Wallis test was used for more 

than two samples. EPI-Info software version 3.5.1 (CDC, Atlanta, GA. USA) was 

employed to perform the statistical studies. 

 

3. Results and discussion 

3.1. Surface characterization 

The surface characterization related to mean thickness, roughness, pore size, porosity 

percentage and contact angle values of developed coatings are represented in Table 1.  

 

 

 



Table 1. 

Thickness, roughness, pore size and contact angle values. 

Samples 
Thickness 

(µm) 
Roughness 

Ra, (µm) 
Pore size 

(µm) 

Porosity 
percentage 

(%) 

Contact 
angle (°) 

Ti6Al4V - 0.26 ± 0.03 - - 65 ± 2 

PEO-1 3.31 ± 0.21 0.43 ± 0.04 5.39 ± 2.66 9 107 ± 2 

PEO-2 4.49 ± 0.40 0.42 ± 0.05 7.25 ± 2.96 5 96 ± 5 

 

The thickness of the coating increased when increasing the current density. The same 

effect was seen in a previous study carried out by Shin et al. [38], where they attributed 

this effect to the fact that at high current densities, the anodic reactions that take place 

at the interface with titanium substrate are induced with much more energy leading to a 

rapidly TiO2 coating formation. Concerning the roughness of coatings, in both surfaces 

the roughness increased after the PEO process, without significant differences 

between them. This increase was influenced by both the pore size and porosity 

percentage, present in the surface [28][39]. 

Figure 1 shows the surface morphology of the developed titanium oxide layers. SEM 

analysis exhibited the porous structure of coatings and the range of sizes. It seems that 

PEO-2 coating has a more homogeneous surface with better pore distribution. By SEM 

analysis and with the Graff-Snyder method the average pore size was calculated, 

obtaining for PEO-1 a pore size lower than for the PEO-2, that is, 5.39 µm and 7.25 

µm, respectively. Concerning the pore percentage, it seems that increasing the current 

density in the process, apart from increase the pore size, the quantity of pore increase 

with a percentage of porosity in PEO-2 of 5%, whereas for PEO-1 was 9%. The bigger 

pores size obtained with the higher current density can be due to the large and long-

lived discharges that take place in the surface and consequently form enlarged pores. 

In both coatings the pore size is within the suitable range of pore sizes for cell 

anchoring [40]. Cracks observed in the micrographs in the surface of TiO2 coating are 

attributed to thermal stresses [41].  

Shin et al. found that TiO2 surface with the smallest pore size (≈ 2 µm) and the highest 

porosity percentage showed the best results in vitro cell test, being the most suitable 

surface for cell anchoring [38]. Taking this fact into account, it can be concluded that 

PEO-1 could be the best coating to improve the osseointegration of stem. This coating 

has the smallest pore size and the highest quantity of pore. 

Wettability tests showed that both coatings have a hydrophobic behavior with contact 

angles above 90°. Taking into consideration that hydrophobic surfaces are more 

suitable for protein adsorption [19], the PEO-1 coating seems to be the most promising 

selection to improve the osseointegration of the implants.  



 

 

Fig. 1. SEM micrographs of the developed coatings.Top micrographs correspond to 

PEO-1 (left 5 KX and right 10 KX) and bottom micrographs correspond to PEO-2 (left 5 

KX and right 10 KX). 

Concerning the chemical composition, the EDS spectra of analysis carried out in 

different areas of the developed coatings are shown in figure 2. In both cases, the 

elements from the substrate were detected, and those related to the developed 

electrolyte, Ca, P, Na. Also K from the saturated KI solution appeared. The presence of 

iodine in the coatings was also confirmed. 

 

 

 

 



 

 

Fig. 2. EDS spectra of the PEO coatings: a) PEO-1 and b) PEO-2. 

In order to get an idea of how similar the two developed coatings are in terms of 

chemical composition, XRF analysis was performed (XRF patterns in Figure S1 in 

supplementary material). With this technology the analysis area is bigger than that 

studied by EDS. This study was carried out taking into account the count numbers. The 

intensity of peaks was compiled in table S1 (Kcps in table S1 located in supplementary 

information). The concentration of elements from the electrolyte increased with 

increasing the current in the PEO process while that of the substrate decreased. It 

seems to indicate that an increase in the voltage favors a greater insertion of elements 

from the substrate into the TiO2 layer [28]. The presence of iodine was also confirmed 

by this technique. 

Chemical composition in depth obtained by means of GD-OES analysis showed a 

similar element´s distribution through the coatings (Fig. 3). In the right side of both 

graphs, the elements from the titanium alloy are observed. As the layer grows, a 

decrease of the elements from the substrate, the appearance of the elements 

belonging to the electrolyte and a significant presence of oxygen, due to the oxides 

formed during the PEO process, are observed. It can be noted that there are more 

species from the electrolyte in the coating surface than near the substrate. There are 

studies which suggested that discharges that occur near the coating surface may 

incorporate more elements from the electrolyte [42][43][44]. In this analysis, no iodine 

was detected, since the equipment was not prepared to analyze this element. 



 

Fig. 3. Coating composition graphics obtained by GD-OES: a) PEO-1 and b) PEO-2. 

3.2. X-Ray Diffraction 

XRD analysis allowed establishing the relative rutile/anatase ratio in the coatings. This 

analysis was semiquantitative taking into account the diffraction peaks of the two 

phases. Thus, the anatase/rutile ratio for PEO-1 coating was 21/79 while for PEO-2 

was 46/54. From the tribological point of view, it is of interest to have a higher rutile 

proportion because of its high stability and good mechanical properties. However, from 

the biological point of view, there are studies that show the biological effects of 

anatase, demonstrating that the bone growth is more evident with anatase phase 

[45][46][47]. This can lead to that a balance between the two phases could be the best 

option. No evidence of iodine was detected by this analysis due to that the small 

amount of this element in the coating. Neupane et al. [1] and Segomotso et al. [47] did 

not find iodine in their coatings either by this technique. 

3.3. Tribocorrosion tests 

In tribocorrosion tests, prior the sliding process, the samples were immersed in PBS 

and their open circuit potential values were monitored till they had stabilized. The OCP 

values for Ti6Al4V, PEO-1 and PEO-2 were -0.345 V, 0.009 V and 0.079 V, 

respectively. Once the open circuit potentials were stabilized, electrochemical 

impedance spectroscopy (EIS) measurements were carried out in order to see the 

corrosion resistance of each sample before the sliding process (Fig. 4). The next step 

was to record the OCP during 300 seconds and afterwards, start with the sliding 

process. This caused an immediate decrease of the potential in the bare Ti6Al4V 

sample, while the developed coatings did not suffer initially any variation. It indicated 

that in the Ti6Al4V, the spontaneous formed TiO2 protective coating was removed due 

to the mechanical effect and the bare metal surface was exposed to the electrolyte. 

The fluctuation of the potential along the sliding process is related to the continuous de-

passivation and re-passivation of the wear tracks [48]. In case of PEO-2 coating, 

approximately after the first 300 seconds, the potential started decreasing showing a 

partial or total removing of the protective coating. The PEO-1 sample did not exhibit 

significant variations in its potential. It indicates that the coating did not apparently 

suffer wear. Once the sliding tests had concluded, the potentials increased reaching 

values close to the initial ones. This effect is due to the re-passivation phenomenon. 

The OCP values were monitored for 10 minutes with the aim to stabilize. The recorded 

OCP values after the sliding were -0.357 V for Ti6Al4V, -0.001 V for PEO-1 and -0.025 



V for PEO-2. The Ti6Al4V was re-passived with final OCP similar to initial one. In TiO2 

developed coatings the OCP after the sliding process were close to the obtained 

before. 

 

Fig. 4. Open circuit potential (OCP) during sliding process for TiAl4V, and PEO-1 and 

PEO-2 coatings. 

Analyzing the bode impedance plots before and after the wear test (Fig. 5), no 

corrosion resistance variation has been observed. It seems that the electrochemical 

state has not been changed by the effect of the sliding process and the consequent 

wear produced on the surface of the samples. Anyway, it was noted that the corrosion 

resistance of developed TiO2 coatings are similar but lower than that of Ti6Al4V. 

Similar results were obtained in the study of Fazel et al. [49], where at high frequencies 

the higher porosity of the outer layer produced the decreasing of the impedance 

values. 

  

Fig. 5. Bode impedance plots for TiAl4V, PEO-1 and PEO-2 coatings (left) before and 

(right) after sliding. (modulus IZI is the impedance modulus and f is the frequency). 

During the sliding process against alumina counterbody, friction coefficients evolution 

was recorded (Fig. 6). It was noted that the friction coefficients of both developed TiO2 

coatings was higher than the substrate one. This can be related to the higher 

roughness of both coatings and the superior hardness of TiO2 layer, due to its ceramic 



nature, in comparison to the Ti6Al4V. According to the website of ASM Aerospace 

Specification Metals INC, the hardness of Ti6Al4V alloy should be around 349 HV [50], 

while the hardness of TiO2 coatings developed by PEO technology is around 400-600 

HV. Mean friction coefficients and the total material loss in the wear track (Wtr) were 

calculated and compiled in Table 2. Similar friction coefficients were obtained for both 

layers, with a value of around 0.7. This tribological behavior is within the expected one 

[51][52]. Regarding to the total material loss during the rubbing process, in PEO-1 

coating it was not possible to calculate this value due to the low wear produced. PEO-2 

coating suffered less material loss than Ti6Al4V sample. 

 

Fig. 6. Friction coefficient evolution during sliding process in tribocorrosion tests. 

Table 2. 

Mean friction coefficient for Ti6Al4V substrate and both developed TiO2 coatings. 

Samples Friction Coefficient ± 
STD 

Wtr* (cm3) 

Ti6Al4V  0.472 ± 0.037 1.2 E-05 

PEO-1  0.744 ± 0.085 Not possible to 
measure 

PEO-2  0.715 ± 0.134 1.62 E-06 

*approximate values are given due to the lack of wear track homogeneity. 

Analyzing the wear scars by the confocal microscope (Fig. 7), it was seen that the TiO2 

coatings suffered lower wear during the rubbing conditions leading to irregular tracks. 

Analysis of the wear tracks profiles was carried out in order to ensure if the coatings 

were removed somewhere baring the substrate. The maximum wear track depth in 

PEO-1 was around 2 µm when the thickness of the coating was 3.31 µm (Fig. S2 

supplementary data). This seems to indicate that the coating was not removed during 

the sliding. In case of PEO-2, the maximum wear track depth was around 4-5 µm 

whereas the thickness of the layer was 4.5 µm. In this sample, it can be concluded that 

in some areas of the wear track it has reached the substrate after the tribocorrosion 

test. 



   

Fig. 7. Wear tracks topography: a) Ti6Al4V, b) PEO-1 and c) PEO-2. 

By EDS technology, the chemical composition of worn area of uncoated and coated 

samples was analyzed. As expected, in the wear track of Ti6Al4V sample only 

elements from the substrate were found (Fig. 8). Studying the wear scar in the confocal 

topography and SEM micrograph, it can be concluded that the wear mechanism for 

Ti6Al4V was abrasive type. 

 

Fig. 8. SEM micrograph of Ti6Al4V (left) and corresponding spectrum form EDS 

analysis (right). 

For the wear track of PEO-1 coating, three chemical analyses were performed in the 

affected area in order to ensure that the coating was not removed. In all analysis 

performed elements from the coating like calcium, phosphorus and potassium were 

detected, confirming that the coating acted as a protective layer against tribocorrosion 

conditions. In the micrograph it can be observed that part of the coating was removed 

during rubbing test and re-deposited generating a protective tribolayer, as a 

consequence of an adhesive wear (Fig. 9, point b). 

 

 



 

 

Fig. 9. SEM micrograph of PEO-1 coating (top) and corresponding spectra from EDS 

analysis (bottom). 

Concerning the PEO-2 coating, chemical composition was also analyzed in different 

parts of the wear track by EDS technique (Fig. 10). It was noticed that in some areas of 

the track (in particular in a) spectrum), the substrate has been reached because 

elements from the coating were not detected, but only from the substrate, that is 

titanium, vanadium and aluminum. In this coating, the wear mechanism is dominantly 

an adhesive wear. Additionally, a polishing effect in some parts of the scar (point a in 

Figure 10) was detected. 

 

 

Fig. 10. SEM micrograph of PEO-2 coating (top) and corresponding spectra form EDS 

analysis (bottom). 



 

3.4. Bacterial adhesion 

Analyzing the biocide effect that the developed coatings showed against 

Staphylococcus aureus 15981, it was observed that in no case they improved the 

biocide effect of substrate (Fig. 11). There cannot be observed a statistically significant 

difference in the mean percentage of surface covered by bacteria compared to the 

control (Ti6Al4V), with the PEO-1 layer (P value= 0.0362, Kruskal-Wallis test). The 

same effect was observed with PEO-2 layer (P value= 0.1234, Kruskal-Wallis test). 

 

 

Fig. 11. Mean percentage of surface covered by S. aureus. 

Concerning the S. epidermidis collection strains, developed TiO2 coatings with iodine 

improved the antibacterial properties decreasing the percentage of surface covered by 

bacteria in comparison to the substrate (Fig. 12). There can be observed statistically 

significant difference in the mean percentage of surface covered by bacteria compared 

to the control (Ti6Al4V), with the PEO-1 layer (P value= 0.0007, Kruskal-Wallis test). 

The same effect was observed with PEO-2 layer (P value= 0.0000, Kruskal-Wallis 

test).  



 

Fig. 12. Mean percentage of surface covered by S. epidermidis. 

 

4. Conclusions 

Among the developed coatings by PEO technology, PEO-1 coating seems to have the 

most suitable surface for cell growth. It is more hydrophobic than the substrate and 

PEO-2 coating. Besides, it has the highest pore percentage and the smaller average 

pore size. Additionally, osseointegration enhancing elements (Ca and P) have been 

introduced into the coating, with a higher concentration near the surface. Concerning 

the tribocorrosion tests, the corrosion resistance was kept in all the samples after the 

rubbing process. Noticeably, the wear resistance was increased in case of PEO-1 layer 

probably due to the high amount of rutile phase present in its microstructure. The 

friction coefficient was superior to bare Ti6Al4V because of the higher roughness in 

comparison to the substrate. The addition of iodine as biocide element improved the 

antibacterial features of Ti6Al4V alloy against S. epidermidis. 
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Supplementary material 

 

 
Fig. S1. XRF patterns of both developed coatings. PEO-1 (top) and PEO-2 (bottom). 

Table S1. 

Peaks intensity (KCps) of detected elements by XRF technology. 

Samples Ti V Al Ca P Na I K 

PEO-1 1192.6 81.2 21.3 46.0 23.4 1.8 1.2 7.1 

PEO-2 1139.1 77.9 19.2 58.5 26.3 2.5 1.7 8.7 

 



 
Fig. S2.Track profiles of uncoated and coated samples. 
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1. Introduction

Bone and its several associated elements – cartilage, connective tissue, vascular elements and
nervous components – act as a functional organ. They provide support and protection for soft
tissues and act together with skeletal muscles to make body movements possible. Bones are
relatively rigid structures and their shapes are closely related to their functions. Bone metab‐
olism is mainly controlled by the endocrine, immune and neurovascular systems, and its
metabolism and response to internal and external stimulations are still under assessment [1].

Long bones of the skeletal system are prone to injury, and internal or external fixation is a part
of their treatment. Joint replacement is another major intervention where the bone is expected
to host biomaterials. Response of the bone to biomaterial intervenes with the regeneration
process. Materials implanted into the bone will, nevertheless, cause local and systemic
biological responses even if they are known to be inert. Host responses with joint replacement
and fixation materials will initiate an adaptive and reactive process [2].

The field of biomaterials is on a continuous increase due to the high demand of an aging
population as well as the increasing average weight of people. Biomaterials are artificial or
natural materials that are used to restore or replace the loss or failure of a biological structure
to recover its form and function in order to improve the quality and longevity of human life.
Biomaterials are used in different parts of the human body as artificial valves in the heart,
stents in blood vessels, replacement implants in shoulders, knees, hips, elbows, ears and dental
structures [3] [4] [5]. They are also employed as cardiac simulators and for urinary and
digestive tract reconstructions. Among all of them, the highest number of implants is for spinal,
hip and knee replacements. It is estimated that by the end of 2030, the number of total hip
replacements will rise by 174% (572,000 procedures) and total knee arthroplasties are projected
to grow by 673% from the present rate (3.48 million procedures) [6]. This is due to the fact that
human joints suffer from degenerative diseases such as osteoarthritis (inflammation in the

© 2013 Sáenz de Viteri and Fuentes; licensee InTech. This is an open access article distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
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bone joints), osteoporosis (weakening of the bones) and trauma leading to pain or loss in
function. The degenerative diseases lead to degradation of the mechanical properties of the
bone due to excessive loading or absence of normal biological self-healing process. Artificial
biomaterials are the solutions to these problems and the surgical implantation of these artificial
biomaterials of suitable shapes help restore the function of the otherwise functionally com‐
promised structures. However, not only the replacement surgeries have increased, simulta‐
neously the revision surgery of hip and knee implants have also increased. These revision
surgeries which cause pain for the patient are very expensive and also their success rate is
rather small. The target of present researches is developing implants that can serve for much
longer period or until lifetime without failure or revision surgery [7]. Thus, development of
appropriate material with high longevity, superior corrosion resistance in body environment,
excellent combination of high strength and low Young´s modulus, high fatigue and wear
resistance, high ductibility, excellent biocompatibility and be without citotoxicity is highly
essential [8] [9].

In general, metallic biomaterials are used for load bearing applications and must have
sufficient fatigue strength to endure the rigors of daily activity. Ceramic biomaterials are
generally used for their hardness and wear resistance for applications such as articulating
surfaces in joints and in teeth as well as bone bonding surfaces in implants. Polymeric materials
are usually used for their flexibility and stability, but have also been used for low friction
articulating surfaces. Titanium is becoming one of the most promising engineering materials
and the interest in the application of titanium alloys to mechanical and tribological components
is growing rapidly in the biomedical field [10], due to their excellent properties.

This chapter is focused on the use of titanium and its alloys as biomaterials from a tribological
point of view. The main limitation of these materials is their poor tribological behavior
characterized by high friction coefficient and severe adhesive wear. A number of different
surface modification techniques have been recently applied to titanium alloys in order to
improve their tribological performance as well as osseointegration. This chapter includes the
most recent developments carried out in the field of surface treatments on titanium with very
promising results.

2. Biomaterial properties

The main property required of a biomaterial is that it does not illicit an adverse reaction when
placed into services, that means to be a biocompatible material. As well, good mechanical
properties, osseointegration, high corrosion resistance and excellent wear resistance are
required.

2.1. Biocompatibility

The materials used as implants are expected to be highly non toxic and should not cause any
inflammatory or allergic reactions in the human body. The success of the biomaterials is mainly
dependent on the reaction of the human body to the implant, and this measures the biocom‐
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patibility of a material [11]. The two main factors that influence the biocompatibility of a
material are the host response induced by the material and the materials degradation in the
body environment (Figure 1). According to the tissue reaction phenomena, the biocompati‐
bility of orthopedic implant materials was classified into three categories by Heimke [12], such
as “biotolerant”, showing distant osteogenesis (bone formation with indirect contact to the
material); “bioinert”, showing contact osteogenesis (bone formation with direct contact to the
material), and “bioactive”, showing bonding osteogenesis (bone formation with chemical or
biological bonding to the material).

Figure 1. Biological effects of a biomaterial

When implants are exposed to human tissues and fluids, several reactions take place between
the host and the implant material and these reactions dictate the acceptability of these materials
by our system. The issues with regard to biocompatibility are (1) thrombosis, which involves
blood coagulation and adhesion of blood platelets to biomaterial surface, and (2) the fibrous
tissue encapsulation of biomaterials that are implanted in soft tissues.

2.2. Mechanical properties

The most important mechanical properties that help to decide the type of material are hardness,
tensile strength, Young´s modulus and elongation. An implant fracture due to a mechanical
failure is related to a biomechanical incompatibility. For this reason, it is expected that the
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material employed to replace the bone has similar mechanical properties to that of bone. The
bone Young´s modulus varies in a range of 4 to 30 GPa depending on the type of the bone and
the direction of measurement [13] [14].

2.3. Osseointegration

The inability of an implant surface to integrate with the adjacent bone and other tissues due
to micromotions, results in implant loosening [15]. Osseointegration (capacity for joining with
bone and other tissue) is another important aspect of the use of metallic alloys in bone
applications (Figure 2). A good integration of implant with the bone is essential to ensure the
safety and efficacy of the implant over its useful life. It has been shown in previous studies [16],
that enhancement of the bone response to implant surfaces can be achieved by increasing the
roughness or by other surface treatments [17]. Although the precise molecular mechanisms
are not well understood, it is clear that the chemical and physical properties of the surface play
a major role in the implant – surface interactions through modulation of cell behavior, growth
factor production and osteogenic gene expression [18] [19] [20].

Figure 2. Schematic drawing of the principles of osseointegration [21]

Furthermore, it is known that even if initial implant stability is achieved, the bone may retreat
from or be isolated from the implant because of different reasons or situations listed below:
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1. Reaction of the implant with a foreign body as debris from implant component degrada‐
tion or wear, or to toxic emissions from the implant [22]

2. Damage or lesion to the bone through mechanical trauma surgery

3. Imposition of abnormal or unphysiological conditions on the bone, such as fluid pressures
or motion against implant components

4. Alteration to the mechanical signals encouraging bone densification; strain reductions or
stress-shielding of replaced or adjacent bone.

2.4. High corrosion resistance

All metallic implants electrochemically corrode to some extent. This is disadvantageous for
two main reasons: (1) the process of degradation reduces the structural integrity and (2)
degradation products may react unfavorably with the host. Metallic implant degradation
results from both electrochemical dissolution and wear, but most frequently occurs through
a synergistic combination of the two [23] [24]. Electrochemical corrosion process includes
both generalized dissolution uniformly affecting the entire surface and localized areas of
a component.

Metal implant corrosion is controlled by (1) the extent of the thermodynamic driving forces
which cause corrosion (oxidation/reduction reactions) and (2) physical barriers which limit the
kinetics of corrosion. In practice these two parameters that mediate the corrosion of orthopedic
biomaterials can be broken down into a number of variables: geometric variables (e.g., taper
geometry in modular component hip prostheses), metallurgical variables (e.g., surface micro-
structure, oxide structure and composition), mechanical variables (e.g., stress and/or relative
motion) and solution variables (e.g., pH, solution proteins and enzymes) [25].

The corrosion resistance of a surgically implanted alloy is an essential characteristic since the
metal alloys are in contact with a very aggressive media such as the body fluid due to the
presence of chloride ions and proteins. In the corrosion process, the metallic components of
the alloy are oxidized to their ionic forms and dissolved oxygen is reduced to hydroxide ions.

The corrosion characteristics of an alloy are greatly influenced by the passive film formed on
the surface of the alloy and the presence of the alloying elements.

2.5. Wear resistance

Wear always occurs in the articulation of artificial joints as a result of the mixed lubrication
regime. The movement of an artificial hip joint produces billions of microscopic particles that
are rubbed off cutting motions. These particles are trapped inside the tissues of the joint capsule
and may lead to unwanted foreign body reactions. Histocytes and giant cells phagocytose and
“digest” the released particles and form granulomas or granuloma-like tissues. At the
boundary layer between the implant and bone, these interfere with the transformation process
of the bone leading to osteolysis. Hence, the materials used to make the femoral head and cup
play a significant role in the device performance. Since the advent of endoprosthetics, attempts
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have been made to reduce wear by using a variety of different combinations of materials and
surface treatments.

Nowadays, the materials used for biomedical applications are mainly metallic materials such
as 316L stainless steel, cobalt chromium alloys (CoCrMo), titanium-based alloys (Ti-6Al-4V)
and miscellaneous others (including tantalum, gold, dental amalgams and other “specialty”
metals). Titanium alloys are fast emerging as the first choice for majority of applications due
to the combination of their outstanding characteristics such as high strength, low density, high
immunity to corrosion, complete inertness to body environment, enhanced compatibility, low
Young´s modulus and high capacity to join with bone or other tissues. Their lower Young´s
modulus, superior biocompatibility and better corrosion resistance in comparison with
conventional stainless steels and cobalt-based alloys, make them an ideal choice for bio-
applications [26]. Because of the mentioned desirable properties, titanium and titanium alloys
are widely used as hard tissue replacements in artificial bones, joints and dental implants.

3. Titanium and titanium alloys

The elemental metal titanium was first discovered in England by William Gregor in 1790, but
in 1795 Klaproth gave it the name of titanium. Combination of low density, high strength to
weight ratio, good biocompatibility and improved corrosion resistance with good plasticity
and mechanical properties determines the application of titanium and its alloys in such
industries as aviation, automotive, power and shipbuilding industries or architecture as well
as medicine and sports equipment.

Increased use of titanium and its alloys as biomaterials comes from their superior biocompat‐
ibility and excellent corrosion resistance because of the thin surface oxide layer, and good
mechanical properties, as a certain elastic modulus and low density that make that these metals
present a mechanical behaviour close to those of bones. Light, strong and totally biocompatible,
titanium is one of the few materials that naturally match the requirements for implantation in
the human body. Among all titanium and its alloys, the mainly used materials in biomedical
field are the commercially pure titanium (cp Ti, grade 2) and Ti-6Al-4V (grade 5) alloy. They
are widely used as hard tissue replacements in artificial bones, joints and dental implants. As
a hard tissue replacement, the low elastic modulus of titanium and its alloys is generally
viewed as a biomechanical advantage because the smaller elastic modulus can result in smaller
stress shielding.

Other property that makes titanium and its alloys the most promising biomaterials for implants
is that titanium-based materials in general rely on the formation of an extremely thin, adherent,
protective titanium oxide film. The presence of this oxide film that forms spontaneously in the
passivation or repassivation process is a major criterion for the excellent biocompatibility and
corrosion resistance of titanium and its alloys.

Concerning the medical applications of these materials, the use of cp (commercially pure)
Titanium is more limited to the dental implants because of its limited mechanical properties.
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In cases where good mechanical characteristics are required as in hip implants, knee implants,
bone screws, and plates, Ti-6Al-4V alloy is being used [27] [28]. One of the most common
applications of titanium alloys is artificial hip joints that consist of an articulating bearing
(femoral head and cup) and stem [24], where metallic cup and hip stem components are made
of titanium. As well, they are also often used in knee joint replacements, which consist of a
femoral and tibial component made of titanium and a polyethylene articulating surface.

Figure 3. Schematic diagram of artificial hip joint (left) and knee implant [29] (right)

3.1. Wear problems in titanium and titanium alloys

The fundamental drawback of titanium and its alloys which limits wider use of these materials
include their poor fretting fatigue resistance and poor tribological properties [30] [31], because
of its low hardness [32]. Their poor tribological behavior is characterized by high coefficient
of friction, severe adhesive wear with a strong tendency to seizing and low abrasion resistance
[33]. Titanium tends to undergo severe wear when it is rubbed between itself or between other
materials. Titanium has tendency for moving or sliding parts to gall and eventually seize. This
causes a more intensive wear as a result of creation of adhesion couplings and mechanical
instability of passive layer of oxides, particularly in presence of third bodies (Figure 4). Owing
to this effect, in cases of total joint replacements made of titanium head and polymer cup, the
10%-20% of joints needs to be replaced within 15-20 years and the aseptic loosening accounts
for approximately 80% of the revisions [34]. The reason for the failure of the implants is due
to the high friction coefficient of these materials that can lead to the release of wear debris from
the implant into the bloodstream that results in an inflammation of the surrounding tissue and
gives rise to the bone resorption (osteolysis) [35] [36], which ultimately leads to loosening of
the implant and hence the implant has to be replaced by a new one.
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Figure 4. Schematic representation of a sliding tribological coating with the presence of third bodies [37]

3.2. Corrosion behaviour of titanium and titanium alloys

All metals and alloys are subjected to corrosion when in contact with body fluid as the body
environment is very aggressive owing to the presence of chloride ions and proteins. A variety
of chemical reactions occur on the surface of a surgically implanted alloy. The metallic
components of the alloy are oxidized to their ionic forms and dissolved oxygen is reduced to
hydroxide ions.

Most metals and alloys that resist well against corrosion are in the passive state. Metals in the
passive state (passive metals) have a thin oxide layer (TiO2 in case of titanium) on their surface,
the passive film, which separates the metal from its environment [38]. Typically, the thickness
of passive films formed on these metals is about 3-10 nm [39] and they consist of metal oxides
(ceramic films). The natural oxide is amorphous and stoichiometrically defective. It is known
that the protective and stable oxides on titanium surfaces (TiO2) are able to provide favorable
osseointegration. The stability of the oxide depends strongly on the composition structure and
thickness of the film [40].

Because of the presence of an oxide film, the dissolution rate of a passive metal at a given
potential is much lower than that of an active metal. It depends mostly on the properties of
the passive film and its solubility in the environment. These films which form spontaneously
on the surface of the metal prevent further transport of metallic ions and/or electrons across
the film. To be effective barriers, the films must be compact and fully cover the metal surface;
they must have an atomic structure that limits the migration of ions and/or electrons across
the metal oxide–solution interface; and they must be able to remain on the surface of these
alloys even with mechanical stressing or abrasion, expected with orthopedic devices [25].
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The relatively poor tribological properties and possible corrosion problems have led to the
development of surface treatments to effectively increase near-surface strength, improving the
hardness and abrasive wear resistance thereby reducing the coefficient of friction as well as
avoiding or reducing the transference of ions from the surface or bulk material to the sur‐
rounding tissue.

3.3. Osseointegration of titanium and titanium alloys

When an implant is surgically placed within bone there are numerous biological, physical,
chemical, thermal and other factors functioning that determine whether or not osseointegra‐
tion will occur.

Titanium and its alloys have been widely used for dental and orthopedic implants under load-
bearing conditions because of their good biocompatibility coupled with high strength and
fracture toughness. Despite reports of direct bonding to bone, they do not form a chemical
bond with bone tissue. For the last decade, various coatings have been attempted to provide
titanium and its alloys with bond-bonding ability, which spontaneously bond to living bone.
Hydroxyapatite plasma spray coatings are widely used in cementless hip replacement surgery,
but the hydroxyapatite coating, although exhibiting a very good biocompatibility, presents
some disadvantages including delamination of the coating layer from the substrate, difficulties
in controlling the composition of the coating layer and degradation of the coating layer itself,
which can release debris becoming a source of third body wear [41].

A strong and durable bone to implant connection can be achieved by the formation of a stable
bone tissue at the bone-implant interface by proper implant surface treatments, as can be
electrochemical deposition, dipping and physical vapor deposition techniques [42].

3.4. Surface treatments of titanium and titanium alloys

Surface engineering can play a significant role in extending the performance of orthopedic
devices made of titanium several times beyond its natural capability.

The main objectives of surface treatments mainly consist of the improvement of the tribological
behaviour, corrosion resistance and osseointegration of the implant. There are coatings for
enhanced wear and corrosion resistance by improving the surface hardness of the material
that can be applied by different surface modifications techniques such as surface oxidation,
physical deposition methods like ion implantation and plasma spray coatings, as well as
thermo-chemical surface treatments such as nitriding, carburizing and boriding [43] [44].

Great efforts have been devoted to thickening and stabilizing surface oxides on titanium to
achieve desired biological responses. The biological response to titanium depends on the
surface chemical composition, and the ability of titanium oxides to absorb molecules and
incorporate elements. Surface topography plays a fundamental role in regulating cell behavior,
e.g. the shape, orientation and adhesion of cells.

One possible alternative to solve tribological problems and which is going to explain more
detail consists of protecting the alloy surface by means of biocompatible Diamond-Like Carbon
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(DLC) coatings. “Diamond-Like Carbon” is a generic term referring to amorphous carbon
films, deposited by either Physical Vapor Deposition (PVD) or Plasma-Enhanced Chemical
Vapor Deposition (PECVD). DLC coatings basically consist of a mixture of diamond (sp3) and
graphite (sp2). The relative amounts of these two phases will determine much of the coating
properties. They are thus metastable and mostly amorphous, “crystalline” clusters being too
small or too defective to reach graphite or diamond structures. Both the mechanical and the
tribological properties of DLC coatings have been studied for about 30 years, and several
different types of DLC coatings can currently be found. DLC films are attractive biomedical
materials due to their relatively high hardness, low friction coefficient, owing to the solid
lubricant because of its graphite and amorphous carbon contents [31], good chemical stability
and excellent bio and hemocompatibility [45] [44] [46] [47]. Cells are seen to grow well on these
films coated on titanium and other materials without any cytotoxicity and inflammation.

Oxidation remains the most popular technique for the surface modification of Ti alloys; these
oxide layers on titanium are commonly produced by either heat treatment [48] [49] [50] or
electrolytic anodizing [51]. Thermal oxidation results in the formation of a 15-30 µm thick
titanium dioxide layer of the rutile phase. However, due to their long-term high temperature
action, thermal diffusion processes can also lead to the formation of a diffusion sub-layer
consisting of an oxygen solid solution in α-Ti, and development of phase segregation and
coalescence which may cause substrate embrittlement and worsened mechanical and/or
corrosion performance.

Conventional anodic oxidation, which is carried out in various solutions providing passivation
of the titanium surface, generates thin films of amorphous hydrated oxide or crystalline TiO2

in the anatase form [52]. These films exhibit poor corrosion resistance in some reducing acids
and halide solutions, while rutile generally possesses much better protective properties.
However, recent developments in high voltage anodizing allow the production of crystalline
rutile/anatase films at near to ambient temperature [53]. By anodic oxidation, elements such
as Ca and P can be imported into the surface oxide on titanium and the micro-topography can
be varied through regulating electrolyte and electrochemical conditions. The presence of Ca-
ions has been reported to be advantageous to cell growth, and in vivo data show implant
surfaces containing both Ca and P enhance bone apposition on the implant surface.

Furthermore, there are alternative methods to improve the biocompatibility such as biocom‐
patible chemicals [54] and materials such as ceramics for coating. In some studies, titanium
surfaces were modified using phosphoric acid in an “in vitro” study to improve the biocom‐
patibility of dental implants. Results indicated that pretreatment of the implant with phos‐
phoric acid caused no citotoxicity to the osteoblasts [55]. Micro arc oxidation method in
phosphoric acid on titanium implants provided chemical bonding sites for calcium ions during
mineralization [56].

Moreover, there have been developed coatings for high osseointegration. Hydroxyapatite
(HA) coating is a proven method to improve the implants´ mechanical bonding [57] [58],
biocompatibility and improve the osseointegration. The higher the degree of osseointegration,
the higher is the mechanical stability and the probability of implant loosening becomes smaller.
The process of osseointegration depends upon the surface properties such as surface chemis‐

Tribology - Fundamentals and Advancements164



try, surface topography, surface roughness and mainly the surface energy. TiO2, calcium
phosphate, titania/hydroxiapatite composite and silica coating by the sol-gel method can be
applied on the surface of the titanium and titanium alloys. Plasma Electrolytic Oxidation (PEO)
or Micro-Arc Oxidation (MAO) technique is used for the synthesize TiO2 layer. This technique
is based on the modification of the growing anodic film by arc micro-discharges, which are
initiated at potentials above the breakdown voltage of the growing oxide film and move
rapidly across the anode surface. This technology provides a solution by transforming the
surface into a dense layer of ceramic which not only prevents galling but also provides excellent
dielectric insulation for contact metals, helping to protect them against aggressive galvanic
corrosion. PEO process transforms the surface of titanium alloys into a complex ceramic matrix
by passing a pulsed, bi-polar electrical current in a specific wave formation through a bath of
low concentration aqueous solution. A plasma discharge is formed on the surface of the
substrate, transforming it into a thin, protective layer of titanium oxide, without subjecting the
substrate itself to damaging thermal exposure.

Among all the above mentioned surface treatments, Diamond-Like Carbon coating and Plasma
Electrolytic Oxidation are the most promising ones applied on titanium surfaces. These two
treatments are explained in more detail in the following sections.

3.4.1. Diamond-like carbon coatings

In some biomedical applications continuously sliding contact is required, subjecting the
implant to aggressive situations. To achieve and maintain higher efficiency and durability
under such increasingly more severe sliding conditions, protective and/or solid coatings are
becoming prevalent.

These coatings can generally be divided in two broad categories [59] : “soft coatings”, which
are usually good for solid lubrication and exhibit low friction coefficients, and “hard coatings”,
which are usually good for protection against wear, and exhibit low wear rates and hence
longer durability (Figure 5).

It would thus seem to be difficult to associate low friction and high wear resistance with all
types of coating in most tribological contacts. Some trade-offs can be found in combining both
hard and soft materials in composite or multilayer coatings, which require complex procedures
and further optimization of the deposition process. Nevertheless, a diverse family of carbon-
based materials seems to “naturally” combine the desired set of tribological properties,
providing not only low friction but also high wear resistance. These materials are widely
known as the diamond and Diamond-Like Carbon (DLC) coatings. They are usually harder
than most metals and/or alloys, thus affording very high wear resistance and, at the same time,
impressive friction coefficients generally in the range of 0.05-0.2 [60] [61] [62]. In some cases,
friction values lower than 0.01 have been reported [63] [64], offering a sliding regime often
referred to as “superlubricity”. These exceptional tribological abilities explain the increasing
success of Diamond-Like Carbon coatings over the years, both in industrial applications and
in the laboratory. The exceptional tribological behavior of Diamond-Like Carbon films appears
to be due to a unique combination of surface chemical, physical, and mechanical interactions
at their sliding interfaces [65].
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Since their initial discovery in the early 1950s, Diamond-Like Carbon coatings have attracted
the most attention in recent years, mainly because they are cheap and easy to produce and
offer exceptional properties for demanding engineering and medical applications. They can
be used in invasive and implantable medical devices. These films are currently being evaluated
for their durability and performance characteristics in certain biomedical implants including
hip and knee joints and coronary stents.

Diamond-Like Carbon is the only coating that can provide both high hardness and low friction
under dry sliding conditions. These films are metastable forms of carbon combining both sp2
and sp3 hybridizations, including hydrogen when a hydrocarbon precursor is used during
deposition. The tribological behavior of Diamond-Like Carbon films requires a solid back‐
ground on the chemical and structural nature of these films, which, in turn, depends on the
deposition process and/or parameters. The chemical composition, such as the hydrogen and/
or nitrogen content or the presence of other alloying elements, controls the mechanical and
tribological properties of a sliding pair consisting of DLC on one or both sliding surfaces [66].
For example, DLC samples containing different concentrations of titanium (Figure 6) have also
been examined “in vitro” to obtain a biocompatible surface that is hard, preventing abrasion
and scratching [67].

It is well known that Diamond-Like Carbon films usually present smooth surfaces, except
maybe in the case of films formed by unfiltered cathodic vacuum arc deposition (Figure 7).
Roughness of the films on industrial surfaces will then be mainly controlled by the substrate
roughness and can therefore be minimized.

Figure 5. Classification of coatings with respect to hardness and coefficient of friction, highlighting the special case of
carbon-based coatings
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Figure 7. SEM (Scanning electron microscopy) micrograph of Ti-DLC coating deposited by physical vapour deposition
technique using cathodic arc evaporation method

A frequently observed feature in tribological testing of Diamond-Like Carbon films is the
formation of transfer layer. The formation of carbonous transfer layer on the sliding surface
was observed to reduce the friction coefficient [68].

DLC coatings are usually applied by means of Cathodic Arc Evaporation Physical Vapor
Deposition technology. An arc can be defined as a discharge of electricity between two
electrodes. The arc evaporation process begins with the striking of a high current, low voltage
arc on the surface of a cathode that gives rise to a small (usually a few microns wide) highly
energetic emitting area known as a cathode spot. The localised temperature at the cathode spot
is extremely high (around 15000 °C), which results in a high velocity (10 km/s) jet of vaporised
cathode material, leaving a crater behind on the cathode surface.

Figure 6. Scheme of titanium doped DLC coating. In this case, the first titanium layer was deposited in order to im‐
prove adhesion of DLC coating to the substrate and relax stress of the coating
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The plasma jet intensity is greatest normal to the surface of the cathode and contains a high
level of ionization (30%-100%) multiply charged ions, neutral particles, clusters and macro-
particles (droplets). The metal is evaporated by the arc in a single step, and ionized and
accelerated within an electric field. Theoretically the arc is a self-sustaining discharge capable
of sustaining large currents through electron emission from the cathode surface and the re-
bombardment of the surface by positive ions under high vacuum conditions.

If a reactive gas is introduced during the evaporation process dissociation, ionization and
excitation can occur during interaction with the ion flux and a compound film will be depos‐
ited. Without the influence of an applied magnetic field the cathode spot moves around
randomly evaporating microscopic asperities and creating craters. However if the cathode spot
stays at one of these evaporative points for too long it can eject a large amount of macro-
particles or droplets as seen above. These droplets are detrimental to the performance of the
coating as they are poorly adhered and can extend through the coating.

A recent tribological study carried out about the effect of deposition of Diamond-Like Carbon
coatings on a substrate of Ti-6Al-4V for knee implants has confirmed that these types of coating
improve the tribological response of substrate decreasing the coefficient of friction (µ) (Table
1) and reducing the wear of the surface (Figure 8) [69]. For this study fretting tests were
performed using alumina balls as counter body, bovine serum as lubricant and a continuous
temperature of 37 ºC, trying to simulate real environment.

Sample µ ± SD (standard deviation) Disc Wear Scar, Maximum Depth (µm)

Ti-6Al-4V 0.86 ± 0.08 10 ± 3

Ti-DLC 0.24 ± 0.01 Polishing Effect

Table 1. Friction coefficients values and ball and disc wear scars measurements

 

(a) (b) 

Figure 8. SEM micrographs of the fretting tests wear scars. Ti-6Al-4V (left), Ti-DLC (right)
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3.4.2. Plasma electrolytic oxidation treatment

In biomedical application titanium is the most employed alloy due to its biocompatibility as
an implant material, attributed to surface oxides spontaneously formed in air and/or physio‐
logical fluids [70]. Cellular behaviors, e.g. adhesion, morphologic change, functional alteration,
proliferation and differentiation are greatly affected by surface properties, including compo‐
sition, roughness, hydrophilicity, texture and morphology of the oxide on titanium [71] [72].
The natural oxide is thin (about 3–10nm in thickness [39] ) amorphous and stoichiometrically
defective. It is known that the protective and stable oxides on titanium surfaces are able to
provide favorable osseointegration [73] [74]. The stability of the oxide depends strongly on the
composition structure and thickness of the film [75].

On titanium and its alloys a thin oxide layer is formed naturally on the surface of titanium
metal in exposure to air at room temperature [76] [77] [78]. Titania (TiO2) exists in three
polymorphic forms: rutile, anatase and brookite. Rutile, stable form of titania at ambient
condition,  possesses unique properties  [79].  The metastable anatase and brookite  phases
convert to rutile upon heating. However, contact loads damage this thin native oxide film
and cause galvanic  and crevice corrosion as  well  as  corrosion embrittlement.  Moreover,
the low wear resistance and high friction coefficient without applied protective coatings
on the surface gravely limit its extensive applications. The most accepted technique for the
surface modification of Ti alloys is oxidation. Anodizing produces anatase phase of titania
that  shows  poor  corrosion  resistance  in  comparison  with  rutile  phase.  Recent  develop‐
ments  in  high  voltage  anodizing  cause  a  crystalline  rutile/anatase  film at  near  to  room
temperature.

Attempts to improve surface properties of titanium and its alloys over the last few decades
have led to development of Plasma Electrolytic Oxidation (PEO) technique by Kurze et al.
[80]  [81],  which is  a  process  to synthesize the ceramic-like oxide films at  high voltages.
This technique is based on the modification of the growing anodic film by spark/arc micro-
discharges  in  aqueous  solutions  (Figure  9),  which  are  initiated  at  potentials  above  the
breakdown voltage of the growing oxide film and move rapidly across the anode surface
[53]. Since they rapidly develop and extinguish (within 10-4-10-5 s), the discharges heat the
metal substrate to less than 100-150 ºC. At the same time the local temperature and pressure
inside the discharge channel can reach 10-3-10-4 K and 10-2-10-3 MPa, respectively, which is
high enough to give rise to plasma thermo-chemical interactions between the substrate and
the electrolyte. These interactions result in the formation of melt-quenched high-tempera‐
ture  oxides  and  complex  compounds  on  the  surface,  composed  of  oxides  of  both  the
substrate material and electrolyte-borne modifying elements. The result is a porous oxide
coating.

The PEO coating shows a significantly higher thickness (18 µm ± 4 µm) than PVD coatings and
also a different morphology. The external part of the layer is porous (with pore diameter
ranging from 3 to 8 µm) (Figure 10). The coating becomes increasingly compact on going
towards the interface with the substrate. This kind of morphology leads to a relatively high
surface roughness.
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Figure 10. SEM micrographs of porosity of the external layer in PEO treatment. a) overview and b) detail

This method is characterized by the titanium surface, at near-to-ambient bulk temperature,
into the high temperature titanium oxide (rutile) modified by other oxide constituents.
Economic efficiency, ecological friendliness, corrosion resistance, high hardness, good wear
resistance, and excellent bonding strength with the substrate are the other characteristics of
this treatment [82] [83] [84].

The main conversion products formed by the PEO treatment are titanium oxides: rutile and
anatase, typical anodic oxidation products of titanium. The structure and composition of
anodic oxide films are known to be strongly dependent on film formation temperature and
potential [85] [86]. In the case of PEO coatings, both the electrolyte composition and the current

Figure 9. Photography of the arc micro-discharges in PEO process
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density regime have an influence on the phase composition and morphology of the anodic
oxide layer [87]. A higher spark voltage causes a higher level of discharge energy, which
provides a larger pore [88].

The influence of electrolyte characteristics on the phase composition of PEO films on titanium
has previously been studied [89] [90]. It has been shown that surface layers composed of rutile,
anatase, rutile/anatase, as well as oxides of electrolyte elements (e.g. Al2O3, MgO, WO3), their
hydroxides and complex oxides (e.g. Al2TiO5, AlPO4, CaWO4, BaTiO3, MnTiO3, etc.) can be
produced.

Surfaces containing Ca and/or P induce osteoinduction of new bones and become bioactive.
Ca and P ions can be incorporated into the layer, controlling the electrolyte employed during
the electro oxidation process, and they further transform it into hydroxyapatite by a hydro‐
thermal treatment [41].

One technique that could show the effect of the electrolyte in the chemical composition of the
coating could be the EDS (Energy Dispersive Spectroscopy) technique. In the following graphs
a comparative study can be observed. The results of different samples, uncoated cp Ti, a coating
obtained with a commercial electrolyte and a coating prepared in an aqueous electrolyte
containing calcium phosphate and β-glycerophosphate, are showed in the following spec‐
trums. The Ca- and P-containing titania coatings produced by PEO improve the bioactivity of
the titanium-constructed orthopedic implant [91]. In Figure 11, in spectrum b) and c) can be
observed the difference in the calcium quantity presented into the coating.

The biological response to titanium depends on the surface chemical composition and the
ability of titanium oxides to absorb molecules and incorporate elements [92]. Surface topog‐
raphy plays a fundamental role in regulating cell behaviour, e.g. the shape, orientation and
adhesion of cells [93] [94]. As a surface begins to contact with biological tissues, water
molecules first reach the surface. Hence, surface wettability, initially, may play a major role in
adsorption of proteins onto the surface, as well as cell adhesion. Cell adhesion is generally
better on hydrophilic surfaces. It is known that changes in the physicochemical properties,
which influence the hydrophilicity of Ti dioxide, will modulate the protein adsorption and
further cell attachment [39]. By anodic oxidation, elements such as Ca and P can be imported
into the surface oxide on titanium and the micro-topography can be varied through regulating
electrolyte and electrochemical conditions. The presence of Ca-ions has been reported to be
advantageous to cell growth, and “in vivo” data show implant surfaces containing both Ca
and P enhance bone apposition on the implant surface.

Some experiments carried out to study the tribological behaviour of the PEO-treated Ti-6Al-4V
by means of dry sliding tests against PS (plasma sprayed) Al2O3–TiO2 and compared with that
of thin PVD coatings showed that the best tribological behavior, both in terms of low coefficient
of friction and high wear resistance (i.e. low wear damage) was displayed by the PEO treated
samples. The highest wear resistance was displayed by the PEO-treated samples, with
negligible wear loss even under the highest applied load of 35 N. This good tribological
behavior should be mainly related to the superior thickness of this coating that can better
support the applied load.
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The PEO treatment leads to a very good tribological behavior, significantly reducing both wear
and friction of the Ti-6Al-4V alloy, even under high applied loads (up to 35 N). This good
tribological behaviour should be mainly related to the superior thickness of this coating, which

 

Figure 11. a) Microchemical analysis of cp Ti, b) microchemical analysis of coating prepared with commercial electrolyte, c) microchemical analysis 
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can better support the applied load. The main wear mechanism is micro-polishing and the
coating thickness dictates its tribological life [95].

Last studies carried out have concluded that the PEO surface treatments enhance the biological
response “in vitro”, promoting early osteoblast adhesion, and the osseointegrative properties
“in vivo”, accelerating the primary osteogenic response, as they confirmed by the more
extensive bone-implant contact reached after 2 weeks of study [94].

4. Conclusions

Titanium and its alloys are considered to be among the most promising engineering materials
across a range of application sectors. Due to a unique combination of high strength-to-weight
ratio, melting temperature and corrosion resistance, interest in the application of titanium
alloys to mechanical and tribological components is growing rapidly in a wide range of
industries, especially in biomedical field, also due to their excellent biocompatibility and good
osseointegration. In such application, components made from Ti-alloys are often in tribological
contact with different materials (metals, polymers or ceramics) and media, under stationary
or dynamic loading and at various temperatures. These contact loads can cause damage of the
thin native oxide film which passivates the titanium surface; and the metal can undergo
intensive interactions with the counterface material and/or the surrounding environment.
These interactions can generate various adverse effects on titanium components, such as high
friction or even seizure (galvanic and crevice corrosion) as well as corrosion embrittlement,
which lead to the premature failure of the implanted systems. The development of new
specialized surface modification techniques for titanium and its alloys is therefore an increas‐
ingly critical requirement in order to control or prevent these effects and improve osseointe‐
gration, hence extending the lifetime of the implant.

Physical Vapour Deposition (PVD) technique allows develop Diamond-Like Carbon coatings
that can be doped with different elements as titanium, tantalum, silver… which are biocom‐
patible and increase the corrosion and wear resistance of the substrate, diminishing friction
coefficient.

Plasma Electrolytic Oxidation (PEO) technique provides a possibility for the variation of
composition and structure of the surface oxide film and attracts special interest for the
corrosion protection and the optimization of friction and wear of titanium alloys as well as
enhance the osseointegration.
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