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Abstract

One of the ways to minimise corrosion products release from metallic implants to the surrounding tissue consists in applying a pro-
tective coating which may be functionalised with a bioactive material, able to generate a natural bonding to the living tissue. This work
describes the development of a double layer coating obtained by the sol–gel technique containing bioactive glass, glass–ceramic or
hydroxyapatite particles in hybrid methyl-triethoxisilane (MTES) and tetraethilorthosilicate (TEOS) sol on titanium alloy (ASTM F
67). Samples were electrochemically evaluated in a simulated body fluid (SBF). The application of the coating on the titanium alloy
shows an improvement in the corrosion resistance in the tested period of time. This improvement could be due to the reaction of the
particles with the physiological medium, which nucleates the formation of calcium phosphate crystals, and blocks the porosity of the
coating.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The demand for metallic materials in medical and dental
devices continuously increases being very important in the
medical field mainly due to their mechanical properties [1].
However, the corrosion of the metallic implants is critical
because it could affect negatively the biocompatibility and
the mechanical integrity. Large concentrations of metallic
cations coming from the prosthesis can result in biologi-
cally adverse reactions and might lead to the mechanical
failure of the implant.

Titanium and Ti-alloys are among the most used mate-
rials for in vivo applications, due to their good physical and
mechanical properties such as low density, high corrosion
resistance and mechanical resistance. However, titanium
and other alloying metal ions as aluminium and vanadium,
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release from the implants being accumulated in the nearby
tissues, due to the aggressive action of the biological fluids
[2–5]. The titanium itself is not toxic and its presence in soft
tissues seems not to present allergenic or adverse reactions
in cellular cultures [3,6].

The aim of this work was the developing of sol–gel coat-
ings containing different bioactive particles of glass, glass–
ceramic or hydroxyapatite deposited on the Ti6Al4V alloy.
The film should reduce the corrosion of the metal alloy
which inhibits the metallic ions release to the living tissue
as well as promote bioactivity.

2. Experimental procedure

2.1. Bioactive particles

Bioactive glass particles in the CaO–SiO2–P2O5 system
were obtained by melting at 1600 �C, using silica sand, cal-
cium carbonate (Aldrich) and orthophosphoric acid
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(Aldrich) [7]. Glass–ceramic particles were obtained from
the above mentioned glass followed by a thermal treatment
at 1050 �C for two hours, with the aim of obtaining
hydroxyapatite and wollastonite as crystalline phases.
The hydroxyapatite particles were precipitated by the reac-
tion of ammonium phosphate and calcium nitrate at pH10
[8]. All the particles were milled in an agate planetary mill
(Frizsth Pulverisette, Germany), using a speed of rotation
of 1500 rpm for 4 h. After milling, the particle size distribu-
tion was measured using a laser diffraction equipment
(Mastersizer S, Malvern, UK). The vitreous and the par-
tially crystalline character of the materials were evaluated
by means of X-rays diffraction, using a Siemens difrac
5000. Density of the powder materials was determined
using a N2-adsorption BET (Monosorb, Quantachrome,
USA).

2.2. Sol–gel sol

The sol was prepared by acid catalysis method in one
stage, using TEOS (Tetraethyl orthosilicate, ABCR), and
MTES (Methyltrietoxysilane, ABCR) as silica precursors;
absolute ethanol (Panreac) as solvent and 0.1 N nitric
and acetic acid as catalysts. The water was incorporated
from the nitric acid solution in stoichiometric ratio. The
molar ratio of TEOS/MTES was 40:60. All the reagents
were stirred at 40 �C during 3 h obtaining a transparent
sol with a pH of 1–2, and a viscosity of 2.6 mPa [9].

2.3. Suspensions

The particle suspensions were prepared by the addition
of 10% in weight of particles with respect to the solution
[9]. The suspensions were stirred by a high shear mixing
in a rotor–stator agitator (Silverson L2R, UK) during
6 min. After the first 3 min, 0.5% by weight on solids of tet-
rapropyl ammonium hydroxide (TPAH, Aldrich) was
added as dispersant in the glass and glass–ceramic contain-
ing suspensions. The TPAH works as a cationic surfactant
adsorbed on the surface of the glass and glass–ceramic par-
ticles, and raised the pH up to 6–7, becoming far from the
isoelectric point of the particles. This, in turn, creates an
electrostatic repulsion between them that avoided the seg-
regation. In the hydroxyapatite suspension 2% by weight
with respect to the solids of a phosphate ester was added
as dispersant. The phosphate ester acts as an anionic sur-
factant adsorbed on the particles of the hydroxyapatite sus-
pension promoting the stabilisation of the suspension.

2.4. Coatings

Mirror polished metal plates with a size of 7 · 3.5 ·
0.2 cm of the titanium alloy Ti6Al4V (Goodfellow) were
used as substrates. Samples were degreased, hand washed
with distilled water, and rinsed in ethanol. Coatings were
obtained by dip-coating at room temperature using a with-
drawal rate of 28 cm min�1. Double coatings consisting of
a first coating of the SiO2 hybrid sol without particles, trea-
ted at 450 �C during 30 min, followed by a second coating
deposited on the top of the first one, of the particle contain-
ing suspensions, followed by the same heat treatment were
applied on the substrates. The coatings thickness was mea-
sured with a profilometer (Talystep, Taylor Hobson, USA)
on a scratch made on the film after the deposition. The
integrity and characteristics of the coatings were evaluated
by optical microscopy (Olympus BX41, USA) and the
images were analysed using appropriate software (Leyca,
USA).

2.5. Electrochemical assays

Electrochemical experiments were performed using an
electrochemical unit (Solartron 1280B) in a Simulated
Body Fluid (SBF) at pH7.3, after 1 and 10 days of immer-
sion at 37 �C [10,11]. A traditional three-electrode cell was
used. The coated sample was used as working electrode, a
platinum wire as auxiliary electrode and a saturated calo-
mel electrode (SCE, Radiometer) as the reference electrode.
Impedance tests (EIS) were carried out at the corrosion
potential (Ecorr) with amplitude of 0.005 Vrms. Frequency
was swept from 20000 to 0.01 Hz. Potentiodynamic polar-
ization curves were measured from the Ecorr to 1.4 V at a
sweep rate of 0.002 Vs�1. The modelling of the equivalent
circuits was calculated by means of the Zplot software [12].

2.6. In vitro bioactivity tests

The capacity of the coated materials to induce apatite
films on their surface was studied after immersion in SBF
during different periods of time. A total of 10 specimens
of 3 · 2 cm of Ti6Al4V, coated with double coatings con-
taining the different particles systems under study (glass,
glass–ceramic and hydroxyapatite) were suspended inde-
pendently in sealed polyethylene jars with 16 ml of SBF.
The ratio of the exposed area of the sample to the fluid vol-
ume was of 0.3 cm2 ml�1. Immersion was maintained up to
75 days, after that the samples were washed with distilled
water and dried at room temperature. The analysis of the
surface and the presence of the apatitic phases were carried
out by means of Scanning Electronic Microscope (JEOL
JSM5910LV).

3. Results

3.1. Particle characterization

The glass was colorless and transparent, and the glass–
ceramic white and translucent [7,9]. The hydroxyapatite
was white, opaque and presented good crystallinity [8].

The crystalline phases present in the glass–ceramic were
identified by X-ray analysis as wollastonite and hydroxy-
apatite while the glass samples did not present any
crystalline phase. Hydroxyapatite powders presented only
hydroxyapatite as crystalline phase [8]. The average



Table 1
Average particle size and density of the particles

Particles Average particle size (lm) Density (g/cm3)

Glass 10 ± 1 2.92 ± 0.05
Glass–ceramic 11 ± 1 2.99 ± 0.05
Hydroxyapatite 5 ± 1 3.11 ± 0.05
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particle size of the milled materials and their densities are
shown in Table 1.

3.2. Coating characterization

Fig. 1 shows the coatings obtained with the three types
of particles as observed by optical microscopy. The coat-
ings present good integrity and homogeneous particle
distribution, without apparent defects. The glass and
glass–ceramic particles occupy around 8% of the total area
and the particle size varies of 10 ± 1 lm. The hydroxyapa-
tite particles take up about 20% of the specimen area, and
its particle size varies of 5 ± 1 lm.

EIS diagrams for the Ti6Al4V alloy, bare and with the
double coating containing glass, glass–ceramic and
hydroxyapatite particles after 1 and 10 days of immersion
in SBF, are presented in Fig. 2 as Bode plots. The three
types of coatings show very similar behaviour after 1 day
immersion in SBF. The Bode diagrams (angle vs. fre-
quency) show a capacitive behaviour in a wide range of fre-
quencies, also showing a change of slope in the low
frequency limit. The phase angle decreases gradually, but
not reaching zero value; this might indicate the presence
of pores in the coating and diffusion phenomena between
them [13]. However, it must be pointed, that after 1 day
Fig. 1. Micrographs of the coatings containing the three types o
of immersion in SBF the impedance module of the three
types of coatings is higher than that of the bare metal for
frequencies higher than 0.1 Hz.

After 10 days of immersion in SBF, all the coated sam-
ples present an impedance module about one order of mag-
nitude higher respecting to the bare metal and still higher
than those of 1 day of immersion in the whole range of fre-
quencies under study. The curves corresponding to the
three kind of samples present a capacitive behaviour in a
wide range of frequencies. All of them present a single max-
imum value at the 80� phase angle. The maximum
decreases progressively without getting zero value for the
specimens coated with glass and hydroxyapatite containing
coatings, and the angle is kept nearly constant at the low
frequencies range for the glass–ceramic coated samples.

In order to get better insights about the corrosion fea-
ture occurring on the samples, EIS spectra were analyzed
using equivalent electric circuits (Fig. 3).

Fig. 4 shows the polarization curves corresponding to the
double coated samples containing glass, glass–ceramic and
hydroxyapatite particles, after 1 and 10 days immersion in
SBF. All the coated samples show passive behaviour in
the whole range of potentials tested, and their passivation
currents are 2–3 orders of magnitude lower than that of
the uncoated samples. After 1 day of immersion in SBF,
the passivation currents are 1.1 · 10�8 Acm�2 for the glass
containing coating, 9 · 10�8 Acm�2 for the glass–ceramic
containing coating and 4 · 10�8 Acm�2 for the hydroxyap-
atite containing coating. The passive behaviour is nearly
constant after 10 days of SBF immersion, with passivation
currents, for 3 types of coatings, up to two orders of
magnitude lower than the currents of the bare metal. The
f particles. A: Glass, B: Glass–ceramic, C: Hydroxyapatite.
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Fig. 2. Bode diagrams of the double coatings containing particles of A: Glass, B: Glass–ceramic, C: Hydroxyapatite, after 1 and 10 days of immersion in
SBF.
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passivation currents after 10 days immersion in SBF fluid
is 1.1 · 10�7 Acm�2 for the glass containing coating,
4 · 10�8 Acm�2 for the glass–ceramic containing coating,
and 8 · 10�8 Acm�2 for the hydroxyapatite containing



Fig. 3. Equivalent electric circuit used for the modulation of the Ti6Al4V
system, coated with Glass, Glass–ceramic or Hydroxyapatite containing
coatings, after 1 or 10 days immersion in SBF.
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coating. It is worth noting that the glass–ceramic coatings
present an improvement after 10 days of immersion, mean
while hydroxyapatite and glass coatings showed a small
deterioration after 10 days of immersion in SBF.

3.3. In vitro bioactivity test

All the coatings containing either glass, glass–ceramic,
or hydroxapatite particles formed an apatite film on the
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Fig. 4. Potentiodynamic polarization curves of the Ti6Al4V alloy, bare and wit
and C: Hydroxyapatite particles, after 1 and 10 days immersion in SBF.
surface after some time of immersion in simulated physio-
logical fluid (SFB), this fact indicates that all coatings
tested are potentially bioactive [10,14,15]. The apatitic
composition of the superficial film was confirmed by
DRX, FTIR and EDX (Fig. 5) [16]. As observed in Table
2, the deposition kinetics of the apatitic film on the coatings
depends on the kind of particles present in them.

The first signals of apatite on the surface occurred after
two days of immersion and were detected by means of elec-
tronic microscopy and EDX. However, the kinetics of the
formation of this film is much lower in the case of the
hydroxyapatite than in the glass and glass–ceramic parti-
cles and the total time required for the complete covering
of the surface specimen is much longer with respect to
the glass and glass–ceramic containing coatings, indicating
a lower reactivity of the hydroxyapatite particles in contact
with the simulated physiological fluid. Fig. 5 shows photo-
graphs of the deposits on the top of the Ti6Al4V samples
that were coated with a layer containing glass particles,
after 75 days of immersion in SBF and the FTIR, EDX
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Fig. 5. A: FTIR spectra of the double coated samples containing glass at
various immersion times. Y axis is shown in arbitrary units. Apatite bands
are indicated with (*). B: EDX of the deposits after 75 days of immersion
in SBF. C: Photomicrography of the deposits on the top of the Ti6Al4V
samples that were coated with a layer containing glass particles after
75 days of immersion in SBF.

Table 2
Bioactivity in vitro of the coatings containing glass, glass–ceramic, and hydrox

Particle Average
size (lm)

% of the area occupied
by the particles

Glass 10 8
Glass–ceramic 11 8
Hydroxyapatite 5 20
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and DRX characterization of the deposits formed on the
sample surface. The presence of Mg and Na in the EDX
spectra can be attributed to the SBF where the samples
were immersed.

4. Discussion

The procedure for preparing suspensions and coating
deposition was adequate for producing homogeneous coat-
ings and crack-free deposits with a regular distribution of
particles.

Electrochemical tests show an interesting protective
behaviour of the particle containing coatings. The evolu-
tion in time of the double coatings presents an increase
of the impedance module after 10 days of immersion in
SBF in the low frequency range. This behaviour could indi-
cate that, although the coatings present pores and defects
after 10 days of immersion in SBF, these defects could be
blocked by the corrosion products of the metal or by the
degradation of the particles present in the coating.

The electrochemical behaviour can be described in terms
of an equivalent circuit in order to provide the most rele-
vant parameters applicable to the corroding system. The
equivalent circuit used for the adjustment of the experi-
mental data is shown in Fig. 3. A constant phase element
(CPE) was used instead of an ‘ideal’ capacitor, taking into
account a certain degree of surface unhomogeneity, due to
the deviations from �1 observed as capacities in the slope
of the log/Z/ vs. log f curve. In the simulation of the imped-
ance plots, a finite Warburg impedance was included in
order to account for the diffusion of the electro active spe-
cies through the pores or the defects of the coating. If the
material is thin, low frequencies will penetrate the entire
thickness, creating a finite length Warburg element (Eq.
1) [12]

Zw ¼
RDO

ðjTxÞn tanhðjT xÞn ð1Þ

where RDO is associated with diffusion in the solid phase
and T is related to the diffusion coefficient and the pore
length. In the circuit, RX represents the electrolyte resis-
tance, CPEc is related with the non ideal capacitance of
the oxide film, Rpo is the resistance presented by the poros-
ity to the passage of the electrolyte. Parameters calculated
by this type of modelling are shown in Table 3.

The analysis of these data shows that, in all cases, the
resistance associated to the pores (Rpo) and the resis-
tance associated to the diffusion (RDO) increase with the
yapatite particles

First signals of apatite on the
surface of the coating (days)

Test specimen totally
covered with apatite (days)

2 6
2 7
2 14



Table 3
Electrochemical parameters calculated based on the modelling of the electrochemical response, for 24 h and 10 days immersion periods (double coatings
with glass, glass–ceramic or hydroxyapatite particles)

Particle Time of immersion RX/Xcm2 CPEc/X
�1 sn cm�2 n Rpo/Xcm2 RDO/Xcm2 T/s0.5 n

Glass 24 h 12 4.39 · 10�7 0.87 7.37 · 104 2.08 · 106 53.52 0.98
10 days 17 6.47 · 10�7 0.88 4.43 · 105 1.96 · 107 117.9 0.99

Glass–ceramic 24 h 17 4.76 · 10�7 0.86 6.6 · 104 2.59 · 106 54.3 0.98
10 days 15 2.93 · 10�7 0.85 2.82 · 106 1.24 · 107 98.8 1

Hydroxyapatite 24 h 12 2.96 · 10�7 0.86 7.05 · 104 1.85 · 106 53.9 0.98
10 days 15 3.18 · 10�7 0.84 2.44 · 105 1.31 · 107 117.7 0.99
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immersion time. As the T parameter (directly proportional
to the length of the pores and inversely proportional to the
coefficient of diffusion) increase with time, it could be
assumed that the length of the pores increases due to the
growth of a surface thin film or, that the area of the pores
decreases with time. The capacity of the coating increases
with time, which might indicate a decrease in the area of
the defects. This area reduction would be due to the pore
and defect blocking caused by corrosion products of the
metal or by reaction of the particles. Also, the reaction of
the particles with the SBF could form a thin film on the
coating, increasing its thickness. Therefore, the area reduc-
tion and the increase of the thickness take the value of
pseudocapacity of the coating to a nearly invariant point.

The results of the EIS test for titanium alloy covered
with a double coating containing any of the three different
types of particles indicate that the reaction of the particles
with the medium could generate the formation of a thin
film on the electrode, and that this in turn could block
the defects and the pores present in the coating. This block-
ing could cause a higher resistance to the diffusion of the
electro-active species to reach the metallic substrate (which
causes corrosion of the metal) increasing the apparent
resistance of the system with time.

However, the comparison of these results with the polar-
ization curves (Fig. 4) show that for glass and hydroxyap-
atite coatings, the passivation current density is slightly
higher in all cases after the 10 days of immersion in SBF
than for the 24 h of immersion, while the current density
slightly decreases for the glass–ceramic containing coating
after 10 days of immersion when compared with 24 h of
immersion. This fact is in good agreement with that
observed for the same kind of coating on stainless steel
[7]. The beneficial effects of the glass-ceramic particles has
also been evaluated in vivo on stainless steel and Cobalt
alloys and this kind of particles showed the better bioactive
response [17,18]. Conversely, the formation of the superfi-
cial thin film implies the reaction of the particles with the
medium, generating a bigger exposed area of the substrate.
Although the material is covered by a thin film that
decreases the access of the electrolyte to the pores and
defects, the chemical nature of this film makes it to be
deposited without a good adherence to the surface. The
application of an electrical potential could remove the film,
leaving a bigger area of the substrate exposed to the med-
ium and increasing the current density.
As a general result, the application of double coating on
the titanium alloy causes an improvement in the corrosion
resistance during the time under study. This improvement
can be due to the reaction of the particles present in the
coating with the physiological medium, which nucleates
calcium phosphates on the surface and blocks the porosity
of the coating generated.

When the rate of formation of apatitic phases film on
the different particles containing coatings surface is com-
pared, it is possible to establish the reaction kinetics of
the three types of bioactive particles considered in this
work. Although all the particles showed to be bioactive,
the hydroxyapatite is the less reactive, followed by glass–
ceramic and glass. This behaviour is probably related to
the particles size and the particle crystalline grade. It is well
known that the crystalline grade affects the reaction rate of
the materials in the surrounding fluid [14,19]. The more
crystalline the particles, the more retarded the reaction
between the particles and the simulated body fluid to form
apatitic phases and therefore their bioactivity is delayed.
This explains the lower reactivity of glass–ceramic coatings
with respect to glass containing layers. On the other hand,
the smaller reactivity of hydroxyapatite particles is evident
in spite of their smaller particle size when compared with
the glass and glass-ceramic particles, and the higher con-
tent of particles in the coatings. Similar behaviour was
observed in other studies evidencing the low reactivity of
hydroxyapatite with simulated body fluid [7]. After these
promising results for glass and glass–ceramic containing
coatings in vivo test on Hokaido rats are in progress.

5. Conclusions

It is possible to obtain defect-free coatings on Ti6Al4V
alloy, containing particles of glass, glass–ceramics and
hydroxyapatite, using suspensions prepared with a solution
of TEOS/MTES containing either glass, glass ceramic or
hydroxyapatite particles.

All the coatings tested presented impedance modules
higher than that of the bare metal, and also, indicating a
protective role of the coating on the substrate. All the
parameters calculated from the EIS experiments indicate
that there is an improvement in the coating performance
with the time of immersion in SBF. These results would
also indicate that, in spite of the coatings showing an
important pore and defect density, these defects probably
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could be blocked by the detritus of the metal or by the deg-
radation products of the particles of the coatings.

The reaction of the particles with the electrolyte gener-
ates the deposit of a superficial film on the electrode that
could block the pores and the defects. This blocking result
in a higher diffusion resistance for the electro active species
to the metallic substrate and, therefore, it conducts to a
decrease of the corrosion when increasing the immersion
time.

The polarization curves showed that the double coat-
ings, with the 3 types of particles, have a protective action
on the bare metal, both, after 1 and 10 days of immersion
in SBF. After 10 days of immersion in SBF, the glass cera-
mic double layer coating has better corrosion resistance
than after 24 h. This indicates that the dissolution products
are blocking effectively the electrochemical process at the
pores and the defects of the coating, acting as a protective
layer against corrosion and ion diffusion.

The application of double coated sample containing
particles on the titanium alloy showed an improvement
on the corrosion resistance in the tested period of time.
This improvement could be due to the reaction of the par-
ticles with the physiological medium, which nucleates the
formation of calcium phosphate crystals, and blocks the
porosity of the coating (initial or post-formed).
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