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ost used materials as orthopaedic or dental implants because of their excellent
mechanical properties. However they are not able to create a natural bonding with the mineralized bone and
occasionally suffer localized corrosion. This work describes the electrochemical behaviour of a system of
coatings with the addition of bioactive particles of the system SiO2–CaO–P2O5, that enhance the abilities of
the implant to make an union with the existing bone and to resist the extreme environment that are exposed
to. The coatings were obtain from two kind of sols that were made by sol–gel process: one, using
tetraethoxysilane (TEOS) and methyl triethoxysilane (MTES) as precursors, and the other using hydroxyethyl
methacylate (HEMA), tetraethoxysilane (TEOS) and 3-methacryloxypropyl-trimethoxysilane (γMPS) [TMH]
as precursor. Coatings were made in two layers. The inner layer was prepared either using TEOS and MTES
(that had already shown good anticorrosion properties), or TMH. The top layer was made with TMH with the
addition of 10% in weight of small (diameter less than 20 μm) or big (more than 20 μm) bioactive particles.
The samples were tested in vitro by polarization curves and electrochemical impedance spectroscopy (EIS)
assays. The samples with the two kind of coatings seem to have a protective behaviour after 30 days of
immersion due to the compact TEOS–MTES inner layer. The big particles placed in the outer layer showed a
dissolution rate similar to the rate of deposition of the amorphous hydroxyapatite (aHAp) at the surface,
blocking the entrance of the electrolyte, avoiding it to reach the substrate. The TMH coatings with small
particles present a similar behaviour to the naked material, allowing the electrolyte to reach the metal. The
dual coating with this kind of particles has similar characteristics, with a “sponge-like” behaviour, and the
inner coating probably develops flaws due to the fast dissolution of the small particles placed in the upper
layer.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

The most common causes of failure of an orthopaedic or dental
implant are the biological incompatibility or degradation of the piece.
Metals are most commonly used materials that could be used due to
for their mechanical properties [1–3], but the release of metallic
particles due to wear or chemical degradation that could finally end in
the removal of the implant [4,5]. Besides, most metals are not able to
create a natural unionwith the mineralized bone. Oneway to improve
the ion release is coating the metallic implant with a protective layer,
which could be functionalized with the addition of bioactive particles
to the films. Therefore the coating acts as a barrier avoiding the release
of metal ions and it can make a bonding with the old bone by the
formation of hydroxyapatite (HAp). Many coatings are used to
improve the performance of metallic prosthesis, and one that shows
biocompatibility is the silica based type with silane precursors [6,7].
l rights reserved.
The attainments of films by the sol–gel process have been
successfully used on stainless steel, silver and aluminium; and have
improved the oxidation and corrosion resistance of those metals [8,9].
It is possible to replace some inorganic components for organic ones,
giving more plasticity to the structure [10,11] leading to a better
adaptability to the substrate surface. Also this systems have the
possibility of adding particles to the coating, reinforcing or functio-
nalizing them for several proposes. The addition of bioactive particles
and the dissolution and re-deposition of inorganic compounds of the
apatite family, have been studied [12–16] as an attempt to provide the
basic metal, a bone-like formation and adhesion to the existing
structure. Methacrylate–silica based sol–gel films could also be an
option to simulate the open structure of collagen fibers in new
uncalciffied bone, for being the polymer structure less dense andmore
open than other hybrid coatings, and for having a biommimetic
behaviour if they are correctly functionalized [17].

The electrochemical essays as electrochemical impedance spectro-
scopy (EIS) bring a non destructive way to analyze the life in service of
the materials under study, giving a first approach to the knowledge of
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Fig. 2. Potentiodynamic polarization curve of the TEOS–MTES+TMH coating containing
small particles after 1 ( ) and 30 (◊) days of immersion in SBF and their comparisonwith
the bare alloy (■).
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the protective characteristics of the film and the deposited HAp layer
with time [18–20].

The objective of this work is to analyze the electrochemical
properties of a hybrid organic–inorganic coating on AISI 316L stainless
steel with the inclusion of bioactive glass–ceramic particles of
different size diameter.

2. Experimental

2.1. Substrates

Flat samples of stainless steel AISI 316L (Atlantic Stainless Co. Inc.,
composition: C 0.03% max, Mn 2% max, Si 1% max, P 0.045% max, S
0.03% max, Ni 10–14%, Cr 16–18%, Mo 2–3%) of 2×1 cm2 area were
used as substrates. They were sequentially cleaned with a soap
solution, isopropylic alcohol and ultrasonic bath before the application
of the coating.

2.2. Sol–gel sol

Two kinds of sols were used for the coatings: 1) TEOS (tetra-
ethoxysilane)–MTES (methyltriethoxysilane), 2) TMH (TEOS (tetra-
ethoxysilane)-γMPS (3-methacrylopropyl trimethoxysilane)-HEMA
(2-hydroxyethyl methacrylate)). The TEOS–MTES sol was prepared
by acid catalysis method in one stage, using TEOS (ABCR), and MTES
(ABCR) as silica precursors; absolute ethanol as solvent and 0.1 M
nitric and acetic acids as catalysts. The water was incorporated from
the nitric acid solution in stoichiometric ratio. Themolar ratio of TEOS/
MTES was 40:60. All the reagents were stirred at 40 °C during 3 h
obtaining a transparent sol (pH=1–2, viscosity=2.6 mPa s). The TEOS
(ABCR)-γMPS (Dow Corning)-HEMA (Aldrich) (TMH) sol was made in
a two steps procedure using 0.1 M nitric acid and isopropylic alcohol.
The solution, containing 40 g l−1 of SiO2, was stirred at 65 °C for 36 h in
glycerine bath. Detailed preparation of the sol is given elsewhere [21].

2.3. Glass–ceramic particles

The glass–ceramic particles were made from a precursor glass of
the system SiO2–P2O5–CaO. The precursors used were silica sand,
calcium carbonate (Aldrich) and orthophosphoric acid (Aldrich). The
ratio of each onewas calculated in order to obtain the concentration of
CaO of 47.29%, SiO2 35.69% and P2O5 17.01% inweight in the final glass.
The mixture was fused in a platinum crucible at 1600 °C in air
Fig. 1. Potentiodynamic polarization curve of the TMH coating containing big particles
after 1 ( ) and 30 (Δ) days of immersion in SBF and their comparisonwith the bare alloy
(■).
atmosphere, and then quenched in water. The thermal treatment was
made at 1050 °C for 2 h in an electric furnacewith the aim of obtaining
apatite and wollastonite as crystalline phases. The glass–ceramic
obtained was milled in an agate planetary mill (Frizsth Pulverisette,
Germany), using a speed of rotation of 1500 rpm for 4 h. After this
process, the particles were screened with Tyler screens (nrs. 270, 325
and 600) to obtain different diameter size distribution of bioactive
particles. Two particle size distributions were used: a) “small
particles” (s.p.) for particles with diameter less than 20 µm; and b)
“big particles” (b.p.) for particles with diameter bigger than 20 μm but
smaller than 45 µm.

2.4. Suspensions

The particle suspensions were prepared by the addition of 10% in
weight of particles with respect to the solution. 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, approximately 15% by weight
of solids of Triton X 114 Surfactant (Dow Corning) was added as
dispersant in the glass–ceramic containing suspensions. The Triton
Fig. 3. Potentiodynamic polarization curve of the TEOS–MTES / TMH coating containing
big particles after 1 ( ) and 30 (▽) days of immersion in SBF, and their comparisonwith
the bare alloy (■).



Fig. 4. Bode plots for the TMH coating containing small particles after 1 ( ) and 30 (о) days of immersion in SBF and their comparison with the bare alloy (■).
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works as a surfactant that adsorbs on the surface of the glass–ceramic
particles, creating an electrostatic repulsion between the particles and
avoiding segregation [22].

2.5. Coatings

Coatings were obtained by the dip-coating technique at room
temperature, and withdrawn at 25 cmmin−1. Experimental details are
shown elsewhere [23,24].The different types of coatings that were
used in this work are the following:

a) Two layers of TMH without thermal treatment in between
followed by a third layer of TMH containing a suspension of 10%
weigh in volume of bioactive particles (some samples with small
particles and some with big ones).

b) A single layer of TEOS–MTES treated at 450 °C during 30 min, and
then a second layer deposited on top of if consisting in two layers
of TMH hybrid (without thermal treatment in between), followed
by a third layer of TMH containing a suspension of 10% weigh in
volume of bioactive particles (either small or big particles).

Finally all kind of coatings were heat treated at 150 °C for 60 min in
air atmosphere.

The coating thickness were measured on glass samples by using a
profilometer (Talystep, Taylor-Hobson, UK) on a scratch made
Fig. 5. Bode plots for the TMH coating containing big particles after 1 ( ) and 30
immediately after deposition. The average of three measurements
was taken as the final value.

2.6. Electrochemical analysis

A simulated body fluid (SBF) solutionwas used as electrolyte in all the
experiments. SBF was prepared with the following chemical composition
[25]: NaCl (8.053 g l−1), KCl (0.224 g l−1), CaCl2 (0.278 g l−1), MgCl2·6H2O
(0.305 g l−1), K2HPO4 (0.174 g l−1), NaHCO3 (0.353 g l−1), (CH2OH)3 CNH2

(6.057g l−1). Concentratedhydrochloric acid (HCl)was added to adjust the
pH to 7.25±0.05.

The samples were immersed in SBF for 24 h and 30 days, and
sealed at 37 °C in a sterilized furnace until the tests were done. All test
were performed at both periods of time.

Electrochemical assays were carried out in a Solartron 128B
electrochemical unit with a conventional three electrode cell. The
reference electrode was a saturated calomel electrode (SCE, Radio-
meter Copenhagen), a platinum wire as a counter electrode and the
stainless steel, either bare or coated as working electrode.

Potentiodynamic polarization curves were conducted from the
corrosion potential (Ecorr) to 1 V and backwards, or up to a maximum
current density of 0.001 A cm−2, at a sweep rate of 0.002 V s−1.
Electrochemical impedance spectroscopy (EIS) tests were registered at
the Ecorr with an amplitude of 0.005 V rms sweeping frequencies from
(Δ) days of immersion in SBF and their comparison with the bare alloy (■).



Fig. 6. Bode plots for the TEOS–MTES+TMH coating containing small particles after 1 ( ) and 30 (◊) days of immersion in SBF and their comparison with the bare alloy (■).
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20,000 to 0.02 Hz. Impedance data fitting was performed using Zplot
Windows software.

ScanningElectronMicroscopy (SEM, PhillipsXL30) imageswere taken
to the surface of the samples after 24 h and 30 days of immersion in SBF.

3. Results and discussion

Potentiodynamic curves of the TMH samples either with small (not
shown) or big particles (Fig. 1) have a similar behaviour after 30 days
of immersion in SBF. Current density around corrosion potential and
pitting potential (Epit) for the coated samples are almost the same
(2×10−7 A cm−2 and 0.4 V) than for the naked material (substrate, AISI
316 L), showing no improvement in the coating protective behaviour.
Only a slight decrease in the current density of the TMH with big
particles coated sample after 30 days of immersion is observed.

The dual TEOS–MTES/TMH coating containing small particles
(Fig. 2) shows similar current density than the bare alloy although
the breakdown potential shifts anodic for the coated material.

Fig. 3 shows TEOS–MTES/TMH coating containing big particles.
Although current densities remained unaltered after 24 h of immer-
sion when compared with bare alloy, after 30 days of immersion the
curve shifts left showing a decay in current density.

The dual coatings with TEOS–MTES and TMH present larger
breakdown potential than the TMH ones because of the presence of an
Fig. 7. Bode plots for the TEOS–MTES+TMH coating containing big particles after 1 ( )
inner more inorganic protective film (TEOS–MTES) [11,26,27]. The
electrochemical behaviour of those coatings without particles was
studied in previous work [21].

Electrochemical impedance spectroscopy (EIS) tests on TMH
coated samples containing both size particles do not reveal remark-
able differences between them and with the uncoated (bare) steel
(Figs. 4 and 5). In both cases either with small or big particles, and
after 24 h and 30 days of immersion, there was no clear maximum
showed in the phase angle vs. frequency Bode plot. The high angle
(near 80°) from 0.1 to 30 Hz reveals a capacitive behaviour, showing an
impedance response similar to the metallic substrate. The decay in
phase angle between 10,000 and 10 Hz in TMH coated samples could
be associated with a diffusive-controlled response. In that frequency
range, the samples with 30 days of immersion have a small increase in
phase angle indicating that the film (with small or big particles) has
less conductive paths than the ones with 24 h of immersion. In the
samples with TMH coating and big particles (Fig. 5) this behaviour is
very similar for 24 h and 30 days.

Samples coated with dual coating system (TEOS–MTES/TMH)
containing small particles (Fig. 6) showed two time constants, noticed
in the change of slope in /Z/ vs. frequency plot at approximately 10 Hz.
Also, the presence of two time constants is insinuated in the phase
angle vs. frequency plot, where the positions of the peaks seem to be
very apart from each other. After 30 days of immersion there is an
and 30 (▽) days of immersion in SBF and their comparison with the bare alloy (■).



Fig. 8. Equivalent electric circuits employed to model the impedance data of the
different coatings after 1 and 30 days of immersion in SBF.
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increase in the phase angle value in the middle range of frequencies,
showing two close time constants.

Fig. 7 introduces EIS Bode plots for TEOS–MTES/TMH coatings with
big particles. The total resistance of the system is higher for the dual
coating with particles for both times of immersion than for the bare
steel, at very low frequencies. The phase angle vs. frequency plots
shows some deterioration for the coated samples with time, and a
little capacitive behaviour at high frequencies.

In previous work [21], it has been proposed that TMH coating
without addition of bioactive particles shows a “porous layer”
behaviour: the coating allows the entrance of the electrolyte to the
coating reaching the metallic substrate. This behaviour was modelled
with an equivalent electric circuit (Fig. 8a), where a constant phase
element (CPE) instead of a capacitor was used, as the phase angle
capacitor was different from −90°. According, Ccoat and Cdl represent
the pseudocapacitance of the coating and double layer respectively
and n is the coefficient related with the system homogeneity. Rs and
Rcoat represent the solution and coating resistance. The Rct represents
the electrochemical double layer (or charge transference) resistance.

The TMH coated samples with the addition of small or big particles
for both immersion times (1 and 30 days) in simulated body fluid
show a similar EIS response. They can be electrically modelled by the
circuit showed in Fig. 8b, which contains an ideal capacitor instead of a
constant phase element (the n parameter equal to 1). The fitting
results are shown in Table 1. The behaviour observed is similar for the
samples with big particles than for the ones with small ones, with a
poor electrical response of the coating and similar capacitance of the
double layer. The coating resistance is low and similar to the solution
Table 1
Fitting parameters using the equivalent circuits shown in Fig. 8

Rs /Ω cm2 Rcoat /Ω cm2 CPEcoat

Ccoat/Ω−1 cm−2sn n

TMH s.p. 01 86.11 174.4 2.98E−05 0.873
TMH s.p. 30 50.45 160 2.88E−05 0.845
TMH b.p. 01 65.16 135.5 1.97E−05 0.86
TMH b.p. 30 52.01 49.48 2.21E−05 0.867
T-M/TMH s.p. 01 43 2.46E+05 4.74E−07 0.676
T-M/TMH s.p. 30 43 101.2 9.02E−06 0.608
T-M/TMH b.p. 01 42 3.95E+06 3.65E−08 0.83
T-M/TMH b.p. 30 42 7.20E+06 8.32E−08 0.76
resistance. The capacitance of the double layer remains almost
constant for all the studied immersion times. The fact that this system
was modelled with an ideal capacitor could be related with the
presence of the smooth surfaces created by the fine particles and the
aHAp that is thought to be deposited at the surface. In previous work,
the percentage of the surface covered by the particles was analyzed,
and it was found to be less than 10% at 24 h, reaching a 53% of coverage
after 30 days of immersion [28].

After 1 day of immersion, the samples with big particles showed
higher resistance to the charge transfer than the samples with small
particles at all the immersion times (Table 1). It can be explained
assuming a slow rate of dissolution of the big particles compared with
the small ones, allowing the deposition of aHAp at a similar rate. After
30 days, the total resistance of the system decays, reaching the value of
the TMH coating with small particles.

The dual hybrid coating TEOS–MTES/TMH with the addition of
small particles can be modelled with an equivalent circuit (Fig. 8c)
with a Warburg element. The Warburg impedance is used to model
increasing ionic conductivity due to corrosion processes occurring
inside the pores and increasing diffusivity into them. When the
thickness of the film is little, low frequencies will penetrate along all
the thickness creating a finite length Warburg element [29,30]:

ZW ¼ RDO

jTωð Þn tanh jTωð Þn ð1Þ

In this equation RDO is associated with a solid state diffusion and T
is related to diffusion coefficient and pore length.

The TEOS–MTES/TMH coating with small particles after 1 day of
immersion present a total resistance of the system higher than the
ones found for the TMH coatingwith the same kind of particles (Fig. 6).
Nevertheless after 30 days of immersion in SBF, it shows a drastic drop
in Rcoat value due to the dissolution of the particles, leaving cracked
zones in the surrounding area. This fact is thought to be necessary step
for the dissolution of calciumphosphate particles and the deposition of
HAp [26,31]. The rate of dissolution of the particles needs to be similar
to the rate of deposition of the aHAp, to reach a steady state. In the
present case, the rate of particle dissolution seems to be lower and
therefore the inner coating suffers a breaking process, creating
preferential paths and allowing the electrolyte to reach the metallic
substrate.

Other sign of particle dissolution and further deposition of the
calcium phosphate compounds is the raise in the coating capacitance
(Ccoat). According to Eq. (2), Ccoat will raise due to the enlargement of
the superficial area (A) due to the deposition of HAp compounds, and
the change in the permittivity (ε) caused by the deposition of these
compounds on cracks and pores present in coating or by the entrance
of the electrolyte in them.

Ccoat ¼ e eoA
d

ð2Þ

The coatings of TEOS–MTES/TMH containing big particles showed
a slight deterioration tendency after 30 days of immersion in SBF,
Wo Cdl /Ω−1 cm−2 sn Rct/Ω cm2

RDO/Ω cm2 T/s n

5.96E−06 4.42E+05
3.76E−06 6.55E+05
6.15E−06 2.72E+06
6.63E−06 6.42E+05

6.05E+05 60.46 0.5
2.39E+06 44.69 0.77

1.36E−06 4.33E+06
1.16E+08 99.05 0.973



Fig. 9. Scanning Electron Microscopy of TEOS–MTES/TMH coated samples with small particles after 1 (a) and 30 days (b) of immersion, and samples with big particles after 1 (c) and
30 days (d) of immersion in SBF at 37 °C.
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showing a similar behaviour with the TMH coatings with the same
kind of particles. This big particles have a slower rate of dissolution
than the small ones because of the less superficial and reactive
exposed area, and the rhythm of crack formation is comparable with
the rate of deposition of the amorphous HAp, as it was sawn with the
TMH coatings, delaying the deterioration rate of the coating. This
difference in dissolution rate can be seen in SEM images (Fig. 9). The
photographs show TEOS–MTES/TMH coatings with small particles
with 1 and 30 days of immersion in SBF (Fig. 9a and b), and the same
dual coatings with big particles in the upper layer, after 1 and 30 days
of immersion (Fig. 9c and d). When the TEOS–MTES/TMH coating
contains big particles, the film behaves as layer with in-homogeneities
or defects after 24 h of immersion in SBF. The electric behaviour could
be simulated again with the incorporation of a Warburg element,
adding to the model the presence of deposits over the flaws or the
pores. This fact can be sustainedwith a decrease in the current density
after 30 days (Fig. 3) in the zone of the corrosion potential at the
potentiodynamic tests. The Rcoat has a pronounced increment in his
value comparing the dual coatings with big and small particles,
sustaining the fact that the dissolution rate of the small particles is
bigger that the one of the big ones, leading to the formation of cracks
and pores unfilled with amorphous hydroxyapatite recently formed.

4. Conclusions

Two-layer hybrid sol–gel coatings on stainless steel AISI 316L were
made using TEOS and MTES, and TEOS, MPS and HEMA [TMH]. The
outer layer of the two systems was TMH and it was functionalized
with the addition of two different size bioactive particles.

The samples with the dual coating (TEOS–MTES/TMH) seem to
have a better corrosion resistance after 30 days of immersion when
compared with double layer TMH coatings because of the higher
densification degree of the more inorganic TEOS–MTES inner layer.
The TMH coatings with small particles present a similar behaviour
to the naked material, allowing the electrolyte to reach the metal. The
dual coating (TEOS–MTES/TMH) with this kind of particles has similar
characteristics, showing a “sponge-like” behaviour and probably
develops flaws in the inner coatings due to the fast dissolution of
the small particles placed in the upper layer.

The big size particles placed in the outer layer have a slower
dissolution rate than the small ones. This fact can be attributed to the
less superficial and reactive exposed area of the big particles. The rate
of fissure formation at the surrounding of the particle is thought to be
comparable with the deposition rate of aHAp, delaying the deteriora-
tion of the coatings.
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