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Abstract

This work describes the development and characterization of coatings obtained by the sol-gel technique, applied on stainless steel
used in orthopaedic surgery. These coatings are applied to reduce metal corrosion and adverse reactions when implanted. Hybrid
coatings of silica containing hydroxyapatite, bioactive glass and glass—ceramic particles were prepared and applied on metal sub-
strates. The coated samples were further tested in vitro to study their electrochemical properties and bioactive response. The electro-
chemical properties were evaluated by means of potentiodynamic polarization assays using simulated body fluid (SBF) as
electrolyte. In vitro bioactivity tests were performed by soaking the coated samples in SBF at 37°C with a ratio sample area/fluid
volume of 0.35cm/ml for different periods. The coatings improve corrosion resistance of the steel substrate and in vitro tests revealed

that all the films show signs of bioactivity.
© 2004 Elsevier B.V. All rights reserved.

PACS: 81.20.Fw; 81.15.—z; 81.65.Kn; 82.80.Fk

1. Introduction

Orthopaedic implants are mainly made of metals to
endure mechanical stresses in service. Among the most
commonly alloys used for orthopaedic implants are tita-
nium alloys, cobalt alloys and stainless steel 316L. Their
main characteristic is their mechanical properties but
varying in degrees, there is always a concern about their
corrosion resistance in physiological fluids and their bio-
activity. The need to reduce costs in public health serv-
ices has compelled the use of stainless steel as the most
economical alternative for orthopaedic implants [1].
For this reason, it is important in the development of
techniques to improve the corrosion resistance and bio-
activity of this material. Coating application by sol-gel
technique is a promising alternative due to its properties
and tailoring possibilities [2-11].
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Different coatings have been applied onto stainless
steel for various applications, including biomedical uses
[1,4,5,7]. In particular, coatings containing bioactive
glass particles have corrosion resistance and bioactivity
[6,7].

The aim of this work is to obtain sol-gel coatings
containing bioactive glass, glass ceramic and hydroxyap-
atite particles on stainless steel 316L and evaluate them
by means of in vitro tests and electrochemical analysis.

2. Experimental procedures
2.1. Particle preparation

The bioactive parent glass belongs to the system
Ca0O-Si0,-P,05 with 57.44% CaO, 35.42% SiO, and
7.15% P,0s in molar percentages. It was obtained by
melting the oxides at 1600°C for 2.5h and posterior
quenching in water to room temperature [6,7]. Bioactive
glass ceramic particles were obtained from the
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previously described glass through a heat treatment of
2h at 1050°C to induce crystallization of hydroxyapatite
and wollastonite. Hydroxyapatite was prepared by pre-
cipitation from an aqueous solution of tetra hydrated
calcium nitrate and ammonium phosphate, in concen-
trations 1M and 0.48 M, respectively, in basic media
(pH = 10), followed by a heat treatment of 1050 °C dur-
ing 1h [12]. All the bioactive particles were milled in a
planetary mill (Fritsch Pulverisette, Germany), with
agate jar and balls at 1500rpm for a maximum period
of 7h. After milling, the powders were sieved and the
particle size distribution was measured, using a laser dif-
fraction equipment (Mastersizer S, Malvern, UK). The
specific surface area was determined using a Nj-adsorp-
tion BET equipment (Monosorb, Quantachrome, USA).

2.2. Sol-gel preparation

Silica sols were prepared by acid catalysis in a single
stage. Tetraethylorthosilicate (TEOS, ABCR) and meth-
yltriethoxisilane (MTES, ABCR) were selected as silica
precursors for the sol, prepared in alcoholic media and
using HNO; 0.1N and acetic acid as catalysts. The
molar ratio TEOS:MTES was defined as 40:60, the
H,O:(TEOS + MTES) ratio was 2:1, and the water: ace-
tic acid ratio was 7:1, to give a final concentration of
SiO, of 200 g/1.

The suspensions were prepared by adding 10wt% of
particles to the silica sols, stirring them with a high shear
mixer (Silverson L2R, UK) during 6 min. The addition
of tetrapropyl ammonium hydroxide (TPAH, Aldrich)
in a concentration of 50wt% with respect to solids,
was used for maintaining glass and glass ceramic parti-
cles in suspension. TPAH acts as a cationic surfactant
being adsorbed on the particles; it also increases the
pH to 67 moving the solution away from the isoelectric
point and favoring electrostatic repulsion among the
particles [8]. The suspension with hydroxyapatite parti-
cles was obtained by adding a phosphate ester (Emphos
PS21, Whitco, Chem, USA) 2wt% with respect to solids.
Emphos PS21 is an anionic surfactant which is also ad-
sorbed on the particles but it does not affect the pH.

The stability of the suspensions was evaluated by
measuring the viscosity and its variation in time. Rheo-
logical measurements were performed using a rotational
rheometer (Haake RS50, Germany) with a double-cone
and plate measuring system.

2.3. Substrates and coatings

Stainless steel 3161 plates (8cm X 4cm x 2mm) were
used as substrates. Samples were cleaned in an ultra-
sonic bath, immersed in ethanol and then dipped in
the sol and withdrawn at 4cmmin~'. After being at
room temperature for 30 min, samples were heat treated
at 450°C for 30 min.

Two different types of coatings were applied:

(a) Single coatings from the suspensions containing the
different particles.

(b) Double coatings consisting on a first coating of the
SiO, hybrid sol without particles, treated at 450°C
during 30 min, followed by a second coating depos-
ited on the top of the first one, of the particle con-
taining suspensions, followed by the same heat
treatment. The thickness was measured with a pro-
filometer (Talystep, Taylor Hobson, UK) on a
scratch marked on the film after the deposition.
The homogeneity, critical thickness and defects of
coatings were observed by optical microscopy
(Olympus BX41).

2.4. Electrochemical assays

Potentiodynamic polarization curves were measured
with a Solartron 1280B Electrochemical Unit. The
tests were carried out at 37°C in simulated body
fluid (SBF) at pH 7.35+ 0.05 after 24h and 10 days
of immersion. A traditional three electrode cell was
employed. A platinum wire was used as auxiliary elec-
trode and a saturated calomel electrode (SCE, Radi-
ometer) as the reference electrode. Polarization curves
were measured from the corrosion potential (Ecor)
up to 1.40V at a sweeping rate of 0.002Vs~'. Linear
polarization resistance measurements were registered
sweeping *0.010V around corrosion potential at
0.002Vs™".

Errors were calculated as standard deviations from
the media of three independent experiments of each con-
dition, being around 2-3% in the x-axis for all the data
points.

In vitro tests were performed by soaking the coated
samples in simulated body fluid (SBF). The samples
were immersed in the solution for various times at a con-
stant temperature of 37°C, maintaining a constant ratio
sample area/fluid volume of 0.35cm/ml. The presence of
apatitic phases (the bone mineral phase) onto the sam-
ples surface, was evaluated scanning electronic micros-
copy (SEM) after in vitro tests.

3. Results
3.1. Characterization of particles and suspensions

The density, average size and specific surface area of
the particles are shown in Table 1. The particle size dis-
tributions of the hydroxyapatite and glass particles are
5% 1um and 39 * 1 um, respectively. The glass—ceramic
particles present a wider distribution with an average
diameter of 16 + 1 pm.
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Table 1

Mean size, density and specific surface area of the particles

Particles Surface Average Density
area (g/m?) diameter (pum) (g/cm?)

Glass 03+0.1 39+1 2.92+0.1

Glass—ceramic 0.8+0.1 16%1 299 £0.1

Hydroxyapatite 24+0.1 5+1 3.11£0.1

The rheology of the silica sol and the different suspen-
sions was evaluated as a function of time. The hybrid sil-
ica sol had a viscosity of 2.4mPas and remains stable for
at least two weeks. The addition of TPAH to the glass
and glass ceramic containing suspensions raises the vis-
cosity up to 7mPas. Both suspensions maintain stable
for 8h, gelling with further ageing. When hydroxyapa-
tite particles are used, the addition of 2wt% respect to
solids of phosphate ester is enough to obtain stable sus-
pensions with initial viscosity of 3mPas that increases to
SmPas after Sh being stable for 3 days.

3.2. Characterization of the coatings
Crack-free single and double coatings were obtained

with homogeneous particle distributions and no observ-
able defects (Fig. 1). The single coatings containing glass

and glass ceramic particles have a critical thickness, de-
fined as the greatest thickness without cracks, >1.5um,
and particles with an average of 40m diameter and
16 um diameter. On the other hand, hydroxyapatite sin-
gle coatings had a critical thickness around 2pum and
average particle sizes between 5 and §um diameters.
The hybrid SiO, coating applied as inner layer in the
double coatings was 1 um thick.

In vitro tests revealed that all the coatings induced
the formation of a semi crystalline hydroxyapatite
(HA) rich layer onto the substrate surface as a result
of the chemical reaction of the particles with the sur-
rounding body fluid, considered as a preliminary signal
of bioactivity after immersion in SBF [15]. After 14 days
of immersion in SBF, a spread area of the glass ceramic
and hydroxyapatite (HA) containing coatings was cov-
ered by an HA film. Besides, glass particle containing
coatings had only localized areas with HA film depos-
ited on its surface. Fig. 2(a) shows the glass ceramic con-
taining coating that has induced the formation of a HA
deposit on its surface. Fig. 2(b), shows the flaws gener-
ated around the bioactive glass particles during the reac-
tion between the particle and the surrounding fluid.

The electrochemical in vitro assays revealed that the
presence of the coating improves the corrosion
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Fig. 1. Reflectance optical microscopy photographs of: (a) glass ceramic, (b) glass and (c¢) hydroxyapatite containing coatings x200.
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Flaws generated around the
bioactive glass particles

HA formed on the surface of
the glass containing coatings
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Fig. 2. (a) SEM photomicrograph of the HA deposit formed on a glass
ceramic containing coating after 14 days of immersion in SBF. The
arrows show some cracks on the apatitic phase formed onto the
surface. (b) SEM photomicrograph of a flaw generated around
bioactive glass particles under dissolution in SBF.

resistance of the substrate after immersion in SBF, indi-
cating that the coating acts as a barrier to prevent elec-
trolyte from reaching the metal surface.

The single and double coatings have greater corro-
sion resistant (Fig. 3) than the bare substrate. All the
potentiodynamic data corresponding to the three kind
of particles show a decrease of the passivation current
density (ipass), that is the current density to which the
metal remains passive, and a shift to positive potentials
of the breakdown potential (E,, potential in which pas-
sivity breaks and current density increases in a mono-
tonic way with potential) compared to the bare
material. Thus, we observed an increase in the passive
region from —0.31 £ 0.05V to —0.4 + 0.05V for the bare
alloy, to —0.32 £ 0.04V to —0.75 £ 0.03V for the coated
samples despite the kind of particle employed. Similar
results have been obtained for monolayer coatings con-
taining the three types of particles. Similar results have
been obtained for monolayer coatings containing the
three types of particles.

After 10 days of immersion in SBF both single and
double coating samples containing hydroxyapatite and
glass particles, deteriorated and therefore the passive
current intensities are bigger than in the initial time.
Glass ceramic containing particles applied as double
layer, have different passive current than the others after
10 days of immersion (Fig. 4). These samples have smal-
ler current densities than the ones after 24h of immer-
sion although E, shifted cathodic.

Coating porosities that means exposed area to elec-
trolyte, can be estimated according to the equation.

R S __|AEcorr
P == 5 10775 % 100, (1)
RP

where R, is the polarization resistance of the coating,
R, is the polarization resistance of the bare steel, b, is
the Tafel slope of the bare stainless steel and AE,,, is
the difference in corrosion potential between the coated
and bare substrate [13,16,17]. Tafel slope was deter-
mined from the data of Fig. 3 and a value of
0.505Vdec™! was obtained. R, and R, and porosities
values calculated according Eq. (1) are presented in
Table 2.

4. Discussion

The first difference between glass, glass—ceramic and
hydroxyapatite suspensions is found in the different type
and concentration of dispersant needed to obtain stabil-
ity. The HA suspension, with particle size centered on
Sum, is easily stabilized with low concentrations of
phosphate ester leading to smaller viscosity and more
stable suspensions. On the contrary, the longer content
of tetrapropyl ammonium hydroxide (TPAH) used for
stabilizing glass and glass—ceramic suspensions are likely
due to the big size of the particles, this provoking a vis-
cosity increase. This particle size has been selected for
reducing the dissolution rate of the particles on the coat-
ings when soaked in SBF, and studying their effect on
the kinetics of HA deposition.

The particle size affects not only the viscosity and sta-
bility of the suspensions but the coating thickness. Gal-
lardo et al. [6,7] worked with particles of 5um diameter,
obtaining coatings up to 8 um thick. For particles as big
as 39um, it is difficult to obtain thick coatings because
the film around the particles has high probabilities to
surpass the critical thickness corresponding to the hy-
brid composition, generating cracks around it.

In vitro results with coatings with 40um particles
after 14 days of immersion in SBF show localized depo-
sition of HA whilst for particles about 5pm the HA de-
posit completely covered the surface after 7 days of
immersion [6,7]. Therefore, the bigger the particles the
less reactive for HA deposit forming. After 14 days of
immersion in SBF the area covered by HA deposit is
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Fig. 3. Anodic polarization curve for double layer coatings containing glass, glass—ceramic and hydroxyapatite, compared with the uncoated

substrate after 24 h immersion in SBF.
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Fig. 4. Anodic polarization curves for a glass—ceramic containing coating applied as double layer, after 24h and 10 days of immersion in SBF.

smaller for the glass containing coatings than for the
glass ceramic ones. Therefore the smaller reactivity of
glass particles is evident due to their bigger particle size
when compared with the glass ceramic particles. Besides,
the deposited HA area on glass ceramic and hydroxyap-
atite containing coating are similar despite the smaller
particle size of the hydroxyapatite. This difference is

associated with the smaller reactivity of the hydroxyap-
atite particles compared with glass ceramic ones.

The mechanism of degradation of mono layer coat-
ings containing bioactive glass particles has been ex-
plained through the appearance of flaws, caused by the
gradual dissolution of the particles when immersed in
SBF, representing a minimum percentage of the total
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Table 2
Ry, R, and porosity values of all kind of particles in coatings

Kind of particle in Econ/V Rp/MQcm2 %P
coating/immersion time

Bare stainless steel —0.201 £0.042 0.208 £0.03 -
Mono layer

Glass/24h —0.273 £ 0.017 2.31+0.17 6.60
Glass/10 days —0.216 £0.025 0.881 £0.09 22.10
Glass—ceramic/l h —0.288 £0.016 1.74 £ 0.04 8.17
Glass—ceramic/10 days —0.215£0.024 0.820£0.06  23.89
HA/24h —0.291 £ 0.001 1.06 £0.05 13.24
HA/10 days —0.288 £ 0.015  0.570 £0.07 24.95
Double layer

Glass/24h —0.337 £ 0.018 2.71£0.12 4.22
Glass/10 days —0.304 £ 0.022 2.59 £ 0.09 5.11
Glass—ceramic/l h —0.366 £ 0.015 228 £0.12 4.42
Glass—ceramic/10 days —0.285 £ 0.013 7.11 £0.15 2.02
HA/24h —0.336 £ 0.021 1.91+£0.08 6.02
HA/10 days —0.223 £ 0.025 0.92+0.07 20.64

area of the coating. These defects grow as the glass par-
ticles dissolve, compromising only restricted zones and
promoting the localized corrosion of the metal [7]. This
mechanism can be also applied for single coatings for all
kind of particles used in this work. Fig. 2(b) illustrates
the formation of flaws surrounding glass particles of
25-30um that permits the entrance of the electrolyte.

Similar to mono layer coatings, the double films im-
proved the corrosion resistance of steel substrate. Addi-
tionally to the protector character of the coating
containing particles, there is a hybrid SiO, coating
which has demonstrated electrochemical inhibition of
the corrosion and Fe diffusion [7]. In the case of glass
ceramic containing coating, the current density of the
double layer diminishes in time and porosity seems to
be reduced. This effect could be explained through the
blockage of pores for the deposition of hydroxyapatite
as a result of the reaction between the particles and
the solution.

We suggest that the film is acting as barrier to electro-
lyte diffusion indicating that it is with pores and/or coat-
ings initial defects at the first stages of immersion, in
agreement with the microscopic observation of the coat-
ing as shown in Fig. 1. The two coatings as well as the
hybrid structure of the film reduces porosity in the coat-
ing as already demonstrated by other authors [6,14].
After 10 days of immersion, localized corrosion occur-
ring in the flaws created by dissolution of bioactive par-
ticles propagates increasing the surface in contact with
the electrolyte, except in the glass ceramic double coat-
ing where porosity defect density is reduced.

The three kind of particles used in this work are bio-
active because they induced the formation of a HA film
on the surface of the particles containing coatings after
some time of immersion in SBF. This reactivity depends
on the particle size; the larger the size, the slower the
reactivity of the particles containing coatings.

After 14 days of immersion in SBF, hydroxyapatite
and glass ceramic coatings presented a similar area cov-
ered by the products of the dissolution of the particles in
SBF. Despite the smaller particles size of the hydroxyap-
atite and therefore its bigger specific surface area the
hydroxyapatite particles were less reactive than glass
ceramic ones.

Despite properties and size of the particles, the electr-
ochemical data showed that protection of the coatings is
evident. As shown by electrochemical measurements, the
coating acts as protecting barrier against the electrolyte
access to the metal surface. This barrier effect is in-
creased by the first hybrid SiO, coating that prevents
the contact of electrolyte with the substrate after the dis-
solution of bioactive particles.

Glass ceramic containing coatings have the best bio-
active and protective behavior as indicated by data in
Fig. 4. This protection is likely achieved by the blockage
of flaws generated by particle dissolution by the depos-
ited apatitic phase.

In vitro electrochemical spectroscopy impedance
experiments and in vivo assays on Law rats are already
in progress with the aim of gaining a better insight in the
behavior of the system.

5. Conclusions

It is possible to deposit bioactive particle containing
films on stainless steel 3161 using dispersants to obtain
a good particle suspension.

Single and two-layer coatings improve corrosion
resistance of the steel substrate. Corrosion of coatings
containing 20 um diameter average and Spum diameter
average particles are comparable. This protection dimin-
ishes in time due to the entrance of the electrolyte into
pores or small fissures.

After 10 days of immersion in SBF, the glass ceramic
double layer coating has better corrosion resistance than
after 24 h. This likely indicates that the dissolution prod-
ucts 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 three kind of particles used in this work show
bioactive signals since they induced the formation of a
HA film after some time of immersion in SBF. This
reactivity depends on the particle size; the larger the size,
the slower the reactivity of the particles containing
coatings.
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