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Si0,-Ca0-K,0 coatings on alumina and Ti6Al4V
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Alumina and Ti6Al4V alloys are widely used for orthopedics and dental applications due to
their good mechanical properties and biocompatibility. Unfortunately they can not provide
a satisfactory osteointegration when implanted. In fact, both alumina and Ti6Al4V are not
bioactive and thus they can only guarantee a morphological fixation with the surrounding
tissues without a suitable chemical anchorage. Aiming to impart bioactive properties to
these materials a coating can be proposed. At this purpose, a bioactive glass belonging to
the Si0,-Ca0-K,0 system was selected and prepared. This glass, named SCK, possess a
thermal expansion coefficient matching with the alumina (8.5 x 10-%/°C) and Ti6Al4V

(9 x 107%/°C) ones and thus is a good candidate to produce coatings on both of them.
Simple and low-cost enameling and glazing techniques were used to realize the coatings.
Structural, morphological and compositional characterizations of the coatings were carried
out by means of X-ray diffraction, optical and scanning microscopy and compositional
analyses. The in vitro properties of the coatings were investigated by soaking them in a
simulated body fluid (SBF) in order to study the precipitation, on their surfaces, of a
biologically active layer of hydroxylapatite (HAp).

© 2005 Springer Science + Business Media, Inc.

1. Introduction

Alumina and Ti alloys are widely used as biomaterials
due to their attractive mechanical properties. Specifi-
cally, alumina is used in several orthopedics and max-
illofacial applications due to its excellent wear resis-
tance, fracture toughness and very high compressive
strength [1-3]. Titanium alloys are utilised in many
applications where an extensive load carrying ability
is required [4, 5]. Despite their significant properties,
alumina and Ti alloys lack of osteointegration which
is known to be a key requirement for many biomed-
ical applications. When implanted in vivo, these bio-
materials, particularly alumina, show the formation of
a non-adherent fibrous capsule at the tissue-device in-
terface [2]. The presence of this fibrous capsule is not
desirable for devices in which, actually, a direct inter-
action with the surrounding tissue would be preferable.
At this purpose, a suitable modification of their surface
properties thorough a coating deposition, is of great sci-
entific interest as can lead to a substantial improvement
of their osteointegration [6-22]. The crucial require-
ment to assure a chemical bond with the surrounding
tissues is related to the coating ability of forming a bi-
ologically active hydroxylapatite layer on its surface.
This requisite can be satisfied by bioactive glasses and
glass-ceramics that are known to promote new tissue

*Author to whom all correspondence should be addressed.

0957-4530 © 2005 Springer Science + Business Media, Inc.

formation on their surfaces and to encourage positive
interactions between cells and implanted devices [23—
28]. Coating a substrate with a bioactive glass offers
also several advantages in terms of protection of the
substrate from corrosion and degradation phenomena
and thus can hamper eventual adverse interactions be-
tween the tissues and the degradation products [29].

On these bases, alumina and Ti6Al4V substrates
were coated with a bioactive glass of tailored composi-
tion. The choice of the glass was done considering the
need of matching the substrate thermal expansion co-
efficient to avoid extensive residual stresses that would
negatively affect the coating adhesion.

Several methods can be used to coat a substrate with a
glassy layer: enameling, glazing, plasma-spray, casting,
electrophoresis and sputtering [8-10, 13-16, 21, 30—
34]. Due to their low-cost and relative simplicity, enam-
eling and glazing were used in this study.

The reactivity of glasses at the high temperatures in-
volved is often an issue when a bioactive coating with
good mechanical and biological properties is needed. In
fact, silica-based glasses have a random network struc-
ture with many open pathways for ions diffusion. As far
as bioactive compositions are concerned, this property
is strictly related to their high ability of forming HAp on
their surfaces when in contact with physiological fluids.
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On the other hand, due to their open network, bioactive
glasses are prone to cations diffusion from the sub-
strate (i.e. Al >T, Ti #*) towards the coating surface. If
these cations reach the surface, they can severely ham-
per the nucleation of the calcium-phosphate rich layers
and thus the subsequent formation of HAp. Actually,
only few percent of multi-valent cations are sufficient
to completely hinder the bioactivity of a glass and thus
its bone bonding ability [35-37].

As far as this study is concerned, the presence of AI>*
isrecognized to be highly detrimental for the bioactivity
of a glass, even at very low concentrations (1.5 wt%)
[29, 35, 37], due to its effect of stabilization of the
glass network. In fact, a more closed network strongly
reduces the leaching process, which is fundamental for
the bioactivity. Moreover, some authors suggested that
alumina retards bone mineralization in vivo due to the
precipitation of multivalent ions as hydroxides or car-
bonates, not compatible with the bone growth process
[29].

In this study, a SiO,-Ca0O-K,0 glass (SCK) with a
thermal expansion coefficient congruent with the alu-
mina and Ti6Al4V ones was prepared. The SCK com-
position was tuned in order to attain a high degree of
bioactivity of the realized coatings. The processing pa-
rameters for the coatings preparation (time and tem-
perature) have been separately optimized for the two
substrates, in order to realize adherent and flawless
coatings, by means of reproducible and low-cost tech-
niques.

2. Materials and methods

A glass belonging to the system SiO,-Ca0O-K;0 (SCK)
was prepared by melting the raw products (SiO,,
CaCOs3, K,CO3) in a platinum crucible at 1500 °C for
1 h. The chosen glass composition (% mol. of the ox-
ides) was the following: 50%Si0,-44%Ca0-6%K,O0.
The molten glass was quenched in cold water to avoid
undesired crystallization phenomena. After quenching
the glass was grounded by ball milling and sieved to a
final grain size below 40 um. The SCK thermal expan-
sion coefficient was calculated using a computational
program (Sci-Glass) whereas its glass transition (7)
and crystallization (7%) temperatures were determined
on powders by means of a differential thermal analysis
(DTA7 Perkins Elmer). SCK was also characterized by
means of X-ray diffraction and compositional analysis
(EDS) in order to assess its amorphous nature and its
chemical composition.

2.1. Preparation of coatings on alumina
Full-density medical grade o«-alumina was used as
substrate.

Specimens with 1 cm? surface were ultrasonically
cleaned in ethanol for 10 min to remove eventual con-
taminants. A glazing technique was chosen to realize
the coatings. At this purpose, a slurry of SCK pow-
ders, using ethanol as liquid medium, was prepared and
then uniformly applied on the substrate with a spatula.
The slurry was left drying for about 30 min at room
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temperature to allow a complete evaporation of the lig-
uid medium. Subsequently, the specimens were ther-
mally treated at temperatures high enough to allow a
good SCK softening and thus a sufficient wetting on
alumina. The choice of the thermal parameters was
done considering the need of minimizing AI** diffu-
sion from the substrate towards the coating to maintain
the SCK bioactivity. At this purpose, an optimization
of the glazing treatment in the temperatures range of
1200-1300 °C and for times of a few minutes was car-
ried out. In fact, preliminary tests showed that lower
temperatures and shorter times did not allow a proper
wetting of SCK on alumina obtaining non-continuous,
scarcely adherent coatings. After firing, the coatings
underwent an annealing treatment at 650 °C for 2 h to
release residual thermal stresses that would negatively
affect the coating adhesion and its quality.

2.2. Preparation of coatings
on TiBAI4V alloy

Ti6Al4V plates with 1 cm? surface were used as sub-
strates. The plates were polished using a 600 grit SiC
paper and then cleaned in ethanol. In this way, the ti-
tanium oxide layer that naturally forms on these sub-
strates was completely removed. To coat the Ti alloys
plates, an enameling technique was used and an SCK
slurry was applied on them with a spatula and left dry-
ing at room temperature for about 30 min. On the dried
coatings, a thermal treatment was carried out trying to
fulfill the following requirements:

e to use the lowest temperature that would allow a
good softening of SCK while completely avoiding
the « — B transformation of Ti6Al4V (980 °C)
that negatively affects the mechanical properties
of the alloy.

e to reduce as much as possible the treatment time
preventing the formation of a thick titanium ox-
ide at the coating interface which will lead to poor
adhesion and easiness of delamination of the coat-
ing.

On the basis of these considerations, different condi-
tions were tested in the temperatures range within 850—
950 °C and for times varying from 30” to 90”. For the
coatings on Ti6Al4V, the annealing phase was avoided
in order to limit the substrate oxidation due to the high
reactivity of the glass with the metallic substrate at the
temperatures involved. The coatings were prepared in
air as preliminary tests showed that the substrate oxi-
dation will occur also in an inert atmosphere due to the
presence of high amount of oxygen in the glass.

2.3. Morphology, composition and
structure of the realized coatings

The coatings quality was evaluated by scanning elec-

tron microscopy (SEM Philips 525M). Specifically,

the investigations were focused on the following top-

ics: thickness of the coating, adhesion to the sub-

strate, existence of a reaction layer at the substrate



interface, presence of cracks and residual porosity.
Furthermore, semi-quantitative compositional analyses
(EDS, Philips- EDAX 9100) were carried out to verify
if the coating process and the temperatures involved
caused compositional modifications. In fact, the dif-
fusion of ions coming from the substrate towards the
coating can lead to the crystallization of phases dif-
ferent than those predicted by the equilibrium ternary
diagram of Si0,-Ca0-K,0. These unexpected crys-
talline phases can negatively affect the coatings prop-
erties from the thermo-mechanical and biological point
of view. In any case, the presence of diffused ions, also
if they remain in the amorphous phase, would influence
the mechanism of ions exchange when the biomaterial
is in contact with physiological fluids, due to changes
in the glass composition and/or network stabilization.
These latter considerations were particularly important
for the coatings on alumina. In fact, in this case, the tem-
peratures and times involved in the coating process were
noticeably higher than the ones used for Ti6Al4V spec-
imens and thus greater ions diffusion (i.e. APY) was
expected. Moreover, Al**ions show a peculiar detri-
mental effect, as even the presence of small quantities
of these ions, can stabilize to a great extent the glass
network and thus strongly lower the coating bioactivity.

As far as the coatings on Ti alloys are concerned, the
reactivity at the interface with the glass and the ions
inter-diffusion can lead to the formation of a reaction
layer that can result in poor coating adhesion. For the
above mentioned reasons, the ions diffusion from the
substrate, and thus the whole coating process, should
be carefully controlled and optimized.

For both substrates, the effects of the thermal treat-
ment and of the eventual ions diffusion on the final
coating structure were investigated by means of X-
ray diffraction (X’ Pert Philips diffractometer) using the
Bragg Brentano camera geometry and the Cu K, inci-
dent radiation. In this way, the presence of crystalline
phases was assessed and their nature was investigated.

The in vitro behavior of the realized coatings was
studied by soaking them in 25 ml of a simulated body
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Figure 1 Differential thermal analysis on SCK powders.

fluid (SBF) [24] for periods up to one month. The sam-
ples were maintained for the whole soaking period at
37°C without any refresh of the solution. This test
was useful to assess the in vitro bioactivity of the real-
ized coating by verifying the presence, morphology and
thickness of a precipitated HAp layer on their surfaces.
At this purpose, after soaking, the samples were char-
acterized by means of X-ray diffraction, compositional
analysis and scanning electron microscopy.

3. Results and discussion

The SCK thermal expansion coefficient (9.5x107%/°C)
showed that this glass is suitable to realize coatings on
both alumina and Ti6Al4V.

Fig. 1 reports the results of the SCK thermal char-
acterization: three exothermic signals within 750° and
950°C can be observed (Tx;, TX, and Tx3).

Besides, as shown by the endothermic signal (7g),
the phases that crystallize at lower temperatures de-
compose before the crystallization of the third one and
thus above 950°C only one phase is present. These
latter considerations are in good accordance with the
ternary diagram reported in Fig. 2 [39].

The analysis of the Si0,-Ca0O-K,0 diagram showed
that, for the chosen composition, §-CaSiOj is a stable
phase above 900 °C.

3.1. Coatings on Al;03
The glazing process to realize coatings on alumina
required an optimization of the thermal treatment to
achieve the best compromise between two different re-
quirements. In fact, sufficiently high temperatures and
times are needed to enhance the wettability of the soft-
ened SCK powders on alumina, and thus the coating
adhesion, but they would also increase the AI** dif-
fusion toward the coating surface affecting its in vitro
properties.

A series of samples were prepared using glazing
treatments at different temperatures and times: their
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Figure 2 Ternary diagram for the SiO,-CaO-K;,O system.

cross sections were evaluated by SEM and EDS to as-
sess the quality of their interfaces with alumina, the
coating cohesion and the eventual, undesired presence
of APY,

Specifically, the coating composition was deeply in-
vestigated in the outer 50 pum, as normally the thick-
ness of the layer involved in the bioactivity mechanism
is about a few tenths of microns.

The glazing treatment that allowed obtaining flaw-
less, well adherent and A1 free coatings, was selected
as the optimized one and used to prepared samples that
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underwent a more complete characterization. On these
specimens, a structural characterization was performed
to verify the presence of crystalline phases in the coat-
ing and in vitro tests were carried to document its bioac-
tivity.

The optimized glazing treatment consisted of a ther-
mal treatment in air at 1300 °C for 5 min followed by
2 h at 650 °C to anneal the coating.

Fig. 3(a) reports a cross section of an SCK coating on
alumina: there are not pores or bubbles at the interface
and the adhesion is satisfactory as any discontinuity can
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Figure 3 (a) Cross section of an SCK coating on alumina, (b) EDS analysis of the area reported in Fig. 3(a).
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Figure 4 Top view of a SCK coating on Alumina.

be seen. The coating is flawless as any cracks or other
defects were detected. For the obtained coatings, an av-
erage thickness of 70-100 xm was found; (Fig. 3(a))
shows a coating thickness of about 80 um: in good
accordance with the values reported above). Fig. 3(b)
shows the result of an EDS analysis carried out on the
area labeled with a white rectangle in Fig. 3(a), which
is about 100 zzm? and is positioned at the coating outer
surface. The only elements detected were the SCK com-
ponents in amounts according with the theoretical glass
composition. The presence of Au was also detected and
is only due to the sample preparation for SEM observa-
tion. The EDS results assessed that the AI’* diffusion
from the substrate, if present, was not high enough to
reach the outer part of the coating which is the one
directly involved in the leaching phase during the in
vitro/in vivo tests. The absence of AI*T is a crucial
result as these ions will strongly alter and hinder the
bioactivity mechanism.

Fig. 4 depicts a top view of the coating in which the
lack of pores and cracks can be observed supporting
the considerations coming out from Fig. 3(a). More-
over, Fig. 4 shows a not smooth and rich in crystal sur-
face due to the glass—ceramic structure of the realized
coating.

The nature of the observed crystals was further in-
vestigated by means of X-ray diffraction and the results
are reported, in the next paragraph, in Fig. 11.

Fig. 5(a) and (b) show two micrographs, at differ-
ent magnifications, of the SCK coatings surface after 1
months of soaking in SBF without any refresh of the
solution.

Fig. 5(a) shows a continuous layer of globular HAp
that completely covers the coating surface. The pres-
ence of a thick HAp layer is a reliable index of the high
in vitro bioactivity of these coatings. Besides, as any
refresh of the solution was performed, an even higher
in vivo bioactivity might be expected. A magnification
of this globular HAp is reported in Fig. 5(b) and shows
the presence of sub-micronic leaf-like crystals that are
typical of precipitated hydroxylapatite.

To ascertain the thickness and the coherence of this
HAp layer, cross sections of the coatings after SBF were
prepared and polished for microscopical evaluations. At
this purpose, Fig. 6(a) reports a micrograph of the cross
section after SBF showing the presence of a 10-20 um
thick layer well tied up on top of the coating. The EDS
results on the area labeled with the white rectangle in
Fig. 6(a) are reported in Fig. 6(b). Only Ca and P were
detected, in amounts according to hydroxylapatite (1.67
atomic ratio); analogous results were found carrying out
the compositional analysis on the whole area shown in
Fig. 5(a).

On the basis of these evidences, we could confirm the
morphological observations assessing that the overlap-
ping layer was effectively HAp. Moreover, as any other
element was detected, we verified that this HAp layer
is uniform and quite thick, as the electron beam did not
reach the coating layer below it. The thickness of this
HAp layer was also measured during the SEM evalu-
ations on different cross sections after soaking in SBF
(as in Fig. 6(a)) and was about 10-20 pm.

A further evidence of the presence of the HAp layer
was achieved by means X-ray diffraction and will be
reported in the next paragraph with the data obtained
for the coatings on Ti6 Al4'V. Shorter soaking times, less
than a week, would be necessary to confirm the truly
bioactive behavior of the coatings.

Al
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Figure 5 (a) and (b) surface after 1 month in SBF of a coating on Alumina at different magnifications.
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Figure 6 (a) Cross section of an SCK coating on alumina after soaking in SBF and (b) EDS analysis on the white area of Fig. 6(a).
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Figure 7 (a) Cross section of an over-reacted coating on Ti6Al4V and (b) EDS analysis on the area reported in Fig. 7(a).

3.2. Coatings on TI6AL4V

A careful optimization of the enameling treatment was
carried out to realize successful coatings on Ti6Al4V
substrates. The basic requirement was to obtain a con-
tinuous, well adherent and crack free coating avoiding
the « — B transformation of the alloy as well as an
over-reaction of SCK with the substrate which would
cause delamination of the coating itself.

The more promising results were obtained applying
a SCK slurry directly on the polished substrate and by
thermally treating it at 900 °C for 60”.

Firing treatments below this temperature, specifically
at 850° and 875 °C resulted in insufficient SCK soften-
ing and thus coatings weakly adherent to the substrate
due to inadequate wetting.

On the other hand, longer times or higher temper-
atures would cause an extensive reaction between the
glass and the substrate, with the formation of Ti oxides
and silicides at the coating interface and thus would
lower the coating adhesion. These reactions can be ob-
served when a silica-based glass is used as coating on
Ti substrates according to [40]:

8Ti(substrate) + 3SiOZ(glass)

- TiSSi3(interface) + 3Ti02(ime1face)

868

At this purpose, Fig. 7(a) reports a cross section of
a SCK coating that, due to the too high temperatures
used (950 °C), strongly reacted with the substrate: the
presence of a reaction layer of some microns is clearly
observable. Fig. 7(b) reports the results of an EDS anal-
ysis carried out on a 100 ;m? area across this reaction
layer (white rectangle of Fig. 7(a)).
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Figure 8 Cross section of a non over-reacted coating on Ti6Al4V.



9.a

Figure 9 (a) and (b) Micrographs of an SCK coating on Ti6Al4V after 1 month in SBF at different magnifications.

As can be observed, apart from Si, Ca and K,
which are the SCK components, the most relevant el-
ement was Titanium proving that an extensive ions
diffusion and interaction occurred at the coating
interface.

A certain amount of Al was also found, due to its
presence in the alloy composition and to its diffusion in
the glass coating. On the other hand, the quality of the
coating was satisfactory as any cracks, pores or other
defects were observed and thus, only the reaction at the
interface needed to be optimized.

Fig. 8 reports a micrograph of a SCK coating on
Ti6Al4V that did not over-react with the substrate and
that shows better characteristics than the one reported
in Fig. 7(a). An EDS analysis carried out on an area
at the coating surface resulted in Si, Ca and K in
relative amounts according with the SCK theoretical
composition.

An enameling treatment at 900 °C but for longer
times (90”) resulted in coatings with almost the same
characteristics of the one reported in Fig. 7(a) due to
the presence of an over-reaction layer at the interface.

On the basis of these results, it was assessed that the
reaction at the coating interface could be successfully
controlled by a careful optimization of the enameling
treatment and that both time and temperature played an
equally important role on the final coating properties.
It should be also underlined that both time and temper-
ature of the firing treatment used for coating Ti alloys
were substantially lower than the one proposed for the
glazing on alumina. In fact, lower times and tempera-
tures were necessary in order to limit the reaction at the
interface and to avoid the ¢ — B transformation. The
times and temperatures requirements could be accom-
plished due to the excellent SCK wetting on Ti6Al4V
substrates and to its low softening temperature.

Fig. 9(a) and (b) report two micrographs at different
magnifications of the coating surface after 1 month of
soaking in SBF.

A continuous layer was observed on the coating sur-
face and many agglomerates with a globular morphol-
ogy were found. The cracks that can be observed in this

precipitated layer are due to its drying after the soaking
phase and of course they would not occur in vivo.

The layer on top of which the globular HAp are
present might be HAp itself or a silica gel which natu-
rally forms before the HAp precipitation, according to
the theories proposed by Hench and co-workers [25].
Fig. 9(b) reports the magnification of one of these con-
glomerates where the typical shape of sub-micronic
crystals of precipitated HAp can be observed. For fur-
ther controls, an EDS analysis was carried out on the
whole area of Fig. 9(a), in order to have a validation
of the nature of these aggregates and to ascertain if the
layer below them was silica gel or HAp. On the basis
of the EDS results reported in Fig. 10 (almost no Si
was detected) and of the relative amounts of atomic Ca
and P, we could confirm that an extensive HAp forma-
tion occurred on the coating surface during its soaking
in SBF. In fact, this HAp precipitation was so impor-
tant that after 1 month, it completely covered the silica
gel that forms on these biomaterials when they are in
contact with a simulated body fluid.
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Figure 10 EDS analysis on the whole area reported in Fig. 9(b).
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Figure 11 Diffraction patterns of the coatings before and after 1 month in SBE.

Fig. 11 depicts the diffraction patterns of the coatings
on alumina and Ti6Al4V before and after soaking in
SBF and of the as done SCK.

The diffraction pattern of SCK shows only an amor-
phous halo between 25 and 35 degree two theta and
thus proved that the starting SCK powders were com-
pletely amorphous. On the other hand, on the realized
coatings, many diffraction peaks were found and thus
the proposed glazing/enameling treatments resulted
in a glass crystallization. Actually, the glass-ceramic
nature of the coatings was expected as the proposed
thermal treatments were both above the SCK crystal-
lization temperatures. No differences of significant rel-
evance were found between the two coatings as they
both crystallized the same phase which do not contain
at all elements of the substrates. Specifically, all the
diffraction peaks were identified as S-wollastonite (8-
CaSi03), which is known for its good biological behav-
ior [23, 26, 28, 41]; the crystallization of (8-CaSiO3) is
in good accordance with the data found in the ternary
diagram of Fig. 2. Moreover, the thermal expansion
coefficient of S-wollastonite is close to that of the sub-
strates (9.4 x 107 between 100 and 200 °C) [42] and
thus its formation should not involve residual thermal
stresses.

As a general conclusion, it is possible to assess that
the proposed coating process did not affect the compo-
sition of the coating (see Fig. 3(b)) and the crystalline
phase that nucleates at the temperature involved.

The coatings bioactivity was further corroborated by
the diffraction patterns obtained for the coating surfaces
after 1 month in SBF. In fact, for both coatings, as can
be observed in Fig. 11, broad signals were found at de-
grees typical of HAp. These diffraction peaks are broad
as the nucleated and grown HAp crystals are partially
crystalline and very small.

The evaluations of Figs. 6(a) and 9(a) and of the EDS
data reported in Fig. 10, indicated that this HAp layer is
thick and continuous and that it completely covers the
coating surface. This latter consideration is also cor-
roborates by the diffraction signals of B-CaSiO; that
are observable in the as done coatings and are instead
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completely hidden by the presence of the HAp layer in
the soaked samples.

This very high in vitro bioactivity it is likely to be
found also in vivo as others workers showed a signifi-
cant correspondence between the in vitro/in vivo results
[43]. Further investigations at shorter soaking times
would be of great interest to complete the bioactivity
study.

4. Conclusions

Well adherent, flawless, glass-ceramic coatings on alu-
mina and Ti6Al4V substrates were realized. The ob-
tained results were reproducible and the applied tech-
niques are low-cost and not complex.

The issues related to ions diffusion from the sub-
strate, oxidation of the metallic substrate and @ — S
transformation of the alloy were overcame by a careful
optimization of the enameling/glazing treatments.

When tested in vitro, the coatings showed an exten-
sive precipitation of a thick HAp layer, well adherent
to the coatings.

On the basis of these results, the optimized procedure
and the tailored SCK composition can be proposed as
a low-cost, effective method to impart bone bonding
ability to both alumina and Ti6Al4V inert substrates.
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