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Abstract

The objective of this work is to developbioactive glasscoatingsfor metallic orthopedic implants. A new family of glassesin the
SiO2ÐNa2OÐK2OÐCaOÐMgOÐP2O5 systemhas beensynthesizedand characterized.The glassproperties (thermal expansion,soft-
ening and transformation temperatures,density and hardness)are in line with the predictions of establishedempirical models.The
optimized Þring conditions to fabricate coatings on Ti-based and CoÐCr alloys have been determined and related to the glass
propertiesand the interfacial reactions.Excellent adhesionto alloys hasbeenachievedthrough the formation of 100Ð200nm thick
interfacial layers (Ti5Si3 on Ti-based alloys and CrOx on CoÐCr). Finally, glasscoatings, approximately 100 mm thick, have been
fabricated onto commercialTi alloy-baseddental implants.
# 2003ElsevierLtd. All rights reserved.
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1. Introduction

Since the discovery of Bioglass1 by Hench, bioactive
glasseshave been used in many medical applications,
such as drug delivery systems, non-load-bearing
implants, and bone cements.1! 3 However, due to their
poor mechanical properties, these glassescannot be
usedin load-bearing applications, where metallic alloys
are still the materials of choice. It was recognized early
on that one of the main applications of bioactive glasses
could be coatings for prosthetic metallic implants.4

These coatings would serve two purposes: improving
the osseointegration of the implants, and protecting the
metal against corrosion from the body ßuids and the
tissuefrom the corrosion products of the alloys. Unfor -
tunately, most of the attempts to coat metallic implants
with bioactive glasseshave had limit ed success. This is
due to poor adhesionof the coating and/or degradation
of the glass properties during the coating procedure
(typically enameling,or ßameor plasmaspraycoating).4

Severalkey design criteria are necessary for the suc-
cessful development of new bioactive coatings for
implants: (1) the Þring cycle should not degrade the

properties of the metal or the glass; (2) the thermal
expansion of the glassand the metal should besimilar in
order to avoid the generation of large thermal stresses
that can result in coating cracking or delamination dur-
ing fabrication (typically it is preferred that the coating
has a slightly lower thermal expansion than the metal,
resulting in small compressive stresses); (3) the Þring
cycles should result in interfaces with optimum adhe-
sion; and (4) the glass coatings should form hydroxy-
apatite when in contact with body ßuids. The Ti alloys
used in the fabrication of prosthetic implants are very
reactive, and the glass/metal reactionsthat occur during
Þring are detrimental to adhesionand bioactivity. Thus,
coating titan ium with bioactive glasses is challenging.
Addit ionally, Þring temperatures below the a ! b
transformati on of Ti (between 885 and 950 " C for
unalloyed Ti, depending on the impurity content,5,6 and
between955and 1010 " C for Ti6A14V6) are required to
avoid a degradation of the mechanical propertiesof the
implant. Bioactive glasses are typically silicate glasses
with silica content below 60 wt.%. Most of theseglasses
are hygroscopic and crystallize readily at the Þring tem-
peratures required for enameling. The thermal expan-
sion coe!cients of bioactive glassesare typically much
larger than those of Ti alloys. The simplest way to
reducethermal expansion is to increasethe SiO2 content
of the glass; unfort unately, this is at the expense of
bioactivity, which is signiÞcantly reduced.1! 3
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This work examinesthe propertiesof a new family of
bioactive glasses designed to coat Ti-based alloys. The
results are compared with existing models for calculat-
ing properties of silicate glassesand with the optimum
enameling condition s needed for the fabrication of
bioactive coatings on Ti-based and CoÐCr alloys with
good adhesionto the metal.

2. Experimental

Glassesin the systemSiO2ÐNa2OÐK2OÐCaOÐMgOÐ
P2O5 were prepared by mixing SiO2 (99.5%) (Cerac,
USA), CaCO3 (99.9%) (JT Baker, USA), MgO (98.6%)
(JT Baker, USA), K 2CO3 (99%) (Alli ed Chemical,
USA), NaHCO 3 (99.5%) (JT Baker, USA) and NaPO3

(99.7%) (Alli ed Chemical, USA) in ethanol using a
high-speed stirrer. The compositions of the glasses are
summarizedin Table 1. The mixturesweredried at 80 " C
for 12 h and then Þred in air at 1400Ð1500" C for 4 h in
a Pt crucible (glasseswith larger silica contents were
Þred at higher temperatures). The melt was cast into a
graphite mold to obtain glassplates (# 50$ 50$ 5 mm)
that were subsequently annealed at 500 " C for 6 h to
relieve stresses. The thermal expansion (! ), softening
(Ts), and transformation (Tg) temperatures were mea-
suredin a calibrated dilatometer with an alumina holder
and push rod, using glassbars 25$ 3$ 3 mm. The Vick-
ershardnesswas evaluatedusing loads between0.5 and
1.2 kg in ambient air. The density of the glasses was
measured using the Archimedesmethod.

To manufacture the coatings,the glasswasmilled in a
planetary agatemill. Aft er mil ling, the glassparticle size
was measured using a sedimentation technique. A sus-
pensionof the glasspowder in ethanol wasdeposited on
ßat metallic substrates # 10$ 10$ 1 mm (Ti, Ti6A14V,
or Vital lium#, a CoÐCr alloy), which had been pre-
viously polished with diamond (1 mm particle size)and
cleaned in acetone and ethanol. Additional ly,

suspensions of the glasspowders in ethanol with a 50Ð
75 wt.% solid content were used to coat cylindrical
Ti6A14V samples(1 mm radius, 10 mm long) and tita-
nium internal hexagonal cylinder implants (3.3 mm
diameter and 10 mm length, 3i Implant Innovation) by
dip coating, using coating speeds up to 1000 mm/min.
The dip-coating suspensions were prepared using a
magnetic stirrer. The solution was continuously stirred
between immersions in order to avoid settling of the
powders. The glass powders were analyzed by Four ier
Transform Infrared Spectroscopy (FTIR).

The resulting coatings were dried in air at 75 " C for
12 h, and Þred in air at temperatures ranging between
650and 850" C to make the glassßow and adhereto the
metal. The specimens were intr oduced in the furnace
previously preheatedto 600Ð650" C and heatedat 40 " C/
min. to the desired temperature. Duri ng heating, the
furnace was evacuated to 0.1 atm. Once the maximum
temperature was reached,air was let into the chamber.
After the required time, they werequenchedin air. The
Þnal coating thicknessrangedfrom 25 to 150mm.

The crystallization of the coatings was evaluated by
X-ray di" raction (XRD) . The surfacesof the coatings,
as well as polished cross sections, were examined by
optical microscopy and scanning electron microscopy
with associatedenergydispersive spectroscopy analysis
(SEM-EDS). The glass/metal interfaces were also ana-
lyzed using transmission electron microscopy (TEM).
Samples for TEM were prepared by cutting cross sec-
tions of the glass/alloy interface. The sections were
ground to a thickness of # 100 mm with emery paper,
and then Þxed into a Cu mesh with a 3 mm diameter.
The disks were polished with a dimple grinder (Gatan,
Mod el 656) to lessthan 20 mm in thickness and mil led
by argon-ion milling. TEM observations were per-
formed with a 1250 kV electron microscope(an ARM
1250) having a point- to-point resolution of 0.12 nm,
and in a FEI TECNAI 20 electron microscopeoperated
at 200 kV. Chemical analysis of the interface was

Table 1
Glass compositions in weight and mol% (the latter betweenparenthesis).All glasseshave a P2O5 content Þxedat 6 wt.% so they are named as
6P followed by their silica content

SiO2 Na2O K 2O CaO MgO P2O5

Bioglass# 45 (46.1) 24.5 (24.3) 0.0 (0.0) 24.5 (26.9) (0.0) (0.0) 6.0 (2.6)
6P44-a 44.2 (45.2) 23.6 (23.4) 6.5 (4.2) 12.6 (13.8) 7.1 (10.8) 6.0 (2.6)
6P44-b 44.2 (43.9) 17 (16.4) 4.6 (2.9) 18 (19.2) 10.2 (15.1) 6.0 (2.5)
6P44-c 44.2 (42.7) 10.3 (9.7) 2.8 (1.7) 23.4 (24.2) 13.3 (19.2) 6.0 (2.5)
6P50 49.8 (49.8) 15.5 (15.0) 4.2 (2.7) 15.6 (16.7) 8.9 (13.3) 6.0 (2.5)
6P53-a 52.7 (53.4) 17.0 (16.7) 4.6 (3.0) 12.6 (13.7) 7.1 (10.7) 6.0 (2.6)
6P53-b 52.7 (51.9) 10.3 (9.8) 2.8 (1.8) 18.0 (19.0) 10.2 (15.0) 6.0 (2.5)
6P55 54.5 (54.5) 12.0 (11.6) 4.0 (2.6) 15.0 (16.1) 8.5 (12.7) 6.0 (2.5)
6P57 56.5 (56.3) 11.0 (10.6) 3.0 (1.9) 15.0 (16.0) 8.5 1(2.6) 6.0 (2.5)
6P61 61.1 (61.3) 10.3 (10.0) 2.8 (1.8) 12.6 (13.5) 7.2 (10.8) 6.0 (2.5)
6PM 64.1 (64.7) 9.8 (9.6) 2.7 (1.7) 11.1 (12.0) 6.3 (9.5) 6.0 (2.6)
6P68 67.7 (68.4) 8.3 (8.1) 2.2 (1.4) 10.1 (10.9) (5.7) (8.6) 6.0 (2.6)
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performed using electron probe microanalysis(EPMA) .
In the elemental line analysis, the focusedincident beam
(# 4 nm diameter) was positioned acrossthe glass/alloy
interface,and an X-ray spectrum wasacquired for 1 s at
eachposition.

In order to study the adherence of the coatings, the
relative crack resistancewas qualitatively evaluated by
indentation. Indentation testing is an attractive alter-
native to more costly fracture mechanics experiments
for determining adhesion between two materials. Vick-
ers indentations on the coating surfaceswereperformed
in air, with loads of up to 6.2 kg. Indentations on the
coatingsand glass/metal interfaceswerealso performed
on polished cross sections, using loads ranging from
0.05 to 1.2 kg. The path of the cracks produced during
the indentation (along the glass/metal interface or
through the glasscoating) provides a qualitative assess-
ment of the adhesionbetweenphases.However,because
of the complex loading situations involved, it is recog-
nized that a more exhaustive characterization is needed
to predict the in vivo responseof the interfaces.

The behavior of selected glasscoatings in simulated
body ßuid (SBF) was studied by in vitr o tests. The spe-
cimens (15$ 10$ 1 mm) were soakedfor up to 30 daysin
20 ml of SBF at a constant temperature of 36.5 " C.

After soaking, the coatings were rinsed in distilled
water, dried, and analyzed by XRD, SEM-EDS, and
Four ier Transform Infrared Spectromicroscopy
(FTIRSM) at theLawrenceBerkeley National Laboratory
Advanced Light Source(ALS).

3. Results and discussion

3.1. Glassproperties

XR D analysis of the synthesized glassesdid not show
any crystalline phase, with the exception of 6PM and
6P68, where small amounts of sodium calcium phos-
phate crystals (2.4 CaO.0.6Na2O.P2O5) were found.

Table 2 summarizes the thermal expansion (! ), soft-
ening (Ts), and transformation (Tg) temperaturesof the
glasses. The thermal expansions of the glasses cover a
wide range,which includes the thermal expansion of Ti
and Ti6A14V (9.5Ð10.5$ 10! 6 " C! 1 at 400 " C)6 and
Vital lium# (# 14 $ 10! 6 " C! 1),7 a CoÐCr alloy usedin
orthopedic implants. As expected, an increase of the
silica content reduces! and increasesTs and Tg. I t has
been proposed that the thermal expansion and other

Table 2
Measuredthermal properties of the glassesand predicted valuesof the thermal expansion using di"erent models(the thermal expansion was mea-
suredin the range200Ð400" C)

!
($ 10! 6$ " C! 1)

Ts

(" C)
Tg

(" C)
Winkelmann
and Schott11

English and
Turner12

Hall 10 Guard and
Dubrull 8

Bioglass# 15.1 557 511 15.6 15.9 15.8 11.9
6P44-a 15.6 503 449 15.1 16.4 15.7 12.3
6P44-b 13 560 516 13.3 13.9 13.5 13.5
6P44-c 11.3 599 527 11.5 11.5 11.3 14.6
6P50 12.2 560 522 12.4 12.7 12.5 12.4
6P53-a 12.9 565 530 12.6 12.9 12.8 11.4
6P53-b 11.5 608 531 10.8 10.5 10.6 12.6
6P55 11 602 548 11.2 11.1 11.1 12.0
6P57 10.8 609 557 10.7 10.3 10.5 11.5
6P61 10.2 624 564 10.1 9.5 9.8 10.5
6P64 9.1 622 565 9.7 9.0 9.4 9.8
6P68 8.8 644 565 9.0 8.0 8.6 9.1

Table 3
Empirical coe!cien ts ai proposedby severalauthors to calculatethe thermal expansionand density of silicate glasses(the optimum coe!cien t for
P2O5 hasbeendeducedusing the resultspresentedin this work)

Thermal expansion Density

Wilkeman
and Schott11

English
and Turner12

Hall 10 Gilard
and Dubrull 8

Wilkeman
and Schott11

SiO2 2.67 0.5 1.4 0.4 2.3
Na2O 33.33 41.6 38 5l-0.33.p 2.6
K 2O 28.33 39.0 30 42-0.33.p 2.8
CaO 16.67 16.3 15 7.5+0.35.p 3.3
MgO 0.33 4.5 2 0 3.8
P2O5 0.35 0.24 0.36 0.59 2.55
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properties of the glassesare roughly additive quantities
and can be described using empirical Þttings:8! 12

y %
X

n

i%l

aipi &1'

where, for a glasswith n components, y is the property
to be measured, pi are the oxide concentrations in wt.%
and ai are empirical coe!cien ts. Table 3 presents some
of the coe!cien ts proposedby di"erent authors to pre-
dict the thermal expansion of silicate glasses.The coef-
Þcients for K 2O and M gO are always lower than those
for Na2O and CaO. Because the bioactivit y of silicate
glassesdecreaseswith increasingsilica content, K 2O and
MgO were added to obtain bioactive glasses with low
thermal expansion coe!ci ents (close to that of Ti), so
they can be usedto enamelTi-al loys without generating
large thermal stresses. Addit ionally, glasseswith lower
silica content have lower softening points, so they can
be used for enamelingat temperatures below the a! b
transformation of Ti.

Comparison of the data with di"erent models
(Table 2) showed that the empirical coe!ci entsof Win-
kelmann and Schott,11 English and Turner,12 and Hall 10

(Table 3) give good Þttings to the measured thermal
expansions. The coe!cient for P2O5 for eachmodel was
deducedusing the thermal expansions measured in this
work. Even though an increase of the silica content
seemsto be the more e"ective way to decrease thermal
expansion, when comparing our results with those of
Lockyer et al.13 for glassesin the SiO2ÐNa2OÐCaOÐ
P2O5 system,it wasclear to us that the addition of M gO
and K 2O servedto manipulate a as intended, and glas-
seswith parallel composition and lower thermal expan-
sion coe!cients can be designed this way (Fig. 1). The
additions of MgO and K 2O also seemed to increasethe
softening point. However, Ts always remained well
below the a! b transformati on of Ti, as intended. It
should be noted that it was not possible to use any of
the proposedempirical coe!cien ts to obtain a good Þt-
ting for Lockyer et al. data.13

Table 4
MeasuredVickers hardnessand densitiesfor selectedglasses(calculateddensitiesusing Winkelmann and Schott coe!cients 11 are also presented)

Hardness
(GPa)

Density
(g/cm3)

Calculated
density (g/cm3)

Bioglass# 5.75 2.71 2.58
6P44-a 5.35 2.62 2.59
6P44-b 5.85 2.61 2.64
6P44-c 6.3 2.68 2.69
6P53-a 5.6 2.61 2.56
6P53-b 6.2 2.7 2.61
6P55 5.6 2.63 2.57
6P57 5.75 2.62 2.56
6P61 5.7 2.71 2.53
6P68 2.48 2.48

Fig. 1. Comparison of the thermal expansioncoe!cien ts (a) and the
softening points (b) for glassesin the SiO2ÐNa2OÐK2OÐCaOÐMgOÐ
P2O5 and SiO2ÐNa2OÐCaOÐP2O5 systems (the latter taken from
Lockyer et al.13). Each line corresponds to glasseswith the samesilica
content (in wt.%). It can be observedthat for parallel compositions,
additions of K 2O and MgO serveto reducethe thermal expansion of
the glassand increasethe softening point.
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The measured hardnessand densitiesare of the order
of those reported for silicate glasses.9 The empirical
model of Winkelmann and Schott,11 (Table 3) seemsto
well reproducethe experimental densities.

3.2. Coating fabrication

Attempt s to fabricate coatings with glasses 6P44-a,
6P44-b, and 6P53-a, as well as the original Bioglass1

composition developed by Hench, always failed. These
coatings crystallized almost completely evenat the low-
est Þring temperatures (700 " C), resulting in poor den-
siÞcation and lack of adhesion to the metal. The main
crystalline phasepresent in the Bioglass# coatings was
sodium calcium silicate (Na2Ca2Si3O9). Glasses with
high alkali content typically have a lower onset of
crystallization temperature13 and are hygroscopic. As
a result, the presenceof [OH! ] ions on the surface
of the glass powders promotes crystallization. FTIR
clearly shows the presence of a [OH! ] hydration
band in the glass powders stored for several weeks
(Fig. 2).

Fig. 2. FTIR analysisof Bioglass# powder stored for one month in
air. The presenceof a strong OÐH hydration bands is clearly visible.

Fig. 3. Compositional triangles showing the adequatecomposition rangesto coat CoÐCr and Ti-basedalloys. All glasseshave a constant 6 wt.%
P2O5 content.

Fig. 4. Inßuenceof Þring time and temperatureon the adhesionof coatingsmanufactured with glass6P57on Ti6A14V and glass6P50on CoÐCr.

S. Lopez-Estebanet al. / Journal of the EuropeanCeramicSociety23 (2003) 2921Ð2930 2925



Becauseof the di"erence in thermal expansion coe!-
cients, betweenthe glassand the alloy thermal stresses
are generated in the coating during fabrication, which
can result in cracking and/or delamination. Fig. 3 shows
the range of glass compositions that can be used to
preparedensecoatings that do not crack or delaminate
on Ti and Ti6A14V or CoÐCr alloys. Glasseswith lower
silica content have greater thermal expansion and can
beused to coat CoÐCr,whereasSiO2Ðrichglassescanbe
usedto coat Ti-based alloys.

The systematic Þring studies have revealed the opti-
mum Þring times and temperatures for the fabrication
of the coatings. As an example, Fig. 4 ill ustrates the
e"ect of Þring time and temperature on the coatings
manufactured with glass 6P57 on Ti6A14V and glass
6P50 on CoÐCr. Four regions can be distinguished.
Below a critical time and temperature, the glassdoesnot
sinter. Then, at higher temperatures,the glassßowsand
forms a denselayer. Someof thesecoatings delaminate
when a 6.2 kg Vickers indentation is applied on the top
surface. Nevertheless, a time and temperature region
existswhere the coatings are dense,exhibit good adhe-
sion, and do not delaminate under indentation tests.In
indentations performed at the glass/metal interface on
polished crosssectionsof thesecoatings, cracks do not
propagate along the interface, but instead tend to be
driven into the glass. This is an indication of good
glassÐmetal adhesion (Fig. 5). At longer times and
higher temperatures, excessivereaction between the
glassand the metal generatesbrittle reaction layers and
gas bubbles at the interface, which results in porous
coatings with poor adhesionto the substrate.As expec-
ted, the optimum Þring temperature is related to the
softening point of the glass. Glasses with higher
softening points required higher Þring temperatures for
the glassto ßow and densify (Fig. 6).

A TEM image of the 6P57/Ti6A14V interface
annealed at 800 " C for 30 s is shown in Fig. 7. An
interfacial titanium silicide (Ti5Si3) layer, # 150 nm
thick, can be observed. The Ti5Si3 layer is divided into
two regions: a continuous nanocrystalline layer in con-
tact with the alloy and, on top of it, a zonewith isolated

Fig. 5. Vickers indentations at the glass6P57/Ti6A14V (1.2 kg) and 6P50/CoÐCr(0.6 kg) interfacesperformed in ambient air. The cracks were
driven towards the glassand the coating did not delaminate qualitatively indicating good glassÐmetal adhesion.

Fig. 6. Relationship betweenthe optimum Þring temperatureand the
softening point of the glasses.

Fig. 7. TEM image of the cross section of a 6P57 glasscoating on
Ti6Al4V annealedat 800" C for 30 sec.
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Ti5Si3 nanoparticlesdispersedin the glass.The appear-
ance of isolated particles on the TEM image can also
result from the growth of elongated silicide grains, or
dendrites,from the continuous layer into the glass.They
may appear as isolated particles in the TEM samples
where the dendrite intersects the cross section. On the
other hand, a thin (# 150 nm) continuous CrOx layer
can be observed at the interface between the CoÐCr
alloy and the 6P50 coating (Fig. 8). Both interfacial
reaction layersget thicker (up to # 1 mm) after Þring for
longer times or at higher temperatures than optimum.
The presenceof thicker interfacial layers is accompanied
by the massiveformati on of bubbles that degradethe

integrity of the coating. EDS analysis has shown the
presenceof P in the interfacial layer between the glass
and Ti-based alloys in overreacted samples.

Follow ing the experimental observations, the evolu-
tion of the glass/metal interfacial nanostructure can be
summarized as follows. Duri ng heating, gas easily dif-
fusesthrough the porous deposited glasscoating and a
thin oxide layer forms on the surfaceof the metal. Thin-
Þlm X-ray di"ract ion showed the presence of an oxide
layer on substratesannealedat temperaturesbelow the
glass softening point (550Ð650 " C).14 At temperatures
above the softening point of the glass, the glass layer
sinters and ßows. The inner glass/metal interface
becomes sealedfrom the external atmosphere, and the
glassdissolvesthe oxide layer and starts to reactwith the
substrate. TEM showed the formation of a # 150 nm
silicide or oxide layer in the samples Þred under
optimum conditions. These coatingsdid not delaminate
during the indentation testsof adhesion.

The main reactions betweenthe glassesand the alloys
(format ion of Ti5 Si3 on Ti-based alloys and formation
of chromium oxide on CoÐCr alloys) can be writt en as:

8Ti ( 3SiO2 glass
! "

! Ti 5Si3 ( 3TiO2 glass
! "

&2'

5Ti ( 3SiO2 ! Ti 5Si3 ( 3O2 " &3'

Cr ( 3=2 Na2O ! 1=2 Cr2O3 ( 3Na g& ' " &4'

Cr ( 1=2SiO2 ! CrO ( 1=2Si &5'

Addit ionally, several reactions have been proposed
betweenTi and P2O5 in the glassthat result in the for-
mation of Ti4P3.15

16Ti ( 6P2O5 ! 4Ti4P3 ( 15O2 " &6'

9Ti ( 3P2O5 ! 2Ti4P3 ( 7O2 " ( TiO &7'

17Ti ( 6P2O5 ! 4Ti4P3 ( 14O2 " ( TiO2 &8'

Fig. 8. TEM image and associated line analysis of the interface
betweenglass6P50and a CoÐCralloy after Þring at 750" C for 30 sec.

Fig. 9. SEM micrograph and associatedEDS analysisof apatite crystalsprecipitated on a 6P57coating after 30 days in SBF.
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Most of these reactions result in the formation of
gaseousproducts, which explains the presenceof bub-
bles in overreacted samples.

In conventional enameling theory it is proposed that
in order to achieveoptimum glass/metal bonding, the

glassin contact with the alloy should be saturated with
the lowest valenceoxide of the metal without the pre-
senceof interfacial layers. In this way, according to the
theory, a transition region will form betweenthe metal-
lic bonding of the substrate and the ionocovalent
bonding of the glass, providi ng a ÔÔcontinuity of elec-
troni c structureÕÕthat will result in good adhesion.16! 18

However, the lack of characterization of enamel inter-
facesat the nano-level precludesa complete conÞrma-
tion of this theory. The result of this work suggeststhat
optimum adhesionis achieved through the formati on of
nanostructured interfacial layers. For the coatings on
Ti6A14V, the bond betweenthe thin silicide layer and
the metal can be helped in part by the good lattice
matching. Also, if Ti5Si3 dendrites grow into the glass,
they can provide somemechanical interlocking that can
contribute to the adhesion,as it has been proposedfor
other metalÐceramic systems.19,20 It should be noted
that, if the oxide formed in the surface of the substrate
during heating is not completely dissolvedand a thick
oxide layer remains at the interface, the coating delami-
natesduring cooling or during the indentation test. This
is the casefor thosesamplesÞredat temperaturesbelow
the optimum. The detrimental e"ect of thick interfacial
oxide layerson adhesionhas also beenobservedduring
fabrication of glasscoatingson other metals suchasCu
or Fe.18! 23

3.3. In vitro behavior

The XRD and SEM analysisof the samplesimmersed
in SBF for 30 dayshasshown the presenceof HA crys-
tals precipitating on coatings with silica contents lower
than 60 wt.%. The apatite crystals have ßake-like mor-
phology with sizes in the range of 50Ð100nm. The
FTIRS M and EDS analysesare consistent with carbo-
nated hydroxyapatite [HCA , Ca10(PO4)3(CO3)3(OH)2)]
crystals that incorporate 1Ð5 wt.% MgO into their
structure (Fig. 9). In polished cross sections, a Si-rich
layer can be observedby EDS betweenthe precipitated
HA layer and the remaining glass (Fig. 10). After 2
months in SBF, the apatite layer grew to a thicknessof
# 20 mm.

The observedbehavior is consistent with a mechanism
of apatite formati on similar to that describedby Hench
for Bioglass1.3 The stepsinvolved are: (1) the exchange
of Na+ and K + from the glasswith H+ or H3O+ from
solution, accompanied by the loss of soluble silica into
the solution and the formation of silanols on the glass
surface; (2) condensation and repolymerization of a
SiO2-rich layer on the surface; (3) migration of Ca2+

and PO3!
4 through the silica-rich layer forming a CaOÐ

P2O5-rich Þlm that incorporates calcium and phos-
phatesfrom solution; and (4) Þnally, the crystallization
of the amorphous calcium phosphate Þlm to form an
apatite layer. De Aza et al.24 have pointed out that the

Fig. 10. Elemental crosssectionanalysis(SEM-EDS) of a 6P57coat-
ing after 2 months in SBF. A # 20 mm thick apatite layer is visible on
the 6P57coating surfacegrowing on a Si-rich region.

Fig. 11. Coated titanium internal hexagonal cylinder implants (a)
and correspondingSEM of a polished crosssection(b). During Þring
the glasshas ßown establishinggood contact with the rough implant
surface.

2928 S. Lopez-Estebanet al. / Journal of the EuropeanCeramicSociety23 (2003) 2921Ð2930



increase in pH on the glass surface due to the ionic
exchangebetween the labile cations Na+ , K + , Ca2+ ,
etc., is necessary for the partial dissolution of the silica-
rich layer and the subsequentapatite precipitation.

The silica content of the glass plays a crit ical role.
Low silica compositions have a more open network
structure that facilit atesion exchangewith the solution,
resulting in faster glass corrosion and precipitation of
apatite. There is a crit ical SiO2 content above which the
coatings lose their ability to precipitate hydroxyapatite
when soaked in SBF. In thesecoatings, the critical silica
content is around 60 wt.%, very similar to that reported
for bulk glassesin the SiO2ÐNa2OÐCaOÐP2O5 system
(which includes Bioglass1) and other related composi-
tions preparedin a conventional way.13

3.4. Dip-coatingof dental implants

Ethanol-based slurries were used to coat cylindrical
implants by dip-coating. The averageglassparticle size
was 13) 2 mm. In this preliminary research, use of
additional organics in the slurries such as dispersants
was avoided. Burning of organics can result in the for-
mation of bubbles in the coating that cannot be elimi-
nated during the short Þring times required for Ti-based
alloys. Continuous stirring wasrequired during the dip-
coating processto avoid settling of the glasspowders.
Suspensionswith solid contents lower than 70 wt.%
resulted in irregular coatings with thickness < 25 mm.
However, by using suspensions with a solid content of
75 wt.% and coating velocities of 1000 mm/s, we were
able to prepare # 100 mm thick coatings on cylindrical
Ti dental implants with good adhesion to the alloy
(Fig. 11). The Þring conditions are similar to those
developedfor ßat substrates.

4. Conclusions

A new family of glassesin the SiO2ÐNa2OÐK2OÐ
CaOÐMgOÐP2O5 system has been formulated so that
bioactive glasscoatings can be prepared on orthopedic
metallic implants by enameling. The partial substitu-
tions of CaO by MgO and Na2O by K 2O are required to
match the thermal expansion of the coatings to that of
Ti-based alloys. In that way, coatings with silica con-
tents below 60 wt.% that do not crack or delaminate
can be prepared.This is an important requirementsince
glasseswith silica contents greater than 60 wt.% are no
longer bioactive. Duri ng fabrication, control of the
glassÐmetal reactions is a key step. Optimum adhesion
is achieved through the formation of 100Ð200nm thick
interfacial layers. Care must be taken to prevent exces-
sive reaction, which can result in loss of adhesion
through the formation of a thick reaction layer accom-
panied by bubblesin the glass. The results of this study

havebeenused to prepare glasscoatings on commercial
dental implants.
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