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Graded coatings on ceramic substrates for biomedical applications
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Abstract

Bioactive glasses and particles reinforced composites were used to coat alumina substrates, in order to combine the mechanical
properties of the high-strength alumina with the bioactivity of the coatings. The coatings were either monolithic glass or glass-
matrix/zirconia particle composite and were prepared by a low-cost firing method. A multilayer approach was applied to minimize
crack propagation at the interface between the coating and the substrate. Functionally graded structures were developed to achieve
a compliant material to withstand the stresses due to the expansion coefficient mismatch between the substrate and the coatings.
The sequential coating of the alumina with glass-matrix/zirconia particle composite layers produced a structurally stable composite
structure. A systematic study revealed that multiple layers were necessary to provide a gradual compliance of the thermal expansion
coefficient. The glass-matrix/zirconia particles composites layers were also essential for the control of the AI*" diffusion from the
substrate through the glass. This is in accordance with the experimental results of previous works. Thus, the alumina content in the
coating should be maintained as low as possible in order to preserve its bioactivity. The composite layers were further coated by a
glass belonging to the system SiO,—CaO-P,0s5—Na,O-MgO-F~, known for its bioactivity. The experimental results were sub-
stantiated by optical and scanning electron microscopy (SEM) with compositional analysis (EDS) and by a mechanical character-
ization. The in vitro behavior of the coated samples was investigated by means of soaking in simulated body fluid (SBF) followed

by SEM observation and XRD analysis. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The applications of alumina in biomedical fields are
generally focused on the realization of prostheses that
require good mechanical properties (i.e. load bearing
bone substitutions). These devices generally show only a
morphological fixation with the surrounding tissues, since
they do not provide any chemical or biological bonding.
In addiction to alumina, several glasses have been devel-
oped for biomedical applications because of their bioac-
tivity, i.e. the ability of forming a chemical bond to the
surrounding tissues. However, because of their poor
mechanical properties, the use of bioactive glasses is lim-
ited to non-load bearing applications (i.e. small bone
substitutions).? Hence, producing glass coatings on alu-
mina substrates may be an effective way to utilize differ-
ent properties, by combining the mechanical reliability
of the alumina and the bioactivity of the glass.?
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Ceramics substrates can be easily coated by glasses by
means of simple methods coming from the traditional
enamels technology.*> Nevertheless, there are several
challenging issues remaining to be solved. For example,
most of the bioactive glasses for biomedical applica-
tions, such as small bone substitution, have a thermal
expansion coefficient much higher than that of alumina.
For this reason a considerable residual tensile stress is
induced in the glass coating, resulting in crack forma-
tion and insufficient adhesion at the interface. Alumina
could be coated by glasses having a lower expansion
coeflicient (&) which can be obtained by a higher content
of silica. An increased silica content would require a
higher processing temperature and, therefore, an exten-
sive reaction between the substrate and the glass would
occur. This in turn would lead to undesirable changes in
the glass composition, which would adversely affect its
bioactivity.* Even the presence of a small amount of
alumina (1.5 wt.%) in a glass can markedly affect its
bioactivity resulting in a bioinert behavior.

The aim of the work is to engineer a low-cost process
that would provide adherent and crack-free bioactive
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glass coatings, reducing to the minimum the alumina
diffusion from the substrate toward the coating surface.
The approach chosen in this work is based on multi-
layer coatings to accommodate the challenges above
described. Bioactive coatings on alumina could be pro-
duced using graded structures by means of different
techniques. These are:

(a) Multilayered glass coatings, obtained by covering
the ceramic substrate with a first layer of high
melting glass, and a second layer of a low melting
and less reactive bioactive glass.

(b) Glass—matrix composite coatings, obtained by
adding a second phase into the bioactive glass,
aiming to accommodate the mismatch in the
substrate and the coating thermal expansion
coefficients, acting as well as alumina diffusion
barrier.

In this work we describe some results concerning the
study of different graded bioactive coatings on alumina
substrates using the latter mentioned method.

2. Experimental

Full density alumina substrates were coated by dif-
ferent glasses belonging to the following systems:
Si0,-Ca0,°  Si0,-Ca0-B,03,7  SiO,-CaO-Na,O-
P205,8 SiOQ*C'dO*P2O5*N'dzO*MgO*F_.4’9’10 The che-
mical compositions of these glasses are reported in lit-
erature (see specific references). Each glass was prepared
by intimate mixing of the starting products and sub-
sequent melting in a platinum crucible at temperatures
ranging from 1450 to 1600°C. The melt was quenched in
cold water in order to obtain powders, or poured on a
preheated stainless steel sheet, in order to obtain bars.
The bars were successively annealed, cut and polished
up to a 1 pm diamond paste, up to a final size of
50x7x3 mm?>. The thermal properties of each glass and
their characteristic temperatures have been studied by
differential thermal analysis (DTA, Netzsch mod 404S).
The thermal expansion coefficients of the glasses and of
the alumina substrates were measured on bars using a
Netzsch dilatometer. These results are summarized in
Table 1 (the different glasses have been labeled with a

Table 1
The different glass systems utilized and their thermal expansion coef-
ficients

Glass a (°C™h
S1 Si0,-CaO-Na,O-P,Os-F~ 9.0x10-¢
S2 Si0,—CaO 10.3x10~°
S3 Si0,-Ca0O-B,0; 10x10~°
S4 Si0>-Ca0-P,05 Na,O-MgO-F~ 12.0x10-°

progressive number). The quenched glass were pow-
dered in a ball mill and sieved below 70 um. In order to
prepare the particle reinforced composites, these pow-
ders were mixed with different percentages of yttria-sta-
bilised zirconia particles (ZrO,—3%Y,03, Tosho, grain
size <44 pum) ranging from 40 to 70%vol. The mixed
powders were fired on the alumina substrates in
sequenced steps to provide multilayered composite
coatings. The first layer in contact with the alumina was
in any case a composite one realized by using a high-
melting (= low «) glass-matrix layer, aiming to achieve
an appropriate match of linear expansion coefficient of
the coating and the substrate. On this first layer one or
more further layers were applied, using glass matrices
with a progressively lower liquid temperature range (=
higher «), in order to provide a good wetting between
the different glasses without inducing a too high soft-
ening of the inner layers. One or two outer layers of
monolithic bioactive glass (S4) were always applied on
the composite ones to impart a bioactive behavior to the
external surface of the coating. For comparative pur-
poses, some specimens were prepared by adding 20%
vol. of hydroxylapatite (HAp) particles to the outer
layer to improve their in vitro behavior. The firing pro-
cesses were optimized, step-by-step, on the basis of each
glass properties. Each sample was characterized by
optical and Scanning Electron Microscopy (SEM, Phi-
lips 525 M) and compositional analysis (Energy Dis-
persive Spectroscopy, EDS- EDAX 9100), in order to
evaluate if any compositional modification occurred
during the firing process.

A mechanical test, aiming to apply a shear stress at
the coating/substrate interface was performed in order
to verify the adhesion strength of the coating itself. The
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Fig. 1. Schematic representation of the adhesion test.
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configuration of this mechanical test used is shown in
Fig. 1 and was already used in others works.>

In vitro tests were carried out on the most promising
samples by soaking them in SBF. After 1 and months of
immersion in SBF, the samples were analyzed by means
of XRD analysis and SEM observations, in order to
evaluate the precipitation of a crystalline HAp layer on
their surfaces.

3. Results and discussion

Table 2 shows the composition, the stacking sequen-
ces, the utilized thermal treatment and the total coating

Table 2

Processing parameters and some results on representative samples

thickness of some representative samples. The composi-
tion of the composite coatings, summarized in the first
two columns of Table 2, shows that a high content of
reinforcing phase was utilized to prepare the composite
coatings. The pertinent Y-PSZ content was identified on
the basis of preliminary studies aiming to obtain crack
free coatings on the alumina while maintaining a good
adhesion between the coating and the substrate. These
former investigations revealed that a crack free coating
could be obtained reinforcing the S3 glass matrix by 60—
70 vol.% of Y-PSZ. To optimize the firing process, dif-
ferent combinations of times and temperatures were
investigated, aiming to obtain a consistent coating well
adherent to the substrate. The correct firing treatment

Sample Ist Layer 2nd Layer 3rd Layer Annealing Thickness (um) wt.% Al on top
A S1 +70 vol.% Y-PZ S4+470 vol.% Y-PZ S4 600°C 2 h 150 9.4
1450°C 10/ 1350°C 10/ 1300°C 10/
B S3+ 60 vol.% Y-PZ S4 - 600°C 2 h 180 5.6
1450°C 20/ 1300°C 15
C S2+70 vol.% Y-PZ S4 - 600°C 2 h 150 5.2
1450°C 20/ 1300°C 15
D S2+70 vol.% Y-PZ S4+470 vol.% Y-PZ S4 600°C 2 h 150 4.7
1450°C 15 1300°C 15 1300°C 10’
E S2+70 vol.% Y-PZ S4 S4 600°C 2 h 250 4.1
1450°C 20/ 1300°C 15 1300°C 10’
F S3+70 vol.% Y-PZ S4 S4 600°C 2 h 350 25
1450°C 20/ 1300°C 15 1300°C 10’
G S3+70 vol.% Y-PZ S4+70 vol.% Y-PZ S4 600°C 2 h 160 2.7
1450°C 15 1300°C 15 1300°C 10’
H S2+70 vol.% Y-PZ S4+470 vol.% Y-PZ S4 600°C 2 h 350 0
1450°C 10/ 1350°C 10 1300°C 10’ (two layers)
1 S3+70 vol.% Y-PZ S4+70 vol.% Y-PZ S4 600°C 2 h 250 0
1450°C 10/ 1350°C 10/ 1300°C 10’ (two layers)
L S3+70 vol.% Y-PZ S4+70 vol.% Y-PZ S4+20 vol.% HAp 600°C 2 h 250 0
1450°C 10/ 1350°C 10/ 1300°C 10/
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Fig. 2. Cross-section of Sample F (a) and EDS analysis performed on a 10x 10 um area situated at 20 um from the coating surface (b).
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Fig. 4. SEM micrograph on an infiltrated Y-PSZ particle.
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Fig. 5. Cross-section of Sample I (a) and EDS aluminium compositional map (b).
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Fig. 6. (a) Elements line profile on Sample I. (b) Aluminum profile on Sample 1.

was then chosen aiming to combine these latter coating
characteristics with the lowest A’* diffusion in the
coating itself. Using these optimized conditions crack
free coatings on alumina substrates were realized. The
realized coatings were well adherent to the alumina, but
due to the high Y-PSZ content and the related low glass
percentage, the in vitro tests did not show a bioactive
behavior. Aiming to impart a bioactive behavior to the
coating surface, a further monolithic S4 glass layer was
applied on the composite ones. In fact, this latter glass

belongs to a system known for its strong bioactivity.
Due to its low viscosity at the processing temperatures,
the S4 layer highly infiltrates into the zirconia particles
of the underneath composite coating. For this reason, to
provide a glassy outer layer and to lower the glass infil-
tration, a second S4 monolithic layer was applied uti-
lizing a shorter processing time. Thus, a 20 um glass
outer layer, that should be involved in the bioactivity
mechanism, was obtained. The good microstructural
properties of the coatings were maintained also after the
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addition of these two latter S4 layers and no cracks were
detected by SEM observations on the cross sections.
The last column of Table 2 shows the wt.% of alumi-
num found by means of EDS analysis in a 10x10 pum
area situated at approximately 20 um from the coating
surface. The glass S1, did not allow a satisfactory con-
trol on the AI** diffusion. Better results on the control
of A" diffusion through the coating were obtained by
using the glass S2 or S3 as matrices for the first compo-
site layer. Yet, we observed that the type of matrix is
not the only one parameter that greatly affects the A3 ™"
diffusion from the substrate toward the coating. In fact,
both the time and temperature of the thermal treatment
revealed to have an extensive influence on the final
content of alumina in the coating. Thus, the time and
temperature of the thermal treatment where reduced as

10um250kyU 15SE3 1874-01 SE

Fig. 7. Sample L: SEM after 2 months in SBF.

much as possible. Table 2 reports the time and tem-
perature combinations of the most promising samples.
The thickness of the coatings is the other main factor
which influences the aluminum amount at the coating
surface. In fact all the thicker samples revealed a lower
aluminum when compared to the correspondent thinner
samples. Aiming to lower the total thickness of the
coating, without any increase in the alumina content at
the surface (Sample I), the thermal treatment was fur-
ther on optimized. Fig. 2a and b shows a cross-section
of Sample F and the EDS analysis performed on an area
at 20 um from its surface, respectively. In Fig. 2a, a very
good adhesion of the coating to the substrate and an
indistinguishable interface between the three different
layers, i.e. the composite (S3 matrix) and the two glassy
ones (S4), is observed. Furthermore, the zirconia parti-
cles are well embedded into the glass matrix and neither
porosity nor cracks are present into the whole coating.
Sample F was about 350 pm thick and the EDS analy-
sis, detected a 2.5 wt.% of aluminum on the coating
surface. This latter value is lower than those observed
on other samples (see for example Samples A-E,
Table 2) but it is still not low enough to avoid the inhi-
bition of the bioactivity mechanism due to the reduction
of the glass solubility and the ionic exchange in SBF.
Better results were obtained with Sample G that was
realized by preparing two composite layers (with two
different glass matrices, i.e. S3 and S4) and only one
glassy layer (S4) on top of them. A comparison between
the EDS results obtained on Samples F and G shows
that the aluminum contents at the coatings surface are
similar. Yet, in the case of Sample G, an optimization of
the coating preparation, allowed to obtain a coating
only 160 pm thick. Fig. 3a and b depict the cross-section
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Fig. 8. XRD results on sample L after immersion in SBF for 2 months.



C. Vitale Brovarone et al. | Journal of the European Ceramic Society 21 (2001) 2855-2862 2861

of Sample G and the EDS analysis performed on the
coating surface, respectively. The SEM observation on
the cross section shows a very good adhesion of the
coating to the substrate and a very good quality of the
coating itself, as no porosity or cracks were found. Fig. 4
shows that the reinforcing phase is very well embedded
into the glass matrix and that the glass matrix infiltrates
into the zirconia particles. These considerations suggest a
high homogeneity of the composite layers. Aiming to
lower as much as possible the A" diffusion through the
coating, a further optimization of the process was devel-
oped, leading to the production of Samples H and I, in
which the coating surfaces were aluminum free. Fig. 5a,
shows a cross section of Sample I, the good homogeneity
and the pertinent morphological characteristics were
obtained again on this 350 um thick coating. Further-
more, the EDS map of aluminum concentration is repor-
ted in Fig. 5b and shows the lack of aluminum at the
coating surface. Fig. 6a and b depicts the elements and the
aluminum line profiles obtained on Sample I acquiring 20
spots along the whole coating section. The data reported
in Fig. 6a show that the glass matrix infiltrates the rein-
forcing particle. Fig. 6b demonstrates that the alumi-
num content is lowered both from the coating thickness
and from the presence of the dispersed phase. As
described elsewhere,!! an extensive biological evalua-
tion, using fresh rat osteoblasts, has been performed on a
set of specimens prepared in the same condition of sample
I, and a very good degree of biocompatibility was deter-
mined. Though no aluminum was detected at the outer
coating surface of sample I, the coating did not show a
strong in vitro bioactive behavior, in terms of HAp pre-
cipitation during soaking in SBF. The reaction layer pro-
duced on their surface after 1 month of soaking in SBF
was too weak to be clearly detected by SEM or XRD. For
this reason, sample L was prepared adding in the outer
layer 20 vol.% of HAp particles. The addition of HAp
particles didn’t involve any detrimental effect on the
coating quality and any cracks or porosity was observed
on these samples. This approach allowed to obtain a sub-
stantial HAp precipitation on the coating surface after
immersion in SBF, with the typical globular morphology,
as shown in Fig. 7. The XRD analysis revealed that no
crystalline phases but hydroxylapatite are present on the
coating surface after 2 months in SBF. For this purpose in
Fig. 8 are compared the XRD spectra of pure HAp and of
Sample L after soaking in SBF. The broadening of HAp
signals in the pattern of Sample L is ascribable to the
morphology of crystals precipitated by aqueous solutions,
and is a common feature in self-grown HAp layers.

From a mechanical point of view, the adhesion test
caused the failure of the glue between the substrate and
the metallic grasps, without breaking the coating/sub-
strate interface. The glue failure was caused by loads
close to 25 MPa which means that the interface strength
is at least of this magnitude.

4. Conclusions

Multilayered glass-matrix/zirconia particle coatings on
alumina substrates were successfully obtained. The coat-
ings were well adherent to the alumina and without resi-
dual porosity. The utilized enameling technique was
engineered and optimized in order to obtain coating of
pertinent thickness. The two intermediate layers of glass-
matrix/zirconia particles composite satisfied the desired
twofold function: they provide a gradual variation of the
thermal-mechanical properties from the alumina substrate
to the glassy surface and they act as a barrier to A’ dif-
fusion. In fact, the thermal expansion coefficient of zirco-
nia (11.9-12.0x107% /°C) is similar to the outer glassy
layer one (12.0x107¢/°C) and the thermal expansion of
the glass-matrix of the first composite layer is close to that
of alumina (8.7-9.6x1076/°C). Thus, crack free coatings
on alumina were obtained. The optimization of the layers
compositions and stacking sequence, the firing process
conditions and the total thickness allowed to control the
A" diffusion. Thus, an aluminum free outer layer was
obtained. A strong bioactive behavior was observed after
the addition of HAp particles to the outer glass layer. The
coating adhesion strength was superior to 25 MPa.
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