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Abstract

Three di�erent bioactive glass-matrix composites
were obtained by a viscous ¯ow sintering process: the
green samples were prepared by uniaxial cold press-
ing of powdered glasses (labelled as AP40, TAP and
RKKP in this paper), mixed with 15% (volume) of
titanium particles. The viscous ¯ow sintering process
was optimised by thermal analysis (DTA) and by
heating microscopy to obtain high density bulk
composites. The glasses and the sintered composites
were also powdered and deposited by Vacuum
Plasma Spray (VPS) on a Ti-6Al-4V alloy, to
obtain bioactive glass and composite coatings. Each
coating was characterised by means of optical and
electron microscopy, X-ray di�raction (XRD), energy
dispersion spectroscopy (EDS), Vickers indenta-
tions and shear tests. The bioactivity of the coatings
was tested by soaking the coated samples into a
simulated body ¯uid (SBF) at 37�C: the growth of a
Ca and P rich silica-gel layer was observed on their
surface after 30 days. Inductively coupled plasma-
atomic emission spectroscopy (ICP-AES) analyses
were performed on the SBF in order to observe the
Si, Ca and P leaching versus the time. Each coating
showed a good adherence to the metallic substrate,
comparable with that of the VPS hydroxyapatite
coatings and a remarkable bioactivity. Moreover the
intrinsic toughness of the composite coatings was
found to be higher than that of the pure glass coat-
ings.# 1998 Published by Elsevier Science Limited.

1 Introduction

Pure titanium and titanium alloys, e.g. Ti-6Al-4V,
are suitable materials for load-bearing prostheses

in orthopaedics, due to their good and reliable
mechanical properties. From a biochemical point
of view, they are considered nearly inert materials
(as well as some ceramics), because they do not
chemically or biologically bond with the tissues
when implanted, but they are simply surrounded
by them. Actually, they are not totally inert mate-
rials, because, even if the implant does not induce a
speci®c biological response from the living tissues,
a non-adherent ®brous capsule progressively forms
around it, leading in some cases to interfacial dis-
placements and clinical failure. Moreover, a certain
chemical degradation of metallic materials may
occur, giving detrimental e�ects for the patient.1

Several bioactive materials (bioactive glasses and
glass-ceramics) have been recently studied: their
peculiar characteristic is the surfacial reactivity
when they are put in contact with body ¯uids. The
mechanisms involves several complex reactions
such as: ion leaching, partial dissolution of the
glass and precipitation of an apatite layer from the
solution to the glass surface: the apatite layer pro-
vides a strong bond of the implant with the sur-
rounding tissues.1

Bioactive glasses and glass-ceramics have been
developed and increasingly studied in order to give
an alternative to the conventional metallic implants,
especially in the ®eld of small defects reconstruc-
tion, ear surgery, dentistry, or as coatings of inert
materials for load-bearing applications:1±4 for
example, a tough and reliable material like a metal,
could be coated with a bioactive glass, obtaining a
coated implant which o�ers two main advantages:
the protection of the metallic substrate from the
corrosion and from the chemical degradation due
to body ¯uids, and the strong interfacial bonding
of the coated implant with the tissues.1,5

Journal of the European Ceramic Society 18 (1998) 363±372

# 1998 Published by Elsevier Science Limited

Printed in Great Britain. All rights reserved

P I I : S 0 9 5 5 - 2 2 1 9 ( 9 7 ) 0 0 1 3 4 - 9 0955-2219/98/$19.00 + 0.00

363



The bioactive glasses, which are intrinsically
brittle, could also be toughened by the addition of
a certain amount of biocompatible metallic inclu-
sions; in this way, a bioactive composite could be
prepared, with the further advantage of tailoring
and predicting its mechanical properties; the
bioactive composite can be used as bulk or as
coating material.
An e�ective way to deposit glasses and compo-

sites on metals is the vacuum plasma spray tech-
nique (VPS), which provides adherent, dense and
homogeneous coatings, with a controlled thickness
and tailorable morphology, structure and proper-
ties, according to the plasma deposition parame-
ters.5±8

In this work, three kinds of bioactive glass-
matrix composites, reinforced with Ti particles
(labelled as APT, TAPT, RKKPT in the paper),
were prepared and vacuum plasma sprayed on
Ti-6Al-4V substrates, with the aim of obtaining
bioactive glass-matrix composites and coatings
suitable for load-bearing applications.

2 Experimental Procedure

The composition (wt%) of the three bioactive
glasses used in this work are reported in Table 1:
AP40 is a bioactive glass-ceramic developed by
Berger et al.9 used in its amorphous state in this
work; TAP glass di�ers from AP40 by the addition
of 5.0 wt% of titanium oxide; RKKP was devel-
oped at CNR-IRTEC (Faenza, Italy) by modifying
the AP40 composition with the addition of small
amounts of Ta and La oxides.10,11 The glasses were
prepared by melting the starting products in plati-
num crucibles at 1450�C (AP40 and RKKP) and
1650�C (TAP) for 60 to 120min. After melting, the
glasses were quenched into cold water, or poured
on a stainless steel sheet, in order to produce bars.
The bars were successively annealed, cut and
polished up to a 1�m ®nishing, up to a ®nal size of
50�7�3mm3. Young modulus (Grindosonic Lem-
mens-Electronic), density (Archimedean method)
and linear expansion coe�cient measurements
(Netzsch dilatometer) were performed on the bars.
In order to prepare the composites, the quenched
glasses were pulverised in a ball mill and sieved up
to 100�m, and the glass powder was mixed with 15
vol% of Ti particles (Plasma Technik 99.99% pur-

ity) having the same granulometry. The compo-
sites, named APT, TAPT and RKKPT, were
prepared by a viscous ¯ow sintering process, opti-
mised by a thermal simulation of the process, in
order to obtain sintered samples with the best
compromise between high density and low crystal-
linity: as described in a previous work,12 a thermal
study on glasses and glass plus Ti powders was
performed, in Ar ¯ow, by means of Di�erential
Thermal Analysis (DTA, Netzsch Mod. 404 S); an
isothermal treatment (30min) on the powders of
each glass was carried out in the range of tem-
perature between the glass transition temperature
(Tg) and the ®rst crystallisation temperature (heat-
ing rate 10�C minÿ1, Ar ¯ow, in platinum cruci-
bles). After this isothermal treatment each sample
was directly submitted to a scan between 600 to
1000�C in order to investigate if, during the
isotherm, any crystallisation of the glass occurred;
the higher temperature after which the isothermally
treated samples still shows Tg and the main
crystallisation peaks was chosen as the suitable
temperature for a viscous phase sintering of the
glass-matrix composites.
The linear shrinkage of glasses and composites

greens were measured by means of heating micro-
scopy (Leitz Mod. II A) on small green cubes of
3�3�3mm3 size, at heating rate of 10�C minÿ1, in
Ar ¯ow. Greens of the composites (glass plus Ti
powders), obtained by uniaxial cold-pressing using
a pressure of 4±6 tons cmÿ2, were pressureless sin-
tered for 30min, in Ar ¯ow, at the temperatures
chosen on the basis of the previously described
thermal studies. As a blank, greens of pure glasses
were sintered at the same conditions. The sintered
samples were characterised by means of XRD
(Philips PW1830), SEM (Philips 525 M), EDS
(PhilipsÐEDAX 9100), density measurements
(Archimedean method), and mechanical tests
(Young modulus, induced crack propagation by
Vickers indentations).
The bulk glasses and the sintered composites

were then ball milled up to 50±100�m and deposited
by Vacuum Plasma Spray (VPS, Plasma Technik
AG-JRC Ispra(Va)Italy) on cylindrical Ti-6Al-4V
substrates (10mm diameter, 50mm high) previ-
ously sand blasted and ultrasonically cleaned, using
deposition parameters already optimised for glass-
matrix composite powders (170�102 Pa of Ar for
the chamber pressure, 17 g minÿ1 powder ¯ow rate,

Table 1. Compositions of the bioactive glasses (wt%)

Glass SiO2 Ca3(PO4)2 CaO Na2O K2O MgO CaF2 TiO2 Ta2O5 La2O3

AP40 44.30 24.50 18.60 4.60 0.20 2.80 5.0 Ð Ð Ð
TAP 42.08 23.27 17.67 4.38 0.19 2.66 4.75 5.0 Ð Ð
RKKP 43.82 24.23 18.40 4.55 0.19 2.79 4.94 Ð 0.9 0.09
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220mm distance between the specimens and the
torch, 600A, 50V, 45±50 litres minÿ1 for Ar ¯ow,
and 2±8 litres minÿ1 for H2).

5

A morphological (optical and scanning electron
microscopy), structural (XRD) and mechanical
characterisation (Vickers indentations at the inter-
face between the substrate and the coating and
shear tests by means of a Schenck-Trabel equip-
ment) was performed on each coated samples, as
described in previous works.5±8,11 The comparative
shear tests were performed on cylindrical speci-
mens, glued together with Araldite AV 119 (Ciba-
Geigy) and cured 40min at 120�C, as reported in
Ref 5.
Both glasses and composites coated specimens

were soaked into a simulated body ¯uid (SBF)
having the same ion composition of the human
plasma13,14 in order to test in vitro their bioactivity:
®ve samples of each one were soaked in 50ml of
SBF, into polyethylene bottles, at 37�C, up to 30
days; the Si, Ca and P ions amount in the solution
was periodically analysed by ICP±AES. The sam-
ples were then removed from the solution, dried at
room temperature and analysed by SEM, EDS and
XRD.

3 Results

3.1 Optimisation of the sintering process
Table 2 reports some characteristics of the glasses
used in this work. The softening temperatures were
measured by dilatometry: they ranged between 680
and 700�C for each glass. The linear expansion
coe�cients were measured between 100 and 600�C.
The linear shrinkage of glass and composite greens
was observed by measuring their size variations
versus the time during a temperature scan into the
heating microscope (the linear shrinkage of the
pure glasses was measured as reference). Figure 1
reports the shrinkage curves for AP40 and APT
greens (glass and composite respectively; the char-
acteristic temperatures of the glass matrix are also
indicated by arrows). In the case of the glass a
certain shrinkage (�15%) occurs between 600 and
900�C, and the crystallisation takes place without
any volume expansion. On the contrary, in the case
of the composite, the shrinkage stops at a lower
temperature in respect to the glass, and at about
900�C the sample begins to expand. A similar

behaviour was observed for the other glasses,
according to their compositional similarity.
Figure 2 shows the DTA curves of AP40 pow-

ders (measured as reference), isothermally treated
(30min) at the labelled temperature (�10�C) and
successively scanned between 600 and 1000�C. An
important di�erence appears after the isothermal
treatment at 740�C: it is evident that this glass
begins to crystallise after 30min at 740�C and the
subsequent scan shows the disappearing of the ®rst
crystallisation peak. However, the glass remains
mainly in the amorphous state after 30min at
720�C. The same behaviour was found for TAP
and RKKP glasses, as well as for the composite
powders, with slight temperature di�erences.
On the basis of the DTA results and those of the

linear shrinkage of glasses and composites, the fol-
lowing temperature ranges were chosen, in order to
perform a viscous phase sintering process: AP40

Table 2. Characteristics of the glass-matrices (* = dilatometric). All the temperatures are expressed in �C

Glass d (g cmÿ3) Tg Tsoft* Tx1 Tx2 Tx3 Tmelt a(Kÿ1)

AP40 2.84 640 680±700 725�5 800�2 860�2 >1200 11�10ÿ6
TAP 2.86 675 680±700 725�5 888�2 918�2 >1200 13�10ÿ6
RKKP 2.85 640 680±700 725�5 820�2 895�2 >1200 12�10ÿ6

Fig. 1. Linear shrinkage curves of the AP40 glass and the APT
composite.

Fig. 2. DTA curves of AP40 powders isothermally treated at
the labelled temperatures (30min) and successively scanned

(heating rate 10�C minÿ1).
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and APT: 720±730�C; TAP and TAPT: 790±800�C;
RKKP and RKKPT: 750±760�C.

3.2 Characterisation of the sintered samples
All the sintered samples showed a density close to
the theoretical one. They appeared almost comple-
tely amorphous (no crystalline phases were detect-
able by optical and scanning microscopy); the
XRD on powders of sintered composites showed
Ti peaks and the presence of an amorphous back-
ground, with only some of the peaks of apatite.
The interface between Ti particles and the glass-

matrices in composites was always homogeneous
and continuous; no cracks or pores were observed
nearby the metallic particles. As shown in Fig. 3
(APT composite) the interface Ti/matrix shows a
certain di�usion of the metal into the glass-matrix
(the shadow surrounding the titanium particle).
This feature, still present in the case of RKKPT
composite, was completely absent in the case of
TAPT composite.
The Young moduli (E) were measured on bulk

glasses, and on sintered samples (glasses and com-
posites) having comparable densities (the Young
moduli of the pure glasses was measured as refer-
ence). The measured values are in good agreement
with the theoretical ones, calculated by the law of
mixtures12 (ETi=110GPa): the Young modulus
values ranged between 63 to 80 GPa for the sin-
tered glasses and were higher for the corresponding
sintered composites, ranging between 78 to 87GPa;
bulk glasses showedYoungmoduli higher than those
of the sintered glasses of the same composition, but
lower than those of the corresponding composites.
The sintered composites were ball milled and

sieved up to 50±100�m, in order to obtain `com-
posite powders' to be vacuum plasma sprayed on
Ti-6Al-4V substrates: Fig. 4(a) and (b) show a pure
titanium particle and a particle of powdered
RKKPT composite; as con®rmed by the EDS

results reported on each micrograph, the Ti particle
in Fig. 4(b) is covered by RKKP glass, that means
that after grinding the sintered composite, a `com-
posite powder', and not only a mixture of Ti and
glass powders, was obtained. The same features
were observed by comparing Ti particles with APT
and TAPT composite powders.

3.3 VPS deposition of the bioactive coatings on
Ti-6Al-4V
Figure 5 shows the cross-sections of the TAPT
composite coating on the Ti-6Al-4V substrate. The
interface between the substrate and the coating is
continuous. The coating (150�m thick) is scarcely
porous. The morphology of the Ti particles chan-
ges from particles to platelets during the VPS pro-
cess but they are still well embedded into the glass
matrix (platelets look like ®laments in the cross-
section). The same morphology and thickness were
observed for each composite coating.
The compositional analysis (EDS) was per-

formed on the glass-matrix during each step of the
composite coatings preparation: bulk glass, glass-

Fig. 3. Scanning electron micrograph of a Ti particle in the
sintered APT composite.

Fig. 4. Scanning electron micrographs of (a) a Ti particle and
(b) of a particle of powdered RKKPT composite. EDS results

are reported on each micrograph (wt%).
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matrix of the sintered composite and glass-matrix
of the VPS composite coating (these results are
summarised in Table 3). By comparing the theore-
tical values for the composition of the three bulk
glasses with the values detected on the glass-matri-
ces of the three composites (sintered and coating),
it is evident that all the glass-matrices retained their
starting composition both during the sintering
process and the vacuum plasma spray deposition
(it is reported here only the Si, Ca and P wt%, i.e.
the three most abundant elements in all glasses).
The XRD analysis on the coatings, mechanically
detached from the substrate, only showed an
amorphous background, with the Ti peaks in the
case of the composites.

3.4 Mechanical tests
At least ®ve Vickers indentations on each coated
sample were made along the interface substrate/
coating, with loads progressively higher, up to
2,5N, in order to induce a crack propagation and
to qualitatively test both the adherence and the
intrinsical toughness of the coatings. Two examples
of the typical behaviour are shown in Fig. 6(a) and
(b), where the indented cross-section of RKKP and
RKKPT coatings are reported (load=2,5N). In
the case of the RKKP glass coating [Fig. 6(a)] the
indentation contemporaneously induced some
cracks both parallel and orthogonal to the inter-
face with the substrate, while in the case of the
RKKPT composite coating [Fig. 6(b)] the cracks
due to the same load ran only parallel and not
orthogonal to the interface.
The shear strength of the substrate/coating

interface was evaluated by means of shear tests
described in a previous paper.5 It was found that
the interfacial shear strength of both the glass and
the composite coatings lies in the same range

Fig. 5. Scanning electron micrograph of a cross-section of a
TAPT composite coated sample.

Table 3. EDS results of the analyses performed on the glass
matrices at di�erent steps of the process. (wt% of the elements;
Th. values = theoretical values). [The experimental phos-
phorus content is always overestimated because its EDS peak
and those of gold (used as coating layer for SEM observation)

are at the same KeV values.]

Wt% element Si Ca P Others

Th. values (AP40) 36.8 45.0 8.7 Balance

Bulk AP40 34.51 47.33 13.2 Balance
Sintered APT
glass-matrix

35.56 47.46 14.37 Balance

VPS APT
glass-matrix

31.77 49.05 13.24 Balance

Th. values (TAP) 34.09 41.7 8.05 Balance

Bulk TAP 34.31 45.15 13.25 Balance
Sintered TAPT
glass-matrix

34.78 44.67 13.22 Balance

VPS TAPT
glass-matrix

30.25 41.15 14.57 Balance

Th. values (RKKP) 36.2 44.4 8.6 Balance

Bulk RKKP 33.1 44.9 14.9 Balance
Sintered RKKPT
glass-matrix

31.8 46.3 14.0 Balance

VPS RKKPT
glass-matrix

34.5 48.1 9.2 Balance

Fig. 6. Scanning electron micrographs of (a) the cross-section
of an RKKP glass coated sample and (b) of an RKKPT
composite coated sample after Vickers indentation at the

interface substrate/coating.
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(�=21±22�1.5MPa) The results are similar for all
the samples and they are comparable with those of
VPS hydroxyapatite coatings mechanically tested
in the same conditions.5

3.5 Bioactivity tests
Figure 7(a) shows a back-scattered electron image
of a RKKP coated sample, after 30 days soaking in
a simulated body ¯uid: the glass coating is covered
by a 30±40�m thick `gel-like' layer, which shows
some bright dishomogeneities. The average EDS
analysis on this layer revealed the presence of Si,
Ca and P ions, with a Ca/P weight ratio close 2.15
(i.e. the theoretical value for apatite). A similar gel-
like layer was observed on the RKKPT composite
coating even if thinner [a perspective view is shown
in Fig. 7(b)] and the EDS analysis performed on it
gave the same results in terms of Ca/P ratio. The
same behaviour was observed also in the case of
the other two glasses and composites coatings.
After soaking in SBF, the coatings were submit-

ted to XRD analysis. Figure 8 shows (a) the XRD

patterns of a VPS RKKPT coating, (b) the same
after 30 days in SBF, and (c) for comparison,
the XRD pattern of a VPS hydroxyapatite. In the
pattern (b), beyond the Ti signals, some of the
stronger signals of hydroxyapatite are detectable.
The bioactivity of both glasses and composites

coatings was also investigated by the ICP±AES
analyses performed periodically on the simulated
body ¯uid during the specimens immersion. In
Fig. 9(a)±(d), the average values of the concentra-
tions of Si, Ca and P ions are plotted versus time,
for the AP40 glass, the APT composite, the RKKP
glass and the RKKPT composite coatings. (The
titanium ions leaching was not detectable because
this ICP±AES analysis method is not sensitive to
small amounts of this element into a ion sovrasa-
tured solution like SBF). In each case, an increase
of silicon and calcium, and a decrease of phos-
phorous ions was observed. These variations are
very rapid in the ®rst days of soaking, and gradu-
ally reach a plateau within ®ve days. This phe-
nomenon is less quick in the case of Ca ions. The
®rst part of the ion leaching curves are slightly
slower for the composite coatings, in comparison
with the pure glass ones. The leaching curves of the
TAP glass and the TAPT composite coatings are
similar to those already reported and they are not
shown here.

4 Discussion

4.1 Optimisation of the sintering process
Several surgical applications are known for AP40
as bioactive glass-ceramic.9 In this work we pro-
pose the use of AP40 and of two other glasses,
obtained by modifying the starting AP40 chemical
composition, as glass-matrices for Ti particle rein-
forced bioactive composites. Titanium was chosen
as toughening phase for the composites because of
its acceptable biocompatibility.
The modi®cation of AP40 (glass TAP) with 5

wt% of TiO2, (one oxide of the metal used as
substrate and as toughening phase in the compo-
site), was chosen in order to control the interfacial
reactivity between the glass and the metal.5±7,15,16

The modi®ed glass is still bioactive: it was also
found by in-vitro cell culture tests15 that other
glasses containing up to 5 wt% of TiO2 are very
well tolerated over a long time. The evident inter-
facial reactivity between AP40 and Ti particles
during the sintering process (Fig. 3) is due to a
di�usion of titanium through the glass and it is
limited at the interface between the glass-matrix
and the Ti particles: the addition of small amounts
of TiO2 in the TAP glass composition made the
interface in TAPT composite more stable.

Fig. 7. (a) Back-scattered electron image of a RKKP glass
coated sample (cross-section) after 30 days in simulated body
¯uid. (b) Scanning electron micrograph of a RKKPT compo-
site coated sample (perspective view) after 30 days in simulated

body ¯uid.
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By means of the di�erential thermal analysis
simulation of the sintering process, each composite
green was sintered at a temperature high enough to
minimise the viscosity but not high enough to give
a complete crystallisation of the glass-matrix,
which could a�ect the pressureless densi®cation of

the green. Moreover the presence of a certain
amount of amorphous phase is essential to induce
the growth of the apatite layer17 and it was found
that a glass is more bioactive than the derived
glass-ceramic.18 In this case the choice of the sin-
tering temperature was also limited by the Ti�±Ti�

Fig. 8. (a) XRD patterns of a VPS RKKPT coating as done and (b) after 30 days in simulated body ¯uid, compared with (c) the
XRD pattern of hydroxyapatite deposed by vacuum plasma spray on the same substrate.

Fig. 9. Concentrations of Si, Ca and P ions versus time in the simulated body ¯uid, during (a) the soaking of AP40 glass, (b) APT
composite, (c) RKKP glass and (d) RKKPT coated samples.

Sintering and plasma spray deposition of bioactive glass-matrix composites for medical applications 369



transformation (from hcp to bcc), which occurs at
882�5�C.19 From this temperature on, it was
observed an expansion of the composite greens (see
Fig. 1, heating microscopy) probably due to a dif-
ferent crystallisation induced by the Ti particles
phase transformation or by the high reactivity of
titanium and glass at this temperature.
Taking into account all these features, the com-

posites were sintered using an easy, low cost, pres-
sureless viscous ¯ow process; they retained an
amorphous matrix, with small amounts of apatite,
which can e�ectively partially crystallise at the sin-
tering temperatures chosen for these glass-matrix
composites.9 The interfaces between Ti particles
and the glass-matrices were always continuous, as
demonstrated by the morphological observation
and as con®rmed by the increased Young moduli
of the composites in comparison with those of the
bulk glasses. Moreover, in the case of the TAPT
composite, the modi®cation of the glass composi-
tion with 5 wt% of TiO2 was found to be useful to
control the interfacial reactivity between the glass
and the Ti particles, without a�ecting the bioactiv-
ity of the glass and of the composite coatings.
The sintering process is a crucial step for the

composite preparation, also when they have to be
powdered and plasma sprayed. In fact, the VPS
deposition of mixtures of di�erent powders (e.g. a
mixture of glass and titanium powders) gives poor
results in terms of particle distribution and homo-
geneity of the coatings.20 The best results are
obtained by spraying `composite powders', i.e.
powders formed by glassy coated Ti particles. By
milling the sintered composites, it was e�ectively
possible to spray powders formed by Ti particles
covered by a layer of glass [see Fig. 4(b)], and
therefore the softening properties of the glass-
matrices were fully utilised also during the plasma
spray process, to obtain an acceptable stability of
the interface between the glass, the particles and
the Ti-6Al-4V substrate.

4.2 VPS deposition of the bioactive coatings on
Ti-6Al-4V
All the VPS coatings did not change their starting
compositions and resulted to be completely amor-
phous. Metallic Ti particles are still present after
the VPS process, with a platelet-like morphology,
due to a partial melting followed by the rapid
cooling typical of this process. The platelets are
oriented parallel to the interface composite/sub-
strate: this orientation could be favourable in case
of stresses of the coating in that direction.21

The linear expansion coe�cients of the three
glasses are higher than that of the substrate and of
the Ti particle one (Table 2): �Ti=8.7�10ÿ6;
�Ti-6Al-4V=9.4�10ÿ6 (between 30 and 400�C).22

This should cause a residual tensile stress at the
interface between the glass and the metal which
could induce cracks propagation and poor adher-
ence. In spite of this di�erence all the coatings
resulted to be well bonded to the substrate and the
interface between the glass matrix and the Ti par-
ticles appeared to be continuous both before and
after the deposition. Moreover, the possibility of
tailoring the thermal expansion coe�cient in the
case of the composites, minimises the � mismatch
between the substrate and the coatings. In the case
of the three composites prepared in this work, it
can be estimated, on the basis of the mixtures rule,
that their � values could range between 11.3 and
11.6 10ÿ6 Kÿ1.

4.3 Mechanical tests
The Vickers induced crack propagation gives a
qualitative valuation of the fracture energy of the
coatings and of the interface substrate/coatings.23

By comparing Fig. 6(a) and (b) it is clear that the
interfacial fracture energies of glass and composite
coatings are comparable, while the intrinsical
toughness of the composite coatings is higher than
that of the glass: in both cases the induced cracks
run along the interface, but only in the glass-coated
sample a crack propagates across the coating,
orthogonal to the interface. These results are in
good agreement with the shear tests results: even if,
on the basis of the indentation test, the composites
coatings appear to be tougher than the glassy ones,
the interfaces with the substrate show a similar
mechanical behaviour (�=21±22MPa).
Any di�erence of adhesion between the glass and

the metal particles or the substrate were observed
by comparing APT and TAPT composite coatings.

4.4 Bioactivity tests
The in-vitro tests proved that both the glass and
the composite coatings are still bioactive. The
bioactivity of the bulk glass-ceramic AP40 is well
known;9,10 the addition of Ti particles in the com-
posites, and of Ti, La and Ta oxides in the two
modi®ed matrices, did not a�ect signi®catively its
bioactivity in terms of the formation of a self-
grown silica gel layer, rich in Ca and P ions, which
represents the ®rst step of a more complicated
process that leads, after a ®rst surfacial dissolution
of the bioactive glass, to the growth of an apatite
layer.1

The presence of this layer after 30 days of
soaking into the simulated body ¯uid was proved
by the morphological observations [Fig. 7(a) and
(b)], the EDS and XRD results, and by the periodic
chemical analyses of the SBF solution. The disho-
mogeneity of the gel-like coating observed in
Fig. 7(a), is probably due to its compositional

370 E. VerneÂ et al.



variation, typical of the early stages of the apatite
growth process. The presence of the silica-gel layer
containing a partially crystallised apatite phase was
con®rmed by EDS analyses (Si, Ca and P were
detected) and XRD (some of the stronger peaks of
apatite were observed). The decrease of phosphor-
ous concentration and the contemporaneous
increase of the silicon and calcium concentrations
into the simulated body ¯uid, during the soaking of
the coated specimens, is a clear evidence of the
apatite growth mechanism.
The compositional modi®cation of AP40 to pre-

pare RKKP was suggested on the basis of in-vitro
studies performed into biological media, already
reported in Ref. 10, with the aim of increasing its
bioactivity; it was found in the present work that
RKKP is suitable as glass-matrix for titanium par-
ticle composites and both RKKP and RKKPT
coatings are bioactive, but no di�erence was
observed in terms of gel-like layer growth between
the modi®ed glass (RKKP) and the starting one
(AP40).

5 Conclusions

Bioactive glass-matrix composites were prepared
by a viscous ¯ow sintering process. A continuous
interface between the glass-matrix and the Ti par-
ticles was obtained in all the sintered composites,
and a further optimisation of this interface was
performed by adding small amounts of TiO2 to the
AP40 chemical composition.
Glasses (AP40, TAP, RKKP) and composites

(APT, TAPT, RKKPT) were successfully depos-
ited by vacuum plasma spray (VPS) on Ti-6Al-4V
substrates. Adherent, dense and homogeneous
coatings were obtained, without any signi®cative
modi®cation of the starting glass-matrices compo-
sitions. The interfacial fracture energies of both the
glass and the composite coatings are similar, but a
qualitative indentation test method demonstrated a
higher intrinsical toughness of the composites
coatings in comparison to the glasses. Their bioac-
tivity was demonstrated by in-vitro tests; the addi-
tion of Ti, La or Ta oxides into the glass matrix
neither a�ected nor enhanced the bioactivity in
terms of growth of a Ca and P rich silica-gel layer
(the ®rst step towards the formation of apatite).
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