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Abstract

Glass—ceramics, containing apatite and wollastonite (A/W) crystals in the MgO—-CaO-SiO,-P,0s glassy matrix, show the ability to form tight
chemical bonds with living tissues when implanted in the body, as demonstrated by Kokubo and co-workers. However, the medical applications
are mainly limited to non-load bearing conditions because of their poor mechanical properties. To overcome this drawback, a coating of the A/W
glass—ceramic could be deposited onto a titanium substrate, in order to combine the good bioactivity of the bioceramic and the good mechanical
strength of the titanium alloy base material. In this study, A/W powders obtained from commercial raw materials were thermally sprayed by APS
(atmospheric plasma spraying) on Ti—-6Al—4V substrates. Since in the as-sprayed conditions the coating microstructure was defective because of
pores and cracks, thermal treatments on A/W plasma-sprayed coatings were conducted to enhance the coating microstructure. In order to gain a
deeper insight, A/W bulk and sintered samples of the same composition were prepared and subjected to the same thermal treatments. In addition,
the crystallisation behaviour of A/W bioactive glass—ceramic was investigated. The frits thermal behaviour was characterised by means of hot stage
measurements and DTA analysis. DTA analysis on the A/W base glass, revealed two crystallisation peaks at about 1150 and 1193 K, corresponding
to the crystallisation of oxyapatite and 3-wollastonite phases, respectively. The two corresponding activation energies, calculated with the Kissinger
equation, were also reported.

The microstructure and the crystallinity of the A/W glass—ceramics were evaluated depending on the thermal treatment. The morphology and
the microstructure were observed by SEM and the crystalline phases were detected by X-ray diffraction. Finally the porosity was determined via
image analysis.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Bioactive glasses and glass—ceramics are widely studied due
to their particular property of directly bonding to the human
tissues by interfacial reactions. In fact some bioceramics, such
as Bioglass®, glass—ceramic A/W and sintered hydroxyapatite,
form bone-like apatite on their surfaces in the living body
and bond to living tissues through the apatite layer.!"® Since
they have poor mechanical properties, in particular low fracture
toughness, they are not suitable for load bearing applications
and many efforts have been addressed to use them as coat-
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ings onto metallic materials such as stainless steel, Co—Cr—-Mo
alloys and titanium alloys.” Different coating techniques have
been introduced such as dip coating, electrophoretic deposi-
tion, sintering, hot isostatic pressing, flame spraying and plasma
spraying.®? In the plasma spraying technique, the coating mate-
rial in powder form is inserted into a plasma flux, where it
is accelerated and heated up to fusion. The melted particles
impact against the substrate and flatten on it, solidifying in a few
microseconds and assuming a typical lamellar morphology.'%-13
Because of the high temperature in the plasma, the technique is
particularly useful for spraying ceramics. Among osteoconduc-
tive plasma-sprayed coatings that can be used in orthopaedic
surgery, it is worth citing hydroxyapatite, calcium phosphate
and, more recently, bioactive glasses and glass—ceramics.
HA plasma-sprayed coatings are widely used in biomedical
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applications,'*!? while only a few studies concern plasma-

spraying of glass—ceramics. The HA-coated implants still have
some serious drawbacks resulting in significant challenges
in their expanded utilisation.2® Moreover, there were some
attempts to deposit bioactive glass coatings, also in combination
with HA, 2931 but to the best of the authors” knowledge, the A/W
glass—ceramic has not been deposited by plasma spraying up to
date.

Among bioactive ceramics, the A/W glass—ceramic stud-
ied by Kokubo in 198053 shows high bioactivity and
high mechanical strength compared to other glasses and
glass—ceramics. Such an high mechanical strength is attributed
to the relatively high fracture toughness due to the precipita-
tion of B-wollastonite in addition to apatite.>> Kokubo er al.>*
found also that crystallisation of the parent glass in a bulk form
led to the occurrence of large cracks in the crystallised sam-
ple while crystallisation of the same glass in a powder compact
led to the formation of a crack-free dense crystallised sample.
It was attributed to the uniform crystallisation of apatite and
wollastonite in the sample obtained from the compact powders.
Moreover, A/W glass—ceramics are one of the most bioactive
materials: in fact it has been reported that the bioactivity index
of the A/W glass—ceramic is slightly higher than that of dense
sintered hydroxyapatite: in fact the bioactivity index of the A/W
glass—ceramic is 3.2, while the bioactivity index of the hydrox-
yapatite is 3. This means that the A/W glass—ceramic is more
bioactive and requires less time for bone bonding in comparison
with hydroxyapatite.

Hence, plasma-sprayed bioactive glass—ceramic coatings
could potentially be used in orthopaedic implants, such as hip
prosthesis, instead of hydroxyapatite.

Since the type of crystals formed in the A/W glassy matrix
are determined by the thermal treatment,*'~*3 a post-process
thermal treatment of the sprayed coating is necessary, in order to
obtain the required crystalline phases and to increase the coating
mechanical properties.

Following a previous research,* in this study A/W
glass—ceramic powders, obtained from industrial raw materials,
were plasma-sprayed onto Ti—-6Al-4V substrates. To the best of
the authors’ knowledge, this study is the first attempt to ther-
mally spray the A/W glass ceramics onto a titanium alloy for
potential biomedical applications, thus coupling the toughness
of the substrate with the bioactivity of the coating. This could
be a valuable alternative to commercial HAp-coated titanium
implants: since, as mentioned, the A/W glass—ceramic is more
bioactive (i.e. higher bioactivity index) than commercial HA and
has better mechanical properties.?

Controlling the crystallisation of the glass—ceramic might
be difficult, if pores and defects are present in the

microstructure.! 5 In fact, the peculiar microstructure of the
plasma-sprayed coatings might have a significant influence on
the crystallisation behaviour of the system. In order to enhance
the A/W coatings microstructure, thermal treatments on A/W
plasma-sprayed coatings and on A/W bulk and sintered samples
of the same composition were analysed. Such comparison with
bulk and sintered A/W could be useful for evaluating conven-
tional alternatives for producing low cost coatings (e.g. via a
glazing technique).

2. Materials and methods

The glass composition labelled A/W and reported by Kokubo
et al.*>=3% was chosen as the reference composition and is shown
in Table 1. The batch mixtures were prepared by using SiO»,
MgCO3, CaCO3, Caz(PO4); and CaF; raw materials. The A/W
frit, of the same composition as that reported in a previous
work,** was obtained using industrial raw materials and was
labelled AWC.

Frits were obtained by quenching the glass in water while a
bulk sample was obtained by pouring the melt onto a graphite
mould. The frits were milled with a fast planetary moving mill,
with sintered alumina balls in dry conditions, obtaining two dif-
ferent grain size distributions: fine (average particles diameter
of about 15 wm) and coarse (average diameter in the 75—100 pm
range) suitable for sintering and plasma-spraying, respectively.
The coarse one was chosen for reaching a good flowability in
the plasma-spray equipment.

The glass powders were subjected to chemical analysis (ICP-
AES, Varian, Liberty 200), in order to evaluate the real chemical
composition of the frit.

In order to better characterise the base glass, several mechan-
ical, physical and thermal properties were measured. The as-cast
glasses were then annealed at 1033 K for 1h, in order to relax
internal stress induced by fast cooling. The bulk glass samples
were cut, obtaining 15 mm x 15 mm x 20 mm bars. Dilatometry
(DIL 404, Netzsch) was performed on 15 mm X 5 mm X 5 mm
bars obtained from bulk samples by cutting and
grinding.

A crystallisation study was performed on bulk samples in
an electric furnace. The heating rate was 10 K/min in all cases.
Crystallisation isotherms at 1073, 1123, 1173, 1223, and 1273 K
for 30 min were performed. Samples were cooled to room
temperature inside the kiln after heat treatment. Heat-treated
samples cross-sections were observed by scanning electron
microscopy (ESEM Quanta-200 coupled with EDS Oxford
INCA 350). The bulk samples were also crushed and ball milled
(in agate jar with agate balls), and the resulting powders were

;i)brfir}al composition of A/W and real composition of AWC in oxides (wWt%)

Composition (Wt%) Si0; P,0s CaO CaF, Al,O3 MgO Others
Nominal composition of A/W? 34 16.2 44.7 0.5 - 4.6 -

Real composition of AWC* 33.30 13.30 48.20 0.03 1.90 1.92 1.35
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Table 2
Plasma torch operating parameters**

Operating parameters

Ar flow (slpm) 47.4
H; flow (slpm) 8.5
Current (A) 550
Voltage (V) 64.9
Feed rate (rpm) 15
Nozzle diameter (mm) 8
Spraying distance (mm) 70

subjected to X-ray powders diffractometry (XRD, PW 3710,
Philips).

The AWC powders were plasma-sprayed on Ti—6A1-4V sub-
strates using a system equipped with a FAMB torch, in APS
mode, using the operating parameters listed in Table 2.

The substrates of Ti—6Al-4V, having dimensions of
10mm x 3 mm x 180 mm, were grit blasted with alumina par-
ticles before deposition.

Following literature indications,*® fine powders, obtained
through sieving the milled powders with a 38 um sieve, were
employed for the Differential Thermal Analysis (DTA). DTA
analysis (Netzsch DSC 404 differential thermal analyzer) was
performed by using 30 mg of powders heated from 283 to
1673 K at 10 K/min, in order to obtain the critical tempera-
tures of the frits, such as glass transition, crystallisation and
melting temperatures (Ty, T, Tm). Furthermore, to determine
the kinetics parameters for the crystallisation, the temperatures
Ty, and T,,, corresponding to the maximum of the crystalli-
sation peaks were determined at different heating rates, &, at
5, 10, 15 and 20 K/min. The error in the determination of the
maximum position was primarily due to the accuracy of DTA,
which is £2 K. AWC crystallisation activation energy (E;) was
determined according to Kissinger’s equation.*0-48

In order to improve the microstructure and the mechanical
properties of the as-sprayed AWC coatings, thermal treatments
were performed in an electric furnace to sinter and crystallise the
coatings. Previous studies **° demonstrated that thermal treat-
ments were necessary in order to enhance the microstructure of
the plasma-sprayed coatings and to transform the layer from a
glass into a glass—ceramic, inducing the sintering and the nucle-
ation and growth of crystals. The heating rate was 10 K/min in
all cases. Thermal treatments at 1048, 1073, 1098, 1123, 1173
and 1223 K for 1 h were performed on the coatings. Further-
more, thermal treatments at 1123, 1173 and 1223 K for 30 min
were performed on the coatings in order to evaluate the effect
of the time of the crystallisation isotherm on the nucleation and
growth of crystals. All the samples were cooled to room temper-
ature inside the furnace after heat treatments. The as-sprayed and
the thermally treated coatings characterisation was performed by
scanning electron microscopy (ESEM Quanta-200, coupled with
EDS Oxford INCA 350)—both in surface and in cross-section
(mounted in resin, ground with 800, 1000, and 2000 mesh SiC
papers and polished with 3 and 0.5 pm poly-crystalline diamond
suspension). X-ray diffraction analysis (X’PERT PRO), from
15° to 70° 26 at a speed of 2°/min with 0.02° increment, using
Cu Ko at 40kV and 40 mA, was performed on the coatings sur-

faces. The average porosity was evaluated on SEM cross-section
images via an image analysis software.

The crystallisation study was also carried out on the sin-
tered samples. The finer glass powders were wetted with 6 wt%
of distilled water and uniaxially pressed in 40 mm diameter
disks under a 29bar load. The pressed disks were sintered
and crystallised in an electric furnace, using the same ther-
mal cycles described above (10 K/min heating rate, isotherm
at 1073, 1123, 1173, 1223, and 1273 K for 30 min, slow cool-
ing). The linear shrinkage (%) of samples was also measured.
Cross-sectional samples from sintered disks were observed by
SEM. The cross-sections were attached 5s with HCl IN and
washed with bidistilled water, in order to remove part of the
glassy matrix and to better observe the crystals. The powders
obtained by crushing and milling the samples (as for the bulk
glass samples) were also subjected to X-ray diffractometry. As
for the plasma-sprayed samples, the porosity was evaluated with
an image analysis software from SEM cross-sections.

3. Results and discussion
3.1. Powders characterisation

The chemical analysis of the studied glass powders (labelled
AWQ) is reported in Table 1: it is worth noting that Al,O3 was
present in the frit in the amount of about 1.90%, due to the not
pure raw materials used and to the milling. The XRD spectrum
confirmed that the milled frit was vitreous (Fig. 1).

The AWC powders used for thermally spraying had a coarse
particle size distribution, with a particle size distribution in the
75-100 pm range, while the dry milled AWC powders used
for sintered samples had a finer particle distribution, with a
D5y =15 pm and Dgg=40 pm. Differential thermal analyses
indicated that the AWC glass had a T, at around 993 K (Fig. 2),
two exothermal peaks, 1y, and Tp,, at around 1160 and 1200 K
and two endothermic peaks, Ty, and Ty, , at around 1503 and
1557 K. Two exothermal peaks correspond to the crystallisa-
tion of apatite (oxyapatite JCPDS 89-6495) at 3-wollastonite

Counts AW
400
100
10 20 30 40 50 60 70

Position [°2Theta]

Fig. 1. XRD pattern of AWC powder.
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Fig. 2. Differential thermal analysis of AWC glass (heating rate 10 K/min).
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Fig. 3. Kissinger’s equation plot: (A) first peak of crystallisation and (B) second
peak of crystallisation.

crystals, respectively, while two endothermic peaks may be
attributed to the melting of two crystalline phases.

The position of the first crystallisation peak, labelled 7},
varied between 1150 and 1177 K when the heating rate was
increased from 5 to 20 K/min. The position of the second crys-
tallisation peak, labelled Tp,, varied between 1193 and 1212 K
when the heating rate was increased from 5 to 20 K/min. Fig. 3
shows the corresponding Kissinger plot, from which the slopes
(—E/R) were calculated by least squares fitting of the data
straight line. The calculated E represents the activation energy

1273 K
#
% ol % " [N
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#
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¥ 173K
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A LAY e 1123 K
P—— AN 1073 K
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Fig. 4. XRD pattern of bulk AWC glasses after different thermal treatments
(legend: (#) oxyapatite JCPDS 89-6495; (B ) wollastonite JCPDS 42-0550).

Sum

Fig. 5. SEM micrographs of AWC bulk glasses thermal treated at 1223 K.

for combined crystal nucleation and growth because no prior
nucleation heat treatment was performed in this study. The acti-
vation energy for crystallisation of the first exoterm (i.e. apatite
phase) was 385 4 11kJ/mol, and that of the second exotherm
(i.e. wollastonite phase) was 550 &= 16 kJ/mol. The results are

(A)

B)

Fig. 6. SEM cross-section of AWC as-sprayed (A) and thermally treated at
1173 K (B).
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in contrast with the data reported in>! (since this work reported
a wollastonite activation energy — about 374 kJ/mol lower than
the apatite one — about 514 kJ/mol), but are closer to the data
reported in’” (the authors reported an activation energy of
447 kJ/mol at T, = 1220 K that corresponds to wollastonite crys-
tallisation). In fact, the glass investigated in®! had a chemical
composition similar to the glass studied in this paper even if
the CaF; content was higher than in the AWC glass, and alu-
mina was absent. Probably small differences in the composition
could change the kinetic parameters of the crystallisation. In fact
Calver et al.>® showed that different amount of fluorine could
modify several properties (i.e. viscosity, melting point, sintering
process, etc.) so consequently also the crystallisation behaviour
of the glass.

3.2. Bulk glass samples characterisation

Since the AWC glass powder characterisation might be dif-
ficult, the mechanical and physical properties of the bulk glass
were evaluated. This was necessary in order to have a complete
characterisation of the base glass before its thermal spraying
onto the Ti—-6Al-4V substrates.

The bulk glass had a density of 2.9172+0.0003 g/cm?.
The AWC glass density was higher in comparison with oth-

(A)E

ers glasses, such as borosilicate glasses, soda-lime glasses and
high silica glasses, with a density of 2.23, 2.40, and 2.18 g/cm3,
respectively.>*

The  coefficient of thermal expansion, CTE
(323K <T<673K) of the AWC glass was 10 x 1070 K~!
similar to the CTE of the substrate (9 x 10"°K~1) in order
to avoid a delamination effect between the coating and the
substrate. The Young’s modulus of AWC glass was 78.3 GPa
and the Poisson’s ratio 0.33. The value of the Young’s modulus
can be influenced by the type of modifiers and intermediates
present. Glasses containing Mg?* as modifier, rather than Na>*,
have higher modulus. The presence of AlO3, which has a high
modulus in its crystalline state, also leads to high-modulus in
glasses. Young’s modulus of most commercial silicate glasses
varies from about 50 GPa for low-7}; glasses to about 75 GPa for
fused SiO, and E-glasses fibers. The AWC glass had therefore
a high Young’s modulus, in comparison with borosilicates
(60-63 GPa), soda-lime silicates (66 GPa) and aluminosilicates
(75 GPa).>*

The XRD spectra of the thermal treated bulk AWC glass
are reported in Fig. 4. After the thermal treatment at 1123 K
only the apatite crystals (oxyapatite, labelled OHA, JCPDS 89-
6495) were detected with XRD. The (-wollastonite crystals
(labelled W, JCPDS 042-0550) appeared at 1223 K and the W

Fig. 7. SEM cross-section of thermally treated AWC coatings at: (A) 1048 K, (B) 1098 K, and (C) 1223 K.
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Table 3

Average porosity of the as-sprayed and thermally treated AWC coatings
Temperature (K) of thermal treatments on AWC Average porosity (%)
plasma-sprayed coatings

As-sprayed 13.1 £ 2.1

1073 11.3£2.0

1123 7.6 +£04

1173 6.8 £ 1.3

1223 7.0 £ 0.9

peaks increased at increasing temperatures. The precipitation of
apatite and 3-wollastonite crystals was coherent with the DTA
analysis, since the first crystallisation peak was at about 1150 K
and the second one at about 1200 K. The crystals were detected
with XRD but they were so small that SEM observations did not
clearly reveal their morphology (Fig. 5).

3.3. Coatings characterisation

The as-sprayed AWC coating had an average thickness of
about 180 wm and an average porosity of 13.1 £ 2.1%, as deter-
mined from image analysis (Fig. 6A) and presented an highly
defective microstructure with unmelted or partially melted par-
ticles, pores and cracks. After the different thermal treatments
sintering took place, since the pores became rounded and a lot of
cracks were closed. The porosity values are reported in Table 3:
the porosity decreased to 7.6 £ 0.4% after the thermal treatment
at 1123 K, reaching a value of about 6.8 =+ 1.3% after the thermal
treatment at 1173 K for 1 h (Fig. 6B). The surface roughness was
not significantly changed after the thermal treatments. The inter-
faces between thermally treated coatings and substrates were
quite good, even if after some thermal treatments a TiO, inter-
layer was formed, which caused a lot of cracks. A very fine
crystallisation occurred during thermal treatments: after the ther-
mal treatment at 1048 K some little crystals could be observed
(as shown in Fig. 7A, see circle). After the thermal treatments
at 1073 and 1098 K the crystals became larger (Fig. 7B). After
the thermal treatment at 1173 K and 1223 K the coating was
crystallised, as shown in Fig. 7C. The time of thermal treatment
affected the crystallisation process: in fact in the case of the
thermal treatment at 1123 K for 30 min (Fig. 8A) the sample
showed a very fine microstructure (very small crystals were vis-
ible) while after 1 h the crystals were larger and well noticeable
(Fig. 8B).

The XRD results are reported in Fig. 9. The as-sprayed AWC
coating was glassy, as already reported in previous studies about
plasma sprayed glass coatings.'!>* After heat treatment, in
these samples, the main crystalline phases were similar to those
present in the bulk samples (oxyapatite and 3-wollastonite) even
if a new crystalline phase, diopside (labelled D), was detected
in the sample treated at 1123 K.

3.4. Sintered glass samples characterisation

AWC sintered samples starting from pressed glass powders
were also characterised and compared with plasma-sprayed

(A)

Fig. 8. SEM cross-section of AWC thermally treated at 1123 K: (A) for 30 min
and (B) for 1 h.
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Fig. 9. XRD pattern of AWC coating as-sprayed and after different thermal
treatments (legend: (#) oxyapatite JCPDS 89-6495; (M) wollastonite JCPDS
42-0550; (¢) diopside JCPDS 17-0318).
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Fig. 10. XRD pattern of sintered AWC glass after different thermal treatments.
(Legend: (#) oxyapatite JCPDS 89-6495; () wollastonite JCPDS 42-0550; ($)
diopside JCPDS 17-0318).

samples. The XRD pattern is shown in Fig. 10. Oxyapatite,
wollastonite and diopside were the main phases also in these
samples. After the thermal treatment at 1073 K, traces of oxya-
patite were detected, while wollastonite crystals appeared after
the thermal treatment at 1123 K. Diopside crystals appeared at
a higher temperature (1173 K).

Fig. 11 shows the SEM cross-sections of AWC sintered
glass thermally treated at 1073, 1173 and 1273 K. The glasses
seemed to be sintered but no crystals were visible with SEM
(Fig. 11A-C). Only after a chemical etching with HCI 1N for
5 son the sintered sample thermally treated at 1123 K some small
crystals were detected (Fig. 12).

©

50 pm

617

— 0,5 pm.
Fig. 12. SEM cross-sections of sintered AWC after thermal treatment of 1123 K,
after a chemical etching with HCI IN.

Table 4
Average porosity of the as-sintered and thermally treated AWC sintered samples

Temperature of sintering (K) Average porosity (%)

As-sintered 253+1.6
1073 6.7+0.3
1123 53+03
1173 32+0.1
1223 32+0.5
1273 33+£0.2

The residual porosity decreased after the thermal treatment
at 1173 K as reported in Table 4: in fact the sintered samples
showed a porosity of 25.2 £ 1.6%, reaching at 1173 K an aver-
age value of 3.2 4 0.1%. In order to explain this residual porosity

®)"

Fig. 11. SEM cross-sections of sintered AWC after thermal treatments of: (A) 1073 K, (B) 1173 K, and (C) 1273 K.



618 V. Cannillo et al. / Journal of the European Ceramic Society 29 (2009) 611-619

] Tg  Tpl Tp2

Linear shrinkage (%)

t t

21273 473 873 873 L1273 1473

Temperature (K)

Fig. 13. Linear shrinkage of the sintered AWC sample.

shown by sintered and coating samples, the linear shrinkage of
the AWC glass versus temperature is shown in Fig. 13; Ty, and
T, temperatures were reported in the same graph. The first and
final sintering shrinkage temperatures were obtained by means
of intersections between the linear fit in the temperature range
1000K < T<1300K. The thermal shrinkage curve indicated
that the glass powders compact started to densify at about 1079 K
and ended at about 1205 K. A previous study> demonstrated that
is useful to compare, on the same temperature scale, DTA and
linear shrinkage plots to determine how composition may affect
sintering and devitrification processes. In AWC glass the T, fell
before the first sintering shrinkage temperature and the crys-
tallisation temperatures (7, and Ty, ) fell before the maximum
densification plateau, as reported in Fig. 13. This study demon-
strated that the crystallisation process started before complete
densification was achieved. These results could explain why both
coatings and sintered samples showed a relevant porosity after
heating.

4. Conclusions

In this study, apatite/wollastonite thermally sprayed glass—
ceramics coatings were investigated and the results were com-
pared with sintered glass—ceramics obtained via a conventional
method.

The crystalline phases formed after specific thermal treat-
ments were mainly oxyapatite and wollastonite, in all glass—
ceramics. However, bulk samples required higher thermal treat-
ment temperatures with respect to sintered and plasma-sprayed
samples to develop a significant amount of crystalline phases.

The microstructure of the AWC as-sprayed coatings pos-
sessed a lot of defects, such as pores and micro-cracks. During
the thermal treatments a lot of cracks were closed, but not enough
toreach aremarkably lower value of porosity, since sintering and
crystallisation occurred simultaneously as happened also in the
sintered samples. Therefore, the thermal treatments were not
able to significantly enhance the microstructure of the plasma-
sprayed coatings but they were necessary in order to obtain
the precipitation of crystalline phases in the glassy matrix, as
detected by SEM. The time of the thermal treatments affected
the amount and the size of crystals formed in the coatings.

From this preliminary investigation it seems feasible to obtain
coatings both via plasma spraying and via a conventional route
(e.g. a glazing technique), even if the processes require further
optimisation.
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