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Abstract

Some ceramics have the ability to form direct bonds with surrounding tissues when implanted in the body. Among bioactive ceramics, the
apatite/wollastonite (A/W) glass—ceramic, containing apatite and wollastonite crystals in the glassy matrix, has been largely studied because of
good bioactivity and used in some fields of medicine, especially in orthopaedics and dentistry. However, medical applications of bioceramics are
limited to non-load bearing applications because of their poor mechanical properties. In this study, A/W powders, obtained from industrial and
high grade quality raw materials, were thermally sprayed by APS (atmospheric plasma spraying) on Ti—-6Al-4V substrates, in order to combine
the good bioactivity of the bioceramic and the good mechanical strength of the titanium alloy base material. The microstructure and the resulting
properties were evaluated depending on processing parameters and post-processing thermal treatments. The morphology and the microstructure of
the coatings were observed by SEM and the phase composition was examined by X-ray diffraction. The bioactivity of the coatings was evaluated by
soaking the samples in a simulated body fluid (SBF) for 1, 2 and 5 weeks. The bioactive behaviour was then correlated with the thermal treatments

and the presence of impurities (in particular Al,O3) in the coatings.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Some composition of glasses, ceramics and glass—ceramics
have been shown to bond to bone tissues.!™ These materi-
als are known as bioactive ceramics: the surface is able to
form a biologically active hydroxycarbonate apatite (HCA) layer
which provides the bonding interface with biological tissues.
The HCA phase that forms on bioactive implants is similar to
the mineral phase in bone, both chemically and structurally.5’
In the 1980s, Kokubo et al. developed a bioactive mate-
rial, containing apatite and wollastonite crystals in the glassy
matrix, labelled apatite/wollastonite (A/W) glass—ceramic, in
the MgO—Ca0O-Si0,—P,05 system.®!7 A/W glass—ceramic can
form a tight chemical bond with bone and can produce a high
mechanical strength, compared to other ceramics.’ 121819 Tt
is currently used in medical applications, either in powder
form as bone filler or as a bulk material.” However, the A/W
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glass—ceramic, due to its relatively low fracture toughness, can-
not be used in load bearing applications, such as in femoral
and tibial bones. In these applications, metallic materials such
as stainless steel, Co—Cr—Mo alloys and titanium alloys are
used.2% However, these materials do not directly bond to liv-
ing bone. The problem can potentially be solved by applying
bioceramic coatings onto metal substrates. For this reason, dif-
ferent coating techniques have been introduced such as dip
coating, electrophoretic deposition, sintering, hot isostatic press-
ing, flame spraying and plasma spraying.2’-*> One of the most
accepted and commercialised bioactive coating is the plasma-
sprayed hydroxyapatite (HA) coating.23-2® The advantages of
the plasma-spray technique are the high deposition rate and
the high bonding rate between the plasma-sprayed biocoatings
and human tissues. The HA-coated implants still have some
serious drawbacks resulting in significant challenges in their
expanded utilisation.?? Moreover, there were some attempts
to deposit bioactive glass coatings, also in combination with
HA,2%29-36 byt to the best of the authors’ knowledge, the A/'W
glass ceramic has not been deposited by plasma spraying up to
date.
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Following the industrial success of plasma-sprayed HA as a
bioceramic coating and, in an attempt to widen the use of A/W
glass—ceramic, taking advantage of the high stiffness and bioac-
tivity, in this work powders with A/W composition have been
plasma sprayed onto a titanium alloy. Since it has been reported
that the crystals of wollastonite can enhance the mechanical
strength and the crystals of apatite can promote the bioactivity
of this glass—ceramic,’3 the as-sprayed A/W was thermally
treated in order to have apatite and wollastonite crystals in
the glassy matrix. It has been demonstrated that if the A/W
glass—ceramic, which forms apatite and wollastonite crystals
during devetrification, contains also Al,O3 in the glassy matrix,
itdoes not bond to living bone and does not form an apatite layer
on the surface both in SBF and in vivo.'? Ohtsuki et al.'® found
that the addition of 1.7 mol% Al,O3 to the Kokubo composition
of the A/W glass—ceramic was enough to inhibit its bioactivity.

In the present research, two different A/W frits were used as
starting feedstock for thermal spraying. The frits, labelled AWC
and AWP, differed for the raw materials used in the preparation
and for the granulometry. Economic reasons led to the utilisa-
tion of industrial raw materials for the AWC frit. Moreover, the
AWC frits used were coarse, in order to have a better flowabil-
ity in the thermal spray equipment. High purity raw materials
were used for the AWP frits, in order to accurately control the
chemical composition and thus to have less impurities in the
thermally sprayed coatings. Moreover, in order to enhance the
microstructure, the AWP frits were chosen finer in comparison
with the AWC frits, even if some problems associated with the
flowability arose.

It is worth noting that 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. The aim
of the present work was to determine the bioactivity behaviour
of the as-sprayed and thermally treated AWC and AWP coat-
ings, correlated with the presence of Al,O3 in the composition,
the morphology and the crystalline phases formed. 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.> The bioactivity of the
coatings was analysed by immersion in a TRIS-buffered simu-
lated body fluid (SBF) with an ion concentration nearly equal
to that of human blood plasma, as proposed by Kokubo et al.!?
for the in vitro study of the A/W glass—ceramic. The changes
in calcium, phosphate, magnesium and silicon ion concentra-
tion after soaking in SBF were evaluated by ICP-AES. X-ray
diffractometer (XRD) analysis was used to identify the crys-
talline phases. Scanning electron microscopy (SEM) was used

to observe the morphology and the characteristics of the coat-
ings, both in surface and in cross-sections. Energy dispersive
X-rays spectroscopy (EDS) was employed to analyse the chem-
ical composition.

2. Materials and methods

The glass composition reported by Kokubo et al.®1# is shown
in Table 1. Two different frits were employed in this investi-
gation: AWC and AWP, with the same nominal composition
but obtained with different raw materials. The batch mixtures
for AWC were prepared from industrial raw materials of: SiO;,
MgCO3, CaCO3, Caz(PO4), and CaF,. The batch mixtures for
AWP were prepared from commercial pure raw material of: Si0»
(Carlo Erba, Italy), MgCOs3 (Acros, Italy), CaCO3 (Carlo Erba,
Italy), Ca3(PO4),> (Carlo Erba, Italy) and CaF; (Carlo Erba,
Italy). The batches were placed in a platinum crucible and melted
in an electric furnace at 1550 °C for 1 h.

Glass powders were obtained by fritting the glass in water.
The AWC and AWP frits were milled with a fast planetary mov-
ing mill, with Al,Oj3 balls and in dry conditions. The size of the
powders was controlled by sieving: AWC were in the 75—-125 pm
range, AWP in the 45-75 um range.

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

The powders were subjected to chemical analysis (ICP-AES,
Varian, Liberty 200), in order to evaluate the real chemical com-
position of the frit. The powders were characterised by means
of DTA analysis (Netzsch DSC 404 Differential Thermal Ana-
lyzer), using 30 mg of powders heated from 20 °C to 1400 °C
at 10 K/min, in order to obtain the critical temperatures of the
frits, such as glass transition and crystallisation temperatures.
Density measurements were performed through a He picnome-
try (AccuPyc 1330, Micromeritics). Sintering tests on pressed
powders were carried out with a hot stage microscope (Misura
HSM ODHT, Expert System Solutions, Italy) to find the sinter-
ing temperature of the frit. Bulk AWC and AWP glass samples
were obtained by pouring the glass into a carbon made con-
tainer and then annealed at 760 °C for 1h, in order to obtain
15mm x 5mm x 5 mm bars (from bulk samples by cutting and
grinding), useful for dilatometry tests (DIL 404, Netzsch).

The substrates of Ti—6Al-4V, having dimensions of
25 mm x 2mm x 180 mm, were pre-grit blasted with alumina
particles before deposition.

In order to improve the microstructure and the mechani-
cal properties of the as-sprayed AWC coatings by sintering
and crystallization, thermal treatments were performed in an

Table 1

Nominal and real composition in oxides (Wt%).

Composition wt% SiO, P,05 CaO CaF, Al,O3 MgO Others
Nominal composition’ 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
Real composition of AWP 33.20 15.50 46.20 0.06 0.20 4.30 0.54
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Table 2
Plasma torch operating parameters.

Operating parameters  Ar flow [slpm]  Hj flow [slpm]  Current [A]  Voltage [V]  Feed rate [rpm]  Nozzle diameter [nm]  Spraying distance [mm]
AWC 474 8.5 550 64.9 15 8 70
AWP 42 9 600 66 20 8 70

electric furnace. The heating rate was 10 K/min in all cases.
On the basis of the glass transition and crystallisation temper-
atures from DTA analysis, different crystallisation isotherms
were chosen, in order to obtain sintered and crystallised coat-
ings, with a good microstructure. Crystallization isotherms at
800°C, 825°C, 850°C, 900°C and 950°C for 1h were per-
formed only on AWC coatings, for economical reasons, in order
to have a screening of the crystallisation phenomena. Since it
has been found that the best coating microstructure was obtained
with a thermal treatment at about 900 °C for 1 h, crystallization
isotherm at 900 °C for 1 h was performed also on AWP coat-
ings. All the samples were cooled to room temperature inside
the furnace after heat treatments.

The as-sprayed and the thermally treated coatings charac-
terisation was performed with scanning electron microscopy
(ESEM Quanta-200, coupled with EDS Oxford INCA
350)—both in surface and in cross-sections (mounted in resin,
ground with 800 mesh, 1000 mesh and 2000 mesh SiC papers
and polished with 3 wm and 0.5 pwm 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-Ka at 40kV and 40 mA, was performed on the coatings
surfaces.

The in vitro study was carried out on the as-sprayed AWC
and the as-sprayed AWP. The thermally treated AWC and
AWP at 900°C for 1h were also characterised with in vitro
tests in SBE. To evaluate the effect of the temperature of the
thermal treatments, the AWC coatings thermally treated at
800 °C were immersed in SBF, too. According to the proce-
dure described by Kokubo et al.!> all the samples of dimensions
of 5mm x 4 mm x 2 mm were soaked in SBF. The sample were
soaked in 50 ml of solution, containing 2 ml of SBF and 48 ml
of bidistilled water, for specific interval time: 1, 2 and 5 weeks
and placed in a water bath with a constant temperature of 37 °C.
The immersion tests were carried out in duplicate. According
to the Kokubo procedure the samples were placed in a verti-
cal displacement. The pH measurements were taken at around
37 °C, after each soaking interval, by means of a pH meter (Cri-
son, MicropH). The pH measurements of the solutions were
correlated to ion dissolution into the SBF. Changes in the con-
centration of Si, Ca, Mg and P were measured by inductively
coupled plasma atomic emission spectroscopy (ICP-AES) after
the removal of the samples from soaking solutions. Both the
surface, in low vacuum configuration, and the cross-section, in
high vacuum configuration, of the specimens were characterised
by environmental scanning electron microscopy (ESEM) cou-
pled with energy dispersive spectroscopy (EDS) before and after
each soaking in SBF; X-ray diffraction analysis was performed
on the coatings surfaces after each soaking in SBF. The phases
formed on the surface were identified by means of an X-ray

diffractometer: scans were run from 15° to 70° 26 at a speed of
2°/min with 0.02° increment, using Cu-Ko at 40 kV and 40 mA.

3. Results and discussion
3.1. Powders and bulk glasses characterisation

The frit chemical analysis is reported in Table 1 as well. For
AWC, the real composition was a bit different from the nominal
one: in fact the presence of Al,O3 in the amount of 1.9 wt%,
corresponding to 1.86 mol%, was mainly due to the raw mate-
rials used. The MgO and P,Os weight percentage were lower
than that of the nominal composition; moreover in the real com-
position Fe;O3 and NayO were present in a very little amount.
For AWP, the composition confirmed the nominal one, even if
Al>O3 was present in a very little amount of about 0.20 wt%, cor-
responding to about 0.19 mol%. The limited amount of alumina
in the AWP frits confirms that no contamination from Al,O3
balls took place.

The powders were sieved in order to have an average diameter
of the AWC powders superior to 75 wm and an average diameter
of the AWP powders inferior to 75 wm.

The AWC glass powders had a density of 2.92 g/cm? and the
AWP glass powders had a density of 2.94 g/cm?.

Differential thermal analysis, reported in Fig. 1, indicated that
the AWP glass has a Ty at around 754 °C. The DTA curve showed
one exothermal crystallization peak (7), at around 904 °C. The
DTA of the AWC glass was similar to that of AWP glass,
with similar critical temperatures. The sintering temperature was
about 850 °C and the softening temperature was about 1140 °C,
from the hot stage microscope measurements. The softening
temperature of AW glass occurred at a high temperature and the
collapse of the glass was immediate in the range of 150 °C.

The linear thermal expansion coefficient (50 °C < T <400 °C)
of the AWC glass was 10.08 x 107 K~!, whereas for AWP
glass was 11.27 x 107°K~! (50°C<T<400°C). The lin-
ear thermal expansion coefficient (50°C<7T<400°C) of the
Ti—6A1-4V alloy was 8.7 x 107 K~! (50°C <T<500°C).?°

Tp=904°C
Tg=754°C

200 400 600 800 1000 1200
Temperature ("C)

Fig. 1. Differential thermal analysis of AWP glass (heating rate 10 °C/min).
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Fig. 2. SEM cross-section of as-sprayed AWC: (A) general view and (B) detail.

3.2. Coatings characterisation

The as-sprayed AWC coating had an average thickness
of 240 pm (Fig. 2). The as-sprayed AWC coating presented
a highly defective microstructure with unmelted or partially
melted particles, globular pores and cracks, even if the adhe-
sion between coating and substrate did not show substantial
flaws. The defected microstructure was not only related to
the characteristic features of the plasma spray process but
also due to non-optimal powder feedstock of these novel non-
commercial powders. Nevertheless, the coatings allowed for
critical assessment of the bioactive performance. During the
thermal treatments sintering occurred, since the pores were
rounded, the boundaries intersplats disappeared and a lot of
cracks were closed, but the crystallisation process overlapped
the sintering strongly limiting the benefit (Fig. 3). The surface
roughness of the as-sprayed AWC coating was high because
of both the coarseness of the starting powders of the feedstock
and the bad flattening of the coarse glass droplets, phenom-
ena already reported in previous works.[e.g. 38] The surface
roughness was not changed after the thermal treatments: this
was probably due both to the viscosity of the glass that was
not low enough at the treatment temperatures and the above
mentioned overlapping of the sintering and the crystallisation
phenomena. The interfaces between thermally treated coatings

and substrates were quite good, except for the thermally treated
AWC at 950 °C for 1 h, due to a TiO; interlayer formed; the oxi-
dation of the substrate was due to the porosity and to cracks of
the glass coatings which allowed oxygen to reach the substrate
before closing. This caused a significant cracking at the interface
(Fig. 4). Crystallisation took place all along the coating thickness
during thermal treatments: there were areas much more crys-
tallised than other ones. The XRD results are reported in Table 3.
The as-sprayed AWC coating was glassy, as expected: in fact
previous studies about plasma-sprayed glass coatings demon-
strated this phenomena.[e.g. 39] After the thermal treatment at
800 °C for 1 h, traces of oxyapatite crystals (JCPDS 89-6495),
labelled as OHA, could be detected (Table 3), even if the crystals
could not be clearly observed in SEM cross-sections (Fig. 3A).
After the thermal treatment at 825 °C on AWC coating, diop-
side crystals (JCPDS 17-0318), labelled as D, started to appear.
The thermally treated AWC coating at 850 °C for 1 h (Fig. 3B)
was quite similar to that treated at 825 °C, since OHA and D
crystals were both detected. The wollastonite crystals (JCPDS
42-0550), labelled as W, appeared after the thermal treatment at
900 °C (Fig. 3C) and the peaks of D decreased. After the thermal
treatment at 950 °C (Fig. 3D) the peaks of W increased and the
peaks of D decreased, as reported in Table 3.

The AWC thermally treated at 900 °C for 1 h was the best
compromise to have an apatite/wollastonite glass—ceramic with
a good microstructure.

The AWC as-sprayed and thermally treated at 900 °C for
1 h were therefore characterised after the in vitro test to com-
pare the bioactivity of the coatings in SBF (Tables 4 and 5, as
described in details in the following paragraph). Moreover, a
thermally treated AWC coating at 800 °C for 1 h was soaked in
SBF, to compare the bioactivity in relation with the different
temperatures of the thermal treatments.

The as-sprayed AWP coating had an average thickness of
about 110 pm and presented a defective microstructure with a
weak interface with the substrate and a lot of pores (Fig. 5). The
as-sprayed AWP coating was partially crystallised with crystals
of oxyapatite, labelled OHA, (JCPDS 89-6495) and wollas-
tonite, labelled W, (JCPDS 42-0550), as reported in Table 6.
This result was unexpected because almost all the former stud-
ies on thermally sprayed glasses related a complete absence
of crystalline phases in the as-sprayed conditions, with the
only reported peaks belonging to unprocessed (unmelted) raw
materials from the glass powder manufacturing®®3° or to a
specific set of spraying parameters in a DOE.*® The investi-
gation of this outcome is not the aim of this present study,
but further measurements will be carried out to better under-
stand the presence of devetrification in the as-sprayed AWP
sample.

The AWP coatings thermally treated at 900 °C for 1h did
not show a detectable change in roughness in comparison with
the as-sprayed AWP (Fig. 6). The XRD spectrum (Table 7)
showed the presence of OHA (JCPDS 89-6495), W (JCPDS
42-0550) crystals in the thermally treated AWP. The interface
was affected by a TiO, layer, due to the reaction between
oxygen and the Ti of the substrate, but delamination did not
occur.



V. Cannillo et al. / Journal of the European Ceramic Society 29 (2009) 1665-1677 1669

200.0pm

(©) (D)

20.0pm

Fig. 3. SEM cross-sections of thermally treated AWC: (A) at 800 °C, (B) at 850 °C, (C) at 900 °C and (D) at 950 °C.

Table 3

Crystalline phases found in the AWC coatings as-sprayed and after different thermal treatments at: 800 °C, 825 °C, 850 °C, 900 °C and 950 °C for 1 h.

Sample Glassy phase Oxyapatite (JCPDS 89-6495) Diopside (JCPDS 17-0318) Wollastonite (JCPDS 42-0550)
AWC as sprayed +++ None None None

AWC 800°C 1h ++ + None None

AWC 825°C 1h + ++ ++ None

AWC 850°C 1h None ++ + Traces

AWC900°C 1h None +++ Traces ++

AWC950°C 1h None +++ Traces +++

The AWP as-sprayed and thermally treated at 900 °C for 1 h

Table 4 . o S
were characterised after the in vitro test to compare the bioactiv-

Crystalline phases found in the AWC coatings as-sprayed before and after soak- . £ th . in SBE as d ibed in d 'lp in the followi

ing in SBF for 1, 2 and 5 weeks. ity of the coatings in , as described in details in the following
paragraph.

AWC as-sprayed in SBF  Glassy phase ~ Hydroxyapatite (JCPDS 73-1731)

0 week et None 3.3. Invitro tests and characterisation

1 week ++ +

2 weeks ++ ++ . . .

S weeks + - After the soaking of as-sprayed AWC coatings in SBF for

1 week, a thin layer of a bone-like apatite was observed by
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Table 5

Crystalline phases found in the thermally treated AWC coatings at 900 °C for 1 h, before and after soaking in SBF for 1, 2 and 5 weeks.

AWC thermally treated at 900 °C after soaking in SBF Glassy phase Oxyapatite (JCPDS 89-6495) Wollastonite (JCPDS 42-0550)
0 week None +++ ++
1 week None +++ ++
2 weeks None +++ ++
5 weeks None +++ ++

Fig. 4. SEM cross-sections of thermally treated AWC at 950 °C; a TiO; layer at
the substrate-coating interface caused by the surface oxidation of the titanium
alloy is clearly visible above the cracks running along the interface.

Fig. 5. SEM cross-section of as-sprayed AWP.

Table 6

Fig. 6. SEM cross-section of thermally treated AWP at 900 °C for 1 h.

SEM on the surface (Fig. 7A) and inside the pores of the coat-
ing connected to the surface (Fig. 7B). A small SiO»-rich layer
was present under the apatite layer, which increased in thick-
ness as a function of time of soaking (Fig. 7C). The Ca/P ratio
of the bone-like apatite layer was about 1.62 after 5 weeks of
soaking, as calculated from EDS spectrum (semi-quantitative
analysis in Fig. 8). The Ca/P ratio of a crystalline hydroxyap-
atite should be about 1.67, from ISO 13779-3 standard, which
is close to the Ca/P ratio found for the bone-like apatite layer
of the present study. The bone-like apatite layer after 5 weeks
of soaking in SBF was crystallised and the crystalline HCA
layer formed was nearly equivalent to biological apatite grown
in vivo. Fig. 7A illustrates that the interface between the underly-
ing coating and bone-like apatite layer was poor due to extensive
cracking all along it; besides, cracks perpendicular to the inter-
face were also present. Moreover, the preparation of the samples
for the SEM observations, i.e., mechanical polishing, may have
increased the cracks of the already damaged and quite brit-
tle apatite layer. The thickness of bone-like apatite layer was
quite constant with the time of soaking while the thickness of

Crystalline phases found in the as-sprayed AWP coatings before and after the immersion in SBF 1, 2 and 5 weeks.

AWP as-sprayed, after soaking in SBF Glassy phase Oxyapatite (JCPDS 89-6495)/hydroxyapatite Wollastonite (JCPDS 42-0550)
(JCPDS 73-1731)

0 week + + +++

1 week + + ++

2 weeks + ++ ++

5 weeks + ++ +
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Table 7
Crystalline phases found in the thermally treated AWP coatings at 900 °C for 1 h, before and after soaking in SBF for 1, 2 and 5 weeks.
AWP thermally treated at 900 °C, Glassy phase Oxyapatite (JCPDS 89-6495)/ Wollastonite
after soaking in SBF hydroxyapatite (JCPDS 73-1731) (JCPDS 42-0550)
0 week None ++ +++
1 week None ++ ++
2 weeks None ++ ++
5 weeks None +++ +

(A) (B)

‘ L ey Sy

Fig. 7. SEM cross-sections of AWC as-sprayed coating after soaking in SBF: (A) 1 week

Bone-like apatite

SiO,-rich layer
layer

Bone-like
apatite layer

PN
SiO;- rich layer

(©)

Bone-like apatite
layer
SiO;-rich layer

R 5 um.
: surface, (B) 1 week: surface connected pore and (C) 5 weeks.
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Fig. 8. SEM cross-section and EDS spectrum of AWC as-sprayed after soaking
5 weeks in SBF (spectrum 1: bone-like apatite layer, spectrum 4: SiO-rich
layer).

SiO;-rich layer increased, as shown in the graph in Fig. 9. In
the literature a similar behaviour is reported.*> Peitl et al.*!
studied the characteristic double layer formation on the surface
of a bioactive P,O5—Na; O—Ca0O-Si0; glass, including the net-
work dissolution of the glass, the silica-gel layer formation, the

[—+—Total - = si02-rich layer ---a--- Bone-like apatite laye]

18
16 -
14
12
10 -
8
6
4
2

Thickness (microns)

Time (weeks)

Fig. 9. Thickness of the bone-like apatite layer + SiO,-rich layer on AWC coat-
ings versus time of soaking in SBF.

‘—O—Si —-=—Ca ——Mg =P

Concentration (mM)

Time (weeks)

Fig. 10. Ion release of Si, Ca, Mg and P (mM) vs. time of solutions of AWC
as-sprayed soaked in SBF.

amorphous calcium phosphate precipitation and the HCA crys-
tallisation. Since the amorphous phase was predominant in the
A/W coating, the bioactivity mechanism was similar to that of
bioactive glasses.

Table 4 reports the XRD results of AWC as-sprayed before
and after the immersion in SBF. The as-sprayed AWC coating
was amorphous and after the first week of immersion in SBF the
hydroxyapatite (JCPDS 073-1731), labelled HA, was the main
phase detected on the surface of the sample. After the second and
the fifth week in SBF, the sample became less amorphous, with
an high level of HA crystals, corresponding to a formation of a
more crystallised bone-like apatite. Fig. 10 shows the changes
in calcium, phosphate, magnesium and silicon ion concentration
in SBF with immersion time of AWC as-sprayed coatings. The
level of magnesium ion concentration in SBF increased a little
in time, even if it remained quite constant at about 3 mM after
the first week of immersion. Also the silicon ion concentration
increased in time until the second week of soaking and then
remained constant at about 2.5 mM. A marked decrease in the
phosphorous ion concentration was observed in time, while the
calcium ion concentration first increased until the second week
of soaking and then decreased with time. The AWC as-sprayed
coatings released large amounts of calcium ions into the SBF
immediately after the immersion in SBF, reaching 14 mM of
concentration. From previous works, 1742 the release of calcium
ions from glass—ceramic A/W is expected, since on immersion
the calcium ions increase the degree of supersaturation of the sur-
rounding fluid with respect to apatite. Subsequently, the decrease
of calcium and phosphorous is correlated to the formation of the
bone-like apatite layer; in fact these ions supplied by the sur-
rounding SBF are necessary for the formation of the apatite
layer.

Evidence from the literature suggests that a biologically
active layer of hydroxycarbonate apatite (HCA) must be formed
on the surface of the implanted material; this is probably the
common feature of all bioactive materials known to date. The
ability of bioactive glasses to bond to bone tissue is a result
of their chemical reactivity in physiological media. The under-
lying bonding mechanism was first reported by Hench* and
involves different steps. In the AWC coating the first step of
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Fig. 11. pH measurements vs. time of solutions of AWC as-sprayed and ther-
mally treated at 900 °C for 1 h after soaking in SBF.

leaching through the exchange of protons from the physiolog-
ical medium with labile network-modifying ions such as Ca2*
and Mg”* went on until the second week of immersion in SBE.
The pH increased until 8.2 in the first 2 weeks of soaking,
due to the release of alkaline ions in the solution (Fig. 11).
This environment facilitated the dissolution of the network and
formation of additional silanol groups, as well as the loss of
soluble silica as Si(OH)4 that passed into the solution.® In fact
the silicon ion concentration increased with time (Fig. 10). The
silicate ions, with silanol group available for bonding, were
released from the glass and attached to a collodion film. These
groups were then able to combine with calcium ions to form
a calcium silicate. The calcium silicate reacted with the phos-
phate that was eventually transformed into a crystalline apatite
with a higher Ca/P ratio of 1.67—that of a bone-like apatite.
The dissolution of calcium might contribute to the formation
of apatite, while the dissolution of silicon provides favourable
sites for apatite nucleation, according to Kokubo’s study on
AW 14

After the thermal treatment at 900 °C for 1 h, the amorphous
AWC coating became a glass—ceramic coating with oxyapatite
and wollastonite crystals in the glassy matrix. The thermally
treated AWC at 900 °C showed better mechanical properties
with respect to the as-sprayed AWC coating: in fact the Vickers
microhardness of the thermally treated coating was higher, with
values around 420 HV op5 with respect to 350 HV¢ g25. After
the immersion in SBF for 1, 2 and 5 weeks, the thermally treated
AWC coatings did not show a bioactive behaviour. In fact even
after 5 weeks of immersion in SBF a bone-like apatite layer was
not detected on the surface of the samples by SEM (Fig. 12A).
The XRD spectrum (Table 5) confirmed that oxyapatite (OHA)
and wollastonite (W) crystals were present before and after the
soaking in SBF but apatite peaks were due only to the crystallisa-
tioninduced by the thermal treatment. The absence of a bone-like
apatite layer on the surface of the thermally treated AWC coat-
ings at 900 °C was probably due both to the thermal treatment
and to the composition of the glass—ceramic. In fact a previous
work®3 revealed that the bioactivity of glass—ceramics depends
mainly on the amount and the composition of the glassy phase
between the crystalline phases formed. Moreover, both Kitsugi
etal.!3 and Andersson et al.** demonstrated that glass—ceramics
containing Al O3 in the glassy matrix are not bioactive. Further-

(A)

| —1 1]V |] —

Bone-like apatite
layer

Fig. 12. SEM cross-sections of thermally treated AWC after 1 week of soaking
in SBF: (A) thermal treatment at 900 °C for 1 h and (B) thermal treatment at
800°C for 1 h.

more thermal treatments on plasma-sprayed bioactive coatings
of hydroxyapatite make the coatings not bioactive.*>

Fig. 13 shows the changes in calcium, phosphorous, magne-
sium and silicon ion concentration in SBF with immersion time
of AWC thermally treated coatings. The level of magnesium ion
concentration in SBF was constant at a value of about 2 mM.
The silicon ion concentration increased in time until the second
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Fig. 13. Ionrelease of Si, Ca, Mg and P (mM) vs. time of solutions of thermally
treated AWC at 900 °C for 1 h after soaking in SBF.
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week of soaking after that it stabilised at about 2 mM. The ion
concentration of calcium varied with time: initially it decreased
alittle, then increased until the second week of soaking, reaching
11 mM of concentration and finally, after 5 weeks of soaking,
reached about 2mM of concentration. The ion release of cal-
cium from the thermal treated AWC coating was always less
than the release from the as-sprayed one: in fact after 1 week
of soaking the calcium ion concentration was 3 mM instead of
7 mM of the as-sprayed AWC coating. During the heat-treatment
process, the concentrations of alkali and alkaline ions decreased
in the glassy matrix and this led to hinder the ion exchange
between the alkali ions from glass—ceramic samples and H*
or H30* from SBF solution, which could explain the absent
bioactivity of the glass—ceramics thermally treated at 900 °C.
The pH behaviour in Fig. 11 confirmed the results from ICP-
AES analysis. In fact the pH initially decreased a little, due to
the release of network-modifying ions such as Ca** and then
increased until the second week, corresponding to a possible
deposition of CaCQO3, since the concentration of Si, Mg, and P
ions was constant after the second week of soaking. The depo-
sition of CaCOj crystals was probably removed by the sample
water washing after each extraction, and therefore they were not
detected by the SEM.

Upon subjecting the amorphous AWC coating to a specific
thermal treatment at 800 °C for 1 h, few oxyapatite crystals were
present in a predominant glassy matrix. After the thermal treat-
ment at 800 °C only few oxyapatite crystals were present in the
coating with a predominant glassy matrix, while after the ther-
mal treatment at 900 °C the coating was mainly crystalline with
oxyapatite and wollastonite crystals (Table 3). The behaviour of
the AWC coating thermally treated at 800 °C for 1 h was com-
pletely different after soaking in SBF from the behaviour of the
AWC thermally treated at 900 °C for 1h: in fact a bone-like
apatite layer could be observed on the surface of the coatings
after 1 week of soaking from SEM cross-sections (Fig. 12B).

The bioactive mechanism of the as-sprayed and the thermally
treated at 800 °C coatings was the same, and similar to that
of bioactive glasses, since a bone-like apatite was present on
a SiOj-rich layer. Therefore, the as-sprayed and the thermally
treated at 800 °C AWC coatings were bioactive materials, while
the thermally treated AWC at 900 °C for 1 h seemed to be not
bioactive, at least in the first 5 weeks of soaking.

Therefore, an important result of this work is that the bioac-
tivity of the glass—ceramic A/W coatings depends on the amount
and on the composition of the glassy matrix between the crys-
talline phases formed, in particular on the molar percentage of
Al7O3. In fact the presence of Al,O3 in the AWC powder feed-
stock real composition was 1.86 mol%, that is higher than the
critical value of 1.7 mol%, reported by Ohtsuki et al.'®, which
inhibits the bioactivity of the A/W glass—ceramic. Moreover,
the thermal treatments decreased the bioactivity of the glassy
coatings and, in some cases and after specific heat treatments,
such as at 900 °C for the AWC coating, a bioactive glass can be
transformed into a inert glass—ceramic. At the same time, the
devetrification impoverish the matrix of Si, Ca and P ions, while
the concentration of aluminium ions in the matrix increases
because they do not take part into the crystallization process.

Bone-like apatite and
Si0,-rich layer

(A)

Bone-like apatite
layer

Fig. 14. SEM cross-sections of as-sprayed AWP after soaking in SBF: (A) after
2 weeks and (B) after 5 weeks.

With regard to the in vitro test on the AWP as-sprayed coat-
ings, after 2 weeks of soaking in SBF a bone-like apatite layer
was formed on the surface, onto a SiO,-rich layer (Fig. 14A).
The bioactive mechanism, analogous to that of AWC as-sprayed
coatings, was the same of bioactive glasses, as reported in the
literature.*> Karlsson et al.*® concluded that for glass to be
bioactive, it must form a surface layer of amorphous silica.
After the immersion of the as-sprayed AWP in SBF the peaks
of apatite increased, while the peaks of wollastonite decreased
with time of soaking, coherently with the growth of the bone-
like apatite. The bone-like apatite layer increased in time up to
5 weeks (Fig. 14B), even if the apatite layer was mixed with the
Si0O;-rich layer through the penetration of the surrounding SBF
fluid in the cracks and along the pores.

The pH behaviour (Fig. 15) showed that the pH increased
in time first and then decreased. Fig. 16 reports the changes in
calcium, phosphate, magnesium and silicon ion concentration
in SBF with immersion time for the AWP as-sprayed coating.
The level of calcium, silicon and magnesium ion concentration
in the SBF immediately increased after the first week of soak-
ing in SBF and a SiOj-rich layer was formed on the surface
of the coating. Hench reported the time-dependent changes of
only a single-phase amorphous or glassy material which involve
the release of Ca”*, Mg?* ion in the surrounding fluid and the
loss of soluble silica to the solution, resulting from the break-
ing of Si—O-Si bonds and the formation of Si—~OH (silanols) at
the glassy solution interface.* It has been demonstrated that the
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Fig. 15. pH measurements vs. time of solutions of as-sprayed AWP and ther-
mally treated at 900 °C for 1 h after soaking in SBF.

release of silicate ions has a role in the formation of the bone-like
apatite layer, since it provides favourable sites for nucleation of
apatite on the surface of the coating.*® After the second week
of soaking in SBF a marked decrease in both the calcium and
phosphate ion concentration was observed. Simultaneously with
this decrease there was the formation of bone-like apatite layer
onto the SiO;-rich layer, since the calcium and phosphate ion,
necessary for the formation of the apatite layer, were supplied
by the surrounding SBF.

After the immersion in SBF of the thermally treated AWP at
900 °C for 1 h, SiO;-rich areas were present inside the coating
and not only on the surface (Fig. 17A). Only after 5 weeks of
soaking a little bone-like apatite layer was visible in SEM cross-
section (Fig. 17B). The XRD spectrum (Table 7) confirmed that
after 5 weeks of soaking there was an increase in apatite peaks
and a decrease in wollastonite peaks. The pH behaviour (Fig. 15
as well) showed that the pH increased in time first and then
decreased. Fig. 18 shows the changes in calcium, phosphate,
magnesium and silicon ion concentration in SBF with immer-
sion time for the AWP thermally treated coating. The level of
calcium, silicon and magnesium ion concentration in the SBF
immediately increased after the first week of soaking in SBF.
The initial increase in Ca>* concentration might be explained
by the dissolution process that released Ca* into the solution,
while the subsequent decrease in Ca2* concentration could be
associated with the apatite precipitation process that consumed
Ca®* in the solution. The ion release was similar to that of AWP
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Fig. 16. Ion release of Si, Ca, Mg and P (mM) vs. time of solutions of AWP
as-sprayed after soaking in SBE.
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SiO;-rich areas,

Fig. 17. SEM cross-sections of thermally treated AWP at 900 °C for 1 h after
soaking in SBF: (A) after 2 weeks and (B) after 5 weeks.

as-sprayed coating in SBF (Fig. 16), even if the apatite layer
could be detected by SEM only after the fifth week.

The glass—ceramic AWP thermally treated at 900 °C was a
moderately bioactive coating since after 5 weeks in SBF a lit-
tle bone-like apatite layer was visible and some SiO;-rich area
were present inside the coatings. The crystallisation in the AWP
glassy coatings did not inhibit the bone-like apatite formation
during in vitro tests. The bioactive mechanism of the as-sprayed
and the thermally treated AWP coatings at 900 °C was simi-
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Fig. 18. Ion release of Si, Ca, Mg and P(mM) vs. time of solutions of thermally
treated AWP after soaking in SBE.
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lar, with a formation of a SiO,-rich areas inside the coating.
The thermal treatments decreased the bioactive behaviour of the
plasma-sprayed biocoatings: in fact the as-sprayed AWP coat-
ing was more bioactive in comparison with the thermally treated
AWP, since in the last one the bone-like apatite layer appeared
only after the fifth week in SBF.

The composition and the amount of glassy matrix between
the crystalline phases formed mainly influenced the bioactivity
of the glass—ceramic AWP coatings, as for AWC coatings. The
smaller amount of Al,Os3 in the glassy matrix ensured the bioac-
tivity of the thermally treated AWP glass—ceramic. In fact the
thermally treated AWP coatings, at the same temperature of the
AWC coatings at 900 °C for 1 h, showed a bioactive behaviour.
This was due to the different amount of Al,O3 in the compo-
sition: 1.86 mol% for the powder feedstock of AWC coatings
and 0.19 mol% for the powder feedstock of AWP coatings. This
confirms the Ohtsuki work'® about the maximum molar percent-
age of Al,O3, of 1.7 mol%, to ensure the bioactivity of the A/W
glass—ceramic. Moreover, the presence of Al,O3 in the glassy
matrix could have played a major role also in the change of the
bioactive mechanism: in fact in the AWC coating, with a higher
concentration of Al,O3 in the composition, the bone-like apatite
laid onto a SiO,-rich layer while in the AWP coating, with a neg-
ligible amount of Al,O3 in the composition, the bone-like apatite
and the SiO,-rich layers grew together.

4. Conclusions

Bioactivity of plasma-sprayed A/W glass coatings, based on
Kokubo A/W composition with different raw materials, indus-
trial (AWC) and high quality (AWP), was investigated.

The as-sprayed and thermally treated coatings were carefully
characterised, before and after in vitro tests in SBF for 1, 2 and
5 weeks of soaking.

The as-sprayed AWC and AWP coatings, before thermal
treatments, were able to induce the formation of a bone-like
apatite onto a SiO;-rich layer after the soaking in SBF.

The thermal treatments decreased the bioactivity of the coat-
ings and, after specific treatments, some bioactive materials
were transformed into inert materials. In particular, the post-heat
treatments at 900 °C for 1h on the as-sprayed AWC and AWP
coatings, in order to enhance the microstructure and induce the
crystallisation of oxyapatite and wollastonite phases, showed a
negative effect on the bioactivity behaviour of the glass—ceramic
samples. The thermally treated AWC at 900 °C did not form a
bone-like apatite layer on the surface after 5 weeks of soaking
in SBF, while the thermally treated AWP was able to form an
apatite layer only after 5 weeks in SBF.

The main difference in the bioactivity behaviour of thermally
treated AWC and AWP coatings at 900 °C for 1h could be
attributed to the different amount of the Al,O3 in the compo-
sition. In fact small changes in the amount of Al,O3 resulted
in significant changes in the bioactivity behaviour of the par-
tially or fully crystallised samples in SBF. As a matter of fact,
the thermally treated AWP, with a smaller amount of Al,Os3 in
the glassy matrix, was moderately bioactive while the thermally
treated AWC at the same temperature (900 °C for 1 h), with a

higher amount of Al;O3 in the glassy matrix, was not bioactive
at least in the first 5 weeks of soaking.

Upon subjecting the AWC coating to a thermal treatment at
800 °C for 1 h, only few crystalline phases of oxyapatite crystals
were detected with XRD. The thermally treated AWC at 800 °C
was bioactive, since a bone-like apatite was visible after the first
week in SBF. The bioactivity behaviour of the thermally treated
AWC coatings at 800 °C could be attributed to the larger amount
of the glassy matrix with respect to the thermally treated AWC
coatings at 900 °C.

Overall, the results of the present bioactivity study demon-
strated that the as-sprayed AWC and AWP coatings were
bioactive materials and the bioactive mechanism of these as-
sprayed coatings was similar to that of bioactive glasses as
proposed by Hench. Moreover, the bioactivity of the AWC
and AWP glass—ceramic coatings depended mainly on the
amount of the glassy matrix and the amount of Al,O3 in the
composition.

The prospects for utilisation of the AWC and AWP coatings
on titanium alloy implants, especially for load bearing applica-
tions, are promising.
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