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bstract

his research describes the preparation, characterisation and in vitro behavior of a bioactive glass ceramic containing 44.8 wt% apatite, 28.0 wt%
ollastonite-2 M and 27.2 wt% of amorphous phase. The biomaterial was obtained by a specific thermal cycle process that caused the devitrification
f the Ca3(PO4)2–CaSiO3 binary system’s stoichiometric eutectic composition. Overall, the material combines the properties of a resorbable Si–Ca-
ich glass, in addition to bioactive properties of wollastonite and apatite phases. The bioactivity of this material was studied by soaking the samples
n a simulated body fluid (SFB) for 3, 7, 14 and 21 days at 36.5 ◦C. During the soaking, the amorphous phase and also wollastonite-2 M phase
nderwent steady dissolution by releasing Si and Ca ions into the SBF medium. After 7 days, a porous hydroxy-carbonate apatite (HCA) layer

as formed at the SBF–glass ceramic interface. The micro-nanostructured apatite–wollastonite-2 M glass ceramics with improved mechanical
roperties, in comparison with the parent glass, could serve as a promising platform for hard tissue regeneration.

2011 Elsevier Ltd. All rights reserved.

eywords: Simulated body fluid; Glass ceramics; Apatite; Wollastonite-2 M; Biomedical applications
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. Introduction

A series of calcium phosphate based biomaterials have been
eveloped for hard tissue repair because of their excellent bio-
ompatibility and osteoconductivity.1–3 One of the most widely
sed synthetic calcium phosphate ceramics is hydroxyapatite
HA) due to its chemical similarity to the inorganic component
f hard tisuses.3In the last two decades, calcium silicate based
ioceramics have been studied as potential substitutes for hard
issue, because of their superior bioactivity compared to HA.4

his property is attributed to the presence of silicon, which plays
n essential role in the metabolic events that induce a new bone
ormation.5–8

Wollastonite-2 M and pseudowollastonite (low and high
emperature forms of wollastonite, respectively) are the most

ommon calcium silicate biomaterials proposed for bone tissue
egeneration.9 Major drawback of the CaSiO3 bioceramics is
heir relatively fast dissolution rate that could comprise their

∗ Corresponding author. Tel.: +34 91 735 58 64; fax: +34 91 735 58 43.
E-mail address: aaza@icv.csic.es (A.H. De Aza).
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echanical strength. In addition, the pH of the surrounding
edium significantly increases10 which could affect the osseoin-

egration of the substitute material within the natural bone.11

he problem can potentially be solved by developing multiphase
aterials containing highly dissolvable phases like wollastonite

n one hand and stable phases like HA on the other.
Kokubo et al.12 were the first to develop A/W glass ceramic,

omposed of apatite and wollastonite crystalline phases in
glassy matrix. This bioceramic is highly bioactive and

lso mechanically strong in comparison to other glasses and
lass-ceramics, because of wollastonite and apatite crystals’
resence.12

The A/W glass-ceramic has been used in some medical appli-
ations, either in a powder form as bone filler or as a bulk
aterial. These materials are currently manufactured by the

owder processing methods, providing a uniform crystallisa-
ion of apatite and wollastonite phases in the glassy matrix, as
he crystallisation of the parent glass in a bulk form leads to the
ppearance of large cracks.13
Other manufacturing methods have also been conducted in
rder to avoid milling the samples before the heat treatment
pplication. Unfortunately, in some cases the final materials

dx.doi.org/10.1016/j.jeurceramsoc.2011.03.007
mailto:aaza@icv.csic.es
dx.doi.org/10.1016/j.jeurceramsoc.2011.03.007
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ere non-bioactive when exposed to SBF.14 In other cases, an
dditional crystalline phase, akermanite15 was formed.

In our previous studies,16,17 the mechanism of the crystalli-
ation of the wollastonite (CaSiO3, W)–tricalcium phosphate
Ca3(PO4)2, TCP) eutectic glass was determined. In view of
hese findings, it was possible to design a series of heat treatment
chedules and manufacture a wide range of bioglass ceramics
ontaining various crystalline phases composed of phosphorous,
ilicon and calcium.

In this study, a specific heat treatment procedure is described,
hich allows manufacturing the glass ceramic composed of
4.8 wt% apatite, 28.0 wt% wollastonite-2 M and 27.2 wt% of
n amorphous phase. As a starting material, the bulk eutectic
lass composition was used, based on the W–TCP binary phase
iagram.18

The bioactivity of the glass ceramic was assessed by immer-
ion in a simulated body fluid (SBF) for 3, 7, 14, and 21 days.
uring the exposure to SBF, the solutions were examined for

hanges in Ca, Si, and P ions’ concentrations, using inductively
oupled plasma atomic emission spectroscopy (ICP-AES). The
H fluctuations of the SBF solutions were also recorded.

The morphological and chemical changes, which took place
n the surfaces of the specimens and within the specimens,
ere examined by scanning (SEM) and transmission electron
icroscopy (TEM) methods, including energy dispersive X-ray

pectroscopy (EDS).

. Materials and methods

The binary system W–TCP shows a eutectic invariant point
t 1402 ± 2 ◦C.18 In the present work, a glass with eutectic com-
osition corresponding to 60 wt% W–40 wt% TCP was chosen,
s it represents the lowest melting temperature composition of
he system.18

The chemicals used for the synthesis of the eutectic glass
ere reagent-grade calcium carbonate (CaCO3, Merck, Darm-

tadt, Germany), high-purity amorphous silica (99.7 wt%, Strem
hemicals, USA) and high-purity synthetic Ca3(PO4)2, which
haracteristics were reported previously.17

The mixed powders were melted for 30 min in a Pt-10 wt%
h crucible at 1600 ◦C. This process allowed obtaining a fused
aterial with sufficiently low viscosity to be poured out onto a
arm metal plate, avoiding at the same time any possibility of
evitrification. Next, taking into account the dilatometric data17

he glassy block was annealed at 795 ◦C and then slowly cooled
own to room temperature in order to eliminate the stress formed
uring the cooling process.

.1. Apatite–wollastonite glass ceramic preparation

Apatite–wollastonite 2 M glass ceramic was obtained from
he bulk eutectic glass composition through an appropriate ther-

al treatment of the eutectic composition of the W–TCP binary

ystem.

In previous research,16,17 the range of temperatures to pro-
uce a glass ceramics containing apatite–wollastonite 2 M
hases was established. Based on this information, the eutec-

o
s
t
o
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ic glass was treated at 820 ◦C for 2 h, heated up to 1100 ◦C for
h and then cooled to room temperature at 5 ◦C min−1.

The final specimens were cut into pieces of
1.6 mm × 5.7 mm × 8.6 mm dimensions using low speed saw

Buehler, Lake Bluff, IL).

.2. Characterisation of the apatite–wollastonite glass
eramic and parent glass

.2.1. Phase identification and quantitative analysis
Glass and glass ceramic samples were characterised by pow-

er X-ray diffraction (XRD) at room temperature. The samples
ere ground to powder with an average size below 63 �m and
RD patterns were recorded on a Siemens D5000 automated
iffractometer (Karlsruhe, Germany) using CuK�1,2 radiation
1.5418 Å) and a secondary curved graphite monochromator.
ata were collected in the Bragg–Brentano (θ/2θ) vertical geom-

try (flat reflection mode) between 2◦ and 70◦ (2θ) in 0.05◦ steps,
ounting for 5 s per step.

The quantitative analysis of the phases present in the glass
eramic (including the amorphous content) was performed by
he Rietveld method.19 Therefore, the sample was milled and
hen mixed with CaF2 as internal standard. The final mix-
ure contained 70.0 wt% glass-ceramic and 30.0 wt% CaF2. The
nalysed pattern was recorded in a more precise way (0.03◦
teps, counting 20 s per step).

All samples were rotated at 0.25 s−1 during acquisition of
atterns in order to improve powder averaging, which is essen-
ial with a view to obtaining accurate intensities and hence
hase analyses. The diffractometer optic was a system of pri-
ary Soller foils between the X-ray tube and the fixed aperture

lit. One scattered radiation slit of 1 mm (2 mm for Rietveld
nalyses) was placed behind the sample, followed by a system
f secondary Soller slits and a detector slit of 0.1 mm (0.2 mm
or Rietveld analyses). The X-ray tube was operated at 40 kV at
0 mA. The EVA-version 6.0 Diffrac plus software (Bruker AXS
mbH, Karlsruhe, Germany) was used to evaluate the patterns

nd GSAS (General Structure Analysis System) suite program20

as used to refine the powder pattern.

.2.2. Microstructural studies
The microstructure of the glass and glass ceramic samples

ere studied via field emission scanning electron microscopy
SEM, Hitachi-S4700, Tokyo, Japan). Additional studies were
arried out by transmission electron microscopy (TEM, Jeol Jem
010 at 200 keV, fitted with LaB6 filament).

For examination on the SEM, the glass ceramic samples were
ounted in an epoxy resin and polished down to 1 �m grade.
cerium suspension was used in the final preparation, when-

ver appropriate. Samples were chemically etched with 5 vol.%
cetic acid for 1 s.

The samples for the TEM were initially prethinned and then
ttached to the 3 mm TEM hole grids for final ion beam thinning

n Precision Ion Polishing System, (Gatan Inc, USA), until a
mall perforation developed, using 5 kV argon ion beam. The
hin sections were then coated with a thin layer of carbon and
bserved in TEM.
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GSAS program. The crystal structure used to fit the
apatite phase was previously reported by R.M. Wilson as
Ca9.303(PO4)6(OH)0.6061.97(H2O),27,28 whereas data for wol-
M. Magallanes-Perdomo et al. / Journal of the

.2.3. Chemical analysis
The eutectic glass ceramic was analyzed by X-ray fluo-

escence analysis (XRF) to verify the stoichiometric eutectic
omposition of the sample. A MagiX Super Q Version 3.0
hillips X-ray fluorescence spectrometer (Philips, Netherlands)
as used. This spectrometer is equipped with IQ+ analytical

oftware used for qualitative and semiquantitative analysis. Cal-
bration curves were fitted from the certified standards consisted
f natural and synthetic calcium phosphates and calcium sili-
ates.

For X-ray fluorescence analysis, the glass ceramic samples
nd standards were prepared as glass beads by lithium tetrab-
rate fusion in a Perl’x2 machine (Philips, Netherlands). The
owdered sample (0.3 g) and the flux (5.5 g of Li2B4O7) were
ixed and heated in a Pt-5 wt% Au crucible at 1100 ◦C. The
olten mixture was cast as amorphous glass bead suitable for

nalysis.

.3. Properties of the apatite–wollastonite glass ceramic

.3.1. Bioactivity in static simulated body fluid (in vitro
est)

The static simulated body fluid in vitro test was carried out
y the procedure established by Kokubo in 1991.21 In this work,
corrected SBF solution was used, which contained similar

uantity of SO4
2− ions as human blood plasma.

Samples of the glass ceramic were placed onto a plastic sup-
ort and then in a plastic bottle containing calculated volume of
BF, following Eq. (1):

s = Sa

10
(1)

here Vs is the volume of SBF (ml) and Sa is the apparent surface
rea of specimen (mm2).

The samples were then immersed in SBF and kept at 36.5 ◦C
n the incubator for different periods of time (3, 7, 14 and 21
ays).

After the exposure to the SBF, the microstructure of the
urfaces and cross sections were studied by scanning electron
icroscopy using a Hitachi-S4700 (Tokyo, Japan) fitted with

nergy dispersive X-ray spectrometer. To study the cross sec-
ions of the samples these were cut with the previous mentioned
ow speed saw and then embedded in epoxy resin under vacuum.
he samples were polished down to 1 �m diamond paste and
arbon coated for SEM examination and EDS-microanalysis.
urther, the products of the surface reaction were carefully
emoved using a razor blade and powdered in an agate mor-
ar using alcohol and then placed on a carbon coated copper
EM grids for characterisation by TEM.

The changes in the concentration of Ca, Si and P ions in the
BF solutions were examined using inductively coupled plasma
tomic emission spectroscopy (ICP-AES, Jarrel Ash Iris Advan-
age) (California, USA), while the pH fluctuations of the SBF

olutions were also recorded using an ion-sensitive field effect
ransistor Hanna-HI4212 (Bedfordshire, UK).

To support the reaction mechanism between wollastonite-2 M
CaSiO3) and SBF, thermodynamic calculations were performed

F
s
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sing the HSC computation package (HSC Chemistry®)22 that
ffers an exhaustive thermochemical database that includes
nthalpy (H), entropy (S) and heat capacity (C) data for chemical
ompounds.

. Results

.1. Glass

The eutectic composition was completely melted at 1600 ◦C
fter 30 min and the melt was easily cast, resulting in a homoge-
eous, transparent and colourless glass. Neither cracks nor other
efects were detected in the glass samples.

.1.1. XRD and TEM analyses
The 795 ◦C/19 min annealed stress-free glass was amor-

hous with no crystalline phases present, as confirmed by X-ray
iffraction (Fig. 1A). The amorphous XRD pattern registered
nly one broad peak (centre: ca. 30◦, 2θ), which is a character-
stic feature of alkaline earth silicophosphate glasses.23–26,14

Any evidence of phase separation or crystalline nuclei pres-
nce was examined by high resolution TEM method (Fig. 1B
nd C).

.2. Glass-ceramic

X-ray fluorescence chemical analysis (Table 1) showed that
he glass ceramic samples retained the stoichiometric eutectic
omposition, with no loss of any volatile component and that
he level of the impurities was negligible.

.2.1. XRD–Rietveld analysis
The XRD powder pattern of the glass ceramic (Fig. 2)

howed the presence of apatite and wollastonite-2 M. The
attern was evaluated by Rieltveld method using the
ig. 1. (A) X-ray diffraction pattern of the glass after annealing. (B) Transmis-
ion electron microscopy micrograph and (C) SAD of the glass after annealing.



1552 M. Magallanes-Perdomo et al. / Journal of the European Ceramic Society 31 (2011) 1549–1561

Table 1
X-ray fluorescence analysis of the eutectic W–TCP glass ceramic.

W–TCP CaO SiO2 P2O5 MgO Na2O K2O Fe2O3 MnO TiO2

Glass-ceramic 50.7(1) 30.7(3) 18.5(2) 0.10(1) 0.054(2) 0.001(3) 0.036(3) 0.005(1) 0.012(3)
Theoretical 50.7 31.0 18.3 – – – – – –

The uncertainties of the last digit are given in parentheses.

Table 2
Phase composition and lattice parameters for the crystalline phases. Results obtained by Rietveld quantitative amorphous content analysis (RQACA).

%wt. Lattice parameters

a b c alpha beta gamma

Apatite 44.8(7) 9.452(6) 9.452(6) 6.960(7) 90 90 120
Wollastonite 28.0(8) 15.428(4) 7.330(6) 7.051(9) 90 95.394 90
Amorphous 27.2(5) – –

Fig. 2. X-ray diffraction pattern of the glass ceramic.
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and 20 nm in diameter. The wollastonite particles display twin
contrast,32 demonstrated by the banding of different spacing as

F
h

astonite was reported by F. Jr. Trojer as Ca(SiO3).29,30 The
alculated fit parameters (Rwp and RF) were less than 10%, indi-
ating good and reliable match.31 The results of the Rietveld

uantitative amorphous content analysis (RQACA) are sum-
arised in Table 2. s

ig. 3. Polished and chemically etched surface of the glass ceramic. Sample fired at
omogeneous microstructure formed by nanocrystals of apatite, wollastonite-2 M and
– – – –

.2.2. SEM and TEM studies
The microstructure of the glass ceramic as examined by

EM/EDS is shown in Fig. 3. The sample after chemical etching
Fig. 3A), disclosed microstructure features of micron to submi-
ron size. The material was dense, homogeneous and composed
f domains of around 2 �m in diameter, formed by a continu-
us interlocked residual calcium silicon phosphate amorphous
hase (light gray phase) that encloses a homogeneous mixture
f apatite (the dissolved phase by the chemical etching) and
ollastonite-2 M crystals in the range of ∼20–50 nm in diameter

Fig. 3B).
Fig. 4 shows a transmission electron micrograph of the glass

eramic. Three different regions were distinguished. Selected
rea diffraction (SAD) patterns indicated that these regions
ere mainly composed of glass (Zone 1), apatite (Zone 2) and
ollastonite-2 M (Zone 3). The latter phase showed a typical
brous shape.

A magnified image of Zone 3 (Fig. 4) is presented in Fig. 5.
his region contains nano-crystals of apatite and wollastonite-
M of oval shape, in the range of about 20–50 nm in length
hown in Fig. 5C (inside the black circle).

820 ◦C for 2 h, and then heated up to 1100 ◦C for 1 h. This sample presents a
a residual amorphous phase.
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Fig. 4. Transmission electron micrograph of the glass ceramic. Zone 1: am

.2.3. In vitro bioactivity studies
The experimental variation in calcium, silicon and phospho-

us ions concentrations in the SBF at 36.5 ◦C after the glass
eramic samples were soaked over 21 days period is presented
n Fig. 6. The initial concentration of the SBF solution is also

ncluded for comparison.

The pH within the average SBF solution increased from
.40 ± 0.02 to 7.50 ± 0.05 after 3 days exposure and remained

t
i
a

ig. 5. (A) Detail of Zone 3 of Fig. 4. (B) SAD. (C) Magnified image of Zone A, sh
atter phase displaying twin contrast.
ous phase, Zone 2: apatite phase, Zone 3: mainly wollastonite-2 M phase.

lmost constant during the rest of the monitoring period of 3
eeks.
SEM micrographs and EDS-microanalysis of the specimens’

urface after the immersion for different periods of time in SBF
re shown in Fig. 7. Fig. 7A–D presents EDS microanalysis

aken from surfaces of the samples soaked for 3, 7, 14 and 21 days
n SBF solution. The visible cracks displayed in some images
re artifacts caused by the drying process of the specimen in air.

owing nearly ellipsoidal nanocrystals of apatite and wollastonite-2 M and the
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ig. 6. Changes in calcium (Ca), phosphorus (P) and silicon (Si) ion concentrati
he initial value.

The Fig. 7A showed a selective dissolution, mainly of the
ontinuous interlocked residual amorphous phase at the grain
oundaries after 3 days in SBF. A discontinuous layer with some
ano-size aggregates of the bone-like apatite and pores, formed
n the surface after 7 days of soaking in SBF, is shown in Fig. 7B.

A continuous layer covering the surface of the sample was
bserved after 14 and 21 days of soaking, Fig. 7C and D.
his layer was composed of crystals with plate-like morphol-
gy, which grain size increased with the immersion time. The
EM/EDS microanalysis showed that the newly formed apatite

ayer contained mainly Ca, P and small amount of Si (Fig. 7C
nd D), with a Ca/P ratio ≈1.66 ± 0.03 after 21 days of soaking.
lso, some Mg, K and Na elements coming from the SBF were
etected in the EDS spectra.

The SEM micrographs of the cross sections of the glass
eramic specimens, after soaking for 3, 7, 14 and 21 days
t 36.5 ◦C in SBF revealed the microstructure of the glass
eramic/SBF interfaces (Fig. 8A–D). Fig. 8A and B shows a
orous layer of reaction products developed after 3 and 7 days
f soaking, respectively. The Zone 1, about 10 �m thick, of the
ample immersed for 3 days in SBF (Fig. 8A) was composed on
verage of 28.90 at% Si, 20.81 at% P, 50.29 at% Ca, and had Ca
nd Si quantities lower than the original specimen (30.76 at%
i, 15.39 at% P, 53.85 at% Ca). A similar trend was observed in

he sample soaked for 7 days; however, the reaction Zone 1 was
ignificantly thicker, measuring about 15 �m (Fig. 8B).

For the specimens soaked in SBF for 14 and 21 days, the

icrostructural study revealed the formation of two well-defined

uccessive layers at the interface. A massive formation of a new
ydroxy-carbonate apatite (HCA) layer was observed at the SBF

p
g
o
T

th soaking time in SBF during in vitro test. The line denoted as SBF, represents

nterface with the sample (Ca/P = 1.66–1.68). Adjacent to the
CA layer a porous structure developed parallel to the interface

20.98 at% Si, 28.47 at% P, 50.55 at% Ca), which formed by
issolution of the wollastonite-2 M grains and the continuous
nterlocked residual amorphous phase (Fig. 8C and D).

Overall, the microstructures revealed the formation of suc-
essive reaction layers at the SBF interface. Changes in the
lemental concentration observed across the glass ceramic–SBF
nterface are shown in Fig. 9.

It was found that the porous reaction layer increased up to
bout 15 �m thickness within the first 7 days of exposure to
BF, while the HCA layer reached about 4 �m thickness after
1 days Fig. 10.

TEM microscopy was used to examine the ultrastructure of
he surface product formed after soaking of the glass ceramic in
BF (Fig. 11). The results showed the presence of nanocrystals
ith a plate-like morphology, mainly composed of Ca and P. In

ddition, amorphous silica was identified in a specimen exposed
o SBF for 7 days (Fig. 12).

. Discussion

The parent glass obtained after the annealing treatment was
ree of any crystalline phase, as observed by TEM (Fig. 1B
nd C). This result agrees with the average pattern obtained
rom XRD (Fig. 1A), which showed the presence of amor-

hous material.The glass ceramic obtained from the parent
lass contained ∼72.8 wt% of crystalline phases, composed
f apatite (44.8(7) wt%) and wollastonite-2 M (28.0(8) wt%),
able 2, hence the apatite constituted the main phase in
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ig. 7. Scanning electron micrograph of the sample surface of glass-ceramic af

he glass ceramic. The lattice parameters (a = b and c) cal-
ulated for this phase were slightly higher than the ones
eported in the literature for stoichiometric hydroxyapatite
nd calcium deficient apatite (Table 3). These small differ-
nces may be caused by replacement of some [PO4] groups
y [SiO4] groups in the hydroxyapatite framework, forming a

ilicate-substituted calcium deficient hydroxyapatite Si-HAdCa
Ca9(HPO4)(PO4)5−y(SiO4)y(OH)1−y�y). The ionic radius of
i4+ (0.42 Å) is larger than the one of P5+ (0.35 Å), which is

w
fi
a

able 3
attice parameters of pure hydroxyapatite and Ca-deficient apatite as reported in the

Lattice parameters

a b

ydroxyapatite33 9.413 9.413
a-deficient apatite28 9.440(1) 9.440(1)
posure to SBF in vitro test. (A) 3 days, (B) 7 days, (C) 14 days, (D) 21 days.

n agreement with the observed increase in lattice constants for
i-HAdCa.34,35

As determined by SEM/EDS, the material presents a
ense and homogeneous microstructure composed of domains
f around 2 �m in diameter, formed by a residual amor-
hous phase that enclosed a mixture of nanosized apatite and

ollastonite-2 M crystals (Fig. 3). TEM/EDS analyses con-
rmed that this nanostructure was formed from ellipsoidal
patite and wollastonite-2 M nanoparticles in the range of about

literature.

c alpha beta gamma

6.875 90 90 120
6.879(2) 90 90 120
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ig. 8. Scanning electron micrographs and EDS microanalysis of a cross sectio
nd (D) 21 days.

0–50 nm in length and 20 nm in diameter (Fig. 5). This micro-
anostructure should improve mechanical properties of the
aterial in comparison with the parent glass. The preliminary
icro-hardness measurements showed that the micro-hardness

HV) of the glass-ceramic is HV = 6.5 ± 0.3 GPa, while a lower
alue of HV = 5.1 ± 0.4 GPa was recorded for the parent glass.36
.1. In vitro bioactivity studies

The recorded changes in the concentration of the different
ons within the SBF, Fig. 6, showed that during the first stage

r
c
i

the glass ceramic after soaking in SBF for (A) 3 days, (B) 7 days, (C) 14 days

f immersion the glass released Si and Ca ions. On the other
and, the concentration of silicon was increasing continuously
uring the in vitro experiment reaching 0.79 ± 0.03 mmol after
weeks.
It means that the phase or phases that were dissolving con-

ained high content of silicon; therefore these will be the Si-rich
esidual amorphous phase and/or the wollastonite-2 M. The
egradation of both phases led to the formation of a porous

eaction layer with residual apatite replacing the original glass
eramic at the surface (Figs. 7A and B and 8A and B). Dur-
ng the second stage of immersion between about 1 and 2



M. Magallanes-Perdomo et al. / Journal of the European Ceramic Society 31 (2011) 1549–1561 1557

tion o

w
t
c
a
c
0
l
o
o
h
l
i

F
a
p

E
f
t
p
t
p
i
g
r

Fig. 9. Scanning electron micrograph and EDS microanalysis of a cross sec

eeks, the concentration of Ca ions in the SBF decreased up
o 2.00 ± 0.05 mmol, due to the precipitation of a hydroxy-
arbonate apatite layer on the glass ceramic surface (Figs. 7C
nd D and 8C and D), after which the Ca content remained
onstant. The phosphorus concentration also decreased up to
.40 ± 0.05 mmol in the course of 2 weeks, and remained at this
evel afterwards. This decrease observed between 1 and 2 weeks
f exposure to SBF was more prominent due to the formation
f the HCA layer. During the first stages of the reaction, the

igh Ca concentration in the SBF solution, Fig. 6, enhanced the
ater nucleation of bone like apatite on the surface of the spec-
men, with high Ca/P ratio (1.5 ≤ Ca/P ≤ 1.67 by EDS). The

ig. 10. Evolution of the thickness of the porous reaction layer (with residual
patite from the glass ceramic) as a function of exposure time to SBF. The
recipitated HCA layer is also seen.
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f the glass-ceramic after soaking in SBF for (A) 14 days and (B) 21 days.

DS microanalyses presented in Fig. 7C and D provided data
or Ca/P ratio calculations for HCA as a function of soaking
ime. This information indicated that the new HCA phase was
recipitating on the surfaces of the specimens during soaking in
he SBF solution. The subsequent changes in the concentration
rofile observed along the glass ceramic–SBF interface (Fig. 9)
ndicated that calcium and silicon ions diffused from the bulk
lass ceramic to the SBF interface up to a distance of 15 �m,
elatively to phosphorus ions. The diffusion process of the ions
ook place through the pores of the porous reaction layer gener-
ted by the degradation of the Si-rich residual amorphous phase
nd the wollastonite-2 M phase at the glass ceramic/SBF inter-
ace (Figs. 8 and 9). This explains why after the 3 week period,
he Si content within the SBF was still increasing, Fig. 6.

Basically, the overall reaction can be summarised as follows:
he mechanism of the HCA layer formation on the surface of the
lass ceramic took place by interdiffusion and chemical reac-
ions of the main components of the SBF (H3O+, OH−– Ca2+,
PO4

2−) and the glass ceramic (Ca2+, HSiO3
− and HPO4

2−).
hese processes occurred firstly at the grain boundaries. In case
f longer reaction times, the diffusion process occurred inter-
ranular and the open porosity was generated within the material
uring the first stages of the process (Figs. 7A and B and 8A and
). Once the formation of the HCA layer was established the
arious ionic species diffused through this layer and the reaction
ontinued (Figs. 8C and D and 9).

The TEM/EDS results were essential in understanding these
rocesses. Fig. 11A shows a high magnification TEM image

f the removed reaction product from the glass ceramic sample
oaked in SBF for 3 days. Selected area diffraction in Fig. 11B
ndicated that these particles correspond to the starting material,
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Fig. 11. Transmission electron micrographs and SAD of the surface product from the glass ceramic sample soaked in SBF for different times. (A and B) 3 days, (C
a
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nd D) 7 days, (E and F) 14 days, (G and H) 21 days.

ince some diffraction spots correspond to the wollastonite-2 M.
n the other hand, Fig. 11G shows the microstructure of the

eaction surface product of the glass ceramic soaked in SBF for
1 days. The equivalent SAD in Fig. 11H clearly indicates on
preferential orientation of the HCA crystals in [0 0 2] direc-

ion. This observation agrees with the SEM results presented
n Fig. 7D, which demonstrates that the HCA layer contains
he interlocked particles of the plate-like morphology. A com-
arison with the SAD of the removed surface product from the
lass ceramic sample soaked in SBF for 14 days in Fig. 11F
ndicated that the amount of the HCA crystals was significantly

maller than in 21 days sample, because the (0 0 2) arc was less
rominent. Overall, these complementary TEM data confirmed
hat a quantity of a new HCA phase precipitated on the surfaces

i
f
7

f the specimens was a function of soaking time in the SBF
olution.

On the other hand, the reaction surface product from the glass
eramic sample soaked in SBF for 7 days was partially composed
f amorphous silica (Fig. 12). The presence of the amorphous
ilica layer, as reported in the scientific bibliography for this sort
f reactions,37–39 was not detected by the SEM/EDS studies of
he cross sections (Figs. 8 and 9), which indicates that the layer
as rather thin or discontinuous and only detectable by TEM,
hich operates at high resolution level.
When the glass ceramic is placed in contact with phys-
ological fluids, the pH variations are extremely important
or its biocompatibility. The pH variations of the SBF (from
.40 ± 0.02 to 7.50 ± 0.05) during the first 21 days of soak-
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ig. 12. Transmission electron micrograph and SAD of the surface product from
he glass ceramic sample surfaces soaked in SBF for 7 days.

ng are not significant. As reported elsewhere, at this pH range
he more stable calcium phosphate hydrate gave rise to calcium
eficient apatite (Ca10−x(HPO4)x(PO4)6−x(OH)2−x (0 < x < 1)
a/P = 1.5–1.67, pH 6.5–9.5).40

It is known that osteoblasts prefer moderately alkaline con-
itions (pH 7.5–8.0), and changes in pH could cause severe
amage to cells’ viability.41–43 However, the pH values recorded
or the glass ceramic was favorable. This was confirmed by
xperiments carried out on cell cultures using human bone mar-
ow stem cells.36

The results of this study showed that the mechanism of inter-
acial reaction between bioeutectic glass ceramic and SBF is in
greement with the surface reaction stages proposed by Cao and
ench44, specifically with the first five steps that involve surface
issolution and precipitation. The remaining stages described
y these researchers44 involve cells activity. The bioactive pro-
ess of the material developed in the present research starts with
wo simultaneous reactions (a) and (b); and can be described as
ollows:

(a) The SBF in contact with the glass ceramic reacts dissolving
the amorphous phase of the material:

Amorphous phase(s) + H2O(aq.) → Ca2+
(aq.)

+ HSiO3
−

(aq.) + HPO4
2−

(aq.) + OH−
(aq.) (2)

b) The wollastonite-2 M phase in contact with the SBF starts
to react via an ionic exchange of H+ and OH− from the
SBF for Ca2+ and silicate anions from the wollastonite-2 M
network according to the following reactions:

CaSiO3(2 M)(s) + H+
(aq.) → HSiO3

−
(aq.) + Ca2+

(aq.) (3)

(�G37 ◦C = −5.332 kcal; equilibrium constant at 37 ◦C
K = 5.718E+3; log K = 3.757)

− 2+
CaSiO3(2 M)(s) + OH (aq.) → Ca (aq.)

+ SiO3(OH)3−
(aq.) (4)

s
c
g

pean Ceramic Society 31 (2011) 1549–1561 1559

(�G37 ◦C = 7.843 kcal; equilibrium constant K at 37 ◦C
K = 2.969E−6; log K = −5.527)

CaSiO3(2 M)(s) + H2O(aq.) → Ca2+
(aq.) + HSiO3

−
(aq.)

+ OH−
(aq.) (5)

(�G37 ◦C = 13.997 kcal; equilibrium constant K at 37 ◦C
K = 1.368E−10; log K = −9.864)

CaSiO3(2 M)(s) + H2O(aq.) → Ca2+
(aq.) + SiO4

4−
(aq.)

+ 2H+
(aq.) (6)

(�G37 ◦C = 50.154 kcal; equilibrium constant at 37 ◦C
K = 4.523E−36; log K = −35.345)

The silicate anions can be produced according to reactions
(3) to (6). Reaction (3) has the lowest Gibbs free energy and
therefore is the most viable. According to the values of the
constant equilibrium the viability of the reactions will follow
the following order (3) > (4) > (5) > (6), being HSiO3

− (aq.)
and Ca2+ (aq.) the major ions.

(c) With the release of the calcium and phosphorous ions
from the wollastonite-2 M and the amorphous phase, many
Si–OH groups are formed on the surfaces of the glass
ceramic forming an amorphous silica rich phase. These
silanol groups could induce heterogeneous nucleation of
apatite. When the ionic activities in the SBF at the neigh-
bourhood of the reacting surface reach the solubility of the
carbonated apatites, this phase starts to precipitate onto the
glass ceramic surface, this process takes less than 7 days,
following this reaction:

(6 − x) HPO4
2−

(aq.) + xCO3
2−

(aq.) + 10 − x/2Ca2+
(aq.)

+ (8 + x)OH−
(aq.) → Ca10−x/2(PO4)6−x(CO3)x(OH)2(s

+ 6H2O(aq.) (7

For charge balance CO3
2− ions substituting PO4

3− yield
the loss of Ca2+ ions.

d) Once apatite nuclei are formed on the surface of the porous
layer, they can grow spontaneously by consuming calcium
and phosphate ions from the surrounding SBF solution.

A simulation of the solubility process by thermodynamic
unction reported in the literature45 established the solubility
equence of wollastonite-2 M � apatite in SBF, matching the
xperimental results from this study.

The results showed that the morphology generated in the sim-
lated physiological media was controlled by different phases’
olubility which generated changes of the surface chemistry
nd the surface topography. This mechanism leads to the “in
itu” formation of a porous interconnected structure of apatite,
hich could be expected to promote the bone growth when the
aterial is implanted into bone defects. The phases with highest
olubility rates (amorphous phase > wollastonite-2M � apatite)
ontrol the rate of HCA layer formation on the surface of the
lass ceramic material.
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. Conclusions

A glass ceramic composed of apatite, wollastonite-2 M and
n amorphous phase (44.8; 28.0 and 27.2 wt%, respectively) was
anufactured by a specific thermal cycle that allows the devit-

ification process of the Ca3(PO4)2–CaSiO3 binary system’s
toichiometric eutectic composition.

The glass ceramic exposed to the SBF releases predominantly
a and Si ions, due to the dissolution of the amorphous phases
nd wollastonite-2 M, leading to the formation of an apatite-like
ayer onto the surface of the material. This layer reached about
�m of thickness in less than 21 days.

The results evidenced that microstructure and morphology
enerated in the simulated physiological media was controlled
y different solubility rates of the phases. This mechanism leads
o the “in situ” formation of an interconnected porous struc-
ure of residual apatite, which is expected to promote the bone
ngrowths. The phases with the highest solubility rate like amor-
hous phase and wollastonite-2 M control the newly formed
CA layer on the surface of the glass ceramic.
This apatite–wollastonite 2 M glass-ceramics could serve as

promising platform for regeneration of hard tissue.
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