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Abstract

This work is devoted to study the reactivity of the quaternary glass 5254 (52% SiO,—30% CaO—14% Na,0—4% P,05 (Wt%)),
synthesized by sol-gel process versus the treatment temperature. The dried gel was heat treated at 600 and 650 °C and soaked in
simulated body fluid (SBF). XRD results confirm the amorphous character of glass treated at 600 °C even though the heat
treatment at 650 °C induces Na,Ca,Si3Oq formation. After soaking in SBF, SEM and EDS results show the formation of
carbonated hydroxyapatite (CHA) at the glass surface for both temperatures. For the glasses treated at 600 and 650 °C, two
phenomena were observed: the glass dissolution in SBF and the CHA precipitation, but the reactivity kinetics of glass was
different when temperature changes. For SGDG600, the CHA began to crystallize after 16 h. For SGDG650, a glass ceramic
made of a glassy matrix and of Na,Ca,Si;0, the crystallized carbonated HA was observed after 2 h. In addition, a new
crystallization at the glass surface of Na,Ca,Siz;Oy was observed after 15 days.
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Introduction

Bone defect filling or reconstruction required a wide research
and development of biocompatible and bioactive materials.
The bioactive material, in contact with physiological solu-
tions, elicits a specific biological response at the interface of
the material which results in the formation of a direct bio-
chemical link (carbonated hydroxyapatite) when it is im-
planted in human body [1]. Since Hench has launched the
concept of bioactive glass, many new materials and products
have been prepared from variations on bioactive glasses [2],
glass ceramics [3], and ceramics such as synthetic and natural
hydroxyapatite (HA) [4—13], wollastonite [14—16], and diop-
side [17, 18]. Hench et al. have demonstrated that glass with
the molar composition of 46.1% SiO,, 24.4 Na,0, 26.9 CaO,
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and 2.6% P,0s, termed Bioglass® 4585, is able to develop, at
the interface with body fluids, an apatite-like layer similar to
bone mineral. This bond is so strong that it could not be re-
moved without breaking the bone [1]. However, the poor me-
chanical strength and toughness of bioactive glass have re-
stricted their use in several clinical applications. To resolve
this problem, and consequently, to broad the range of clinical
applications, the glasses were transformed into glass ceramics
[19-21]. Despite these benefits, contradictory results were
published on the reactivity and biological interest of these
glass ceramics (crystalline or semi-crystalline). They may be
less soluble in body fluid and the mineral formation rate and
bone integration at the tissue-material interface may be affect-
ed [22-24]. At the same time, the crystallization of some
glassy systems significantly decreases their bioactivity in
comparison with the same amorphous glassy systems
[19-21]. Li et al. [25] showed that a bioactive glass can be
transformed into an inert glass ceramic. In vitro test showed
that the carbonated HA layer was formed only if the glass
ceramic contains over 90% of a residual glassy phase.
Whereas, Peitl et al. [23, 24] have developed the first bioactive
glass ceramic in the SiO,—CaO—-Na,O-P,05 system with both
good mechanical properties and high bioactivity. It contains
about 30 to 65% crystalline phase, and the main phase is Na,
Ca,Siz0y. After that, Ravagnani et al. developed a highly
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bioactive fully crystalline glass ceramic in Si0,—~CaO-Na,O—
P,05 system (Biosilicate® glass ceramic) [26]. Almost all the
works have shown that Na,Ca,Si;Oq formation, observed in
some glass ceramics, enhances the mechanical properties of
the starting glass and maintains the high bioactivity of partic-
ular compositions in the Si0,—CaO-Na,O—P,05 system. Peitl
et al. have shown that glass crystallization decreased develop-
ment kinetics of a carbonated HA layer but did not inhibit its
formation, even in fully crystallized ceramics [24]. In 2011,
Siqueira et al. have shown that Na,Ca,Si30o, formed in SiO,—
Ca0O-Na,0-P,05 system, has bioactivity behavior similar to
that of Biosilicate® glass ceramic [27].

In our previous works, a glass with the new composition
(Wt%) 52% Si0,—30% CaO-14% Na,0-4% P,Os (mol%,
52.3% Si0,-32.3%Ca0-13.7% Na,0O-1.7% P,05) (named
52S4) was synthesized both by melting and an original sol-
gel route [28]. The effect of synthesis mode on glass bioactiv-
ity after soaking in simulated body fluid (SBF) was investi-
gated [29]. The dried gel was then heat treated at 550 °C
(below the crystallization temperature). The obtained results
showed that the main differences between the sol-gel-derived
glass (SGDG) and melting-derived glass (MDG), from the
structural and textural point of view, are induced by the syn-
thesis mode. The obtained results have led to conclude that
5284 is a bioactive glass if it is prepared by the two routes:
melt and sol-gel. However, this glass was more reactive when
it was prepared by sol-gel method. The sol-gel route enhanced
fast and continuous glass resorption associated to the early
formation of the bone-like apatite at the glass surface.
However, the HA did not crystallized even after 30 days.
This result was attributed to a continuous formation of silica
gel up to the amorphous apatite layer.

The aim of the present study is to investigate a possible
evolution in reactivity behavior of the sol-gel-derived glass
by increasing the thermal treatment temperature previously
used [28, 29].

Experimental section
Material preparation

The sol-gel process was used to prepare the following glass
composition 5284: (wt%) 52% Si0,—30% CaO-14% Na,O—
4% P,0s. The glass synthesis was described in detail previous-
ly [28]. The glass was prepared in a hermetically cylindrical
Teflon container from high-purity raw materials as tetraethyl
orthosilicate TEOS: Si (OC,Hs)s (> 98%, Fluka),
triethylphosphate TEP: OP (C,Hs); (> 99.8%, Sigma-
Aldrich), calcium carbonate CaCO5 (> 98.5%, Merck), and so-
dium carbonate Na,COj (>99.5%, Merck). Accurately
weighed amounts of these reactants were added, one by one
each hour under magnetic stirring, to a 2 M aqueous acetic
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acidic solution. The resultant sol was kept for hydrolysis and
polycondensation at room temperature for 6 days. After that, it
was kept at 70 °C for 3 days and dried at 150 °C for 52 h.

In this study, 5254 glass is studied in two different micro-
structural forms (amorphous and partially crystalline). The
obtained dried gel was thermally treated at 600 and 650 °C
(noted SGDG600 and SGDG650) during 3 h under vacuum
with a heating rate of 0.5 °C min"'. Let us remember that the
domain of thermal stabilization of the dried gel is between the
transition temperature Tg (Tg=1596 °C) and the crystalliza-
tion temperature T (Tc =631 °C) as determined by thermo-
gravimetric associated with differential scanning calorimetry
(TG/DSC) analyses [28].

In vitro assays

To evaluate the kinetic reactivity of the prepared glasses, SBF
(SBF-KO9 type) was used as soaking solution which has the ion
concentrations similar to those in human blood plasma.
According to Kokubo’s protocol [30], the SBF was prepared
by dissolving reagent-grade CaCl,, NaCl, KCI, MgCl,.6H,0,
K,HPO4.3H,0, and NaHCO; in distilled water. It was buff-
ered at pH 7.4 with (hydroxymethyl)-aminomethane [(CH,
OH);CNH,] and hydrochloric acid (HCI). The glasses were
soaked in SBF in the form of disks. 0.5 g of the dried gel in
powder, with particle sizes ranged from 40 to 63 pum, were
compacted at 675 MPa under cold uniaxial pressing. After
that, the compacted dried gel disks were heat treated under
the conditions mentioned before. The ratio between the geo-
metric areas of disks and the volumes of SBF was adjusted to
0.075 cm ™. The glasses were kept in SBF at 37 °C for time
periods ranging from 2 h to 30 days (SBF immersion tests
were carried out in triplicate). After soaking, the disks were
emerged from SBF, washed with ethanol, and dried in air.

Material characterization

Different techniques and apparatus were used to study the
physical and chemical properties of prepared glasses before
and after soaking in SBF. The specific surface area and poros-
ity measurements were performed using multi-point BET,
ASAP 2010 Micromeritics. In addition, the phase composi-
tions were identified using X-ray diffraction (XRD) data col-
lected in a Bruker, D8 ADVANCE with a CuK«x radiation
(A=0.154 nm, filter, Ni, voltage =30 kV and current=
20 mA, step=0.05°, scan step time =10 s). To improve the
structural analysis, Fourier-transformed infrared spectroscopy
(FTIR) (BRUKER EQUINOX 55) was used. One milligrams
of material scraped from the glass surface was mixed with
dried KBr to perform the FTIR studies. The microstructure
of glass surfaces was observed using a scanning electron mi-
croscope (SEM) (Hitachi, JSM-6301 F) working at a 7 kV as
an accelerating voltage. Before observation and EDS analyses
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(Oxford Link INCA), the surfaces were gold-coated (Au
20 wt% Pd) in order to allow surface conduction. For the
in vitro tests in SBF, inductively coupled plasma-optical emis-
sion spectroscopy (ICP-OES) (SPECTRO Ciros Vision) tech-
nique was used to evaluate the variations of silicon, calcium,
and phosphorous concentrations versus soaking time in SBF.

Results

Characteristics of 5254SGDG before soaking in SBF
Specific surface area and pore volume

The BET-specific surface area and pore volume of SGDG
decreased when temperature increased from 600 to 650 °C.
Their values are in order: 18.26 m? g ' and 0.058 cm® g ' (for
SGDG600) and 6.00 m? ¢! and 0.013 cm?® g ' (for
SGDG650), respectively. Also, the median pore diameter de-
creased from 127 A (for SGDG600) to 88.34 A (for
SGDG650).

X-ray diffraction

Figure 1 shows the XRD data for SGDG600 and SGDG650.
The XRD of SGDG600 showed that the final product is amor-
phous. However, the data reveal that the glass exhibited a very
low crystallization of hydroxyapatite (HA) before any immer-
sion in SBEF, as for the glass treated at 550 °C [28]. In addition,
two diffusion halos are observed in the range 27-34° and 15—
23°(20). Analogous maxima were obtained by Martinez et al.
in their study of binary glasses Si0,-CaO.They attributed the
diffraction maximum between 28 and 34° 20 to the incipient
presence of different crystalline phases of calcium silicates,
whereas the maximum at 22.5° 20 to a formation of SiO,
content in the glass [31]. Otherwise, DRX of SGDG650 con-
firmed the Na,Ca,Si;09 crystallization (ICDD powder dif-
fraction: file no. 22.1455), in a glassy matrix.
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Fig. 2 FTIR spectra of SGDG heated at 600 and 650 °C

Infrared studies

Figure 2 shows the FTIR spectra of glasses treated at 600 and
650 °C. As discussed in previous work [28], the observed
bands at 500, 762, and 1035 cm™ ! are assigned to silicate
network vibrations Si-O-Si. The band observed at 606 cm ™!
is related to P-O bending in crystalline HA [32, 33]. This band
was reinforced for glass treated at 650 °C, which confirms the
crystallization of HA during heat treatment. In the other hand,
the band located at 500 cm™' becomes more intense when the
temperature increases. This band may be attributed to the
crystal phase Na,Ca,Siz0q [24, 34]. The bands at 933 and
762 cm ', related to Si-O-Si stretching of non-bridging oxy-
gen atoms [33], are better defined in all spectra. The weak
bands at 870, 1419, and 1496 cm ! are related to the presence
of CO5*™ groups [35].

In vitro assay results

In order to evaluate the formation kinetics of bone-like apatite
at surface of soaked glass in SBF, the pH and variations in Si,
Ca, and P concentrations in SBF were quantified versus
soaking time. The study was also accomplished by analyzing
the formed apatite layer at the glasses surface by XRD, FTIR,
and SEM-EDS techniques.

ICP results and pH measurements

Figure 3 presents ICP results and pH measurements. The Ca
concentration evolution followed a similar tendency for the
two materials (Fig. 3a). For both materials, it decreased slowly
at the first soaking hours. After that, for SGDG600, this con-
centration increased slowly until 1 day where it increased
dramatically and reached a maximum value. The maximum
calcium release from glass surface is achieved after 7 days.
After that, a continuous decrease in Ca concentration was
observed up to 30 days. For SGDG650, the maximum value
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Fig.3 Evolutions of Ca (a), P (b), and Si (¢) concentrations in SBF, and evolution of SBF pH (d) versus soaking time of SGDG heated at 600 and 650 °C

for the Ca concentration in SBF was reached after 3 days, then
decreased strongly and remained constant in the interval time
7-30 days.

During the experiment, P concentrations in SBF de-
creased continually (Fig. 3b) for the both materials. This
indicates that the amount of P released from glass or glass-
ceramic surfaces did not compensate its consumption due to
the apatite formation. It can be observed that P concentra-
tions were nil in SBF where SGDG600 was soaked after
7 days and after 15 days for SGDG650. All P ions were
consumed from SBF.

The increase in Ca concentration in SBF is a result of Ca
ions leaching from SGDG surface to SBF. However, the de-
crease in the Ca and P concentrations in SBF is attributed to
the rapid growth of the apatite at the glass surface that over-
came the release rate of Ca and P ions to SBF [31].

As SBF is initially silicon-free, the presence of Si in SBF is
consistent with a release of this element from the glass surface
to the soaking solution. The Si concentration in SBF increased
with soaking time for both materials (Fig. 3¢). The Si concen-
tration increased strongly in the first hours for SGDG600 and
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SGDG650. However, there was a fluctuation in Si concentra-
tion during soaking time from 16 h to 15 days for SGDG600.
For SGDG650, the increase in Si concentration was
continuous.

The pH evolution is relevant to the dissolution process of
glasses soaked in physiological solutions. The increase in
pH of SBF is the result of ion exchanges between the pro-
tons H* in SBF and the glass-modifying cations. The pH
value of SBF increased strongly after 2 h soaking time for
both glasses (Fig. 3d). For SGDG600, the pH was stable
around 8.3 between 4 h and 1 day. The increase in pH values
was not continuous: a fluctuation occurred in the interval 3—
15 days. Between 3 and 7 days, the increase in pH value was
followed by a slight decrease between 7 and 15 days. A
more noticeable increase in pH value occurred after 30 days.
It achieved 9.9 units. For SGDG650, pH evolution follows
the same trend than that of SGDG600. However, the fluctu-
ation in pH values occurred in the 1-7 days interval. After
that, an important increase occurred in pH value which
achieved 10 units after 30 days. In general, the pH values
for SGDG650 were lower than that of SGDG600.
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Structural modifications after soaking in SBF

XRD results According to XRD data for SGDG600 surface,
after soaking in SBF (Fig. 4), crystalline HA peaks appeared
only after 15 days (natural HA, prepared from calcined bovine
bone, was used as a reference [7]). Before 15 days, it is diffi-
cult to distinguish this phase. Noted that after 7 days, the XRD
data revealed the formation of calcite, justified by the appari-
tion of its most intense peak at 29.4° (20) (ICDD powder
diffraction, file no. 86.2334). The intensity of this peak in-
creased with time and it became a major visible phase on
XRD diagram after 30 days. As a consequence, the intensity
of crystallized HA peaks decreased between 15 and 30 days.

For SGDG650, the crystalline HA peaks appeared on the
XRD pattern after 2 h. The peaks intensity of HA increased
after 4 h. Additionally, XRD highlighted the presence of Na,
Ca,Si309 phase at the same time. This latter phase became the
dominant crystallized phase after 16 h, as the peaks intensity
of HA became lower. Between 4 h and 1 day, XRD also
revealed the presence of an amorphous phase at the glass-
ceramic surface. A broad halo appeared around 20 °C which
can be attributed to silica gel [36]. After that, the peaks inten-
sity of HA increased and those of Na,Ca,Si3;0q decreased up
to 7 days when the peaks intensity of the two phases were
similar. After 15 days, Na,Ca,Si;09 appeared again as the
mainly formed phase. After 30 days, the calcite peak was
present. Consequently, it can be observed that the peaks inten-
sities of previous existent phases HA and Na,Ca,Si;09 de-
creased strongly.

FTIR results In SGDG600 spectra (Fig. 5a), between 2 and 4 h,
the characteristic peaks of amorphous HA appeared at
464 cm™' and a broadening band situated around 1056 cm ™
[33]. The presence of crystallized HA was confirmed after
16 h by the apparition of a weak, new peak at 560 cm ™' and
reinforcement of band situated at 605 cm™'. These bands are
distinguishable until 15 days. Additionally, the characteristic
bands of C-O vibrations, mainly attributable to calcite, ap-
peared after 7 days and are clearly visible after 15 days.
Also, these bands can be attributed to C-O in carbonated

HA. As indicated by XRD, after 30 days, the calcite was
present simultaneously with crystallized HA. In IR spectra,
the characteristic bands of glass network progressively disap-
peared with time which led to conclude that carbonated HA
layer is dense.

A new, weak band at 823 cm™ !, characteristic of Si-O sym-
metric stretching vibrations [33, 37], appeared after 1 day.
This band was also present until 15 days. This result confirms
the formation of a Si-rich layer at the glass surface.

For SGDG650 (Fig. 5b), no difference appeared between
spectra before soaking and after 2 h in SBF. After 4 h, the
characteristic bands of P-O appeared at 454, 533 cm ™' and a
weak band at about 610 cm ', These bands confirmed the
formation of crystallized HA. These bands were reinforced
until 3 days. After 7 days, the intensity of the band situated at
533 cm ! decreased and another band, characteristic of P-O
vibration in crystallized HA, appeared at 562 cm . No change
occurred after 15 days. After 30 days, the band situated at
533 cm ! merged in the band situated at 562 cm . In addition,
the intensity of the band situated at 610 cm ™' decreased. It can
be observed that the intensity of the band at 933 cm ™', related
to Si-O-Si vibration, decreased with soaking time. Also, the
band around 1040 cm™' becomes sharp and two other charac-
teristic bands of P-O in HA appeared at 1045 and 1085 cm .
The characteristic bands of C-O situated at 870, 1420, and
1496 cm™ ' were clearly visible after 3 days which led to con-
clude that the formed apatite is carbonated HA. These bands
were also well noticeable after 30 days. According to XRD
results, these bands are attributable to CaCO; phase and car-
bonated HA. A weak band appeared at 800 cm ! [33, 37],
which is a characteristic band of Si-O symmetric stretching
vibrations, after 4 h and 1 day. This band reappeared strongly
after 7 days. Hence, the FTIR results are in a good agreement
with the XRD results.

SEM-EDS results SEM images and EDS analyses (Fig. 6)
depicted the morphological modifications and composition
evolutions of SGDG600 surface with soaking time. After
2 h, a new layer, formed by spherical particles, dispersed at
the glass surface. The EDS analysis, with the significant

Fig. 4 XRD patterns of
SGDG600 and SGDG650
surfaces before and after soaking
in SBF solution at different
testing times. H, HA; C, CaCOs;
N, Na2CaZSi3Og
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Fig. 5 FTIR spectra of SGDG600 and SGDG650 before and after soaking in SBF

increase in phosphorous concentration, confirmed the forma-
tion of an apatite layer at the glass surface after 2 h in SBF as
suggested by FTIR and ICP results. This layer becomes denser
with time. However, after 30 days, the Ca and P concentra-
tions decreased. According to the ICP result, the P concentra-
tion was nil between 7 and 30 days. So, there were no P ions to
lead to continuous apatite formation. In addition, SBF is sat-
urated by carbonate ions which led to calcite formation up to
crystallized carbonated HA (the characteristic rhombohedral
particles of CaCOj as calcite were not observed at the glass
surface, giving evidence of the presence of this phase as lo-
calized precipitate and not as surface-controlled phase).

The Si concentration decreased at the glass surface after
15 days. This result is consistent with the formation of a dense
apatite layer at the glass surface. However, the Si concentra-
tion increased after 30 days. This result may be related to the
presence of Si in the apatite layer due to the continuous Si
release between 7 and 30 days revealed by ICP analyses orto a
new visibility of the silica gel formed at 7 days (as evidenced

by IR analysis) due to the impossibility of the apatite layer
formation to progress without phosphorous ions in SBF.

The morphological modifications of SGDG650 surface
with soaking time were depicted by SEM images and EDS
analyses (Fig. 7). After 2 h, some spherical particles dispersed
on a uniform gel formed at the glass surface. The EDS anal-
ysis showed that there was a slight increase in both Si and P
concentrations at the glass surface. This layer is attributed to
silica gel and the spherical particles to apatite layer, as it was
confirmed by XRD and ICP results. After 4 h, the SEM im-
ages showed that there were two phases one up to another with
different morphologies. The EDS analyses showed a signifi-
cant increase in P concentration at the glass surface. This
result, associated to the ICP analyses ones, is consistent with
the formation of the apatite layer, the glass surface up to the
silica gel layer. After 1 day, this phase becomes uniform and
compact as confirmed by EDS surface analyses. After 3 days,
it is very difficult to distinguish the grain boundaries. A
formed gel has covered the totality of the last layer. The IR
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Fig. 6 SEM micrographs and EDS spectra of SGDG600 surfaces before and after soaking in SBF

@ Springer



J Aust Ceram Soc (2018) 54:609-619

615

Si t=0h
C Ca
Ca A
l() Na P u Pd Ca
o 1 2 3 4 Kev
Si t=2h
C
Ca
[0 Na P \t\pd Ca
o 1 3 4 KeV

_SGDG650

0 1 2 3

. L t=3d
C f\ !
Ca M ,l {Au C1 “
M N8 p A J
R ‘i KeV
t=7d
C P

}
Mg Si |'Au CI
/}?_ﬁaf‘ {,p ® fea /1G

l

4 KeV

t=15d|

Fig. 7 SEM micrographs and EDS spectra of SGDG650 surfaces before and after soaking in SBF

analysis showed the formation of silica gel justified by appa-
rition of Si-O-Si band at 800 cm™'. After 7 days, a very dense
layer was formed. The entire glass surface was covered with
compacted needle-like crystallites, very rich in Ca and P ele-
ments, consistent with aggregates of carbonated HA. In addi-
tion, the ICP results showed that Ca and P ion concentrations
decreased mainly in SBF after 7 days. After 15 days, another
phase was formed up to the carbonated HA layer. The EDS
analyses showed that one phase was rich in Ca and P ions and
poor in Si and Na. The other phase was rich in Si, Na, and Ca
and poor in P. According to the XRD diagram, the two phases
are HA and Na,Ca,Siz0y. Finally, after 30 days, a new layer
was formed at the glass surface. This layer of crystallized HA
had a different morphology than that at 15 days.

Discussion

The heat treatment at 650 °C, above the temperature of
crystallization outset [28], induced the crystallization of
Na,Ca,Si309 in a mainly amorphous matrix. Compared
with the two other materials, SGDG550 [29] and
SGDG600, SGDG650 is a glass ceramic.

Results concerning the material bioactivity study,
evaluated by soaking material in SBF, indicate that
52S84SGDG glass exhibited special reactivity features
directly related to the temperature of heat treatment.

The bioactivity characteristic is associated to the oc-
currence of successive steps. As described by Hench for
bioactive glasses [38] and Kokubo [39] for bioactive
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materials containing CaO-Si0O,, a hydrated silica layer is
formed at the surface prior to the deposition of HA.
After rapid exchange of glass-modifier cations (Na®
and/or Ca®*) with H* in solution, the soluble silica is
loosed as Si(OH), by breaking of Si-O-Si bridges and
subsequent silanol Si-OH groups are formed at the ma-
terial surface. After that, silanol groups condense and
their polymerization forms a SiO,-rich surface layer.
Silica gel thickness increases with glass surface leaching
[40]. Up to this layer, CaO—P,Os-rich layer forms and
further crystallized as carbonated HA layer [38, 41-43].
The nuclei thus formed later grow at the expense of the
ions in the solution that was saturated with respect to
apatite. Kim et al. [44] reported that glasses with <
50 mol% SiO, form a Ca-P-rich layer and a Si layer
simultaneously, while glasses with >50 mol% SiO,
form a Ca—P layer on the top of a Si-rich layer. These
differences are related to the glass structure in relation
with composition.

Dissolution rates and SiO,-rich layer formation are mainly
associated to the evolution of silicon concentration and pH of
SBEF. Also, the formation of carbonated HA layer is associated
to the evolution of calcium and phosphorous concentrations in
SBF. Obtained results indicate that the three different mate-
rials, SGDG550, SGDG600, and SGDG650, presented differ-
ent features.

By comparing to the previous ICP results [29], SGDG600
has similar behavior than SGDG550 up to 4 h soaking: an
important release of silicon and an increase of pH above 8.
During this time, calcium and phosphorous concentrations
decrease in SBF for the two glasses. As confirmed by ICP,
XRD, IR, and EDS results, the formation of carbonated HA
layer occurred simultaneously to the glasses’ dissolution.
These results are in accordance with those of Kim et al. [44]
who reported that glasses with 50 mol% SiO, form a Ca—P-
rich layer and a Si layer simultaneously. Our glass contains
52.3% SiO, close to 50% mol.

In our previous work for SGDG550 [29], Si concen-
tration in SBF increased up to 3 days before a decrease
which was consistent with the formation of the SiO,
layer. The successive silica layers were formed during
soaking time simultaneously with carbonated HA layers.
XRD and FTIR analyses showed that no crystallized
apatite phase was formed at the SGDGS550 surface even
after 30 days. But, after 2 h, the calcite was formed at
the glass surface. This phase was previously observed
for a glass with a molar composition 60% SiO,-35%
Ca0-5% P,05 [45]. The presence of this phase is not
related to the glass composition but due to the high
concentration of HCO; in SBF that induced, in the
presence of high calcium concentrations near the glass
surface, the calcite CaCO; precipitation instead of the
surface-controlled crystallization of carbonated HA.

@ Springer

For SGDG600, after 4 h, a decrease in Si concentration in
SBF was observed. This is consistent with the formation of the
Si0, layer at the material surface after 1 day. This silica layer
was already detected until 30 days. Between 4 h and 7 days,
the glass dissolution process is the dominant feature compared
to the carbonated HA precipitation process. After 7 days, the
HA precipitation predominated the dissolution process as in-
dicated by the decrease of Ca and P concentrations in SBF. IR
analysis highlighted the presence of a carbonated apatitic
phase between 1 and 7 days. This phase was well crystallized
after 15 days as confirmed by the XRD and IR results.

The secondary precipitation of calcite CaCOj is observed
after 30 days. This phenomenon is amplified by the total con-
sumption of SBF phosphorous ions after 7 days. As conse-
quence, there were no P ions to allow the continuous apatite
formation.

For SGDG650 during the periods 0—4 h, the silicon release
is slower than the two other materials and the pH stays under
8. The pH value stayed under 8 and slowed down the Si
dissolution [46] which inhibited the formation of silanol
groups Si-OH at the glass surface and consequently their re-
lease as Si(OH)4. These results may be related to a lower
reactivity of glass ceramic due to the significant reduction of
specific surface area and pore volume for SGDG650 compar-
atively to the other materials associated to a difference in the
reaction mechanism related to the presence of the crystallized
phase associated to the glass matrix, which induced an inho-
mogeneity in the reactivity of the material surface.

During the two first hours, the glass ceramic dissolved
weakly and a calcium and phosphorous ion uptake by the
material surface occurred. The silica gel layer was detected
only by SEM analysis; the thickness of this layer was weak
and consequently not detectable by IR analysis. Up to this
silica layer, the carbonated HA spherical particles were
formed as justified by the XRD, IR, and MEB-EDS results.
However, from 2 h to 7 days, a more complex process setup:
an important release of calcium from the material occurred.
This release was not associated to a proportional release of
silicon in SBF. The material dissolution is associated to the
simultaneous formation of a new amorphous phase and the
reformation of Na,Ca,Si309 at the material surface as
shown in XRD diagrams. In parallel, between 4 h and
3 days, the Ca and P concentrations at the glass surface
increased as demonstrated by EDS analysis which confirms
the formation of CHA layer, its densification, and grain size
enlargement with time. The IR and XRD analysis confirmed
this result, the intensity of P-O bands increased with time
and the intensity of characteristic XRD peaks of Na,Ca,Si;
Oy decreased with the continuous formation of carbonated
HA layer. This particular behavior may be related to the
initial presence of Na,Ca,Si3;O9 which had a different dis-
solution rate from the glass matrix. The consistency be-
tween the obtained results shows that the dissolution of
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Na,Ca,Si309 was followed by a reprecipitation of this
phase at the glass surface, associated to a rapid formation
of the calcium-free amorphous silicon-rich phase and a con-
secutive formation of the carbonated HA. After 7 days, the
Ca and P concentrations in SBF decrease as those at the
glass surface achieved their maximum values which are
consistent with the densification of CHA layer and its for-
mation as compacted needle-like crystallites’ aggregates.
After 15 days, all P ions in SBF were consumed, and then,
after 15 days, there were no P ions available to form HA.
Calcium ion concentration increased slightly and stabilized
between 7 and 30 days as silicon concentration increased
continuously during soaking time. These results indicate
that the material dissolution went out. The CHA formation
was stopped by lack of phosphorous in SBF and up to
15 days, the reprecipitation of Na,Ca,Si;Oy is favored.
After 30 days, the calcite (CaCO3) was formed, up to Na,
Ca,Si309, by the combination of calcium ions from glass
and HCO5; from SBF [45].

As described in previous work [29], higher specific
surface area and pore volume in sol-gel-derived glass
(SGDG550) than in melting-derived glass (MDG) fa-
vored the formation of the bone-like apatite layer after
2 h soaking in SBF. For MDG, the bone-like apatite
layer was formed after 1 day soaking in SBF. In addi-
tion, the dissolution process was only observed in
MDG; the Ca and P have been released from MDG
surface for 7 days. After this time, the Ca and P con-
centrations decreased in SBF. However, for SGDGS550,
Ca and P concentrations decreased in SBF at the begin-
ning of soaking which confirms the domination of pre-
cipitation process during soaking in SBF. The specific
surface area and pore volume are the key factors of
glass reactivity. So, when the values of these parameters
are altered, the process of dissolution-precipitation will
be also affected. In this work, the temperature treatment
has a marked effect on the value of the specific surface
area and pore volume: when the heat temperature in-
creases, the surface area and the pore volume decrease.
Consequently, the kinetic of ionic exchanges decreases,
between material and surrounding medium. According
to obtained results, when the temperature increases from
600 to 650 °C, the specific surface area and pore vol-
ume porosity of the glass decrease and the crystallized
phase Na,Ca,Si;0y is formed. At the same time, the
corresponding time of dissolution onset decreases. So,
the crystallization of glass and decrease of the value
of surface area affected the kinetic of the dissolution
process. These results are in accordance with previous
studies. Peitl et al. showed that glass crystallization de-
creased the kinetics of the CHA layer development [24].
Other researchers demonstrated that glass ceramics may
be less soluble in body fluid and that the mineral

formation rate and bone integration at the tissue-
material interface may be affected [22-24]. The crystal-
lization of some glassy systems significantly decreases
their bioactivity in comparison with the same amor-
phous glassy systems [19-21].

Note that the CHA was formed after 2 h at glass surface for
all treatment temperatures. However, the corresponding time
to carbonated HA crystallization decreases with heat treat-
ment. Moreover, the corresponding time for apparition of
characteristic bands of silica gel increases with treatment tem-
perature. It was suggested, for SGDG550, that the continuous
formation of silica gel at the glass surface during the soaking
time inhibited the HA crystallization. For SGDG600 and
SGDG650, the thickness of silica layers was thinner and their
formation were limited comparatively to SGDG550, which
allowed the HA crystallization.

In this work, a special behavior was observed for
SGDG650; Na,Ca,Si309 phase, initially present in the mate-
rial, was reprecipitated at the material surface during soaking
time. It can be suggested that the dissolution of this phase
occurred and the diffusion of ions promoted the formation of
this phase at the glass surface.

So, the heat treatment and the formation of the crystallized
phases such as Na,Ca,Si3;0y maintained the high bioactivity
of 5284 as other particular compositions of the SiO,—CaO—
Na,O0-P,0s5 system in other works [23, 24, 27, 47-50].
Moreover, the heat treatment at 600 and 650 °C allowed the
HA crystallization not observed for the glass treated at 550 °C
even after 30 days for which HA phase remained amorphous.

Conclusion

The obtained results lead to conclude that the bioactivity
of 52S4SGDG glass was not affected by the heat treat-
ment modification. For all temperatures, carbonated HA
was formed at the material surface after soaking in SBF.
For SGDG550, the carbonated HA remained amorphous
even after 30 days and it was formed up to the silica layer
which reformed at any time. For SGDG600, carbonated
HA began to crystallize after 16 h and became well crys-
tallized after 15 days. However, the heat treatment at this
temperature did not prevent the reformation of a silicon
oxide layer up to the carbonated HA one. The silica layer
was detected later than the carbonated HA formation, ac-
cordingly to IR results. Otherwise, for SGDG650, the
crystallized carbonated HA was observed after 2 h. In
addition, the crystallized phase Na,Ca,Si;0y in the initial
material before soaking was reprecipitated at the glass
surface after 15 days.

This study highlighted the original behavior of this new
composition and the possible adjustment of reactivity by
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modifying the heat treatment temperature, without changing
the material bioactive features.
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