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Abstract

The effect of SrO/Ca0O and K,0/Na,O replacements on the crystallization process of glasses based on Na,O—CaO-P,0s-SiO, system was
investigated. The glasses were thermally treated through controlled heat treatment regimes to obtain glass ceramic materials. Combeite
Na,Ca,Si;0g, sodium calcium silicate Na,Ca3SigO;6, wollastonite solid solution, and whitlockite Caz(PO,), were identified as major crystalline
phases in the prepared thermally treated glasses. No potassium and strontium-containing phases could be detected in the glass—ceramics; potassium
seems to be accommodated in the wollastonite structure, while strontium might be incorporated in the sodium calcium silicate structure.

The surface reactivity of the prepared glass—ceramic specimens was also studied in vitro in Kokobo’s simulated body fluid (SBF). EDAX, SEM,
inductively coupled plasma ICP, and FTIR were used to examine the formation of apatite layer’s surface and characterize the glass ceramic surface
and SBF compositional changes. A decrease in the bioactivity of the glass ceramic was observed as Na,O was replaced by K,O. Strontium together
with calcium ions in the apatite layer formed was detected with SrO/CaO replacement.

The role played by the glass oxide constituents in determining the crystallization and bioactivity behaviour of the prepared thermally treated

glasses was discussed.
© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Variety of bioactive glasses and glass ceramics are used for
biomedical applications such as dental, orthopedic, and
maxillopacial [1]. Bioactive glasses and glass—ceramics are
widely studied due to their particular property of directly
bonding to the human bones through the formation of
biologically active apatite layer at the bone/implant interface
[2]. Bioceramics have received special interest due to their
unique characteristics, including (i) a rapid rate of surface
reaction that leads to their direct attachment to bone via a
chemical bond [3]; (i) their relatively low softening
temperature that can be used as a sintering aid to bond the
ceramic particles and fill the micro pores during the sintering
process; (iii) the ease of compositional design with properties
specific to particular clinical applications; and (iv) their
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excellent controllability over a wide range of chemical
properties and rate of bonding with tissues [4].

Bioglass®, belonging to the Na,O-CaO-P,05-SiO, sys-
tem, was the first glass able to form an interfacial bond with
living bone after implantation [5]. Since then, more complex
compositions have been designed to enhance the bioactivity of
the material. Controlled nucleation and crystallization of the
glass ceramics in the system Na,O-CaO-P,05-SiO, led to
formation material displayed a high mechanical strength and
good implantation results [6]. Clupper and Hench [7] carried
out quantitative investigations on the effect of crystallinity on
the apatite formation on Bioglasss™ surfaces in vitro. They
found that the crystal phase Na,Ca,Si;Og slightly decreased the
formation kinetics of an apatite layer on the Bioglass™ sample
surface but it did not totally suppress the formation of such
layer. Peitl et al. [8] discussed the crystallization tendency of
4585 bioglass. The study showed that, during the crystallization
of the glasses, phosphate ions have been reported to stay in solid
solution in the structure of Na,Ca,Si3;Oyg crystal phase.

A variety of bioglass and bioglass—ceramic materials
incorporating modifiers such as strontium were reported.
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Strontium exhibits clearly beneficial biologically, specifically
for healthy bone growth [9]. The essential characteristics and
the role of strontium in bone mineral are (i) its specific role in
osteoporosis; (ii) its equal share with ionic calcium in the
physiological pathway; and (iii) it can be deposited into the
mineral structure of bone [10]. Wu et al. [11] reported that the
incorporation of Srions into CaSiO5 improved the physical and
biological properties as compared with that of pure CaSiO;
ceramics. The presence of potassium oxide seems to help the
usage of the bioactive glasses, without damaging their thermo-
mechanical performances and their bioactivity [12]. Arstila
et al. [13] succeeded in synthesized highly bioactive glass—
ceramic with composition 6Na,0-11K,0-5Mg0O-22Ca0O-
1B,03-2P,05-538Si0,.

The purpose of this article is to study the crystallization
characteristics and in vitro bioactivity behaviour of the Na,O-
Ca0O-P,05-Si0, glass modified by SrO/CaO and K,0/Na,O
replacements. The relationship between crystalline phases
formed, and bioactivity of the glass—ceramics formed has been
concerned.

2. Experimental and methods
2.1. Glass preparation

Glasses were prepared in five different compositions by
taking the starting materials as reagent grade ammonium
dihydrogen phosphate ((NH4)H,-PO,), calcium carbonate
(CaCOs;), sodium carbonate (Na,COs3), potassium carbonate
(K5COs3), strontium carbonate (SrCO3), and quartz (SiO,) in the
required stoichiometric ratio in mole% (Table 1). The glasses
were prepared by melting the starting materials, in a Pt—2% Rh
crucible at 1200-1350 °C in air for 2 h to ensure homogeneity.
The melt was cast as rods and buttons, which were then
properly annealed at 450-500 °C for 1 h and left to cool down
slowly overnight inside the muffle furnace to minimize the
strain.

2.2. Differential thermal analysis (DTA)

The thermal behaviour of the finely powdered glass samples
was examined using a SETARAM Labsys "™ TG-DSC16. The
powdered samples were heated in Pt-holder against another Pt-
holder containing Al,O; powder as a standard material. A
uniform heating rate of 10 °C/min was adopted up to the
appropriate temperature of the glasses.

Table 1
Chemical compositions of the investigated glasses.

Sample No. Oxide constitutions (mole%)

N}lzo KzO CaO SrO P205 SIOZ
G, 12 - 36 - 4 48
G 9 3 36 - 4 48
Gs 6 6 36 - 4 48
Gy 12 - 33 3 4 48
Gs 12 - 30 6 4 48

2.3. Crystallization and glass—ceramic formation

For crystallization, a suitable controlled heat-treatment
schedule was applied for each glass to obtain thermally treated
glass—ceramic materials of holocrystalline mass with minimum
residual glassy phase without deformation. To prepare glass—
ceramic materials, thermal treatment of the glasses was carried
out at temperature in the region of the main DTA exothermic
peak determined for each glass. The glass samples were
subjected to double stage heat-treatment regimes. Therefore, at
endothermic temperature of each glass composition, the glass
sample was soaked for 5 h and then the temperature was raised
up to the exothermic temperature specific for each glass for
10 h. A heating rate of 10 °C/min was used during the double
stage heat-treatment regimes. After crystallization, each sample
the muffle furnace was switched off and the samples were
allowed to cool down to room temperature.

2.4. X-ray diffraction (XRD)

The X-ray powder diffraction patterns were used to identify
the crystalline phases formed in the thermally treated glasses
using Bruker AXS D8 Advance X-ray diffractometer (40 kV,
20 mA) from 3° to 80° in steps of 0.01°. The Cu Ka radiation
with Ni filtered is used for X-ray analysis. The reference data
for the interpretation of the X-ray diffraction patterns was
obtained from JCPDS X-ray diffraction card files.

2.5. Scanning electron microscopy (SEM)

The crystallization characteristics and internal microstruc-
tures of fractured surfaces of the glass—ceramic samples, coated
with gold spray, were examined by using scanning electron
microscopy. Representative electron micrographs were
obtained by using Philips XL 30 on Electron Probe
Microanalyzer.

2.6. Bioactivity (in vitro test)

In in vitro bioactivity test, the selected thermally treated
glass i.e. (glass—ceramic) specimens were cut by a low speed
diamond disc into rectangular pieces of dimensions
(10 mm x 10 mm x 5 mm). These samples were polished
and sequentially washed with distilled water in an ultrasonic
cleaner and then air-dried. The glass—ceramics were vertically
mounted on a nylon string to avoid the deposition of apatite
layer by gravity. All the studied samples were soaked at
37+ 0.5 °C, for 7, 14 and 21 days in 50 mL in Tris-buffered
simulated body fluid (SBF) solution. The preparation of SBF
was carried out according to the method proposed by Kokubo
et al. [3]. The reagents shown in Table 2 were added, in order, to
deionized water to make one litre of SBF. The solution was
buffered to pH 7.4 with Tris—(hydroxymethyl)-aminomethan
[(CH,OH)3CNHj;] and hydrochloric acid. The glass—ceramics
samples were removed from the SBF, and dried at room
temperature. The surfaces of dried samples were analyzed by
FTIR and (SEM-EDX) to detect the appearance of HCA layer.
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Table 2
Reagents for the preparation of SBF& ionic concentration comparison.

Order Reagent Amount (g/L) Ion Concentrations (mM)

SBF  Blood plasma

1 NaCl 7.996 Na* 1420 142.0
2 NaHCO; 0.350 HCO;~ 42 270
3 KCl 0.224 K* 5.0 5.0
4  K,HPO,3H,0 0.228 HPO,>~ 1.0 1.0
5  MgClL-6H,0  0.305 Mg 15 1.5
6 1 N HCI ~35mL cI- 147.8  103.0
7  CaCL2H,0  0.368 Ca>* 2.5 2.5
8 Na,SO, 0.071 S0, 0.5 0.5
9  (CH,OH)CNH, 6.057 pHat37°C 740 740
10  1NHCI ~5mL

The variation of ion concentrations in the (SBF) solution after
soaking the sample was monitored by using inductive coupled
plasma (ICP).

2.6.1. Scanning electron microscopy with energy
dispersive X-ray analysis (SEM-EDX)

The deposited layers formed on the surface were subse-
quently examined by (SEM-EDX) using SEM Model Philips
XL 30 attached with X-ray unit, with accelerating voltage
30 kV, magnification 10x up to 400 000 and resolution for W
(3.5 nm). The samples were coated with carbon.

2.7. Fourier transform infrared (FTIR)

The glass—ceramic samples were analyzed by Fourier-
transform infrared spectroscopy before and after exposure to
the SBF solution to detect the formation of hydroxyapatite on
the surfaces. The reflection angle was set at 758 for the prepared
glass—ceramics samples were obtained using the FT-IR-6100
type A machine (The Netherlands). The spectra were obtained
between 400 and 2000 cm ™! wave number, with resolution of
2cm

2.8. Inductive coupled plasma

The variation of ion concentrations in the (SBF) solution
after soaking the sample was monitored by using inductive
coupled plasma model (Jobian Yvon Horiba Ultima 2000). The
changes in pH of the SBF solution as a function of time were
monitored using a pH meter (Hanna 8417). Each pH value
reported is the mean of four measurements performed at each
recording time.

3. Results and discussion
3.1. Crystallization characteristics

The crystallization process of the glass during the reheating
process (i.e. thermal treatment) is known to be connected to the
nature and proportions of the glass oxide constituents. The
ability of some cations to build glass forming units or to be
housed as modifiers in interstitial positions in the glass structure

must also be considered [14]. The DTA data of the glasses
(Fig. 1) showed endothermic peaks in the 615-657 °C
temperature range. These endothermic peaks are to be
attributed to the glass transition (7,), at which the atoms begin
to arrange themselves in preliminary structural elements
subsequent to crystallization. One exothermic peak, which is
detected in each glass, indicating crystallization reaction in the
glasses, is also recorded.

The addition of K,O at the expense of Na,O in the base glass
Gy, led to the shift of both the endothermic and exothermic peak
temperatures towards higher temperature values, i.e. a higher
energy is needed to induce crystallization in the thermally
treated glass.

Meikhail [15] reported that the addition of potassium instead
of sodium in the sodium borate glass led to increasing the
activation energy to reach a maximum value of 32.5 kcal/mole
for KzO/NaQO =1

The glass transition temperatures (7) slightly decreased by
the addition of SrO at the expense of CaO in the G4 and Gs
glasses as compared with that of the base glass Gy; This could
be attributed to the fact that increased disruption of the glass
network may be due to the presence of the slightly larger
strontium cation, as well as due to the weaker strontium-—
oxygen bond strength [9].

A ENl 0.

300 400 500 600 700 800 900 1000
Temperature °C

Fig. 1. DTA data of the investigated glasses.
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Fig. 2. XRD analysis of crystallized glasses.

The occurrence of the various phases formed in the prepared
thermally treated glasses was a function of base composition of
the glasses and the thermal treatment parameters used. The X-
ray diffraction patterns of the glass—ceramic samples are shown
in Fig. 2. Three major crystalline phases, such as combeite
[Nay,Ca,SizOg, JCPDS file no. 22-1455], sodium calcium
silicate [Na,CasSigO;6, JCPDS file no. 23-0671], and
whitlockite [Caz(PO,),, JCPDS file no. 09-0169] were
identified in the thermally treated base glass G;. Combeite,
as the major phase together with fluoroapatite, was identified by
Abo-Mosallam et al. [16] during the crystallization of glass
containing SiO, 38.15, P05 10.55, Na,O 13.1, CaO 36.26, and
CaF, 1.94 (in wt%). Whitlockite, is essentially a slowly
degrading bioresorbable calcium phosphate ceramic (CPC) and
is a promising material in the field of biomedical applications. It
has also been observed to have significant biological affinity
and activity and to respond very well to the physiological
environments [17].

At low K,0/Na0, i.e. G,, predominant sodium calcium
silicate [Na,Ca3SicO14], combeite [Na,Ca,Si;Oy], whitlockite
[Ca3(PO,),], and wollastonite solid solution [CaSiOs, JCPDS
file no. 29-372] phases were developed as indicated from the
XRD analysis (Fig. 2, Pattern II). On further increasing of K,O/
Na,O replacement i.e. G; the X-ray diffraction analysis
revealed that, wollastonite solid solution phase was developed
at the expense of Na,Ca3SigO;¢ while Na,Ca,Siz;O0y phase
could not be detected. Arstila et al. [13] reported that the crystal
formed in the glass of composition 6Na,O-11K,0-5MgO-

22Ca0-1B,03-2P,05-53Si0, was identified as mono minera-
lic wollastonite (CaSiO3) phase. In our results, it seems more
likely that the potassium could be accommodated in the
wollastonite structure.

In case of the thermally treated glasses G, and Gs the
partially substitution of SrO at the expense of CaO does not lead
to the formation of different phases from those crystallized in
glass Gy, however, the Na,Ca3SigO¢ phase was increased
instead of the combeite Na,Ca,Siz;O9 and no strontium
containing phases could be detected. This may be attributed
to that strontium introduced in the Na,Ca;SicO;¢ phase.

SEM of the fractured surface shows the effects of K,O/Na,O
and SrO/CaO replacements on the microstructure of the
prepared glass—ceramics (Fig. 3a—c). Fig. 3a shows tiny
aggregates of minute crystals formed in the base glass—
ceramics G, while fine microstructure was obtained by K,O/
Na,O replacement in the glass—ceramic sample G5 ((Fig. 3b).
However, a globule like structure was formed in the Sr-
containig glass—ceramic G5 (Fig. 3c).

3.2. Bioactivity

Bioactive glasses and glass—ceramics are considered as
potential materials for bone substitutes, because they can form a
direct bond with the living bone, without the formation of
surrounding fibrous tissue. The requirement of a bioactive
material is that in the presence of the human physiological
environment, a biological active apatite called hydroxyl
carbonate apatite layer is produced on their surfaces, which
provide the bonding interface with tissues as well as bone [18].
In the present study, the dissolution of the heat treated samples
was studied in simulated body fluid with the primary idea of
understanding the bioactivity material behaviours in vitro. In
biomaterials research, the in vitro studies involving dissolution
experiments in solutions similar in composition to those present
inside the human body (e.g. simulated body fluid, SBF), have
now been recognized as preliminary screening tests on new
candidate implant materials [19].

Figs. 4-6 show SEM and EDAX spectra obtained from the
glass—ceramic samples before and after soaking in (SBF)
solution. The formation of apatite layers on the surfaces of the
glass—ceramic samples with different magnitude was sought by
using the EDAX-SEM technique after the soaking in the SBF
solution for 21 days. Fig. 4a shows apatite layer covered the
surface of specimen G, after immersion for 21 days in the SBF
solution, which was analyzed by EDAX. Fig. 4b shows the
EDAX trace from the surface of the base glass—ceramic G,
before soaking in the SBF solution indicating the presence of
Ca, Na, Si, and P. However, EDAX spectra of the G; sample
after immersion in the SBF solution for 21 days revealed that
significant peaks for Ca and P were detected due to the
formation of the apatite layer on the surface. Similar formation
of Ca—P rich dispersed precipitate is commonly reported to be
formed during in vitro leaching treatment of various glass and
glass—ceramics materials [20]. Small amounts of magnesium
ions were detected in the hydroxyl apatite layer due to the
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Fig. 3. (a) SEM micrograph of fracture surface of glass—ceramic Gy, (b) SEM
micrograph of fracture surface of glass—ceramic G3 and (c) SEM micrograph of
fracture surface of glass—ceramic Gs.

ability of alkaline earth ions to interchange in calcium
phosphate crystals lattices [21].

Karlsson and Ylanen [22] reported that the biological
behaviour of glasses and glass ceramics depends on the
dissolution and the relative proportion of bridging-oxygen bond
to non-bridging bond in the phases of the materials, i.e. as the
number of non-bridging oxygen bond increased, the bioactivity
of the material increased. It is clear that the bioactivity of the
6K,0/Na,0 glass—ceramic sample (i.e. G3) was lower than that
of the base glass—ceramic sample G, as indicated from the
EDAX patterns (Figs. 4b and 5b, respectively). Fig. 5b revealed

3
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Fig. 4. (a) SEM micrograph of the glass—ceramic surface of specimen G, after
the immersion in the (SBF) solution (b) EDX of the glass—ceramic surface of
specimen G; before and after the immersion in the (SBF) solution.

that small peak for Si was occurred, i.e. the surface of Gj
sample was not completely covered with apatite layer as
compared with that of G; (Figs. 4a and 5a, respectively). This
may be attributed to the chemical durability of the glass—
ceramic sample, which was improved by K,0/Na,O replace-
ment. The mixed alkali effect in the glasses leads to lowering
the rate of corrosion and increasing the chemical durability
[23].

Recent years have witnessed the incorporation of strontium
(Sr) into the CaP structure due to its presence in calcified bone.
Strontium ions depress bone resorption and maintain bone
formation. Therefore, Sr-substituted Ca-phosphate layer is
expected to produce enhanced biological and chemical
responses in the body [24]. In the present investigation the
bioactivity behaviour of the glass—ceramic sample Gs is still
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Fig. 5. (a) SEM micrograph of the glass—ceramic surface of specimen Gj after
the immersion in the (SBF) solution (b) EDX of the glass—ceramic surface of
specimen G; before and after the immersion in the (SBF) solution.

high with SrO/CaO replacements as indicated from the EDAX
patterns after soaking in the SBF solution. The EDAX analysis
of the surface of the crystalline glass ceramic specimen Gs after
immersion (Fig. 6b) revealed that significant peaks of calcium
and phosphorous as well as short peak of strontium were
detected. This may be attributed to strontium ions substituted
for a part of calcium in hydroxyl apatite layer and form
(Ca,Sr)5(PO4)3(OH). Shifting the diffraction lines of apatite
phase to higher d-spacing suggests that a solid solution of
(strontium/calcium) apatite phase could be formed [9].

The formation of apatite in SBF is strongly pH dependent;
the increase in pH actually signifies for the reduction in the

P
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Ca
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G P
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0 1 2 3 4 5 6
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Fig. 6. (a) SEM micrograph of the glass—ceramic surface of specimen Gs after
the immersion in the (SBF) solution (b) EDX of the glass—ceramic surface of
specimen Gs before and after the immersion in the (SBF) solution.

concentration of H" due to the replacement of metal ions in the
glass and subsequent production of OH™ ions due to breaking
of siloxane bond [20]. The pH rise in SBF is less pronounced
with K,O/Na,O replacement in the glass, it might therefore be
expected that the deposition of apatite in SBF decreases with
the addition of K,O in the glass (Fig. 7).

Fig. 7 shows ionic concentrations in SBF after immersion of
glass ceramic samples for 3 weeks. For all glass—ceramic
samples, the concentrations of the phosphate ions decrease
compared to the concentration of the initial SBF solution. This
may be associated with the apatite layer formation [17]. Peitl
et al. [8] reported that the decrease in calcium and phosphorous
ion concentrations in the SBF solution indicates the formation,
crystallization, and growth of the CaO-P,Os rich layer. The
glass—ceramic sample Gy, which is formed has represented the
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Fig. 7. Ton concentrations and pH value of SBF solution after immersion of glass—ceramic samples for 7, 14 and 21 days.

lowest phosphate concentrations in SBF. On the other hand, the
glass—ceramic sample Gs, has given the highest phosphate
concentration in SBF after 3 weeks immersion in SBF i.e. the
lowest bioactivity. The silicon release from the glass—ceramic
has significantly decreased with the potassium addition i.e. G3.
This indicates that the reaction between the glass—ceramic
sample and SBF solution was suppressed and the formation of
apatite layer was also suppressed.

Furthermore, in order to provide complementary evidences
of the apatite layer formation on the glass—ceramics, FTIR
spectroscopy was performed on both the virgin surface and the
immersed glass—ceramic surface, after 3 weeks in the SBF
solution. The difference between the infrared reflection spectra
of unreacted bioglass—ceramics and reacted bioglass—ceramic
is restricted to the bands between 700 and 400 cm ™' which are
associated with the formed crystalline phases [25]. The changes
in the infrared reflected spectra obtained from the surfaces of
the selected glass—ceramic samples G, Gz, and Gs upon
immersion in SBF for 21 days and longer in comparison to the
spectrum of the unreacted glass—ceramic are shown in Fig. 8a—
¢, respectively.

FTIR spectra after SBF immersion showed either a single
peak or a split peak at approximately 560 cm™'. This is the
most characteristic region for apatite and other phosphates, and
it corresponds to P-O bonding vibrations in a PO;*~

tetrahedron and indicates the presence of crystalline calcium
phosphates including hydroxyl apatite (HA) and hydroxyl
carbonate apatite (HCA). A single peak in this region suggests
the formation of non apatitic or amorphous calcium phosphate
(ACP), which is usually taken as indication to the presence of
precursors to hydroxyapatite [26]. Apatitic POs*~ groups give
characteristic split bands at 560 and 600 cm ! [27]. At 3 weeks
immersion in the SBF solution (Fig. 8a—c), this split phosphate
peak is most clearly pronounced for glass—ceramic samples Gy,
G3, and G5.

Serra et al. [28] reported that, the spectrum of the reference
bioactive glass immersed in SBF shows two bands located at
603 cm™' and 564 cm~' which attributed to P-O bending
vibration in the crystalline hydroxyapatite phase. The presence
of carbonate substitution in the apatite is indicated by the peak
at about 870 cm~' [29], present in immersed glass—ceramic
specimens G;, G; and Gs after 3 week immersion in SBF
(Fig. 8)

4. Conclusions

Glass—ceramic materials based on Na,O-CaO-P,05-SiO,
glass system modified by SrO/CaO and K,0/Na,O replace-
ments were successfully prepared and examined by SBF
solution in vitro. Sodium calcium silicate phases and calcium
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Fig. 8. FTIR of (a) Gy, (b) G5 and (c) Gs crystallized samples before and after
immersion in SBF solution.

phosphate together with wollastonite solid solution could be
formed during the crystallization. Potassium ions could be
accommodated in the wollastonite structure while strontium
ions might be incorporated in sodium calcium silicate phase.
The bioactivity studies on the prepared glass—ceramic samples
show that the materials are capable of bonding with the human
bone due to the formation of apatite layer after immersion in
SBF solution. Our results indicate that K,O/Na,O replacement

in the glass system has reduced the formation of apatite layer as
compared with that of the potassium-free variety.
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