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Abstract
Bioactive borate glasses (from the system Na2O-CaO-B2O3-P2O5) and corresponding glass-ceramics as a new
class of scaffold material were prepared by full replacement of SiO2 with B2O3 in Hench patented bioactive
glass. The prepared samples were investigated by differential thermal analysis (DTA), Fourier transform infrared (FTIR) spectroscopy and X-ray diffraction (XRD) analysis. The DTA data were used to find out the proper
heat treatment temperatures for preparation of the appropriate glass-ceramics with high crystallinity. The prepared crystalline glass-ceramics derivatives were examined by XRD to identify the crystalline phases that were
precipitated during controlled thermal treatment. The FTIR spectroscopy was used to justify the formation of
hydroxyapatite as an indication of the bioactivity potential or activity of the studied ternary borate glasses or
corresponding glass-ceramics after immersion in aqueous phosphate solution. The corrosion results are interpreted on the basis of suggested recent views on the corrosion mechanism of such modified borate glasses in
relation to their composition and constitution.
Keywords: borate bioactive glass, hydroxyapatite, IR spectroscopy, corrosion; X-ray diffraction
I. Introduction
In recent years, research has focused on the development of new types of materials that stimulate a biochemical response from living tissue in order to obtain
a strong chemical bond with biological fixation between
the prosthesis and the tissue [1,2]. Bioactive modified
soda lime silica glass 45S5 (Bioglass®) is the oldest bioactive material, first reported by Hench et al. in 1971 [3]
and is now a very well-characterized material that has
found use in a number of biomedical applications such
as orthopedic implant and bone filler material [4–6].
To date, several glass compositions have been developed which have been demonstrated to be bioactive
[7], a property that can be assessed by analyzing the formation of hydroxyapatite (HA) layer on the glass surfaces upon immersion in relevant physiological fluids.
Most commercial bioactive glasses contain SiO2 as a basic constituent. The mechanism of bonding in such silicate based bio- glasses involves partial dissolution due
Corresponding author: tel: +20 1 221133152
fax: +20 2 3370931, e-mail: a.m_abdelghany@yahoo.com

*

to presence of abundant modifier oxides which leads to
the formation of a silica-gel layer and subsequent precipitation of a calcium phosphate layer [4,5]. Many authors have assumed that soluble silicon plays an important role in tissue repair and osteogenesis [4,5]. These
statements are reached although of the fact that bones
did not contain silicon ions in their constitution [8].
A new direction has begun towards the subsequent
introduction of B2O3 replacing SiO2 in the patented
Hench’s bioglass and investigation of the derived glasses showing acceptable bioactivity when immersed in
simulated body fluid (SBF) [5,9]. Pure borate glasses
have only recently explored for use in biomedical applications. Richard [10] was the first to investigate replacing SiO2 with B2O3 in the 45S5 glass composition. The
borate based 45S5 immersed in K2HPO4 solution at the
body temperature (37 °C) formed a layer of hydroxyapatite [10] similar to that formed by the silicate based
45S5 when immersed in SBF. The in-vitro formation of
HA from the borate based 45S5 glass led to further investigation in-vivo. Particles of the borate based 45S5
glass were placed in a rat tibial defect, and not only pro-
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moted bone formation, but did so at a faster rate than the
silicate based 45S5 glass [10]. The borate glass is fully converted to HA by the glass dissolution, i.e. by dissolving of B2O3 and Na2O into solution and reacting of
CaO with PO4-3 from the phosphate solution. According
to the mentioned results [10,11] the borate based glass
is assumed to be most closely following a contracting
volume type of behaviour, where the HA first forms at
the outside of the glass particle, and then continually reacts inward toward the centre until completely reacted.
The main objective of this present work was to study
the corrosion behaviour through the grain method of
some prepared quaternary borate glass samples based on
full substitution of B2O3 for SiO2 in the Hench’s patented Bioglass® and their glass-ceramics derivatives by the
immersion in distilled water and sodium phosphate solution (Na2HPO4 0.25 M) for 1 hour at 90±2 °C. Also,
two related glasses of higher B2O3 content in the same
B2O3-Na2O-CaO-P2O5 system were prepared and characterized. FTIR spectroscopic studies of the prepared samples before and after immersion in the phosphate solution
were carried out to follow the structural evolution during
the immersion process together with justifying the conversion of the prepared samples to hydroxyapatite as an
indication of bioactivity. A further study in this work was
to convert the prepared ternary borate glasses to their corresponding glass-ceramic derivatives and also to characterize the corrosion weight loss and bioactivity potential
of glass-ceramic crystalline derivatives through following the formation of HA after immersion in the sodium
phosphate solution. All these mentioned steps were also
made for a Hench silicate patented glass 45S5 as a comparative reference material to the present work.

II. Experimental
The glasses were prepared from chemically pure
grade materials with the compositions shown in Table
1. The precursor materials included quartz for SiO2,
H3BO3 for B2O3, anhydrous sodium and calcium carbonates for Na2O and CaO, respectively. P2O5 was added in the form of ammonium dihydrogen phosphate
(NH4H2PO4). The weighed batches were melted in platinum crucible at 1100–1300 °C for 2 hours. The melts
were rotated for 30 minutes and the homogenised melts
were then cast into warmed stainless steel molds of the
required dimensions. The prepared samples were immediately transferred to a muffle furnace, annealed at
400–450 °C for 1 hour and cool down to room temperature at a rate of 25 °C/h.
The glass-ceramics were obtained by thermal heat
treatment of the prepared glass samples in two step regime at two different temperatures shown in Table 2.
Each glass was firstly heated slowly (5 °C/min) to the
nucleation temperature and hold for 6 hours (to form
sufficient nuclei sites). After that, samples were further
heated to the crystal growth temperature, hold 3 hours
and left inside the muffle to cool down to room temperature at a rate of 20 °C/hour.
Differential thermal analysis (DTA) measurements,
on Perkin Elmer DTA-7 apparatus, were carried out on
the powdered glass samples which were examined up
to 1000 °C using alumina powder as a reference material. The DTA data were used to find out the proper heat
treatment temperatures for preparation of the appropriate glass-ceramic derivatives with high crystallinity.
Infrared absorption spectra of the bioglasses and
their glass-ceramics derivatives were measured at room

Table 1. Chemical composition of the studied glasses

Glass No.
G1*
G2
G3
G4

Composition [wt.%]
SiO2

B2O3

Na2O

CaO

P2O5

45
-

45
50
55

24.5
24.5
22.5
19.5

24.5
24.5
22.5
19.5

6.0
6.0
6.0
6.0

*Hench bioglass
Table 2. Heat treatment conditions and corrosion weight loss of the investigated glasses and glass-ceramics

Glass No.
G1*
G-C1*
G2
G-C2
G3
G-C3
G4
G-C4

Thermal treatment

Weight loss [wt.%]

nucleation

crystal growth

550 °C/6 h

770 °C/3 h

500 °C/6 h

700 °C/3 h

500 °C/6 h

700 °C/3 h

500 °C/6 h

700 °C/3 h

*Hench bioglass
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in Na2HPO4 solution

in H2O

2.20
1.17
2.61
1.32
2.67
1.79
2.66
1.62

7.84
5.60
10.0
8.80
11.4
10.9
11.0
10.9
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temperature (≈ 20 °C) in the wavenumber range 4000–
400 cm-1 using a Fourier transform infrared spectrometer (type Mattson 5000, USA). Fine powder of the
sample was mixed with KBr in the ratio 1 : 100 and
the mixture was subjected to a load of 5 tons/cm2 in
an evacuated die to produce clear homogenous discs.
Then, the IR absorption spectra were immediately measured after preparing the discs to avoid moister attack.
The glass-ceramic specimens were analysed by Xray diffraction in order to identify the crystalline phases that precipitated during the heat treatment. The glassceramic samples were ground and examined using a
Philips PW 1390 X-ray diffractometer with Ni-filtered
CuKα radiation. The X-ray diffraction patterns were
identified according to standard ASTM cards and recent
related published data.
The chemical durability of the prepared bioglasses
and their corresponding glass-ceramics was carried out
using the grain method, which was adopted by several authors [9,12] and recommended by ASTM specifications. In the used method 1 g powdered glass sample (glass or glass-ceramic), having particle sizes in the
range 0.16–0.25 mm, was accurately weighed in a sintered G4 Jena glass crucible, placed into polyethylene
beaker (250 ml) and finally in water bath regulated at
90±2 °C. 150 ml of the distilled water was introduced to
cover the powdered glass sample in polyethylene beaker in all cases for comparison and to avoid defects resulting from volumetric differences [13]. After 1 hour,
the beaker was removed from the bath and the sintered
glass crucible was connected to suction pump which
pumped whole solution from the sample. The sintered
glass crucible was transferred to an air oven at 120 °C
for 1 hour, reweighed and finally the total weight loss
was calculated. An empty sintered glass crucible of the
same type (G4 Jena) was subjected to the same corrosion test condition and the obtained weight loss was taken into consideration. The same regime was used using disodium hydrogen phosphate (Na2HPO4) solution
(0.25 M) to study and confirm the bone bonding ability.
It is important to mention that in a similar study Day et
al [1,11] used potassium phosphate (K2HPO4) solution
to confirm the bioactivity potential of borate glasses.

peaks at about 2680, 2800 and 2900 cm-1 and a final medium broad band centered at about 3440 cm-1.
After immersion in sodium phosphate solution the
IR spectrum of the base Hench bioglass was changed.
Thus, the first two bands at 510 and 750 cm-1 decrease
in intensity and are replaced by a double split band with
two peaks at about 580 and 660 cm-1. Also, the distinct
peak at about 960 cm-1 is observed to disappear and
a small peak is identified at about 890 cm-1. Also, the
small peak at about 1460 cm-1 becomes more prominent
and show splitting to two peaks at about 1460 cm-1and
1520 cm-1 and the peak at 1650 cm-1 remains prominent.
The same FTIR spectral characteristics can be seen for
the Hench bioglass-ceramic before and after immersion
in sodium phosphate solution (Fig. 1).
3.2. FTIR spectra of borate glasses
Figure 2 illustrates the FTIR spectra of the prepared
borate glasses before immersion in phosphate solution.
It can be seen that the glass G2 containing the lowest

Figure 1. IR absorption spectra of Hench bioglass and
bioglass-ceramic before and after immersion in
sodium phosphate solution

III. Results and discussion
3.1 FTIR spectra of reference Hench bioglass
Figure 1 illustrates the FTIR absorption spectra of
the reference Hench bioglass (G1) and its glass-ceramic
derivative before and after immersion in sodium phosphate solution. The glass exhibits an infrared spectrum
consisting of two medium bands at about 510 cm-1 and
750 cm-1 followed by a very broad band with two distinct peaks at about 960 and 1060 cm-1. Also, the spectrum shows two small peaks at about 1460 and 1650 cm1
. The IR spectrum shows in the near-region three small
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Figure 2. IR absorption spectra of prepared bioglasses
before immersion in phosphate solution
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Figure 3. IR absorption spectra of prepared bioglasses after
immersion in phosphate solution

Figure 4. IR absorption spectra of prepared bioglass-ceramics before immersion in sodium phosphate solution

Figure 5. IR absorption spectra of prepared bioglass-ceramics after immersion in sodium phosphate solution

B2O3 content (45 wt.%) shows seven small peaks at
about 640, 720, 770, 920, 1030, 1250, and 1430 cm-1 in
the mid-region beside two small peaks at 2880 and 2920
cm-1 and a broad band centered at 3440 cm-1 in the nearinfrared region. In comparison to the glass G2 the FTIR
spectra of the glasses G3 and G4 show two broad and
highly prominent bands with peaks at about 1150 and
1500 cm-1. The rest of the peaks are very similar with
corresponding FTIR bands of the sample G2.
Figure 3 illustrates the FTIR spectra of the prepared
borate glasses after immersion in the phosphate solution. The spectral features can be characterized with: a
small peak at about 510 cm-1, a sodium broad band with
two peaks at about 580 and 680 cm-1, a distinct broad
and sharp band at about 1060 cm-1, the decreased intensity of the absorption bands within the region 1200–
1500 cm-1 and the increased intensity of the very broad
band centered at about 3450 cm-1.
3.3. FTIR spectra of borate glass-ceramics
Figure 4 illustrates the FTIR spectra of the prepared
glass-ceramics before immersion in sodium phosphate
solution. It is evident that IR spectra reveal numerous
sharp characteristic peaks representing well crystallised
phases. Also, it is observed that for the glass-ceramics
G-C2 and G-C3 the IR absorption bands within the region 1200–1600 cm-1 have relatively higher intensities
than the bands in the region 800–1200 cm-1.
Figure 5 shows the FTIR spectra of glass-ceramic
derivatives after immersion in the sodium phosphate solution at 90±2 °C for 1 h. The IR spectra reveal the appearance of various characteristic bands due to trigonal
and tetrahedral borate groups: a small peak at about 500
cm-1, two distinct peaks at 566 and 603 cm-1, two small
bands at 698 and 804 cm-1, two medium bands at 1423
and 1643 cm-1, a very broad band centred at 3450 cm1
. The samples G-C2 and G-C3 exhibit almost the same
IR spectra as their parent glasses after immersion (Figs.
3 and 5). Exception is the sample GC4 with the highest
B2O3 content (55 wt.%) as its FTIR spectrum is characterized by splitting in the mid-infrared region. Thus,
three distinct peaks at about 1080, 1150, and 1250 cm-1
and two medium bands at about 1460 and 1650 cm-1 can
be clearly seen in Fig. 5.
3.4. X-ray diffraction data
Figures 6 and 7 illustrate the X-ray diffraction patterns of the prepared heat-treated glass-ceramics derivatives. The glass-ceramic G-C1 prepared from the
Hench’s bioglass consists of sodium calcium silicate
solid solution (3Na2O·3CaO·6SiO2 or Na6Ca3Si6O18) as
the main crystalline phase. In the borate glass-ceramic G-C2 the following crystalline phases were detected: calcium sodium borate (CaNa3B5O10) 34.5% with
triclinic structure, calcium phosphate (CaP2O6) and boron calcium oxide (B2Ca2O5) 31.1% with monoclinic structure. The borate glass-ceramic G-C3 has sim-

144

M.A. Ouis et al. / Processing and Application of Ceramics 6 [3] (2012) 141–149

3.5. Corrosion results
Table 2 depicts the corrosion behaviour of the studied
glasses and glass-ceramics. The weight losses of all the
borate glasses immersed in sodium phosphate solution
are slightly higher than that obtained from the Hench bioglass. However, the weight losses due to corrosion have
only slight increase with the increase of B2O3 content.
The glass-ceramic derivatives of all the samples reveal
lower corrosion durability in comparison to their parent glasses. In addition, the corrosion in distilled water is
considerably higher than in sodium phosphate solution.

IV. Discussion
Figure 6. X-ray pattern of Hench bioglass

ilar XRD pattern, but the following crystalline phases
can be identified: sodium phosphate (Na5P3O10) 32.9%
with monoclinic structure, calcium sodium borate
(CaNa3B5O10) 24.7% with triclinic structure, boron calcium oxide (B2Ca2O5) 22.2% with monoclinic structure, calcium phosphate (CaP4O11) 10.9% with monoclinic structure and calcium phosphate (CaP2O6) 9.3%.
The borate glass-ceramic G-C4 with the highest boron content has somewhat different crystalline structure and contains: calcium borate (CaB2O4) 37.3% with
orthorhombic structure, calcium phosphate (Ca2P2O7)
31.3% and sodium phosphate (NaPO3) 31.3% with
monoclinic structure.

Figure 7. X-ray pattern of prepared bioglass-ceramics

4.1. Interpretation of FTIR results
Analysis of the vibrational spectra can provide useful structural information [14,31] about glass constitution and also to identify the presence of defect centers or radiation-induced defects [15,16], the presence
of low-concentration impurities such as water, hydroxyle etc. [17] or the formation of hydroxyapatite surface
layer on the bioglass after immersion in specific SBF or
even phosphate solution [18–20]. It is accepted that the
main vibrational modes associated with the glass network mostly appear above 500 cm-1 in the mid-infrared
region [21–23]. The atomic arrangement in glass leads
to the development of structure with considerable short
range order on a scale nearest neighbour interatomic
distances [24]. X-ray analysis fails to identify the constitutional structural units within the glass while FTIR
measurements are accepted to be able to give valuable
information of the glass constitution in comparison with
related crystalline counterpart [17–25].
Before detailed assignments of the vibrational modes
of the experimental results of the studied soda lime borate glasses with constant P2O5 content, the concept introduced by Tarte [25] and Condrate [26] should be adopted and taken into consideration. In a vitreous system,
it is assumed that vibrations of the characteristic groups
of atoms in the network are independent of the vibrations of other groups. Regarding the borate glasses, the
vibrational structural modes are generally accepted to be
active in three infrared spectral regions [21–23]:
• 1200–1500 cm-1 - originates from B-O stretching
vibrations of trigonal BO3 units,
• 850–1200 cm-1 - due to B-O stretching vibrations of
tetrahedral BO4 units,
• 600–800 cm-1 - belongs to bending vibrations of
various borate segments.
The basic composition of the studied modified borate glasses consists of main constituent of B2O3 (45–55
wt.%) and with constant P2O5 (6 wt.%). Thus, it is expected that the vibrational modes are mainly due to different borate units (triangular and tetrahedral borates) besides the sharing of some few phosphate groups. The two
mixed glass building units superimpose with each other
but the vibrations due to borate units are predominating.
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The experimental FTIR spectrum of the reference
Hench bioglass (Fig. 1), consisting of mixed main silicate (45 wt.% SiO2) network and partner phosphate (6
wt.% P2O5) network, exhibit mainly vibrations assigned
as follows [13–23]:
• the Si-O bending mode is located in the range 450–
510 cm-1 and 670–740 cm-1,
• the band between 890 and 970 cm-1 is associated
with the Si-O– with one non-bridging oxygen,
• the Si-O stretching mode is located in the range
1000–1200 cm-1,
• the band at about 1460 cm-1 is due to carbonate group,
• the band around 1640 cm-1 is related to molecular
water,
• the bands at about 2820, 2928, and 3450 cm-1 are related to different modes of water, OH or silanol groups.
The contributions of the phosphate network, as a
second component, are being mostly overlapped by the
bands due to main silicate network and are not separated
as individual IR vibrations. The IR spectra of the Hench’s
bioglass and the corresponding glass-ceramic after immersion in sodium phosphate solution reveal two important changes (Fig. 1). The first change is the disappearance of the band at 890–970 cm-1. This specific band is
related to Si-O– and this confirms the proposed ion exchange process for corrosion in this type of modified
soda lime silica glass and the replacement of (Si-O– Na+)
by (Si-OH) [18]. The second change is the appearance
of the double split band with two peaks at about 580 and
620 cm-1 indicating the formation of hydroxyapatite [18].
The IR absorption spectra of the studied borate
glasses before immersion (Fig. 2) reveal vibrational
bands which are characteristic of borate network consisting of triangular (BO3) and tetrahedral (BO4) groups
composed of units such as diborates, pertaborates, and
triborates. The asymmetric stretching vibrations of tetrahedral borate units are seen to be active within the
range 800–1200 cm-1 as evidenced by the appearance of
the strong bands at about 1050 and 950 cm-1. The high
frequency absorption at 1200–1550 cm-1 can be related
to triangular units (BO3 and BO2O–), which are absorbing at this region. The low frequency part of the midregion (500–800 cm-1) is dominated by the bending vibrations or deformation modes of various borate units,
and the bands around 700 cm-1 represent this mode. The
peaks within the range 400–580 cm-1 are assumed by
some authors [27,28] to represent vibrations of modifier cations (Na+, Ca2+) in these glasses.
The IR absorption spectra of the studied borate
glasses after immersion in sodium phosphate solution
(Fig. 3) reveal three important changes in the spectra. The strong persistence of the main band at about
1050 cm-1 and the quite decrease of the intensities of
the bands in the region 1250–1500 cm-1 which indicate
that the bands due to BO3 vibrations highly decrease
but the bands due to BO4 persist and remain prominent.

Also, identification of a new band with two split peaks
at about 560 and 620 cm-1 confirms the formation of hydroxyapatite [18].
The FTIR of glass-ceramics before immersion (Fig.
4) reveal numerous bands within the mid-region which
indicate that the vibrations are due to fine-grained crystalline phases formed during controlled crystallisation
of the original base glasses. The IR spectra of the glassceramics after immersion in the diluted phosphate solution (Fig. 5) show the resolution of the far-infrared band
with two split peaks at about 560 and 620 cm-1 confirming the formation of hydroxyapattite crystals. Also, the
two glass-ceramics with 45 and 50 wt.% B2O3 reveal the
persistence of the main band at about 1050 cm-1 while
the glass-ceramic sample containing 55 wt.% B2O3 reveals the extension of the mid-bands within the region
1050–1600 cm-1 showing several high intense bands
with split peaks. This last sample (GC4) reveals that
both triangular and tetrahedral borate units are highly
persistent upon crystallisation of the glass containing 55
wt.% B2O3 and also after immersion. It seems that the
various crystalline species formed are quite resistant to
the action of dilute phosphate solution as expected from
the glass-ceramic derivative.
4.2. Interpretation of the corrosion results
The corrosion of patented Hench’s bioglass is agreed
upon to be similar to traditional commercial silicate
glasses involving hydration and ion-exchange processes
between the modifier alkali cations from glass and hydrogen or hydronium ions from the contact solution [18,28].
The rate of corrosion in this specific Hench’s bioglass is
rapid due to the presence of substantial amounts of both
modifiers: alkali oxide (24.5 wt.% Na2O) and alkaline
earth oxide (24.5 wt.% CaO). The modifier ions are present in network modifying positions and their cations are
loosely bound and can be easily detached during leaching
by the action of dilute phosphate solution. Two equations
have been proposed [18,28] to express the mechanism of
corrosion in Hench’s bioglass:
≡Si-O-R + H3O → ≡Si-OH+ R++H2O(1)
≡Si-O-R+ H2O → ≡Si-OH+ R++ OH
(2)
The third suggested mechanism is given for silicate network dissolution:
≡Si-O-Si(OH) + 3 (OH)- →
≡Si-O-Si (OH)-4→ 
≡Si-O-+ Si(OH)4

(3)

The further suggested reaction associated after the formation of surface SiO2 gel is the condensation of the silanol (SiOH) groups as follows:
Si-OH + HO-Si → Si-O-Si+H2O(4)
The corrosion mechanism of alkali-alkaline earth
borate glasses is eventually quite different from that for
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alkali-alkaline earth silicate glasses because almost all
the glass components within the studied borate glasses are dissolved in aqueous solutions but with somewhat different degrees. Velez et al. [29] have assumed
that the corrosion of borate glasses proceeds through
a dissolution process which takes place by a situation
controlled mechanism and not by ion-exchange process which is a distinctive way for silicate corrosion.
B2O3, Na2O, and P2O5 are easily released components
from borate glass and are rapidly dissolved because of
their known strong ability to dissolve in aqueous media by a measurable degree [19,20]. CaO is known to
be less soluble than the mentioned other constituents
and can form sparingly soluble Ca(OH)2 or to be in
contact with phosphate cations from the leaching solution or from the glass and thus forms calcium phosphate with the final pathway to be converted to hydroxyapatite. The experimental FTIR spectra (Fig. 3)
indicate that the vibrational bands within the region
1200–1500 cm-1 are observed to decrease in intensity with a measurable degree after immersion in dilute
phosphate solution. This result can be interpreted by
assuming that the triangular borate units are primarily
easily dissolved while the compact tetrahedral borate
units are relatively stable and less soluble and hence
their vibrations are observed to be persistent. Previous
studies on alkali borate glasses support this assumption [19,20,30].
The corrosion of glass-ceramics derivatives can be
realised and understood by assuming that the precipitated or formed crystalline species are also easily hydrolysed and dissolved in the same procedure suggested for the present glasses. The only exception is the
glass G4 containing 55 wt.% B2O3, as the FTIR spectrum after corrosion (Fig. 5) indicates that the crystalline species are stable, most probably due to the presence of relatively high percent of more stronger BO4
units. The observed results can initiate further investigation to find out detailed behaviour of borate glasses with higher B2O3 contents. X-ray diffraction data of
the glass-ceramic G4 (Fig. 7) indicate that the formed
phases are somewhat different than in the glass-ceramics G2 and G3. The main phases in the sample G4 are
calcium phosphate and calciborite while in the samples G2 and G3 the calcium sodium borate phase is
predominant. This may explain the difference in corrosion behaviour as revealed by FTIR results.
The result of high solubility with distilled water
can be attributed to the free dissolving ability of clear
distilled water without any dissolved constituents
while sodium phosphate solution seems to possess the
liability to dissolve the basic constituents more than
the acidic constituent because the phosphate anion is
more acidic than borate or silicate anions. This behaviour needs still more studies to confirm the corrosion route.

4.3. Interpretation of the X-ray data
Experimental X-ray measurements indicate the
formation of microcrystalline phases after controlled
thermal treatment of the studied bioglasses (as shown
in Figs. 6 and 7). It is generally accepted that the type
of the formed microcrystalline phases depends on
both the composition of the bioglass and heat-treatment conditions [31–33]. The Hench silicate bioglass (45S5) can easily crystallise and forms a main
phase of sodium calcium silicate solid solution. It has
been assumed [34,35] that the reason is the presence
of both silicate and phosphate networks together and
the possibility of obvious phase separation upon thermal treatment. It is accepted by various scientists [34–
36] that the addition of P2O5 (even a few percent) to
silicate glass network promotes volume nucleation
and crystallisation. There is some evidence that precipitated phosphate crystals subsequently act as heterogeneous nucleation sites for the formation of major
phases, although the detailed role of P2O5 remains debatable [31–36].
Regarding the modified Hench glass from the system (Na2O-CaO-SiO2-P2O5), Masterlrao et al. [37] have
confirmed by EXAFS measurements that there is a relationship between the short-range order around the modifier cations and the crystal nucleation tendency in the
silicate glasses of the two systems (SiO2-CaO-Na2O)
and (SiO2-CaO). Glasses of these two systems can easily nucleate in the volume because they have similar
local structure to their isochemical crystalline phases.
Publications on a similar background about Na2O-CaOB2O3 and CaO-B2O3 are lacking and extensive studies
of the tendency on crystallisation in borate glasses are
still needed by recent techniques.
The interpretation of the X-ray diffraction patterns
data (Fig. 7) can be summarized as follows:
a) In all borate glass-ceramics calcium phosphate is one
of the phases precipitated or formed during thermal
treatment. This result supports the assumption of
Hudon and Baker [38,39] about the ability of Ca2+
ions to participate in phase separation in borate glass
and to form with P2O5 calcium phosphate phase.
b) In all borate glass-ceramics another main phase of
calcium borate type with different formula was observed. This result also confirms the assumption of
Hudon and Baker [38,39] about the readiness of
Ca2+ to nucleate and form crystalline phase.
c) Ternary calcium-sodium-borate crystalline phase is
the major phase formed after thermal treatment of
the glass G2, the second phase in the glass-ceramic G-C3, but not identified in the sample G-C4. This
behaviour can be correlated with the percents of all
the three constituents (Na2O, CaO, B2O3), i.e. with
increasing the B2O3 from 45 wt.% to 55 wt.% the
modifier oxide (Na2O and CaO) content decreases
from 24.5 to 19.5 wt.% (Table 1).
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d) The glass-ceramics prepared from glasses with higher B2O3 content (the glasses G3 and G4) contain a
crystalline sodium phosphate phase. This phase formation is expected as the other constituent components have shared in the formation of other crystalline phases.

8.

V. Conclusions
A comparative corrosion and bioactivity studies of
some prepared borate glasses of the analogue composition to silicate Hench bioactive glass by full replacement of SiO2 by B2O3 have been carried out. The studied
borate glasses analogous to Hench bioglass reveal by
FTIR analysis the formation of characteristic peaks due
to hydroxyapatite after immersion in a sodium phosphate solution for 1 hour at 90±2 °C. It is observed that
the bioactivity potential slightly decreases with increasing the B2O3 from 45 to 55 wt.%. The glass-ceramic derivatives prepared by controlled heat treatment reveal
similar bioactivity to the parent glasses. A proposed
corrosion mechanism is introduced to interpret the ease
dissolution behaviour of borate glasses which is different from the ion exchange process in silicate glasses including Hench’s bioglass. The difference in corrosion
behaviour of distilled water and diluted sodium phosphate solution is related to the clearness of distilled water from any dissolving ions and hence more dissolving
power of distilled water to all constituents. However,
sodium phosphate is proposed to dissolve alkali constituents better than acidic borate matrix. This effect needs
further and continuous studies.

10.
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