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Abstract: The 45S5 Bioglassr and its sintered bioactive
glass-ceramic (BGC) have been widely investigated as
bone implants, mainly for its ability to bond to hard tissues. However, high temperature treatment is not enough
to improve its poor mechanical properties, but compromise its biologically relevant performances. The innovative BGC compositions based on the thermally treated 45S5
Bioglassr were developed by decreasing the P2 O5 quantity and adding B2 O3 (0-6%) into the Na2 O–2CaO–3SiO2 based bioactive glasses (BG). The thermally treated BGCs
were fully characterized from the microstructural and mechanical points of view and compared to each other. Their
bioactivity and bio-dissolution were established by means
of in vitro soaking tests. The new B2 O3 -added 45S5 BG
analogues, named NCS-xB, can be transformed to crystalline phase (Na2 Ca2 Si3 O9 )-based BGCs of high compactness and bioactivity at a relatively low temperature heat
treatment (≤ 900∘ C), since their bioactivity is preserved.
Our experimental results suggest that the new 45S5 BGC
analogues with optimized composition exhibit improved
micro- structural and mechanical properties, and are beneficial for making specific products such as porous scaffolds or composites for bone defect repair.
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1 Introduction
Since Hench et al. firstly found that a CaO–SiO2 –
Na2 O–P2 O5 glass with appropriate composition (i.e. 45S5
Bioglassr ) had excellent bioactivity and osteoconductivity [1], a variety of CaO–SiO2 -based bioactive glasses (BGs),
based on or inspired by Hench’s glass, have been developed as bone and dental implants [2, 3]. In the past decade,
many studies have demonstrated that the ion dissolution
products from 45S5 BG can stimulate a rapid expression
of osteogenic genes that regulate osteogenesis [4]. These
discoveries have stimulated extensive investigations into
extending the range of development of 45S5 BG-based
porous scaffolds in regenerative medicine [5–7]. Although
the use of such glassy materials in numerous animal models and clinical programs has exhibited favorable healing capability, the clinically used 45S5 BG is still granules
or powdered glass, due to their relatively poor mechanical properties in bulk form [1, 2, 8]. Moreover, the spontaneous precipitation of carbonated hydroxyapatite (CHA)like minerals on BG is associated with the rapid release of
alkalizing ions from a glass network, resulting in rapid increase of the adjacent pH, which is disadvantageous for
cell viability and proliferation and tissue growth [9–11].
In this context, the employment of heat treatment has
been widely reported to produce 45S5 BG-sintered bioactive glass-ceramic (BGC) to modify its early-stage surface
reactivity and improve mechanical reliability. Although
such BGC may exhibit enhanced mechanical strength over
the parent BG, the introduction of some crystalline phases
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may sharply increase their elastic modulus, its level of
bioactivity is insufficient for rapidly bonding to bone tissues and its biodegradation could not readily match the
bone regeneration rate [12, 13].
Nowadays, the 45S5 BGs and its thermally treated
BGC products have not yet reached their potential but research activity is growing. Fortunately, the important aspects of 45S5 BGC production are mainly the crystalline
phase composition and manufacturing method, which
have great impact on the properties of the produced materials and also on the final cost and quality of the production [14]. From room to melting temperature, 45S5 BG
undergoes a series phase transformations glass transition, glass separation and crystallization. The initial amorphous 45S5 BG can readily form crystalline phases induced by thermal treatment above 600∘ C. Although there
is presently no agreement in the scientific community
about the composition of crystalline phase in 45S5 BGC,
many studies have demonstrated that its crystalline phase
is Na2 Ca2 Si3 O9 [15–17], or (co-)existence of another crystalline phase of Na2 CaSi2 O6 within the residual glass matrix [18–21]. Furthermore, some investigations indicated
that these crystalline phases exhibit appreciable bioactivity and biodegradability [6, 14].
However, increasing the rate of reaction with body
tissue and reducing heat treatment temperature are two
main motivations for comparing the low temperature heat
treatment with high temperature-manufactured BGCs. Although it is believed that the high temperature heat treatment may reinforce the microstructure of the 45S5 BGC and
not compromise its bioactivity [22], the rational design of
glassy composition based on the crystallization product
makes the study of 45S5 BGC analogues appealing; with
potential for overcoming the initial extreme rapid surface
dissolution and the following slower degradation rate of
crystals given the enhanced densification and mechanical
properties after heat treatment.
In this regard, the present study aimed to design a
Na2 O–2CaO–3SiO2 -based BG according to the molar ratio
of crystalline phase of Na2 Ca2 Si3 O9 in 45S5 BGC. Meanwhile, the appropriate amount of P2 O5 (2 wt% in total
mass) and changeable CaO and B2 O3 (0-6 mol% in total
mass) were added to maintain their bioactivity and decrease heat treatment temperature. Thus the predictable
crystalline products in the new 45S5 BGC analogues are
mainly Na2 Ca2 Si3 O9 and minor amount of calcium borate,
but P2 O5 is still present in the residual glass matrix. Based
on this compositional design, it is reasonable to postulate that the new BG can be sintered at a comparable low
temperature range ascribed to the B2 O3 assisted densification. Furthermore the bioactivity and biodegradability
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of the BGC can be tailored by the B2 O3 content in the BG
parent glass and by the structural densification.

2 Experimental procedure
2.1 Materials
The 45S5 Bioglassr (45 SiO2 , 24.5 Na2 O, 24.5 CaO, 6 P2 O5
in wt%), which was purchased from US Biomat Co., has
been comminuted by ball milling until the final size range
of ~2-19 µm. High purity Na2 CO3 , SiO2 , B2 O3 , and P2 O5
were purchased from Sinopharm Chemical Reagent Co.,
China, as starting materials for preparation of new BGs.
CaO was made from CaCO3 which was firstly calcined
at 1000∘ C for 2 hours. The other reagent-grade NaCl,
KCl, NaHCO3 , MgCl2 ·6H2 O, CaCl2 , KH2 PO4 and trishydroxymethylaminomethane (Tris) were used to prepare simulated body fluid (SBF) containing equal inorganic ion compositions with human plasma (pH ~7.2) and 0.05 M Tris
buffer (pH ~7.2), respectively.

2.2 Preparation of BGs
The new 45S5 BG analogues were composed of SiO2 ,
CaO, Na2 O, P2 O5 and B2 O3 , respectively, with x =0, 2, 4
and 6 wt% of B2 O3 . Specifically, the BGs with Na2 O: CaO:
SiO2 molar ratio of 1:2:3, 4 wt% P2 O5 , different amounts
of B2 O3 (0, 2, 4, 6 mol%) and additional CaO (to balance
with B2 O3 for the CaB2 O4 in the sintered products; Table 1) were prepared by using a melt-method. For easier abbreviation, we therefore define the Na2 O–2 CaO–
3 SiO2 -based BGs with different B2 O3 addition (x) as NCSxB (x =0, 2, 4, 6 mol%). The oxides and Na2 CO3 were
mixed homogenously and then melted in a Pt crucible
for 40 min at 1360∘ C in an electric furnace with a decarbonation step (3 hours at 980∘ C). The homogenized melts
were then poured on a stainless steel plate and placed in
a prepared annealing furnace at 520∘ C for annealing immediately, and then cooled down to room temperature.
The as-annealed BGs were ground in a planetary ball mill
(MP-2L; Chishun Sci&Tech Co., China) with 320 rpm, using 3.5 mm diameter Zirconia ball media in ethanol to obtain superfine powders (below 17 µm). Annealing treatment was necessary to remove the inter-strain and retain
a completely amorphous material, as verified by a Rigaku
D/max-rA (Geigerflex) X-ray diffractometer (XRD) using Cu
Ka radiation with a scanning rate of 0.02∘ min−1 . The
composition of the NCS-xB was also checked by chemi-
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Table 1: Oxide compositions of the BGs (mol%).

Sample
45S5 Bioglassr
NCS-0B
NCS-2B
NCS-4B
NCS-6B

CaO
26.9
33.05
33.75
34.43
35.14

SiO2
46.1
49.59
47.80
46.02
44.22

cal analysis, to ascertain that no impurity was present after the different preparation steps. The thermogravimetric and differential thermal analysis (TG/DTA) for the ballmilled superfine powders was performed up to 1000∘ C using 15 mg powders on TG/ DTA6200 of TA Instruments with
a 10∘ C min−1 heating rate in air atmosphere.

2.3 Preparation of BGC samples
Cylindrical (∅ 6×2 mm, ∅ 8×10 mm, ∅ 25×5 mm) and
cuboid (45×8×6 mm) NCS-xB compact samples were prepared with a pressure of 10 MPa. Specifically, the polyvinyl
alcohol (PVA; ~6 kDa) solution (1.5% v/v) was prepared
under magnetic stirring at 45∘ C. Then the PVA solution
was added to the BG powders with a solution- to-powder
mass ratio of 0.8:1. The paste was stirred for 10 minutes and
then kept at 60∘ C overnight. Subsequently, the samples
were prepared using a uniaxial pressure in stainless steel
moulds. Finally, the green compacts were treated respectively at 820∘ C, 860∘ C and 900∘ C for 3 hours in a bench top
muffle furnace (Hefei Kejing Co., China), and followed by
cooling naturally. The heating rate was determined to be
2∘ C/min for all samples. Similarly, the 45S5 BG compacts
were prepared as control at the same conditions.

2.4 Porosity test
Various heat treatment temperatures were considered and
the densification of the BGCs was monitored by measuring
the volume shrinkage. The porosity of the discs was measured using mercury porosimetry (AutoPore IV 9510). Hg
intrusion volume during the high pressure loading phase
was determined in cm3 per unit sample weight.

Na2 O
24.4
16.53
15.93
15.34
14.74

P2 O5
2.6
0.83
0.80
0.77
0.74

B2 O3
0
0
1.72
3.44
5.16

speed of 0.5 mm min−1 . The mechanical test follows the
guidelines set in ASTM D5024-95a.

2.6 In vitro bioactivity assessment in SBF
The BGC discs (∅ 6×2 mm) were immersed in 10 ml SBF
at 37∘ C. The formation of CHA on the surface of samples
for different time stages was mentioned. After soaking for
6 hours-7 days, the discs were washed with ethanol and
observed using scanning electric microscopy (SEM; JEM6700F, Japan) and a local chemical analysis was carried
out by energy dispersive X-ray (EDX). Prior to examination, the samples were coated with a thin layer of gold.
Additionally, the surface layer on the discs was examined by XRD and FTIR spectroscopy (PerkinElmer Like
and Analytical Sciences, Shelton). All immersion media
were saved for inductively coupled plasma-optical emission spectrometry (ICP-OES; Thermo) analysis of B, Si, Ca
and P to measure ionic concentrations.

2.7 In vitro Dissolution test
In order to evaluate the dissolution in vitro (weight loss)
of the BGCs, the discs (W0 ; ∅ 25×5 mm) were immersed in
150 ml Tris buffer and 150 ml SBF, respectively, with an initial pH 7.25 at 37∘ C. After immersing for every 48 h, 20% of
supernatant was extracted for ICP-OES measurement and
an equal volume of fresh buffer was added. Meanwhile,
the samples were rinsed with ethanol, and then dried up
to mass constancy (Wt ) before weighing. The weight decrease was expressed as the following equation: weight
loss=Wt /W0 ×100%.

2.8 Statistical analysis
2.5 Evaluation of mechanical properties
Compressive strength and three-point bending strength of
the BGCs (n =6) were measured using a universal testing
machine (Instron, Canton, MA) at a constant crosshead

All the data above were expressed as mean ± standard deviation (SD) and analyzed with the one-way ANOVA. In all
cases the results were considered statistically significant
with a p-value less than 0.05.
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Figure 1: TG (A) and DTA (B) traces together with magnified images (×100) between 500 and 700∘ C for the 45S5 BG and NCS-xB powders,
and (C) digital images of thermally treated BGC discs at different temperatures on the alumina substrates.

Figure 2: XRD patterns of the BGCs sintered at 860∘ C.

3 Results
3.1 Thermal analysis of the NCS-xB powders
Figure 1A and 1B show the TG and DTA curves for the superfine NCS-xB and 45S5 BG powders. As the low heat pro-

cess proceeded, only a very limited weight loss (< 3%) occurred at 30-600∘ C on TG curves for all samples (Fig. 1A).
It is shown that the glass transition temperature (T g , endothermic effect) is in the range of 520–660∘ C and the
crystallization temperature (T c , exothermic effect) is in the
range of ~670-720∘ C (Fig. 1B). The onset of T c for 45S5
was nearly 520∘ C, but this point increased up to 560570∘ C in the NCS-xB systems. However, T c shifted toward
lower temperature (710-675∘ C) with increasing B2 O3 content from 0% to 4% in the NCS-xB systems. Moreover, the
DTA results on NCS-6B revealed a very low endothermic
melting peak (T m ; ~910∘ C). It should be mentioned that,
when treated at 930∘ C, both NCS-4B and NCS-6B discs
were fused to a continuous phase and showed melting
phase production on the alumina oxide substrate (Fig. 1C).
These primary results suggest that the thermal treatment
for NCS-xB with appropriate amount of B2 O3 addition (i.e.
2-6%) mainly works below 900∘ C and the specific thermal treatment close to the onset of melting temperature
would be highly interesting in practical aspects. Moreover,
the thermally treated NCS-xB a relatively low temperature
(i.e. 820∘ C) showed poor densification and mechanical
strength. Accordingly, the NCS-xB bodies were systematically characterized and evaluated after thermal treatment
at 860∘ C and 900∘ C, respectively.

3.2 Phase transformation analysis of the
NCS-xB BGCs
The XRD patterns (Figure 2) reveal information about the
different crystalline phases in the NCS-xB samples after
heat treatment at 860∘ C. It is seen that all BGCs show
the presence of the crystalline phase (Na2 Ca2 Si3 O9 ; PDF
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Figure 3: SEM micrographs of the surface morphology of BGCs sintered at 860∘ C and 900∘ C, respectively.

Figure 4: SEM micrographs of the internal microstructures of the BGCs after bending strength test.

#22-1455), while the NCS-4B and NCS-6B show two additional crystalline phases which are attributed to wollastonite (CaSiO3 ; PDF #27-0088) and calcium borate of the
formula (CaB2 O4 ; PDF #27-0067). In particular, the crystallization peaks of CaSiO3 and CaB2 O4 became more evident in NCS-4B and NCS-6B, respectively. As for the NCS6B after the specific heat treatment, the crystalline phases
appeared at 700∘ C, and intensified at 750∘ C; increasing up
to 800–900∘ C, the BGCs were predominantly composed of
Na2 Ca2 Si3 O9 and CaB2 O4 .

3.3 Surface and internal microstructures of
NCS-xB BGCs
The surface and fracture microstructure of the 45S5 and
NCS-xB BGCs were then investigated systematically by
SEM observation. Fig. 3 shows the SEM images of the typical NCS-xB samples at different temperatures. At such
low temperature range, i.e. 860−900∘ C, the shape of particles in 45S5 BGC almost remains unchanged. However,
the NCS-xB samples show softening and fluidizing of glass
particles while beginning to bond to each other with increasing treatment temperature from 860∘ C to 900∘ C, and
the pores in NCS-0B and NCS-2B are connective open-

pores. Also, it is seen that some rod- or plate-like crystals
are embedded in the submicron granules for the NCS-4B
and NCS-6B samples treated at 860∘ C.
The effects of chemical composition on the fracture
microstructure of NCS-xB BGCs, with only binder addition,
can be appreciated observing Figure 4. The presence of
widespread closed pores with pore sizes ranging from submicron to several microns, with the increase of B2 O3 content in the parent glasses is observed. Surprisingly, high
density of closed pores was present in the cross-section
of the NCS-0B compacts at 900∘ C, and the pore size was
very small, ranging from tens to hundreds of nanometers.
In contrast, the 45S5 BGCs showed high density of irregular open pores in the facture structure, implying poor densification at this temperature level.

3.4 Mechanical strength of NCS-xB BGCs
The porosity and volume shrinkage of the BGCs are summarized in Table 2. It is indicated that the 45S5 BGC at
considerable low temperature ranges (860-900∘ C) showed
significant high amount of open pores while the porosity of the 5.8%, while that of the NCS-4B was below 1.7%,
implying the later shows a markedly high densification.
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Table 2: Porosity and volume shrinkage ratio of the BGCs (%).

Properties
Volume shrinkage (860∘ C)
Volume shrinkage (900∘ C)
Porosity (860∘ C)
Porosity (900∘ C)

45S5BGC
6.82±1.33
8.68±1.54
7.60±0.20
5.82±0.25

NCS-0B
8.35±0.69
11.22±1.25
3.49±0.26
3.12±0.16

NCS-2B
11.33±2.04
16.86±1.58
2.78±0.23
2.44±0.12

NCS-4B
14.45±2.57
18.92±2.88
1.68±0.19
1.34±0.05

NCS-6B
8.58±2.68
3.35±1.05
2.17±0.23
2.39±0.12

Figure 6: SEM micrographs of the 860∘ C-sintered BGC after immersion in SBF for different time stages. Insets showing the Ca/P molar
ratio by quantitative analysis of face-scanning EDX.

strength was 38.8 MPa and 44.2 MPa for samples with a
B2 O3 content of 4% and sintered at 860 and 900∘ C, respectively (Fig. 5b). Similarly, the flexural strength of the
NCS-2B samples showed an increase trend compared with
that of 45S5 BGCs. However, NCS-6B exhibited considerable low bending strength (~11 MPa) which was three-fold
lower than that of NCS-4B treated at 900∘ C.

Figure 5: The compressive and bending strength of BGCs sintered at
860∘ C and 900∘ C, respectively.

Actually, NCS-2B and NCS-4B exhibited two-fold volume
shrinkage in comparison to that of 45S5 BGC when treated
at 860-900∘ C, whereas the NCS-6B showed some degree of
swelling when treated at 900∘ C.
On the other hand, with increasing B2 O3 from 0%
to 4%, the compressive strength increased when treated
at 860∘ C, and in particular the NCS-4B BGC showed
significantly higher strength (~84 MPa) than 45S5 BGC
(Fig. 5a). However, the 900∘ C-sintered NCS-4B compacts
showed some degree of strength decay though the average value (~65 MPa) is higher than that of the 45S5
BGC (~37 MPa). The NCS-6B BGC exhibited very limited
compressive strength (< 31 MPa). The maximum flexural

3.5 CHA-forming ability on the BGCs
Figure 6 shows SEM images of the NCS-xB BGCs after immersion in SBF for different time stages. The surface of a
45S5 BGC sample, immersed in SBF from 6 h to 4 d was reported for comparison. The BGCs were sintered at 860∘ C
before immersion in SBF. After immersion for 6 h and 1 d,
respectively, it was occasionally observed that some globular structures precipitate on the surface, which might be
identified as the first Ca-phosphate nuclei. The sample
surface was completely covered by a continuous coating
layer with the typical CHA morphology after immersion in
SBF for 2 and 4 d, respectively. EDX analysis showed, that
the chemical composition of the surface layer slightly differed in Ca/P ratio within 1 d of immersion in SBF, but the
Ca/P ratio at 4 d (~1.4–1.6) was similar to that in calcium-
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3.6 Ionic concentration and pH changes in
SBF

Figure 7: XRD patterns of the 860∘ C-sintered BGCs after immersion
in SBF for 4 d.

deficient CHA, which was also confirmed by the XRD analysis (Fig. 7).
Figure 8 shows the FTIR spectra of the BGCs after immersion in SBF for 0-4 d. Before immersion in SBF (0 d),
the absorption bands of silicate groups were evident. The
intense bands at 461, 532, and 1080 cm−1 were assigned to
the Si–O–Si asymmetric stretch, the band at 910–880 cm−1
to the Si–O symmetric stretch, and the band at 532 cm−1
to the Si–O–Si vibrational mode of bending [23]. The BO vibrational mode at ~1410 cm−1 was increased with the
increase of B2 O3 content up to 4% and 6% in the parent
BGs (Fig. 8c, 8d). A small amount of crystalline CaP phase
is present initially, as evident by the P–O bending peak
near 626 cm−1 [24]. After soaking for 2 and 4 d, a band
consistent with hydroxyl (O-H) appeared at 1653 cm−1 , and
the two P–O bending peaks at 566 cm−1 and 603 cm−1
were assigned to the P–O vibrational mode of phosphate
(PO3−
4 ) for characterizing the synthetic bonelike HA formation [25]. As the incubation time increased, the bands related to the borosilicate BGC (532, 626, and 1080 cm−1 ) became attenuated, while those attributed to HA (566, 603,
and 1034 cm−1 ) increased in intensity. A small band between 890 and 860 cm−1 and a resonance at ~1390 cm−1
corresponding to the C–O stretching vibration bands, signified the presence of carbonate (CO2−
3 ) groups, indicating the formation of carbonated HA [26]. In addition,
the divided P–O bending vibration band between 560
and 610 cm−1 was present in the 45S5 BGC sample before immersion, implying, that phosphorous ions remain
in the crystalline phase; only the intensity of P–O band
at 626 cm−1 showed some decrease with increase of immersion time (Not shown).

Figure 9 shows the change of Ca, Si, and P concentrations
in SBF during soaking of BGCs. The change in B concentration was consistent with the boron content in BGCs (Not
shown). Appreciable differences for Ca and P concentrations were observed for the four NCS-xB BGCs within 48 h,
but there followed a similar trend in ion concentrations
(Fig. 9A, 9B). As for the 45S5 BGC, the P and Si concentrations in SBF increased rapidly within 6 h and then P
decreased abruptly (Fig. 9B, 9C). As for the NCS-6B BGCs,
the Si concentration gradually increased but P concentration experienced an increased and stabilized at a certain
value within 96 h. For the NCS-2B and NCS-4B BGCs, the P
concentration had a similar trend showing a high increase
within 6 h, followed by a moderate decrease to 168 h. Moreover, Ca concentration also increased firstly and then decreased.
Figure 9D shows the pH trend for the BGCs during
soaking in SBF in which 45S5 BGC was immersed. The pH
value of the SBF soaking 45S5 BGC showed a rapid increase
from 7.25 to 7.92 within initial 24 h, and then increased up
to 8.14 at 72 h. The lower alkali amount in the novel compositions favored a slower ion leaching compared to that
for 45S5 BGC, and the pH value was between 7.40 and 7.83
throughout the SBF immersion process for the new BGCs.

3.7 Biodissolution in vitro
Figure 10 shows that the weight loss of the 45S5 BGC at
860∘ C and 900∘ C was similar to each other (~3.3%) after 8 weeks of immersion in SBF, whereas the weight loss
in Tris buffer increased significantly with the increase of
the treatment temperature. In contrast, the weight loss of
the NCS-4B sintered at lower temperature (i.e. 860∘ C) was
much higher than the value for BG sintered at higher temperature (of 900∘ C) when immersed in SBF or Tris buffer.
Meanwhile, the NCS-4B showed a significantly different
weight loss in SBF and Tris buffer after 8 weeks of immersion.

4 Discussion
In this study, we found that the evaluation of B2 O3 can significantly decrease the heat treatment temperature of 45S5
BG analogues and reinforce the mechanical strength when
treating the glasses at temperatures as much as 200∘ C be-
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Figure 8: FTIR spectra of the 860∘ C-sintered NCS-0B (a), NCS-2B (a), NCS-4B (c), and NCS-6B (d) after immersion in SBF for different time
periods.

low the conventional temperature range. Sodium-calciumsilicate (i.e. Na2 Ca2 Si3 O9 )-based BGCs, moreover, have
certain inherent advantages over 45S5 BGC, viz. mechanical strength and early-stage dealkalinization. Thus, this

study provides a new strategy for BGs introducing a lowtemperature heat treatment approach which is beneficial
in enhancing mechanical strength, maintaining bioactiv-
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Figure 9: Change in ion concentration (A-C) and pH values (D) in the SBF during immersing of the 860∘ C- sintered BGCs for different time
stages.

Figure 10: The weight loss of the 45S5 BGC (A, C) and NCS-4B (B, D) sintered at 860 and 900∘ C after immersion in SBF (A, B) and Tris buffer
(C, D) for different time periods, respectively.
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ity of 45S5 BGC analogues with respect to the conventional
high-temperature technique.
Sintering at high temperature is usually used to form
bioceramic materials which have a high melting point.
However, this method requires high temperature and long
duration for heating in order to densify the powder compounds. Several complex systems such as SiO2 –CaO–
P2 O5 –Na2 O– B2 O3 –Al2 O3 have been studied for the possibility of manufacturing high-strength BGCs into dental
implants [27]. In general, the prerequisite for optimizing
the fabrication of BGC is to understand the heat treatment
conditions of the parent glass and the interaction between
heat treatment and crystallization of the material, which
controls the material bioactivity, resorbability and mechanical strength. Bretcanu et al. demonstrated that the
optimal treatment temperature and time for 45S5 BG were
1050∘ C and 140 min, respectively [22]; meanwhile 45S5
BGC structures may exhibit different crystallinity ratios,
grains sizes and even crystalline phases [15–20]. These
results raise the question as to what composition design
might be the best for the balance between mechanical and
physicochemical properties of 45S5 BG-derived materials.
Conventionally, it is recognized that obtaining bioceramics with enhanced strength necessitates the achievement of extensive densification [28]. In our previous studies, we developed a B2 O3 -rich (20 mol%), 58S-derived BG
which exhibits low melting temperature (~960∘ C) and may
reinforce the porous 45S5 BGC via a low-temperature cofiring process [29, 30]; unfortunately, the possible mismatch of coefficient of thermal expansion for the biphasic composites leads to poor densification in the sintered
BGCs [31]. It was demonstrated that the calcium borate
system introduced, in this study Na2 Ca2 Si3 O9 -based BGCs
showed improved sintering properties below 900∘ C. Except for NCS-6B which showed a relatively low mechanical strength, the NCS-2B and NCS-4B treated at 860−900∘ C
showed a significant enhancement in densification and
mechanical strength. In particular, the pressureless sintering of NCS-4B BG at 860−900∘ C readily maintains considerable low porosity (< 1.8%; Tab. 2) and achieves relatively
high compressive strength (67–84 MPa; Fig. 5) in comparison with 45S5 BGC. The new glass, which containing a low
amount of B2 O3 (~3.44 mol%; Tab. 1) and higher content
of CaO (~34.43 mol%; correspondingly balance B2 O3 in the
crystalline phase) compared with the standard 45S5 BG, is
likely to benefit from increased structural mobility at low
temperature. It is known that the B2 O3 is a strong glass
networker, its presence in minor amount possibly decrease
the number of bridging oxygen atoms in the silicate-based
network, thus decreasing the viscosity of the glass. This
behavior, increasing the mobility, is expected to promote
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devitrication at lower temperatures. This result can be confirmed by DTA analysis, in which the T c shifts to lower temperature in comparison with 45S5 BG (Fig. 1).
On the other hand, although the heat treatment process may be slowed down and inhibited by phase separation and silicate phase crystallization (e.g., Na2 Ca2 Si3 O9 ),
the NCS-xB glasses, which produce an additional low melting Ca-borate, are able to consolidate at a relatively low
temperature range of 860–900∘ C, which would be inadequate to confer a comparable densification for a 45S5
BG sample. It appears from images of the microstructure in NCS-xB BGCs that with increasing B2 O3 content,
open-pores in the BGC disappear, whereas closed porosity increases and the pores show regular spherical shapes
(Fig. 4). By increasing sintering temperature up to 900∘ C,
the softening of glass particles leads to porosity decrease
and consequently a relative density increase. As a result,
sintering densification is achieved (Fig. 3 and 4). It is
noticed that the phenomenon of overheating occurs in
NCS-4B and NCS-6B samples when the temperature exceeds 900∘ C, as shown in Figure 1. Overall increase in the
heat treatment temperature possibly leads to the increase
in the pore size and the decrease in the relative density
(Not shown). Microstructural changes of 45S5 BGC samples with temperature are different to those of NCS-4B BGC
sample. Based on the results presented in Figs. 3 and 4, it
can be concluded that an optimum treatment temperature
at 860-900∘ C for maximum densification exists for NCS-4B
and NCS-6B. It is interesting to note that (as seen in Fig. 3),
the crystalline morphology changes in size and shape with
the increase of B2 O3 content, which is different from the
morphology of pure 45S5 BGC. This result can probably be
attributed to the variety of secondary phases, such as calcium borate or wollastonite crystallized in the BGC composites. Thus, the thermally treated Ca-borate based BGCs
readily produce an enhanced densification at such low
temperature range. For this reason, high densification of
the new BGCs can be achieved at the temperature range of
860-900∘ C.
It is of special note that the introduction of B2 O3 into
Ca-SiO2 -based BG systems is usually expected to enhance
the bioactivity, because more soluble boric compounds increase the supersaturation of Ca ions in the SBF solution
and water-corrosive borosilicate BG forms Si–OH groups
that act as nucleation sites for the apatite layer [32–34]. In
our studies, it is interesting to see the apatite with bead
morphology formed on NCS-0B and NCS-2B BGCs, but
needle-like CHA crystals on the other BGCs after immersion in SBF for 4 d. These two types of apatite morphology
are usually observed on the surface of sol-gel-derived BG
and sintered bioceramics [35, 36]. This difference is possi-
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bly attributed to the different dissolution rate of inorganic
ions from BGCs in the early stage of immersion in SBF. The
Na2 Ca2 Si3 O9 -based BGCs derived from NCS-0B and NCS2B BGs are dissolved slowly, but the higher content of Caborate and wollastonite in NCS-4B and NCS-6B BGCs contributes to the dissolution in SBF and rapid formation of
silica-rich network for CHA mineralization. As for the 45S5
BGC, the high P2 O5 content in the parent glass (2.6 mol%;
Tab. 1) compared with the NCS-xB (< 0.83 mol%) likely contributes to the rapid release of P in SBF (Fig. 7).
It is known that the bioactivity of 45S5 Bioglassr is
attributed to the formation of a bone-like CHA layer on
their surface in (simulated) biological environments, thus
a strong bond can form with bone tissue [37]. Since the formation in vivo of an apatitic film at the interface between
bone and the implant is necessary for the prosthesis integration, the in vitro development of such a film is usually
considered as a fundamental preliminary requirement. Fujibayashi et al. have reported that a period of within 3–
6 d is considered necessary for inducing apatite in SBF
and to convey bioactivity in vivo, and thus the in vivo
bioactivity can be predicted by apatite-forming ability in
SBF [38]. It is widely accepted that the 45S5 BGCs exhibit
good bioactivity in vitro and in vivo [39, 40]. Meanwhile,
it is well known that borate-based BG can convert faster
and more completely to CHA in vitro [41], also enhancing
new bone formation [42] in vivo when compared to silicate
bioactive glass [41, 42]. It can be seen from the SEM images
(Fig. 6) that the surface of the NCS-xB and 45S5 BGC samples, at the same soaking time, looked rather similar, indicating that the Na2 Ca2 Si3 O9 /CaB2 O4 -based BGCs derived
from NCS-4B BG exhibited good CHA-forming ability in
SBF, similar to 45S5 BGC. The IR analysis results revealed
that a crystalline Ca-P layer, as indicated by the divided
P−O bending vibration band between 610 and 560 cm−1 ,
formed only after 2 d for the NCS-xB samples immersed in
SBF (Fig. 8). The higher intensity in P−O bending peaks in
NCS-4B suggests a faster CHA formation rate compared to
other samples in SBF. In fact, it is reasonable to postulate
that the NCS-xB BGCs starts their dissolution by releasing
alkali and alkali-earth cations from their surface layer to
SBF (ion leaching). In this first stage the interfacial pH increases. Then, the silanol groups (Si–OH) form at the material/solution interface so that a hydrated silica layer (silica gel) forms on the BGC surface, which is followed by
Ca2+ and HPO2−
4 release through the silica gel layer giving rise to an amorphous Ca-phosphate phase which finally converts to CHA. Evidently, NCS-4B is characterized
by a faster phosphate group decrease but a slower silicate group leaching compared to the 45S5 BGC possibly
because of their higher bioactivity; therefore, the forma-

tion of the CHA film on the surface of the new composition
is slightly enhanced. Thus, the differences in SEM images,
XRD patterns and FTIR spectra for characterizing apatite
formation in SBF are consistent with the composition and
sintering properties of NCS-xB and 45S5 BG at such low
temperature level.
On the other hand, examining the ion release behavior in SBF with time may provide some insights into the
mechanism of CHA formation of the BGCs. Obviously, the
increase in Si and Ca concentrations in the initial stage and
the decrease of P concentration are attributed to the dissolution of crystalline phases and the formation of CHA
on BGCs (Fig. 9). It can be speculated that the NCS-xB
BGCs are attacked by the surrounding environment during
the immersion in SBF, and the inorganic ions are leached
from the solid phase. As a result, the BGCs gradually
graded and CHA precipitated on the surfaces of the BGCs
(Fig. 6), which may also disturb the variation of weight
loss (Fig. 10A, 10B). Thus, the weight variation in the pHbuffered Tris solution would be more sensitive to detect
the degradation in vitro (Fig. 10C, 10D). These results suggested that the B2 O3 -added NCS systems, treated at appropriately low temperature ranges were favorable for tailoring early degradation rates.
In addition, the obtained NCS-4B composition looks
rather promising also in terms of the change in pH value
and ion concentration variation induced in SBF. In fact,
when a BG or BGC is placed in contact with body fluid,
the initial dealkalinization causes a fast increase in pH
value [8–10]. An alkaline medium is adequate for osteoblasts [43] and can be antibacterial [44–46], but on the
other hand abrupt changes in pH value should be avoided,
since they may damage cells and cause cell necrosis [9].
This is a fundamental topic concerning the biocompatibility of BGs or BGCs, and thus any attempt to develop
new BGC compositions should tailor the pH variations and
avoid extremely high pH levels. Previous investigations of
the pH variation induced by a 45S5 BGC in SBF reported
a dramatic increase in pH during the first days of exposure to SBF [21]. The pH values between 9.0 and 9.5 were
reported, thus indicating a fast ion leaching. In particular,
over 20 days of conditioning in SBF were necessary to stabilize the in vitro pH of the 45S5 BGC samples near to the
physiological values. In contrast, the changes in pH value
in the range of 7.4~7.8 for NCS-4B could be considered optimal for osteoblast viability and proliferation[47]. For these
reasons, the developed NCS-xB BGCs are promising bioactive materials for bone tissue engineering.

Preparation and Characterization of 45S5 Analogues. . .

5 Conclusion
The new 45S5 BG analogues are prepared by introducing
different amounts of B2 O3 into the 45S5 BG composition
and Na2 Ca2 Si3 O9 -based BGCs with appreciable strength
improvement can be developed at a relatively low temperature heat treatment. Appropriate amount of B2 O3 addition (~4%) is highly favorable for enhancing the densification of 45S5 BGC analogues below 900∘ C. The dense
surface microstructures mildly retard the early alkalinization in SBF, but not significantly affect the degradation in
Tris buffer. Additionally, the bioactivity of BGCs after being
soaked in SBF was demonstrated to be consistent with that
on 45S5 BGC. Such improved mechanical and biological
performances are particularly needed or beneficial for osteogenic cell adhesion and proliferation, and for enhancing bone defect repair.
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