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1 INTRODUCTION

Bioglass is a biocompatible material which has the
capability of bond to bone tissue. This property is
reached thanks to a hydroxyapatite layer that is formed
on the material surface when it is submerged in the
body fluid. Bioglass 45S5 can formed a hydroxyapatite
layer in a few hours [1, 2], which facilitates bone bond�
ing, as well as being osteoconductive [3]. However, one
of its main disadvantages is mechanical weakness and
low fracture resistance making it undesirable for load
bearing applications. In addition, its high dissolution
rate does not match with bone tissue growth. A way to
increase mechanical strength and at the same time to
control the dissolution rate is through Al2O3 addition
into the glass composition. However, 3 wt % of Al2O3

addition prevents bone bonding ability of Bioglass
45S5 [4–6]. Bioactive glass and glass�ceramics are
generally produced using high purity raw materials.
However, natural minerals could be incorporated, if
strict compositions controls are take into account.
Feldspar is one of the most broadly used mineral in glass
industry to incorporate Al2O3. Nevertheless, no studies
have been found regarding the use of feldspar as a raw
material for bioactive glass�ceramics production.

More to know about the transformations that take
place in the glass by heat treatment, it is necessary for
the production of glass ceramic and related products
like porous glass ceramics for tissue engineering appli�
cations [7–9]. In this sense, the objective of the

1  The article is published in the original.

present study was to produce two glasses with formula�
tions derived from Bioglass 45S5 with Al2O3 and K2O
additions through very pure feldspar from a mining
industry. At the same time, the effects of the incorpo�
ration of both oxides on thermal transformations of
glasses were studied.

EXPERIMENTAL

Sample Preparation

Raw materials were reagent grade sodium carbon�
ate, calcium carbonate, monobasic ammonium phos�
phate; and natural high purity quartz and potassium
feldspar which were provided by an Argentinian min�
ing company, whose compositions are listed in Table 1.

Feldspar addition was established according to the
amount of aluminium, whose values were selected as
0.5 and 2.5 wt %, expressed as Al2O3. Consequently
the incorporation of potassium from feldspar was
fixed. The prepared samples were identified as B45Al5
and B45Al25, respectively. Amounts of phosphorous,
calcium and silicon (expressed as oxides) were con�
stants for all samples. Samples compositions (wt %)
expressed as oxides are shown in Table 2.

The mixtures were previously treated at 900°C for
decarbonation, melted at 1350°C in platinum crucible
for 2 h, and then cast into cold distillate water
(quenching) to obtain glass frits. Glasses were crushed
to pass through 100 mesh.
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Differential Thermal Analysis

Thermal analyses were carried out by Netzsch STA
409 equipment at 5, 10, 15 and 20°C min–1 in air
atmosphere with a flow rate of 50 mL min–1. α�Al2O3

was used as reference material. Tests performed at
10°C min–1 were taken up to 1300°C.

The activation energy of crystallization was deter�
mined by Kissinger equation [10]:

 (1)

where β is heating rate, Tp is the crystallization peak
temperature, Ec is the activation energy for all the
crystallization processand, C is a constant.

The Avrami exponent, which gives information
about the mechanism of nucleation and crystal grow,
was determined by the Ozawa’s equation [11]:

 (2)
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where α is the crystallized fraction determined as the
normalized area under the DTA crystallization peak at
a fixed temperature.

Heat Treatments

Thermal treatments were performed using an elec�
trical furnace with a heating rate of 10°C min–1. Sam�
ples were taken out from the furnace at different tem�
peratures based on the performed thermal analyses at
the same heating rate, and quenched to room temper�
ature. The selected temperatures were 600, 700, 800,
900 and 1100°C.

X�ray Diffraction

Solids were characterized by X�ray diffraction
(XRD) on Philips 3010 equipment using CuK

α
�radia�

tion at 40 kV and 35 mA, with a 0.04° (2θ) step, 2 s per
step and Ni filter.

Fullprof software was used for phase quantifica�
tion, cell parameters and apparent crystal size mea�
surement.

RESULTS

Differential Thermal Analysis

DTA signal showed a significant difference
between B45Al5 and B45Al25 crystallization and
melting peaks.

Thermal analyses conducted at 10°C min–1 were
used to compare glasses behaviors (Fig. 1). Both
glasses showed a glass transition temperature around
550°C. A second glass transition temperature was
found around 600 and 650°C for B45Al5 and
B45Al25, respectively. Crystallization peak was shifted
to a higher temperature for sample B45Al25. The tem�
perature of melting (Tm) of B45Al5 was 1225°C, while
for B45Al25 was 1186°C. The endothermic effect of
melting in to B45Al5 consisted in two clearly marked
peaks, while only one peak was distinguishable in to
B45Al25, besides the melting process was completed
at a lower temperature.

Table 1. Chemical analyses of the natural raw materials (wt %)

Raw material SiO2 Al2O3 Na2O K2O CaO Fe2O3 TiO2

Feldspar 66.25 18.42 2.06 12.02 0.20 0.05 0.01

Quartz 99.33 0.49 0.06 0.10 0.00 0.01 0.00

Table 2. Nominal compositions of glasses (wt %)

Sample Na2O CaO SiO2 P2O5 Al2O3 K2O Others

B45Al5 23.74 24.50 45.00 6.00 0.50 0.23 0.03

B45Al25 20.41 24.50 45.00 6.00 2.50 1.55 0.04
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Fig. 1. Differential thermal analyses of B45Al5 and
B45Al25 glasses performed at 10°C min–1.
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The temperature of crystallization peak (Tp) for
each heating rate for B45Al5 and B45Al25 are shown
in Table 3.

Kissinger plot was made from non�isothermal DTA

data (Fig. 2). The slope of  vs  linear

regression (Eq. 1) yielded an activation energy of 246
(±4) and 234 (±28) kJ/mol for B45Al5 and B45Al25,
respectively.

The Avrami exponent (n) calculated by the Ozawa
method (Eq. 2) in the temperature range where the
activation energy was evaluated. The Value of n varied
between 1.25–1.09 and 0.98–0.95 for B45Al5 and
B45Al25, respectively (Fig. 3). These values con�
firmed surface crystallization mechanism. Besides,
due to the mechanism of surface crystallization, Kiss�
inger equation could be simplified and the pre�expo�
nential factor could be calculated from the constant C.
The calculated factors were 3.05 × 1010 s–1 for B45Al5
and 2.03 × 109 s–1 for B45Al25.

X�ray Diffraction

Figure 4 shows the XRD patterns of B45Al5 and
B45Al25 glasses. The broad band indicated that both
materials had no long range order, which confirmed
that both samples were glasses. Moreover, two broad
overlapped halos/bands were visible for the two dif�
fractograms; the bigger sited at around 30°(2θ) and
the other at around 20°(2θ).

B45Al5 glass showed no change after thermal treat�
ment up to 600°C, as the X�ray pattern did not change
from the original glass (Fig. 5). Some diffraction peaks

⎛ ⎞β− ⎜ ⎟
⎝ ⎠

2
ln

pT
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pRT

had appeared when the thermal treatment was stopped
at 700°C.

An increase of diffraction peaks intensities was
observed after temperature evolution up to 800°C due
to crystallization. Heat treatment up to 900°C did not
show an appreciable change in peaks intensities, nev�
ertheless, peaks were more defined because of the
crystal growth that reduced their widths. The final
thermal treatment enabled an easy identification of
the developed crystal phases. X�ray pattern of the
treated sample at 1100°C matched with Na2CaSi2O6

(PDF 01�077�2189) and NaCaPO4 (PDF 01�076�
1456). As can be seen in Fig. 5, Na2CaSi2O6 was the
primary developed phase, which had started to crystal�
lize at 700°C. Then, NaCaPO4 peaks appeared at
900°C.

Thermal evolution of B45Al25 glass (Fig. 6) was
similar than that of B45Al5. Crystallization advance
was lower than B45Al5 at 700°C. The same crystalline
phases were found within the final thermal treatment,
but the relative amounts of each phase were somewhat
different.

Crystalline phase quantifications were conducted
on the 1100°C heat�treated samples. The results are
listed in Table 4.

As Rietveld refinement can only quantify crystal�
line phases, the amorphous content remains

Table 3. Tp (°C) as function of heating rate

Sample 5°C 
min–1

10°C
min–1

15°C 
min–1

20°C 
min–1

B45Al5 712 733 747 756

B45Al25 755 777 788 807
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Fig. 2. Kissinger plot for activation energy of crystalliza�
tion determination.
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Fig. 3. Avrami exponent calculated by the Ozawa equation
for B45Al5 and B45Al25 glasses.
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unknown. It is possible to calculate theoretical
amounts of each crystalline phase taking into account
the nominal composition of the glass sample and the
nominal composition of each present crystalline
phase. When the minor components are depleted in
relation to the formed crystalline phases, all of the
excess components remain as a part of an amorphous
phase. In this way, the theoretical calculations were
done (Table 5).

On the basis of the calculated amount of crystalline
phases, it was possible to calculate the theoretical
Rietveld quantification too (Table 5), so as to compare
the experimental results with theoretical ones.

Comparison of the estimated a good agreement
between theoretical calculations and experimental
results. The temperature evolutions of sodium calcium
silicate (Na2CaSi2O6, rhombohedral) cell parameters
were determined by Rietveld refinement (Figs. 7 and
8). The same tendency was found in both samples; a
and b cell parameters decreased with temperature
(Fig. 7), while c increased (Fig. 8). Parameters a and b
were somewhat higher in B45A15 than in B45A125 at
700 and 800°C, but they reached approximately the
same value at 900°C and higher temperatures. Cell
parameter c was only found to be different at 700°C,
while there was no difference at higher temperatures.

Apparent crystal sizes were calculated by means of
the Williamson�Hall model, taking into account the
inherent peaks width attributed to the instrument res�
olution. Crystals were found to grow at increasing
temperatures in both samples (Fig. 9), as it was
expected. Crystal size in B45Al5 was higher than
B45Al25 at 700°C. Temperature increase up to 800°C
provoked that crystals size of B45Al25 surpassed that
of B45Al5, while at 900°C B45AL5 trended to
increase more.

DISCUSSION

Thermal analysis of glasses showed some differ�
ences in their evolutions as a function of temperature.
The activation energies of crystallization of the pri�
mary crystalline phase were of the same order for both
samples (246 and 234 kJ/mol), at the time that surface
crystallization mechanism was predominant as
revealed by the Avrami exponent. It is known that Bio�
glass 45S5 suffers bulk crystallization [12]. However,
the mechanism of surface crystallization is activated
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Fig. 4. X�ray diffractograms of as�received B45Al5 and
B45Al25 glasses.
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Fig. 5. X�ray difractograms of heat treated B45Al5 glass up to 600, 700, 800, 900, and 1100°C.
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when Bioglass is ground to small particle size [13].
Although the activation energies were similar, temper�
atures range at which crystallization occurs was lower
for B45Al5 with respect to B45Al25. Change in crys�
tallization kinetics was attributed to a lower value, in
one order of magnitude, of the pre�exponential factor
for B45Al25 crystallization.

Activation energy of crystallization of Bioglass
45S5 was found in the range 310–350 kJ/mol [13–16].
According to [15], Bioglass 45S5 undergoes a phase
separation in a silicate�rich and a phosphate�rich
phases after a thermal treatment above 580°C [15]. It
is known that when two high valence ions, namely Si4+

and P5+, are present simultaneously in a glass, each ion
tends to create a separate phase [17].

The phosphate phase could act as heterogeneous
nucleation site for crystallization to take place; and it
is the main reason why Bioglass 45S5 is prone to devit�
rification [18]. Diffractograms of both amorphous sol�
ids characterized in this study showed a shoulder close
to 2θ = 20°. Besides, as shown in Fig. 1, a second glass
transition can be observed at the approximate temper�
ature of 600 and 650°C for B45A145 and B45A125
respectively. This may indicate that glasses phase sep�
arated, which is a possible reason for the activation
energy of crystallization reduction compared to Bio�

glass. It is possible that the mentioned above reduction
of energy is related to the fact that the addition of the
aluminum through K�feldspar would improve phase
separation, which would increase the number of crys�
tal nuclei. Aluminum incorporation could play an
important role on phosphate rich phase separation.
The P5+ ion will locally charge compensate for the
charge deficient Al3+ ion [19] and some of PO4 tetra�
hedra in the glass are probably connected with AlO4

tetrahedra. In addition, aluminum and potassium
incorporation at the expense of sodium increases the
network connectivity, leading to an increase in the
glass viscosity, which slows down the crystallization
kinetics. Therefore, according to the results, the vis�
cosity was the factor that governed the kinetics of crys�
tallization.

It was thought that both aluminum and potassium
were incorporated within a residual amorphous phase
according to the crystalline phases quantities that can
form after complete crystallization; and due to the fact
that there was no clear evidence that aluminum and
potassium were incorporated into any of the crystal�
line phases. The amount of the non�crystallized glass
remains estimated on the basis of the computation and
comparison to the Rietveld refinements results indi�
cated a higher residual glassy phase amount for
B45A125. Hence it is reasonable to think that in this
case viscous flow was enhanced, thus sintering was
favored. A major quantity of residual glassy phase is
the cause by which fusion was early completed, due to
the fact that a greater amount of liquid phase could
help to improve dissolution of the crystallized phases.
On the other hand, the shift ofmelting temperature
could be attributed to the formation of Al–O bonds,
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Fig. 6. X�ray difractograms of heat treated B45Al25 glass up to 600, 700, 800, 900, and 1100°C.

Table 4. Crystalline phase quantification and goodness
of fit from Rietveld refinements of 1100°C treated samples

Samples Na2CaSi2O6 NaCaPO4 Chi 2

B45Al5 81.1 (3.1) 13.9 (1.0) 3.43

B45Al25 81.5 (6.3) 18.5 (2.2) 4.12
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which are weaker than Si–O bonds. The Al3+ ion can
replace Si4+ ion in the silicate network as they have
very similar ionic radius. However, the replacement of
silicon by aluminum ions is associated with a reduc�
tion of the number of bridging oxygen, since alumi�
num atoms are in part six�fold coordinated, and alu�
minum can act as network modifier producing non�
bridging oxygen atoms. Thus, the silicate network is
weakened by breaking its continuity, leading to a
decrease in the melting point temperature (Tm) [20].

The evolution of cell parameters of the primary
phase presented a different dynamics with regard to
Bioglass 45S5. The thermal evolution of the cell
parameter a for B45Al5 and B45Al25 took greater val�
ues than those found for the Bioglass [15], while the c
parameter was lower in both samples regarding Bio�
glass. Nevertheless, both studied samples reach almost
the same values of lattice parameters with thermal
treatments higher than 900°C (Figs. 7 and 8). Differ�
ences in lattice dynamics between B45Al5 and
B45Al25 would appear due to crystallization kinetics.

Main differences are in the range 700–800°C (Fig. 1).
At 700°C B45Al5 has begun to crystallize, while
B45Al25 still not. At 800°C, B45Al5 crystallization
has ended, whereas B45Al25 was completed at around
50%. It has been found that the primary phase that
crystallizes into Bioglass has P5+ ion in solid solution.
In addition, phosphorus suffers a rapid departure from
the silicate phase around 800°C, stated by a sudden
change in the value of the cell parameter c, to then take
place into silicorhenanite [15]. The same behavior was
observed for the studied; however both solids showed a
smooth and continuous change of the parameters a (b)
and c in the entire temperature range studied, which
means that phosphorus output was controlled. In
addition the crystalline phosphate phase was not
detected at least up to 900°C, what corresponds not to
the silicorhenanite (Na2Ca4(PO4)2SiO4), but to the
buchwaldite (NaCaPO4) (PDF 01�076�1456). Phos�
phorus requirement to form buchwaltite at around
900°C were completed without need of a high rate
departure from the silicate crystalline phase.

Table 5. Theoretical amounts of crystalline and amorphous phases and theoretical Rietveld quantification of crystalline
phases

Sample Na2CaSi2O6 NaCaPO4 Amorphous phase

B45Al5 theoretical 81.2 13.4 5.5

B45Al5 theoretical Rietveld 85.9 14.1 –

B45Al25 theoretical 68.4 13.4 18.2

B45Al25 theoretical Rietveld 83.7 16.3 –
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Fig. 7. Temperature evolution of Na2CaSi2O6 cell param�
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CONCLUSIONS

Different additions of Al2O3 and K2O incorporated
through K�feldspar, to replace Na2O of the bioglass
composition, resulted in transformation kinetics and
structural evolution changes of sodium calcium sili�
cate (Na2CaSi2O6).

Crystallizations were shifted to higher tempera�
tures with feldspar addition; while the activation ener�
gies were lower than that of Bioglass 45S5.

Al2O3 and K2O were not incorporated into the devel�
oped crystalline phases and they were thought to remain
as a part of a residual glassy phase. On the other hand,
they also led to a different cell parameters evolution of the
major crystalline phase (Na2CaSi2O6), due to the differ�
ence incrystallization kinetics. Phosphorus departure was
controlled in the entire range of studied temperatures,
which did that lattice parameters evolutions were contin�
uous, without abrupt changes.
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Fig. 9. Thermal evolution of the apparent crystal sizes of
Na2CaSi2O6.


