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Abstract

CaO-MgO-SiO,—P,05 glass ceramics were successfully prepared by sintering the sol-gel-derived powders. The effects of MgO
addition on the samples crystallization and structure were investigated by means of differential thermal analysis (DTA), X-ray
diffraction (XRD) and scanning electron microscopy (SEM). In addition, samples degradation and in vitro bioactivity assays were also
evaluated. With more MgO addition, the glass ceramics crystallization kinetics under non-isothermal conditions changed from bulk
crystallization to surface crystallization, and new crystal phases of Ca,MgSi,O7 and SiO, were induced. In addition, it is observed that
with increasing MgO concentration, the glass ceramics degradability gradually decreased and the formation of apatite was delayed.

© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Many kinds of bioactive inorganic-materials including
bioactive glasses, glass ceramics and calcium phosphate
ceramics have been developed during the past few
decades, and some of them are applied to repair and
reconstruct diseased or damaged bones or tissues [1-4].
In the last years, bioactive glass ceramics attract
particular interest for possible clinic applications, because
these glass ceramics provide great possibilities to manip-
ulate their properties, such as transparency, strength,
resistance to abrasion, coefficient of thermal expansion
and bioactivity [5-7]. In essence, these variations in
properties depend on samples composition, which have
great effect on the extent of crystallization, crystal phase,
morphology and size. Meanwhile, modification of the
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crystallization paths and kinetics is also interesting since
it can be exploited to tailor a great range of samples
properties and to favor their application.

Magnesium, one important trace element, can be
observed in human body and critical concentration shows
a principal function on constituting of human bones and
teeth, such as enamel, dentin and bone contain 0.44, 1.23
and 0.72 wt% of magnesium, respectively. It has been
reported that magnesium plays an important role in
human bone development, maintenance and repair
through stimulating osteoblast proliferation [8—10]. In
addition, critical content of magnesium can modulate the
glass dissolution or physico-chemical reactions occurring
at the material periphery [11-13].

In view of the effect of the magnesium and crystal-
lization on the samples structure and properties, this
paper indicates the studies of the crystallization
behavior of CaO-SiO,—P,0Os5 system and its derivative
of Ca0O-MgO-Si0,—P,0s5, where CaO was gradually
substituted by MgO with the same mole percent. In
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addition, the samples structure and in vitro bioactivity
are also investigated.

2. Experimental procedure
2.1. Materials and sample preparation

Four samples, with compositions presented in the
Table 1, were synthesized by the sol—gel technique. Briefly,
glass synthesis was carried out by hydrolysis and poly-
condensation of appropriate amounts of tetraethyl ortho-
silicate (TEOS), triethyl phosphate (TEP), calcium nitrate
(Ca(NOs),-4H,0) and magnesium nitrate (Mg(NOs3),-
6H,0) in deionized water with a molar ratio of H,O/
(TEOS+TEP)=10. Nitric acid (HNO3, 2N) was added to
catalyze the hydrolysis of TEOS and TEP using a molar
ratio of HNO3/(TEOS+TEP)=0.05. After mixing all
reagents, the sol was cast, tightly sealed and aged at room
temperature, followed by 3 day at 60 °C. Then the
obtained gel was dried at 120 °C, ball milled and sieved
to produce powders ranging from 38 to 74 um. The glass
powder calcined at 700 °C were mixed with 6 wt% poly-
vinyl alcohol water solution binders and cold-pressed using
a laboratory uniaxial hydraulic press into 10 mm x 2 mm
disks at pressure of 200 MPa. Finally, the green disks were
sintered at 1200 °C for 2 h with a heating rate of 5 °C/min.

2.2. Characterization

Differential thermal analysis (DTA) was carried out in a
SDT Q600 simultaneous thermal analyzer. Non-isothermal
experiments were performed under an air atmosphere with
a heating rate of 5, 10 and 20 °C/min. The activation
energy for crystallization (E,) of both phases was calcu-
lated from the relationship between the heating rate (f)
and the temperature maximum (7,) in the exothermic peak

Table 1
Samples chemical composition (mol%).

of the thermal curves using Kissinger equation [14]:
T K,
B RT»
where R is the universal gas constant (8.314 J mol ™ 1).
From the value of the activation energy, the Avrami
constant (n) describing the dimensionality of crystal growth
can be calculated by the Augis—Bennett equation [15]:
2.5 RTp?
= — X —
Atrpwnm  Eq
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+const (1)

n 2)
where At gy 1s the full width of the exothermic peak at the
half maximum intensity.

X-ray diffraction (XRD) pattern was obtained in a
Bruker D8 Advance X-ray diffractometer using CuKa
radiation (1=1.5406 nm) produced at 40 kV and 40 mA.
Data were collected from 10° to 60° (20) with a step size of
0.02°. Fourier transform infrared spectroscopy (FTIR)
analysis was made on a Bruker Optics VERTEX-70 FT-
IR spectrometer using the KBr pellets with a transmission
mode. The resolution used was 4 cm ' and the number of
scans was 32. Scanning electron microscopy (SEM) in a
JEOL-JSM 6380LA system working at 20 kV was used to
characterize the samples microstructure. Specimens were
prepared with standard metallographic techniques by
chemical etching in an HF solution (5%) for 90s. And
before tests etched samples were coated with a thin film
of gold.

2.3. Degradation and in vitro assays

For degradation studies, the samples were soaked in
Tris—HCI solution (pH 7.4), at 37 °C, using triplicate
samples. After the set soaking time, samples were rinsed
with acetone and dried in air at room temperature. Finally,
the weight of each sample was accurately measured using a
type of FA2104 electronic balance with an accuracy of
0.1 mg, and the samples weight loss was expressed as
percentage of the initial weight.

In vitro assays were evaluated in simulated body fluid
(SBF), proposed by Kokubo et al. [16], at 37 °C in sterile
polyethylene bottles. The SBF solution has a composition
and concentration similar to those inorganic parts of

Sample CaO MgO SiO, P,0s5 . .
human plasma (as shown in Table 2), and it was con-
S1 38 0 58 4 tinuously replaced every 2 days. Finally, the samples were
S2 33 5 58 4 extensively rinsed with deionized water and acetone and
S3 28 10 58 4 . . . .
S I8 20 s 4 were dried in air at room temperature before being
analyzed.
Table 2
Ion concentration of simulated body fluid and human blood plasma (mM) [16].
Na™ K+ Mg+ Ca** Cl- HCO; HPO3;~ SO3~
SBF 142.0 5.0 1.5 2.5 147.8 4.2 1.0 0.5
Human plasma 142.0 5.0 1.5 2.5 103.0 27.0 1.0 0.5
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3. Results and discussion
3.1. Thermal analysis

DTA curves of the dry gel powders containing various
amounts of MgO are shown in Fig. 1. It is investigated that
the distinct exothermic peak, representing the crystallization
peak temperature (7)), shifts to higher temperature with the
addition of MgO in the samples composition. This behavior
can be explained by the Dietzel’s ionic field strength I (I=Z/r?,
where Z and r are the cation charge and radius, respectively).
McMillan found that I of network modifier cations was less
than 5A~2 [17], the I of Ca®" and Mg>" is 2.04 A2
and 473 A2, respectively. Thus, CaO and MgO should
insert into glass structure as network modifier and reduce
the glass melting point and viscosity [18]. In addition, it is
suggested that the glass modifying character of Ca>™ is larger
than Mg ™.

Crystallization activation energies (E,) for samples were
evaluated from the nonisothermal measurements using
Eq. (1). The plots of ln(Tf,/ﬁ) versus 1/7), are shown in
Fig. 2, and the related results are inserted into Table 3. It is
indicated that the gradual addition of MgO into the base
glass, up to 10 mol%, makes the activation energy for
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crystallization reduce, but more addition induces it
increase again. Using activation energy value, the Avrami
constant (n) corresponding to the crystallization mechan-
ism was then determined. The value of n close to one
means that one-dimension growth (surface crystallization)
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Fig. 2. Plots of ln(le,/ﬁ) versus 1/T, for all samples.
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Fig. 1. DTA curves of (a) S1, (b) S2, (c) S3 and (d) S4 dry gel at various heating rates.



6680 J. Ma et al. | Ceramics International 38 (2012) 6677-6684

dominates overall crystallization, the value of two indi-
cates two-dimension crystallization, the value of three
implies a significant contribution of three-dimension
growth (bulk crystallization), and the value of four
indicates homogeneous crystallization [19-22]. As shown
in Table 3, the value of n gradually decreases and the

Table 3
Activation energy (E,) and Avrami constant (n) for
crystal growth.

Sample p (°C/min) E, (kJ/mol) n
5 5.5
S1 10 398 3.9
20 3.0
5 4.8
S2 10 354 33
20 2.5
5 4.1
S3 10 326 2.9
20 2.3
5 22
S4 10 349 2.1
20 1.9
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Fig. 3. XRD patterns of glass ceramics heat-treated at 1200 °C.

Table 4

samples crystallization mechanism changes from bulk or
homogeneous crystallization to surface crystallization with
the MgO addition.

3.2. Structural and Morphological characterization

XRD patterns of the glass ceramics heat-treated at
1200 °C are presented on Fig. 3. The main phases of
wollastonite-2 M -CaSiO; (JCPDS 42-0547) and pseudo-
wollastonite Ca;(SizO9) (JCPDS 74-0874) were observed
in the MgO-free glass ceramics S1. For samples S2, S3 and
S4 containing various MgO, it is observed that the
composition of Mg can react with Ca, Si and O forming
a new crystal phase of akermanite Ca,MgSi,O; (JCPDS
35-0592), and with more MgO addition, the content of
Ca,MgSi,O increased at the expense of -CaSiO;. More-
over, the addition of MgO induced the crystallization of
cristomalite SiO, (JCPDS 27-0605).

As we known, wollastonite-2M and pseudowollastonite
is respectively low and high temperature form of wollas-
tonite. The polymorphic transition of wollastonite-2M to
pseudowollastonite in CaSiO; with high purity takes place
at 1130 + 5 °C. And, it is reported that the presence of Mg
is solid solution in wollastonite-2M (Ca;_ Mg, SiO3; 0=x
=0.17) shifts the transition temperature to 1370 +
20 °C [23]. Thus, when taking into account the solid
solution of magnesium in wollastonite-2M, it is reasonable
to understand the disappearance of pseudowollastonite in
MgO-containing glass ceramics. Moreover, it is known
that Ca>" and Mg>", whose ion radius is respectively
0.99 A and 0.65 A, possess the similar coordinator poly-
hedron in crystal spatial structure. When entering into
wollastonite structure, magnesium ion will replace the
position of calcium ion and form a substitutional solid
solution. In order to study the structure impact of
magnesium doping, calculation of the lattice parameters
for wollastonite-2M in glass ceramics were carried out by
using XRD peaks and the results are listed in Table 4. The
values of g-axis and c-axis declined and the elongation of
c-axis was observed, however, the changes were less than
5%, suggesting that the doping of magnesium caused no
obvious change in wollastonite-2M structure.

Lattice parameters for wollastonite-2M in glass ceramics containing various MgO.

Lattice parameters

aA) b (A) ¢ (A) (%) B () 7 ()
Standard JCPDS 42-0547 10.104 11.054 7.305 99.53 100.56 83.44
Calculated from XRD pattern for wollastonite-2M in Sl 10.135 11.029 7.329 99.55 100.77 83.62
Calculated from XRD pattern for wollastonite-2M in S2 10.105 11.041 7.312 99.53 100.54 83.33
Calculated from XRD pattern for wollastonite-2M in S3 10.090 11.032 7.293 99.31 100.73 83.51
Calculated from XRD pattern for wollastonite-2M in S4 10.096 11.075 7.324 99.34 100.64 83.53
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Fig. 4. SEM photographs of (a) S1, (b) S2, (¢) S3 and (d) S4 heat-treated at 1200 °C for 2 h.
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Fig. 5. Weight loss of glass ceramics during soaking in Tris—HCI solution.

Fig. 4 illustrates SEM micrographs of the glass ceramics.
As shown in Fig. 4(a), (b) and (c), glass ceramics Sl1,
S2 and S3 presented tiny spherical crystallites and the
grain sizes were about 0.5 um, indicating the homogeneous
crystallization behavior. With even more MgO addition,
as in Fig. 4(d), the dendritic crystals instead of homo-
geneous spherical crystallites were observed. Those
results are agreement with the above analysis of the
samples crystallization kinetics. Namely, the glass samples
crystallization mechanism gradually changes from homo-

geneous crystallization to surface crystallization with the
MgO addition.

mHAp  #p -CaSiO,

| o Ca MgSi O ASIO,

l 1 -
.

| .l ‘ | o‘.

i
WJ ! (W, %:W

CPS

26/(°)

Fig. 6. XRD patterns of glass ceramics after soaking in SBF for 14 days.

3.3. Degradation and in vitro assays

The weight losses of glass ceramics after soaking in Tris—
Hcl solution are given in Fig. 5. As can be seen, the weight
loss of each sample increased with the soaking time. After
soaking for 28 days, the MgO-free glass ceramics Sl
showed the highest weight loss (17%) and the glass
ceramics S4 with the most MgO content presented the
lowest weight loss (8%). According to the above analysis,
it seems that the glass ceramics degradability correlates to
its MgO content. In the XRD patterns (Fig. 3), for MgO-
containing glass ceramics (S2, S3 and S4), phases of
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Fig. 7. FTIR spectrum of glass ceramics (a) S1, (b) S2, (c) S3 and (d) S4
after soaking in SBF for 14 days.

Ca,MgSi,O,; and SiO, were also investigated besides
p-CaSiO;, and the content of Ca,MgSi,O; increased with
the decline of the B-CaSiOs. It is known that the phase of
Si0, is a bioinert material, Ca,MgSi>O5 has been proved to
be bioactive and its degradation rate is significantly lower
than that of -CaSiOj; [24]. Therefore, it is comprehensible
that the role of MgO addition in altering the degradability
of synthesized glass ceramics is mainly achieved by the
formation of Ca,MgSi,O; and SiO, phases.

p-CaSiO5 and Ca;(Siz0g) are the most common calcium
silicate biomaterials proposed for bone tissue regeneration,
because of their good biocompatibility and bioactivity
[25,26]. However, major drawback of CaSiO; bioceramics
is their relatively fast dissolution rate that could comprise
theirs mechanical strength. In addition, the pH of the
surrounding medium significantly increases which could
affect the osseointegration of the substitute material
within the natural bone [27,28]. In this work, f-CaSiO;—
Ca,MgSi,O5-based glass ceramics were obtained and the
degradation rate adjustment was achieved by the MgO
contents modulation. On the other hand, especially
from the perspective of bone tissue repair applications,
bioceramics with various degradation rates are needed
for different planting patients and sites, f-CaSiO;—Ca,Mg-
Si;O;-based glass ceramics can be one potential
candidate.

XRD patterns of glass ceramics after 14 days of soaking
in SBF are given in Fig. 6. Besides the original phase of
p-CaSiOs, the diffraction peaks at 25.7, 31.9 and 32.8°

20 corresponding to (002), (211) and (300) reflections
of an apatite phase were detected on the X-ray diffraction
pattern of the glass ceramic S1. The results also justify
that Ca3(Si3Oy) has higher dissolution rate in SBF solution
than p-CaSiO;. For other samples, the presence of an
apatite phase was also observed, however, the intensity of
apatite peaks declined with the increase in MgO content.
It seems that the samples apatite-formation ability
has some relationship with its degradability, a lower
value of degradability suggests a lower formation rate of
apatite.

FTIR spectra of glass ceramics after soaking in the SBF
solution were also recorded. After soaking, glass ceramics
S1, S2 and S3 displayed the obvious doublet bands at 601
and 568 cm ™! (Fig. 7(a), (b) and (c)), which are assigned to
crystalline calcium phosphate [29,30]. However, these
above bands are not clearly in glass ceramics S4
(Fig. 7(d)). In addition, the vibration bands corresponding
to the carbonate groups around at 1490, 1423 and
874 cm ™' were also found in the spectra of all samples
after soaking. The appearance of phosphate and carbonate
absorption bands in the samples spectra after soaking in
SBF not only confirms the formation of an apatite layer
but also reveals that the newly formed material is a
carbonated hydroxyapatite. The samples surface morphol-
ogies after soaking in SBF for 14 days were also detected,
as shown in Fig. 8. The MgO-free glass ceramics S1 was
fully covered by an apatite layer constituted by numerous
aggregates of spherical and lathlike crystals (Fig. 8(a, b).
Such similar morphologies were also observed on glass
ceramics S2 and S3 (Fig. 8(c, d) and (e, f)). However,
unlike the above-mentioned morphologies, after soaking
for 14 days, the formation of apatite was slight on the
surface of glass ceramics S4 with most MgO content
(Fig. 8(g and h)).

4. Conclusions

p-CaSiOs—Ca,MgSi,O7 glass ceramics were obtained by
sintering CaO-MgO-SiO,—P,05 glass system with MgO
addition. As the MgO content increased, the glass crystal-
lization temperature increased and the crystallization of
the glass ceramics changed from bulk crystallization to
surface crystallization. The obtained degradation and
in vitro assay results indicated that the addition of MgO
slowed down the rate of samples dissolution and retarded
the formation of apatite layer. Those influences are mainly
due to the formation of Ca,MgSi,O; and SiO,, moreover,
it is indicated that the controlled rates of dissolution and
apatite formation of these bioactive glass ceramics were
possible to design.
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Fig. 8. SEM photographs of glass ceramics S1 (a and b), S2 (c and d), S3 (e and f) and S4 (g and h) after soaking in SBF for 14 days.
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