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INDUCING BIOACTIVITY IN DENTAL PORCELAIN THROUGH
BIOGLASS® .
Changes in thermal behaviour

X. Chatzistavrou', K. ChLissaﬁsl, E. Polychroniadisl, E. Kontonasaki®, P. Koidis* and
K. M. Paraskevopoulos'

'Solid State Physics Section, Physics Department, Aristotle University of Thessaloniki, 54124 Thessaloniki, Greece
2School of Dentistry, Department of Fixed Prosthesis and Implant Prosthodontics, Aristotle University of Thessaloniki
54124 Thessaloniki, Greece

Dental materials restore morphology and function of lost or destroyed teeth, but cannot completely rebuild the structural
relationship with soft periodontal tissues. The induction of bioactivity on classic dental porcelain can be achieved through the
addition of bioactive glass. The aim of this study was to investigate the effect of Bioglass” on the thermal properties of dental
porcelain in order to correlate the proportions of mixtures with the changes in thermal properties. Differential thermal analysis was
performed in order to determine the characteristic temperatures of the mixtures. The increase of bioactive glass concentration in
mixtures induces a shift to lower temperatures of the melting point temperature. This observation is attributed to the substitution of
silicon ions by aluminium ions and to the formation of Al-O bond, which is weaker than Si—O bond. Mixtures heated at 950°C were
examined also by the transmission electron microscopy (TEM) in order to be studied the microstructure of these samples at this

critical temperature. The observed microstructural changes, confirm the process of substitution of Si*" ions by AI** ions.

Keywords: Bioglass®, dental porcelain, DTA, TEM, thermal properties

Introduction

Porcelain holds a special place in dentistry because,
notwithstanding the many advances made in
composites and glass-ionomers, it still is considered
to produce the most pleasing result. Dental porcelain
is chemically very stable and provides excellent
aesthetics that do not deteriorate with time. The
thermal conductivity and the coefficient of thermal
expansion are similar to those of enamel and dentine,
so in the presence of a good marginal seal, marginal
percolation is less likely to be a problem [1].
Bioactive materials are extensively applied in areas
of restoration such as orthopedic and dentistry and for
this reason their study presents great interest. These ma-
terials can stimulate a specific response in the surround-
ing tissues by means of a complex mechanism involving
three main phases: ion leaching, partial dissolution of
the glass surface and precipitation of bone like apatite
layer on the glass surface. Thanks to the precipitated ap-
atite layer, these materials can provide a very strong
chemical bond with both hard and soft tissues. These
materials have been proposed both in bulky and in coat-
ing form for several kinds of applications. Among other
materials that are used in the repair and reconstruction
of diseased or damaged hard tissues (bones and teeth),

bioactive glass attracts special interest [2, 3]. Bioactive
glass that show a peculiar reactivity when put in contact
with human body fluids fulfills the standards for restor-
ative dental applications, like compatibility with the oral
environment. Moreover, its surface properties, such as
shade translucency, toughness and wear correspond to
those of natural teeth [4].

Fixed ceramic restorations restore the morphology
and function of lost or destroyed teeth, but cannot com-
pletely rebuild the structural relationship with soft
periodontal tissues, while a bioactive glass elicits a
bioactive behavior on gingival cells of soft periodontal
tissues around the margins of conventional fixed ce-
ramic restorations. Thus, the fabrication of coating from
dental porcelain with bioactive glass on dental ceramics
used in metal-ceramic restorations, could provide a
bioactive surface which in combination with a tissue re-
generative technique could lead to periodontal tissues
attachment. Surface treatment of dental ceramics with
bioactive glass has already been reported [5]. As it can
be understood, the examination of these materials and
specially the thermal analysis of mixtures of dental ce-
ramics with bioactive glass, presents special interest
since these mixtures are used in many dental applica-
tions after a thermal treatment, which causes the change
of many properties of these materials [6].
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The examination of the effects of the Bioglass®
insertion on the thermal behaviour of porcelain was
the aim of this study. In particular we studied, under
the same conditions, the thermal behavior of pure
porcelain and Bioglass®, as well as mixtures of
porcelain and Bioglass® in three different mass ratios.
The thermal parameters of the samples have been
measured with differential thermal analysis (DTA).
Additionally, the DTA results were correlated with
the findings from the investigation of microstructural
changes of these mixtures. This study was performed
by transmission electron microscopy (TEM) at the
critical temperature of 950°C, since the heat treatment
of these composite materials is taking place at this
temperature in many applications.

Experimental
Materials and methods

Porcelain (IPS Classic Margin, Ivoclar, Schaan, Liech-
tenstein) contains 55-60% SiO,, 12-15% AlLO;
and 6-15% oxides of K, Na, Ca, Li in mass%, while
Bioactive glass powder PerioGlas® (Bioglass® Syn-
thetic Bone Graft Particulate, US Biomaterials) con-
tains  45% SiO,, 24.5% Na,O, 24.5% CaO
and 6% P,0s. Bioglass® with particle size range
of 90-710 pm was ground in an agate mortar and it
was sieved in order to obtain a powder with a particle
size range 20-63 um. Porcelain powder was then
mixed with bioactive glass powder in three different
proportions: 90-10 (PB10), 67-33 (PB33) and
50-50 (PB50) in mass%, respectively.

Thermal analysis was performed with a Setaram
Thermogravimetric-Differential Thermal Analyzer
SETSYS 1750-TG-DTA 1750°C rod. The heating
rate was 10°C min~' up to a maximum temperature of
1400°C, in argon atmosphere, on each sample were
determined the three main thermal parameters, the
glass transition (7,), the crystallization tempera-
ture (7,) and the melting (7},,) temperature. The ther-
mal analysis of samples was performed up to 1400°C,
since it is known that the characteristic processes of
these materials (glass transition, crystallization and
melting) take place at temperatures lower
than 1400°C [7-9]. The TEM study was performed
with a conventional TEM working on 100 kV
(JEM 100C). Appropriate specimens were prepared
by mechanical polishing and ion beam thinning.

Results and discussion

The DTA curve of pure porcelain (Fig. 1e) does not
present any glass transition and crystallization pro-
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Fig. 1 TG and DTA curves of pure porcelain and Bioglass®™
and their mixtures

cesses and there is only a melting process which occurs
at 1200°C. The small endothermic process, at ~625°C
that is detectable in the DTA curve of pure porcelain
and PB10 is attributed to a crystallographic transfor-
mation of Leucite (KAISi,Og) crystals — which are
used as a reinforcing phase in some compositions for
all ceramic dental restorations — from tetragonal to cu-
bic [9]. This process is not important and becomes less
observable in the thermal curves of heat treated mix-
tures with less participation of porcelain. At sample
PB10 the participation of porcelain is significant and
the transformation process of leucite crystals is observ-
able. On the other hand, from the thermal curve of
Bioglass”, can be determined the glass transition (7, o)
the crystallization (7,) and the melting (7;,) tempera-
tures. Particularly, Bioglass” (Fig. 1a) presents an en-
dothermic peak at 560°C caused by the glass transition,
followed by an exothermic event at 720°C related to
the formation of crystals phases and a melting process
is observed in the range 1100-1250°C. Moreover, for
pure Bioglass®, it has been found that its chemistry
does not vary with heating from 800 to 1000°C. Re-
garding the complex structure of the DTA curve
at 1200°C, in our previous work on bioactive glass be-
havior beyond melting temperature, it was noticed that
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at 1200°C take place successive crystallizations and
fusions of new phases as Pseudo-Wollastonite
(PsW, a-CaSiO;) and Wollastonite (W, B-CaSiO;)
with PsW being the major phase in this temperature
range (Fig. 1a) [10].

The DTA curves of the mixed samples PB33 and
PB50 (Figs 1b and c), show a similar thermal response
as that of Bioglass® until 800°C — where the crystalli-
zation process has been completed — there is an endo-
thermic peak at 560°C caused by the glass transition
and an exothermic peak at 720°C caused by the crys-
tallization of similar phases. A similar thermal behav-
ior is presented by the PB10 samples, although, the
transformation of leucite crystals from tetragonal to cu-
bic causes a small delay of the glass transition and
crystallization processes at higher temperatures. How-
ever, the processes of glass transition and crystalliza-
tion, of the specific phases, are still observed and be-
come more noticeable by subtracting this part of trans-
formation from the specific curve. This behavior is at-
tributed to the significant effect that porcelain has on
the thermal behavior of the specific kind of mixed sam-
ple, since porcelain participates in that mixture with
high percentage. On the other side, all mixtures present
different thermal behavior in temperatures above
800°C. Consequently, it can be considered that in tem-
peratures under 800°C — in the temperature range
where the glass transition (7},) and crystallization tem-
peratures are found —, all mixed samples present almost
the same thermal behavior.

It should be mentioned that in Figs la—¢ the dot-
ted line presents the mass loss e.g. how the mass of the
samples changes during the thermal treatment. As it is
clear, at lower temperatures there is a small reduction
in the samples’ mass approximately equal to 0.4% for
pure porcelain, 0.4% for PB10, 0.8% for PB33, 0.9%
for PB50 and 1.3% for pure Bioglass”, which is attrib-
uted to the evaporation of water that is included in
samples, while at higher temperatures there is no fur-
ther reduction of samples’ mass. Therefore the changes
of samples’ mass are very small and the smaller
changes which are observed at TG curves of certain
samples, are out of interest. Finally, in Fig. 2 are pre-
sented the DTA curves of all mixtures and of pure por-
celain and pure Bioglass®, in the melting process re-
gion: It is easily followed the shift of the melting tem-
perature to lower values in mixtures, with the increase
of the content of Bioglass®.

In details, the melting process minimum tempera-
ture of the pure porcelain is at 1200°C, while the addi-
tion of bioactive glass to the porcelain in 10%, reduces
this temperature to 1120°C (Fig. 1d). Moreover, the in-
crease of Bioglass® concentration to 33% shifts the
melting point to 1060°C (Fig. 1¢) and finally the in-
crease of bioactive glass at 50%, causes a further re-
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Fig. 2 The shift of melting point temperature
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duction of the melting point temperature at 1045°C
(Fig. 1b). The above results are summarized in Fig. 3,
where the behavior of melting process temperature
with the addition of Bioglass® is presented.

The shift of the melting point temperature with
the addition of bioactive glass can be attributed to the
formation of AlO bond, which is weaker than SiO
bond. In details, the ion AI’* has an ionic radius very
similar to that of the Si* ion and therefore, it can
replace the silicon ion and take part in the structure of
the silicate network. However, the replacement of
silicon by aluminium ions is associated with a
reduction of the number of bridging oxygen ions,
since aluminium atoms are in part six-fold co-
ordinated, AlO;, units, and aluminium acts as
network modifier producing non-bridging oxygen
atoms [11-13]. This behavior weakens the silicate
network by breaking its continuity and leads to a
decrease in the viscosity of the glass and to a decrease
in the melting point temperature (7y,) [14].

Generally, the function of network-modifying ox-
ides is to partly disrupt this network structure, through
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the introduction of ionic bonds, so that the fusion tem-
perature is reduced. This is achieved via the cations,
which are accommodated outside of the network.
These cations are not necessarily static in the structure
and may migrate from one ligand environment to an-
other. However, excessive modification via network-
modifying oxides can increase the chemical reactivity
of the glass, with increased tendencies towards dissolu-
tion and devitrification [15].

It is observed that at temperatures under 800°C
no important changes, due to the addition of
Bioglass” are appeared, as the dissolution of alumina
takes place at higher temperatures, above this
temperature range. Consequently, there is no release
of aluminium ions, which replace silicon ions and
cause the ‘interaction’ of Bioglass with the porcelain,
since the dissolution of alumina starts at 900°C [16].

The role played by a cation in a glass may be clas-
sified as network former, intermediate and modifier by
simple general criteria based upon bond energies and
ionic field strengths [11]. The incorporation of foreign
cations — of valence lower than 4" — is considered to
accelerate the transition, as it provides a charge com-
pensation mechanism — by the formation of oxygen va-
cancies — that enhance the transport of atoms and ac-
celerate a phase transition [17].

Dietzel [12, 18] ordered cations according to their
field strength. The field strength is defined as z//”
where z is the valence and r the radius of ion. In partic-
ular in oxides, Dietzel examined direct Coulombic in-
teractions between cations and anions:

.~ (20,0 O

2
(e +n)

Attractive forc

where z., r., z, and r, are the valence and the radius of
cation and anion respectively and e the elemental
charge.

For the field strength (FS) the Eq. (1) can be
written:

FS = e

- where a=(rtr,) )
a

The cations with high field strength have high
cation-oxygen bond energy. If the field strength of an
oxide is FS>1.3, it is expected to have a former
character, if the field strength is FS<0.4 then it is a
glass modifier and in case of the field strength being
in between these values (0.4<z./a’<1.3), the oxide is
characterized as intermediate. Intermediate oxides do
not form glasses by themselves, but act like glass
formers when combined with others. Consequently
alumina acts as an intermediate, because:

HAP)=0.53, (0*)=1.40 =>a=1.93
ze=+3 = zJa* = 0.8
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Fig. 4 TEM dark field image taken from a leucite crystal

Fig. 5 Electron diffraction pattern of the leucite crystal

Although at high content, does the alumina act as
modifier contributing to formation of non-bridging
oxygens. The interconnected microstructure of a glass
ceramic is modified and becomes relatively coarser
with alumina participation above a certain value [12].

The above described behavior is confirmed by
TEM results from the investigation of the micro-
structural changes of the mixtures, under the specific
heat treatment at 950°C. Particularly, all samples
present a common image of a characteristic phase.
This image is a leucite (KAISi,O4) crystal (Fig. 4),
with a corresponding diffraction pattern, which is
presented in Fig. 5.

Leucite crystal at room temperature is crystallized
in tetragonal system and the values of the characteristic
lattice parameters are presented in Table 1 [19, 20]. As it
was mentioned above, it is known that leucite undergoes

Table 1 Characteristic lattice parameters of leucite crystal,
tetragonal system

a b ¢ o/ B/ v/°
12931 12.931  13.812 90 90 90

Table 2 Characteristic lattice parameters of leucite crystal
after heat treatment at 950°C, orthorhombic system

a b ¢ ol B/ v/°
13432 13.049 12916 90 90 90
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a crystal transformation from tetragonal to cubic
at 625°C, however in our samples, was observed a dif-
ferent behavior, since the values of the characteristic lat-
tice parameters are slightly different from those that
were expected. Specifically, the exact values of the lat-
tice parameters (Table 2) confirm that due to the specific
heat treatment of the samples, the initial tetragonal crys-
tallographic system of leucite crystals has been trans-
formed to an orthorhombic system.

This deformation is exclusively owned to the sub-
stitution of Si** ions by AI’" ions, in the crystal lattice
of leucite crystals. Thus, from TEM investigation is
also confirmed the process of substitution, which takes
place under the specific heat treatment, since leucite
undergoes a crystal transformation from tetragonal to
orthorhombic at 950°C.

Conclusions

From the thermal study of mixed samples (porcelain
with Bioglass®), it was observed that a) all mixed
samples present parallel thermal behavior with that of
pure Bioglass 45S5 until the crystallization
temperature, as the dissolution of alumina starts at
higher temperatures, and b) the melting process
temperature shifts to lower temperatures with the
increase of concentration of bioactive glass. This shift
with the addition of Bioglass” is attributed to the
formation of AlO bonds and alumina is thought to act
as network modifier producing non-bridging oxygen
atoms. The substitution of Si*" ions by AI’" ions was
confirmed by TEM, where in SAD patterns of leucite
crystals was observed a microstructural deformation
of these crystals form tetragonal crystallographic
system to orthorhombic system.
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