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Diffusion and Thermal Shock Behaviour of Silicate Dental Ceramics
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The purpose of this study is to examine the diffusion and thermal shock behaviour of alternative dental silicates. The
samples derived from the BaO-SiO2 system have been produced by melting process and followed by the heat treatment.
X-ray examinations have indicated that the amount of orthorhombic sanbornite phase raised due to treatment
temperature as revealed by the peak intensities. The alteration of the morphology by treatment temperature was evident
from scanning electron microscopy SEM images. Crystallization at low temperature produced small crystallites and
coarsening was not observed with a temperature rise. The failure of the dental samples after the thermal shock test was
examined using SEM. A continuous crack geometry and very few crack branching were observed. Diffusivity constant
(D) and diffusion rate were examined vs treatment temperature for the present system. Diffusion depth (L) was doubled
when the crystallization treatment was applied. Based on the obtained results, these silicate samples might take part in
the further characterization studies to be used as alternative dentistry materials.
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1. INTRODUCTION

All-ceramic dental materials offer superior aesthetics
for the patients [1]. Being similar to natural teeth, lithium
disilicate-based materials are used to manufacture crowns,
veneers and dental bridges. The fine-grained interlocking
crystals in the lithium disilicate provide high mechanical
properties for the replacement of the anterior teeth [2]. As
a result of their clinical longevity lithium disilicate all-
ceramic structures are successful on the commercial scale
[3,4] particularly, for the single crowns. Though the
chipping of the veneer is a common obstacle in these
materials [5].

Post-failure surface cracks hold potential for
propagation until the implant failure [6]. Therefore, many
attempts have been made to improve these structures
through controlled crystallization [7, 8]. However, detailed
knowledge of the heat treatments for the synthesis of the
glass-ceramics is scarce. The combination of high thermal
expansion coefficient and low thermal conductivity causes
all-ceramic materials to be susceptible to thermal shock
and the thermal expansion coefficient can be reduced
through crystallization [9]. The examination of the surface
cracking due to thermal gradient can provide knowledge
on fracture behaviour. Some features of these lithium
disilicate dental materials that are mentioned above were
compared in Table 1 from the previous studies [10—22] in
terms  of  controlled  crystallization  parameters,
microstructural morphology, and dental features.

For the silicate systems, a detailed examination of the
diffusion phenomena provides some helpful data to
produce the functional materials [23]. There are much
experimental data on the diffusion coefficients of different
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cations in the silicate glasses that have a critical effect on
the glass-ceramic processes. It is known that the number
and the mobility of the ions determine the diffusivity.
However, the mobility of Si ions is not high whereas that
of the alkali ions is considered. The glassy phase in a
glass-ceramic material is where the diffusion phenomena
take place [24].

The chemical environment of the crystal is influential
on the diffusivity. As long as there is a chemical potential
gradient, the relevant ion will flux down that potential
gradient [25]. The data on the diffusivities as a function of
temperature have been plotted for Li, Na, K, Mg, Ca, Sr,
Ba and Zn in the aluminosilicate glasses[26]. Also, there
are some systematic studies on the alkali diffusivities for
the mixed-alkali glasses [27]. In another study, Na
diffusivities have been determined in sodium borosilicate,
sodium boroaluminosilicate and alkali aluminosilicate
glasses [28].

In addition, a lot of diffusion-controlled processes in
the oxide materials are strongly dependent on the
temperature [24]. The diffusivity versus temperature plots
have been shown to be of Arrhenius-type [29]. It is
possible to determine the diffusion activation energy and
the pre-exponential factor, D, by fitting InD versus 1/T
data to Arrhenius equation [26]. The diffusivities of two
network-modifier ions (Na and Ca) have been shown as an
Arrhenius plot for a soda-lime silicate glass [30]. It is also
known that thermally activated diffusivities of alkali ions
are influenced strongly by the composition of the silicate
glasses. For binary alkali silicate glasses, the activation
energies related to diffusion have also been calculated [31].



Table 1. A comparison of various dental materials for some features

Chemical composition Controlled crystallization, K/hrs Crystals Dental features
Et'm%a;:ﬁ Cr;téltlcomponent 853, 873, 923+1073; 1123 [10] Nuclei Dental restoration
Ti02-Zr0;-Li20-Ca0-Al203-SiO2 | 723/1+ 883-1053 [11] Needle General dentistry
Si02-Al203-Li20-K20- B203-ZrO2 | 1073-1173/2+1223/%4 [12] Needle Dental bridge
Li20-Si02-Al203-K20 773K/ Ve; 923-973/5+123/Vs [13] | Needle /flake Highly translucent
Li.0-K20-Al203-SiO2 823-1173/1 [14] Dendrite/ Rod NA
Si02-Li20-Al,03-K20-ZrO> 793/%, at 1013/%4+ 123/Y [15] Plate High-strength and translucency
SiO2-Li20-K20-ZrO2 923, 1023, 1173/1 [16] Needle /Granular Dental restoration
Si02-Li20-K20-Al203-Zr02 1223/%, [17] Small Crystals Challenging restorations
Si02-Al205-K20-Li20 1073, 1123, 1173/1 [18] Dendrite/Interlocked Needs toxicity tests
Lithium disilicate 863-878+1053-1113 [19] Rod /Needle Mechanical performance
MnO; doped lithium disilicate | 973/1 [20] Elongated fe‘gtli:grbﬂg;"egs infay-
Li20-Si0,-Zn0-K20 863-893/3+1033-1143/2 [21] Elongated Interlocking crystals
Pressable dental materials Commercial material [22] Elongated Pressable all-ceramics
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Fig. 2. SEM images after: a, b—763 K; c—773 K; d—813 K for 1 h and then firing at different temperatures
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The phase purity of the crystallized samples was also
examined through X-ray diffractometry (D/max-2200/PC,
Rigaku) with Cu-Ka radiation (A = 1.54056 nm) at 40 kV
and 20 mA using 3°/min scan rate in the range of 20—40°.

A thermal shock test was conducted for the sample of
T0060. For the simulation of the oral environment, the
sample was held for 30s between the temperatures of
268 K and 328 K in a vertical furnace (Nive KD 400) to
maintain a suitable air flow without applying a cycle. Cold
water was used as the quenching environment and after the
guenching, the surface failure was analyzed; firstly by
examining to see whether there are any surface cracks
visible to the naked-eye and then secondly under SEM.

For the dental ceramic-based samples, thermal
diffusion parameters were calculated by the given
formulas. For the present system diffusivity value, D was
calculated with the Eq. 1 as follows [32]:

D = Do-exp Eale T, (1)

where, D is the diffusivity, cm?/s; D, is the material
constant (8.81 x101® cm?/s); Ea is the activation energy
related to the diffusion of Ba cation (-0.72 eV/atom); T is
the temperature, K; k is the Boltzmann constant.

The diffusion length of Ba cation, L has been
calculated for different times with the Eq. 2 as follows
[33]:

L =4.D+, (2)

where L is the diffusion depth; D is the diffusivity, cm?/s; t
is the diffusion time, s.

3. RESULTS AND DISCUSSION

According to the visual inspection of the cast samples,
stoichiometric glasses derived from the binary BaO-SiO;
system are prone to devitrification, even before
crystallization treatment as in Fig.1c, in which a
translucent appearance was clearly observed.

The microstructural examinations pointed out a rise in
the content of the dental crystal converting the translucent
samples into pale opaque colour. Fig. 2 a and b show the
crystallized microstructure after holding at a relatively low
nucleation temperature close to glass transition, Tg point of
the composition followed by firing. The high nucleation
rate and low crystal growth rate consecutively after the
heat treatment produced small crystallites [1], which is
known to be adequate for dental implants.

Early crystallization was marked in Fig.2 b at high
magnification. As the samples were treated at a higher
nucleation temperature, dark and bright contrast of the
crystallized phases were clearly observed in the
microstructure. However, the rise of the nucleation
temperature did not reveal an observable microstructural
coarsening. On the other hand, the duration of the heat
treatment contributed effectively to the microstructural
evolution in that the crystallized phases became more
evident after a longer heat treatment time.

The samples contained a higher amount of the main
crystal phase Ba,Si,Os crystallized from the glassy matrix
as the treatment temperature raised. After the crystal
growth process, the dental ceramics reached its final
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crystallized state with a ful silicate phase. During the
preparation of the glass samples, inside the matrix, a
certain amount of crystal formation was observed. Since
relatively low temperatures close to the glass-transition are
known to induce the nucleation process, the first stage of
the treatment was carried out at around the Tg of our
sample (763 K). As can be seen in Fig. 3., after the
treatment at a constant temperature, the main phase of
orthorhombic sanbornite structure was observed with the
JCPDS card number 01-071-1441 and the lattice constants
of a=7.69A, b=1352A and c=4.63A. As the heat
treatment time extended from 1 to 3 h, the peak intensities
increased as well due to a rise in the content of the main
crystalline phase.
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Fig. 3. XRD patterns of samples: a—T4060; b—T4018

In a previous study, barium disilicate was synthesized
using the sol-gel method [34] where the crystallization
behaviour of the sample by the sol-gel method was like
those produced using the melting method (a method used
in the present study).

Also, the translucency values of barium disilicate-



based samples were measured to be close to those of
lithium disilicate. This provides the dental sample a high
translucency like a natural tooth [1]. The crack images
were taken from the failed regions of the TO060 sample
(heat treated at 773 K for 1h) due to the thermal shock test
at different magnifications. The quenching test was carried
out qualitatively. The surface cracking in the silicate-based
dental ceramics with the quenching environment is
explained by the generation of stress due to a mismatch
between the crystalline and the amorphous phases in terms
of the coefficient of thermal expansion. The crack
initiation takes place at the stress concentration sites that
are the weakest regions of the dental crowns although the
crack initiation site was not observed on the crack surface.
The thermal shock test introduced the surface cracking as
can be seen in Fig. 4.

The part of the crack length within these intersection
points is assumed to be only one crack (Fig. 4 a) and the
radius of this single crack is the half of the length between
two intersections whereas the orientation of this crack is
described by the angles of ¢ and 6 [35]. Fine
perpendicular markings (red arrows) seen at a
magnification of 1kx in Fig. 4 e and f were explained as
the link up of crack segments and they were attributed to
the presence of multiple crack planes [36,37]. These
fractographic features were also confirmed on the
commercial IPS e.max CAD implant materials [38].

The barium disilicate sample showed a homogeneous
structure (with low visible porosity) on the fracture
surface. In the fracture images some voids (material
defects) were observed that were found to be responsible
for the crack nucleation as explained in a previous study
[39].

As shown in Fig. 4 g and h, the fracture surface of our
sample exhibited the regions of brittle fracture
characteristics induced by the thermal shock. These

X1, 8088

Fig. 4. Fracture surface of sample TO060 after thermal shock test

microstructural features resemble those observed in lithium
disilicate [40]. The fracture zones in the SEM images of
our samples were examined in terms of crack geometry
and the lengths of the surface cracks (confined in a square).

The crack geometry was observed to be continuous
and crack branching was not common across the fracture
surface. At the tip of the cracks at the fracture surface a
stress concentration takes place. That is why the
dislocations of the chemical bonds tend to expand and
result in the opening [41]. Further, the formation of the
multiple cracks causes an interaction between them,
consequently patterning the fracture surface.

However, these microstructures that contain low
content of voids can be an alternative solution for the
lithium disilicate dental materials against their chipping
problem, which was dealt with in detail by a previous
fractographic study [42].

The diffusion parameters of the dental material during
the controlled crystallization process were calculated. As
in Fig. 5a, diffusivity (D) of the diffused Ba cation vs
treatment temperature indicated an exponential graph for
our samples. Thus, the application of the nucleation
treatment induced the formation of the main dental phase,
barium disilicate. This graph was converted into the
Arrhenius graph by considering the activation energy
value, which is commonly used in the examinations of the
glass-ceramic systems.

The diffusion rate-treatment temperature graph of the
present system was found to be in good agreement with a
linear Arrhenius graph.

The diffusivity values for Ba cation were obtained in
the range of 1x10° and 7x10°*° cm2.s™% in our study, which
is good agreement with the values of Bocker’s study [43]
obtained in Na,O-K,0-Al;05-SiO; glass and Van Hoesen’s
study [44] obtained in 5Ba0.8Si0O; glass.
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Fig. 5. Diffusion graphs: a-—diffusivity-temperature;
d—crystallization treatments

On the other hand, Fokin [46] found diffusivity values
for barium in the order of 101 cm2.s in Ba0.2Si0; glass,
which are lower than our values. Grofmeier et al. [47]
studied the barium diffusion in the mixed cation glasses
and their diffusivity values were between 10° and 108
cm?s?,

For calculating the diffusion length (L) of this system,
the parameter of diffusion time (t) was utilized. Total
diffusion time was determined by considering the heating
time, nucleation temperatures (763 —823 K), holding times
(0.5-3h) and the cooling time (down to room
temperature). As in Fig. 5 ¢ and d, when the crystallization
treatment was applied to the samples, the sample length
was approximately doubled.

However, when a single nucleation treatment was
applied, the length values dropped nearly by half. The
observed rise of the length values is related to the thermal
diffusion of Ba cations into the quartz crystal. Both graphs
indicated a linear relationship and the sample length (L)
increased monotonously with the diffusion time. The
sample length values were determined to be 425 nm. and
900 nm. for only nucleation and the nucleation-
crystallization cases respectively.

4. CONCLUSIONS

In this study, the samples were prepared by the melt
casting method. The diffusion and thermal shock

b—Arrhenius graph;
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behaviour of the samples were examined. It was observed
that barium disilicate dental samples had a similar
crystalline structure and composition to the commercial
lithium disilicates. XRD patterns of T4012 and T401
samples contained (101), (220) and (140) plane reflections
corresponding to the highest peaks of the main crystalline
phase. The content of the orthorhombic sanbornite phase
increased with the treatment temperature. Early
crystallization close to glass transition produced small
crystallites without microstructural coarsening  with
temperature. According to surface examination after
exposure to a qualitative quenching test, the fine
perpendicular markings at the fracture surface were
attributed to the presence of multiple crack planes. These
features were in good agreement with those of commercial
lithium disilicates. For our crystallized samples diffusivity
(D) of the Ba cation indicated an exponential behaviour.
The diffusion rate-temperature graph of the present system
was plotted, and it was in good agreement with the
Arrhenius graph. The analysis results indicated that
diffusion length (L) was doubled after crystallization and
the values were determined to be 425 nm. and 900 nm. for
nucleated and crystallized samples respectively. According
to the results obtained from the present study, we strongly
believe that the outcomes obtained from this study will
contribute to future work in terms of the clinical
performance of these samples as promising materials for
oral applications.
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