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Abstract: Porcelain fused to metal (PFM) has received great attention over the last few years due to 
its importance in the dentistry. Kalsilite (K2O·Al2O3·SiO2) is a high thermal expansion porcelain, 
suitable for bonding to metals. However, kalsilite is a metastable phase which gets converted into 
crystalline leucite upon heating. In the current work feasibility of developing stable kalsilite phase, 
dispersion of MgF2 in it as an additive and using mechanochemical synthesis are studied. Micro fine 
dental material has been formulated by mixing prepared kalsilite with low temperature frit (LTF) in 
different ratio. The crystalline phases evolved in fired powders are characterized by powder X-ray 
diffraction (XRD) technique. Kalsilite with different ratio of LTF has been cold pressed and heat 
treated to examine its coefficient of thermal expansion (CTE), flexural strength, apparent porosity 
(AP), bulk density (BD) and microstructure. Results indicate that MgF2 addition and high milling 
duration help in kalsilite stabilization. Temperature also plays an important role in this stabilization, 
and at 1100 ℃ single phase kalsilite formation is observed. Present outcomes demonstrate that it is 
easily possible to synthesize a stable single phase kalsilite with desirable properties.  

Keywords: kalsilite; porcelain fused to metal (PFM); dental ceramic; mechanochemical synthesis; 
thermal expansion; X-ray diffraction (XRD) 

 

1  Introduction  

Ceramic materials have been widely used in porcelain 
fused to metal (PFM) and all ceramic restoration 
systems over the last decade. They typically have high 
coefficient of thermal expansion (CTE) and high 
flexural strength. Kalsilite (KAlSiO4) mineral has a 
network of tetrahedral Si and Al elements with charge 
balancing alkali metal ions [1]. CTE of kalsilite is 
16×106 (℃)1 [2]. Kalsilite is a significant constituent 

in PFM and ceramic restoration systems [3]. It is used 
as the precursor of leucite [4]. Becerro et al. [4] have 
previously reported that kalsilite being a high thermal 
expansion ceramic, is suitable for bonding to metals. 
Kalsilite however crystallizes as a metastable phase 
when synthesizing leucite [5,6].  

Kalsilite has been synthesized previously by various 
techniques such as hydrothermal method [7], sol–gel 
method [8,9] and solid-state method [10,11]. 
Accompanying with other synthesis methods, 
mechanochemical process is economical and suitable 
to prepare pure materials with a micro fine particle size 
[1214]. This synthesis involves chemical reactions of 
solids under the action of mechanical forces. Driving 
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force for mechanochemical synthesis is the strain 
energy stored in the fine powders. The mechanical 
energy produces structural imperfections in the powder 
particles during grinding and increases the reactivity of 
ground materials.  

There is lack of research in the stabilization and 
implementation of this material as PFM. So in order to 
produce fine stoichiometric kalsilite, mechanochemical 
synthesis was employed. The aim to improve the 
stability of kalsilite phase using 2 wt% MgF2 as an 
additive has been studied in the present investigation. 
The ground powders were heat treated at different 
temperatures and characterized via powder X-ray 
diffraction (XRD) technique. Optimised kalsilite 
powders were then mixed with different weight ratio of 
low temperature frit (LTF) and characterized for CTE, 
flexural strength, apparent porosity, bulk density and 
morphology. 

2  Experimental procedure 

2. 1  Materials  

Analytical reagent (AR) grade aluminium oxide 
(Al2O3), potassium carbonate (K2CO3) and silica (SiO2) 
were used as raw materials for kalsilite formulation. 
Sodium carbonate (Na2CO3), potassium nitrate (KNO3), 
silica (SiO2), potassium carbonate (K2CO3), borax 
(Na2H3BO4·10H2O), feldspar (K2O·Al2O3·6SiO2) and 
magnesium fluoride (MgF2) were used for preparation 
of LTF. All materials were AR grade and procured 
from Loba Chemie Pvt. Ltd (Mumbai, India) 

2. 2  Preparation of kalsilite and LTF 

Potassium carbonate, alumina and silica were weighed 
in stoichiometric ratio of kalsilite 1:1:1. Weighed 
mixtures of materials with and without the 
incorporation of 2 wt% MgF2 were prepared in the 
same manner. These mixtures were then pulverized in 
a high energy planetary ball mill (supplied by V.B. 
Ceramics, Chennai, India) for 3 h and 6 h with the rate 
of 250 rpm. Milling was done in a 250 ml zirconia 
cylindrical jar. The grinding balls made of zirconia 
having diameter 10 mm were used as a hard grinding 
medium. Ball to powder weight ratio was kept 4:1. The 
milling operation of mixtures was carried out 
continuously at room temperature for 3 h and 6 h. The 
milled powders were heat treated in an electric furnace 
at 900–1100 ℃ at a heating rate of 6 ℃/min and 

soaked for 1 h. The furnace was equipped with SiC 
heating element and a program PID528 manufactured 
by Selectron Process Controls Pvt Ltd., India. This 
program has the temperature control accuracy of ±1 ℃. 
To prepare LTF, starting components were mixed in an 
agate mortar. The mixture was melt in an alumina 
crucible at 1350 ℃ for 60 min. The molten frit was 
quenched in deionized water, air dried and then ball 
milled to pass a 350 mesh BSS. 

2. 3  Preparation of samples 

The samples prepared for characterization contained 
different weight percentage of kalsilite. Optimization 
in choosing the prepared kalsilite was based on its 
maximum phase formation. Different formulations are 
presented in Table 1. Rectangular test bars were 
prepared using a uniaxial hydraulic press under 200 MPa. 
These bars were heated in a VITA VACUMAT 40T 
according to a standard dental veneering firing cycle 
pre-programmed by VITA. It consists of five steps 
from room temperature to 800 ℃. These five steps of 

firing cycle are: pre-heating at 500 ℃ for 2 min, 

heating from 500 ℃ to 800 ℃ for 6 min, 1 min 

soaking at 800 ℃ followed by cooling to 600 ℃ in 
1 min.  

 

2. 4  Characterizations 

The crystalline phases were identified by powder XRD 
technique. XRD patterns were observed using a 
portable XRD machine (Rigaku, Japan) using Cu Kα 
radiation employing Ni filter operating at 30 mA and 
40 kV. Phase identification was carried out by 
comparing the respective powder XRD patterns with 
the standard database stated by JCPDS (PDF-2 
Database 2003).  

The thermal expansion of the material was 

Table 1  Batch composition of different weight 
percentage of kalsilite and LTF samples 

Sample coding
Firing  

temperature (℃) 
Kalsilite 
(wt%) 

LTF (wt%)

K1000-20/80 1000 20 80 
K1000-25/75 1000 25 75 
K1000-30/70 1000 30 70 

KM1000-20/80 1000 20 80 
KM1000-25/75 1000 25 75 
KM1000-30/70 1000 30 70 
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determined by dilatometer (supplied by VB Ceramic 
Consultants, India) in the temperature range 20–550 ℃ 

at 6 ℃/min. The dilatometer was equipped with SiC 

heating element with a control accuracy of ±1 ℃. It 
had Nippon PID programmable digital temperature 
indicator cum controller. The samples for CTE 
measurement were cut and polished uniformly to the 
size of 45 mm × 15 mm × 10 mm. 

Flexural strength measurements were done 
according to ASTM C78/C78M using universal testing 
machine Instron, 3344 (Germany). The specimens 
were bent in a three-point crossways fit with 20 mm 
span between the two supports (three-point bending). 
The load and the corresponding deflections were 
recorded. The flexural strength was calculated using 
the following equation:  

2

3

2

PL
F

bd
                  (1) 

where F is the flexural strength (kg/cm2); P is the 
maximum applied load; L is the span length; b is the 
width of specimen; and d is the depth of specimen. 

Apparent porosity (AP) and bulk density (BD) of all 
the kalsilite and LTF samples were determined 
according to ASTM C20-00. All specimens were 
polished using emery papers of grades 1/0, 2/0, 3/0 and 
4/0 (Sia, Switzerland) followed by polishing on a 
velvet cloth using diamond paste of grade 1/4-OS-475 
(HIFIN). These polished specimens were chemically 
etched with 40% hydrofluoric acid for 10 s and then 
washed with distilled water. Finally they were dried 
and gold sputtered. Micrographs were recorded with 
the help of a scanning electron microscope (INSPECT 
50 FEI).  

3  Results and discussion 

3. 1  Phase analysis of the ground kalsilite at 
different temperatures 

Figure 1 shows the XRD patterns of the sample milled 
for 3 h at different firing temperatures. Diffraction 
peaks are well matched to JCPDS Card No. 87-1707. It 
can be seen that XRD pattern of precursor fired at 
900 ℃ contains hexagonal kalsilite as a major phase 
alike to JCPDS Card No. 87-1707. As temperature 
increases from 1000 ℃ to 1100 ℃, kalsilite is present 
as a major phase in addition to small amount of leucite 
phase. Unit-cell parameters are a = b = 5.157 Å and c = 

8.706 Å and more similar to those given by Becerro et 
al. [4] (a = 5.166 Å and c = 8.7123 Å). Presence of 
broad peaks in XRD patterns shows the small 
crystallite size of the kalsilite.  

Figure 2 shows the XRD patterns of the sample 
containing 2 wt% of MgF2 milled for 3 h. It can be 
noted that XRD patterns of precursor fired at 900 ℃ 

and 1000 ℃ contains kalsilite as a major phase with 
hexagonal crystal structure. Furthermore when heat 
treatment is increased to 1100 ℃, kalsilite occurs as a 
major phase with some peaks of leucite crystalline 
phase. It can be noted that formation of leucite 
crystalline phase occurs at high temperature. 
Formation of leucite phase is less in the sample 
containing MgF2 in comparison to that of the sample 
without MgF2. It is probable that the presence of MgF2 
additive suppresses the crystallization of leucite.  

 
Fig. 1  XRD patterns of the sample milled for 3 h at 
different firing temperatures. 

 
Fig. 2  XRD patterns of the sample containing 
2 wt% of MgF2 milled for 3 h at different firing 
temperatures. 
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Figure 3 shows the XRD patterns of the sample 
milled for 6 h. X-ray lines of the sample fired at 900 ℃ 
contain kalsilite as a major phase with small peaks of 
leucite phase. At temperatures 1000 ℃ and 1100 ℃, 
leucite is present as a main phase with small peaks of 
kalsilite crystalline phase. It might be due to high 
surface energy of ground sample. The smaller the 
particle size is, the larger the surface area and hence 
the higher the surface energy will be. Therefore, it can 
be concluded that the heat for formation of leucite is 
higher than that of kalsilite. It has also been previously 
reported by Zhang et al. [5] that activation energy for 
formation of leucite is higher than that of kalsilite. 
Kalsilite, therefore, crystallizes first as a metastable 
phase and then reacts with SiO2 tetrahedra, which leads 
to formation of leucite phase. In the present work, the 
sample milled for 6 h has very fine particles in 
comparison to sample milled for 3 h. In former case 
therefore, most of the kalsilite coverts into leucite at 
higher temperatures.  

Figure 4 shows the XRD patterns of the sample 
containing 2 wt% of MgF2 milled for 6 h. It shows 
hexagonal kalsilite as a major phase with small peaks 
of leucite at 900 ℃, 1000 ℃ and 1100 ℃. Diffraction 
peaks are well matched to JCPDS Card Nos. 87-1707 
and 85-1421. It can be concluded that MgF2 promotes 
the formation of kalsilite. Zhang et al. [6] studied the 
effect of addition of CaF2 on the crystallization of 
leucite. They found that CaF2 decreases the 
crystallization temperature of leucite. Ionic radius of F 
ion (1.33 Å) is very close to radius of O2 ion (1.4 Å); 
therefore, it replaces the O2 ion and forms the Si–F or 
Al–F bonds [6]. Due to strong electrostatic attraction 
between Ca2+ and O2 ions, network becomes loose. It 

helps the conversion of metastable kalsilite phase into 
stable leucite phase at low temperature. 

In the present work, whereas, MgF2 inhibits the 
formation of leucite phase and stabilizes the kalsilite 
metastable phase. It may be due to small amount of 
free silica present in the matrix. When F ion replaces 
O2 ion in K+, free Mg2+ reacts with free silica forming 
low temperature eutectic phase, enstatite (MgO·SiO2). 
It decreases any silica present around grain boundary 
around the kalsilite and hence supresses the formation 
of leucite.  

3. 2  Coefficient of thermal expansion 

Thermal compatibility of PFM from room temperature 
to the glass transition temperature can be assessed by 
measuring the average expansion coefficient of metal 
and porcelain in the range of 20–550 ℃. Its thermal 
expansion is essential to assure good bonding of the 
ceramic to metal. Figure 5 shows the CTE curves of 
kalsilite with different weight percentage of LTF, 
K1000-20/80, K1000-25/75 and K1000-30/60. It is found that the 
addition of kalsilite to LTF increases the CTE of the 
whole matrix. It may be due to formation of leucite 
crystalline phase which has high CTE. Glass transition 
temperatures (Tg) of K1000-20/80, K1000-25/75 and K1000-30/70, 
are determined to be 415 ℃, 425 ℃ and 440 ℃, 
respectively. 

Figure 6 shows the CTE curves of kalsilite–2 wt% 
MgF2 with different weight percentage of LTF, 
KM1000-20/80, KM1000-25/75 and KM1000-30/70. It is found that 
the addition of MgF2 to kalsilite decreases the CTE of 
final mixture. These CTE values are about 40% less 
than that of samples without MgF2. This may be due to 

 
Fig. 3  XRD patterns of the sample milled for 6 h at 
different firing temperatures. 

 
Fig. 4  XRD patterns of the sample containing 
2 wt% of MgF2 milled for 6 h at different firing 
temperatures. 
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the formation of low CTE major kalsilite phase. These 
results are in conformity with the results of XRD 
where the sample with MgF2 has kalsilite as a major 
phase, i.e., MgF2 suppresses the formation of leucite. 
The glass transition temperatures (Tg) of KM1000-20/80, 
KM1000-25/75 and KM1000-30/70 are determined to be 415 ℃, 

425 ℃ and 430 ℃, respectively. These prepared 
materials are suitable for PFM, as their CTE values of 
14.0×106–14.8×106 (℃)1 are close to standard CTE 

of nickel–chrome alloy (13.9×106 (℃)1).  

3. 3  Flexural strength 

Figure 7 shows the flexural strength of K1000 and 
KM1000 with different weight percentage of kalsilite in 
LTF. Flexural strength increases with increasing the 
micro fine kalsilite in matrix. Homogenous dispersion 
of micro fine kalsilite grains within the glassy matrix 
leads to enhance the mechanical strength. KM1000 has 
higher flexural strength than K1000. Subsequently the 
synthesised samples show better sinterability, low 

porosity and high flexural strength. The flexural 
strength is more or less similar for all samples. 
However, the mixed samples with 20 wt%, 25 wt%, 
30 wt% and 35 wt% kalsilite expressively result in 
higher flexural strength. This is due to presence of 
micro fine particles, i.e., larger surface area and hence 
less porosity. 

3. 4  Bulk density and apparent porosity 

Figure 8 shows the variation of BD and AP with 
different weight percentage of kalsilite and LTF. It can 
be noted from Fig. 8 that BD increases with increasing 
the content of kalsilite followed by a continuous 
decrease of AP. Micro fine kalsilite particles dispersed 
throughout the glassy matrix help in improvement of 
packing density of the samples.  

3. 5  Microstructure evaluation through SEM 

The microstructures of kalsilite with (KM1000) and 
without (K1000) MgF2 with different weight percentage 

 
Fig. 6  CTE curves of the samples with different 
weight percentage of kalsilite–2 wt% MgF2 and LTF. 

 
Fig. 7  Flexural strength of K1000 and KM1000 with 
different weight percentage of kalsilite and LTF. 

Fig. 8  BD and AP of the samples with different 
weight percentage of kalsilite and LTF.  

 
Fig. 5  CTE curves of the samples with different 
weight percentage of kalsilite and LTF. 
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of LTF are shown in Fig. 9. There is no visible 
micro-crack appearance due to phase transformation. 
Micrographs show a very dense structure which is also 

in conformity with the AP and BD plots. This also 
results in the high flexural strength.  

 

 

 

 
Fig. 9  Scanning electron micrographs of kalsilite with (KM1000) and without (K1000) MgF2 with different weight 
percentage of LTF in different magnification: (a, b) KM1000-25/75; (c, d) KM1000-30/70; (e, f) K1000-25/75; (g, h) K1000-30/70. 
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4  Conclusions 

Micro fine kalsilite has been successfully synthesised 
by high energy ball milling. Addition of MgF2 

supresses the formation of leucite phase and stabilizes 
the kalsilite phase. Kalsilite–2 wt% MgF2 with 
different weight percentage of LTF, shows the CTE 
value of 14.0×10−6 (℃)1 to 14.8×10−6 (℃)1. This 
value is close to standard CTE of nickel–chrome alloy 
(13.9×10−6 (℃)1). Samples with 20 wt%, 25 wt% and 
30 wt% kalsilite have higher flexural strength due to 
presence of micro fine kalsilite particles in the matrix. 
Micrographs show very dense structure with no visible 
cracks. This makes present material suitable for 
application in porcelain fused to metal. 
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Role of CaF2 on mechanochemically
synthesized leucite as dental veneering glass
ceramics

P. H. Kumar*1, A. Srivastava1, V. Kumar1, H. Singh1, S. Sharma1, P. Kumar2 and
V. K. Singh1

Leucite based glass ceramic is widely used in dental ceramics as porcelain fused to metals for

veneering applications. Main properties considered here are high coefficient of thermal

expansion and good mechanical properties. Owing to these requirements, high expansion

phase such as leucite is incorporated in these glass ceramics. The present work was aimed to

synthesise leucite using its stoichiometric batch compositions and subsequent high energy ball

milling. CaF2 was also added in another mix to study its role on leucite formation. Further

prepared, leucite phase was added in separately prepared low temperature glass frit powders to

control amount of glass and leucite content. X-ray diffraction results displayed that high energy

ball milling and additive promoted the formation of leucite as a major crystalline phase.

Furthermore, CaF2 also suppressed the subsidiary crystallisation of kalsilite phase. Evaluated

average coefficient of thermal expansion in the temperature range of 20–500uC was very close to

the theoretical value of pure leucite.

Keywords: Mechanochemical synthesis, Thermal expansion, Leucite, Dental glass ceramic, Microstructure, Porcelain fused to metal, X-ray diffraction

Introduction
Metal–ceramic systems for making dental crowns and
bridges are being marketed since 1960s. Employed for
more than half a century, Porcelain fused to metal
(PFM) is still the most significant dental restorative due
to its lower cost than all ceramic systems such as
zirconia, spinel and alumina.1 Success of PFM depends
on the proper applications of different layers of glass
ceramics and subsequent firing in vacuum onto a metal
substructure to produce an aesthetical acceptable
restoration. Veneering ceramics for metal ceramic
restorations are commonly named as feldspathic porce-
lains based on leucite phase.2 Feldspar derived glass
ceramics exhibits a low coefficient of thermal expansion
(CTE), ,8?661026 K21 if leucite is not crystallised
during manufacturing process. Therefore, leucite should
be present in high amount in these glass ceramics for a
successful veneering.3 Leucite glass ceramic is the widely
used ceramic for all type of metal alloys used as coping.
It provides high CTE (20–2761026uC), high strength,
colour appeal, suitable refractive index and excellent
biocompatibility.4–6 Leucite enhances the CTE of glass
ceramic to make it thermally suitable with metal.7 Pure
leucite phase has a high melting point of 1693uC.8 This
phase is partially obtained, when potash feldspar melts

incongruently in temperature range of 1120–1150uC.
The main drawback with feldspar is natural impurities,
present in it. These impurities may discolour glass
ceramics or undesirable colour may be produced.
Traditional method for manufacturing feldspathic den-
tal glass ceramic is to make glass frits and subsequent
heat treatments for crystal growth. In another approach,
this material has also been synthesised by various wet
chemical routes such as sol–gel, coprecipitation and
hydrothermal process. Formation of leucite by conven-
tional method is always accompanied by a glassy phase
and a common intergrowth of kalsilite. The synthesis of
pure leucite is difficult at low temperatures. It also
undergoes phase transformation from tetragonal to
cubic during heating leucite based glass ceramics.9,10

The tetragonal leucite possesses a high CTE
27?261026uC, whereas its cubic form exhibit lower
CTE value 15?961026uC.11 The presence of tetragonal
leucite phase in the matrix of a low temperature frit
(LTF) is helpful to increase its CTE and proficient
bonding can be obtained with metals. Tetragonal leucite
volume fraction in commercially available dental porce-
lain typically ranges between 17 and 45 wt-% in a LTF
matrix.12,13

Natural inventory of leucite is very rare. Synthesis of
leucite glass ceramic powders has been a challenging
subject till now. Previous literatures suggest that glass
ceramic preparation with high content of leucite is
possible by solid state sintering,14,15 salt bath,16 copre-
cipitation,17 sol–gel18 and hydrothermal19,20 processes.
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Although leucite glass ceramic has been synthesised by
several methods, the synthesis of complete crystalline
leucite has never been reported, as it is always
accompanied by a glassy phase. Erbe and Sapieszko
reported the formation of leucite with some impurity of
kalsilite at 1000uC.21 Jankeviciute and Kareiva22 synthe-
sised leucite at 950uC via sol–gel derived molecular
precursor. Zhang et al.23 synthesised pure leucite at
850uC by sol–gel method. Other than solid state, all
approaches increase the cost of the product. Mecha-
nochemical process is a chemical reaction induced by a
self-propagating process, resulting in lowering of calci-
nation and sintering temperature.24 The source of energy
for reaction is the increased thermal reactivity of very
fine powder particles. When a small portion of starting
mixes start reacting at relatively low temperatures due to
extra fineness, it further promotes thermal reactions in
unreacted slightly coarse particles at low temperatures.
That is the reason that formation of leucite glass
ceramics is possible at lower temperatures. This pre-
paration method is simple, economical and also suitable
for large scale production of other nanoparticles ceramic
system.25 This process has been successfully utilised to
obtain a number of nanomaterials including Al2O3,26

ZnO,27 SrAl2O4,28 ZrO2,29 BaTiO3
30 and BaAl2O4.31

The main idea of the present work is to demonstrate
that submicrometre size leucite glass ceramics can be
produced at relatively low temperatures using mechani-
cally activated precursors. Two blends in which one
containing Al2O3, SiO2 and K2CO3 in the stoichiometric
ratio of leucite and the other with same stoichiometric
ratio with 2 wt-%CaF2 as additive was prepared. The
starting mixes were mechanochemically activated before
heat treatment to study phase formations at different
temperatures. The role of additive on the phase
formation as well as thermal expansion behaviour was
observed. The effects of mechanical activation and
calcium fluoride addition on microstructure and flexural
strength have also been investigated. Further low
temperature glass frits based on alumino-alkalis-silica-
boric oxide, were prepared. The prepared leucite was
mixed in ground frit in different proportions, and their
physicothermal properties were studied

Experimental

Materials
Aluminium oxide (Al2O3), potassium carbonate (K2CO3),
calcium fluoride (CaF2) and silicon dioxide (SiO2) were
used for leucite synthesis. Sodium carbonate (Na2CO3),
potassium nitrate (KNO3), silicon dioxide (SiO2), potas-
sium carbonate (K2CO3), borax (Na2H3BO4.10H2O),
feldspar (K2OAl2O36SiO2), magnesium oxide (MgO),
calcium carbonate (CaCO3), zirconium dioxide (ZrO2)
and calcium fluoride (CaF2) were used for preparation of
LTF. All materials were analytical reagent grade and
procured from Loba Chemie Pvt. Ltd (Mumbai, India).

Preparation of leucite glass ceramics
Aluminium oxide, potassium carbonate and silicon
dioxide were weighed in leucite stoichiometric ratio of
1 : 1 : 2. Weighed mixes of materials were termed as MCL
without CaF2 and as MCL-C with the incorporation of
2 wt-%CaF2. The raw materials were first thoroughly
mixed in an agate mortar pestle for 30 min. These
mixtures were then pulverised in a high energy planetary

ball mill. This planetary ball mill was manufactured by
V.B. Ceramics, Chennai, India. It consists of a 250 mL
zirconia cylindrical jar. The grinding balls made of
zirconia having diameter 10 mm were used as a hard
grinding medium. Grinding media and the material
weight ratio were kept 3 : 1, and mill was set to rotate at
a constant speed of 300 rev min21 during the study. The
milling operation of mixes was carried out continuously
at room temperature for 6 h. The pulverised powders
were kept in an alumina crucible and heated in an
electric furnace at 900, 1000 and 1100uC respectively at a
heating rate of 10uC min21 for a soaking period of 1 h.
The furnace was equipped with SiC heating elements
and a programmer PID528, manufactured by Selectron
Process Controls Pvt Ltd, India. This programmer has
the temperature control accuracy of ¡1uC.

Preparation of LTF
The raw materials were taken for making LTF frit to
obtain its composition in a weight proportion to meet
59SiO2–13Al2O3–9K2O–10Na2O–2CaO–2CeO2–1?5Li2O–
1CaF2–1MgO–1BaO–0?5ZrO2 after firing. This composi-
tion was selected because its thermal expansion value was
near to dental metal alloys in our experiments. To prepare
LTF, starting components were mixed in an agate mortar
pestle. The mixture was melt in a platinum crucible at
1350uC for 1 h. The melted frit was quenched in deionised
water then pulverised to pass a 350 mesh.

Sample preparation and sintering
The rectangular bar shaped samples were formulated
with 25 wt-% leucite (as prepared in the section on
‘Preparation of leucite glass ceramics’) and 75 wt-%LTF
(as prepared in the section on ‘Preparation of LTF’).
These bars were formed using a uniaxial hydraulic
pressure at 200 MPa. These samples were heated in a
dental furnace (Model: VITA VACUMAT 40T by Vita
International, Germany). This furnace comes with
preprogramed firing schedules for firing wash opaque,
opaque, dentin, incisor, glazer and margin according to
marketed products. Our selected programme had five
steps, from room temperature to 800uC. These five steps
of firing cycle were preheating at 500uC for 2 min,
heating from 500 to 800uC in 6 min in vacuum, 1 min
soaking at 800uC followed by cooling to 600uC in 1 min.

Characterisations
X-ray diffraction

The crystalline phases were identified by XRD for
investigation of phases present. X-ray diffraction
patterns were observed using a portable XRD machine
(Rigaku, Japan) using Ni filtered Cu Ka radiation
operating at 30 mA and 40 kV. Phase identification
analysis was carried out by comparing the powder XRD
patterns with the standard database stated by Joint
Committee on Powder Diffraction Standards (PDF-2
database 2003). The crystallite size is determined from
the Scherrer’s formula given as

D~0:9l=bcos h (1)

where D is the apparent size of crystal, l is the
wavelength of the X-rays, b is the full width at half
maximum of the corresponding line and h is angle of
diffraction of the peak.
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Coefficient of thermal expansion

The thermal expansion of samples was determined by a
dilatometer (supplied by VB Ceramic Consultants,
India) from 20 to 500uC at 6uC min21. The dilatometer
was equipped with SiC heating element with a control
accuracy of ¡1uC. It had a Nippon PID programmable
digital temperature indicator cum controller. The
samples for CTE measurements were cut and polished
uniformly to the size of 45615610 mm.

Flexural strength testing

Flexural strength measurements were performed accord-
ing to ASTM C78/C78M. The specimens were tested in
a three-point bending fixture with 20 mm span length
between the two supports. The universal testing machine
Instron, 3344 (Germany) was used for this measure-
ment. The load and the corresponding deflection were
recorded. The flexural strength was calculated using the
following equation

R~
3 PL

2 bd2
(2)

where R is the flexural strength (kg cm22), P is the
maximum applied load, L is the span length, b is the
width of specimen and d is the depth of specimen. The
standard deviation S of the flexural strength values was
calculated using the following formula

S~
1

N{1

XN

i~1
(xi{-

x)2

� �1=2

(3)

where N is the number of samples, xi is the value of one
sample and

-

x is the mean value.

Statistical analysis

Weibull statistical analysis of the results of fracture
strengths was carried out. Weibull statistical analysis is a
common tool to interpret the strength data on the basis
of a semi empirical expression derived from Weibull’s
statistical theory of fracture as given below32

P(s)~1{exp {
s

sN

� �m� �
(4)

It describes the cumulative failure probability P as a
function of the applied tensile stress s. The sN and m
are the nominal strength and Weibull modulus respec-
tively. These parameters can be determined from a set of
experimental data by fitting the estimated failure
probability to equation (4). In the logarithm form
equation (4) can be written as

ln½{ln(1{P)�~m log s{m log sN (5)

which gives Weibull modulus from the slope and
nominal strength from the ln [2ln(12P)]50 intercept.
Evidently, the strength sN does not take into account
the potential impact of the test method (loading
geometry and specimen size) and does not relate to the
intrinsic strength in an obvious manner.32 The failure
probability Pi was calculated in following steps:

(i) rank by ascending order (i51…5) the observed
stresses at fracture and assign cumulative prob-
abilities of failure according to Pi5(i20?5)/n,
where i is the rank, and n is the number of broken
samples33

(ii) fit the ln[2ln(12P)] versus ln s data points to a
straight line using linear fit programme.

Microstructure

The leucite glass ceramics samples synthesised at 1100uC
were polished using emery papers of grade 1/0, 2/0, 3/0,
and 4/0 (Sia, Switzerland) followed by polishing on a
velvet cloth using diamond paste of grade 1/4-OS-475
(HIFIN). All specimens were cleaned with ethanol and
finally gold sputtered. Micrographs were recorded with
the help of a SEM (INSPECT 50 FEI).

A bright field transmission electron microscope (FEI,
Eindhoven, the Netherlands) equipped with SIS Mega
View III CCD camera at 120 kV employing Analysis
software (SIS, Muenster, Germany) was used for TEM
investigations. Powder samples for TEM were first
dispersed in double distilled water by ultrasonication
and then dropped on a conventional carbon coated
copper grid.

Results and discussion

Phase analysis through XRD
Figure 1 is the XRD patterns of milled MCL powders
heat treated at varying temperatures. It can be noted
that XRD pattern of mixes fired at 900uC for 1 h had
kalsilite as a major phase with small peaks of crystalline
leucite. Furthermore, heat treatment was increased to
1000uC, where leucite occurred as a major phase and
peaks of metastable kalsilite diminished. At 1100uC,
complete leucite phase formation occurred. Thus, it was
concluded that increasing temperature plays an impor-
tant role in complete phase formation of leucite crystal-
line phase. The existence of broad peaks indicates
formation of small crystallite size leucite and coexistence
of glassy matrix. It may be interpreted that metastable
kalsilite reacted with residual vitreous SiO2, converting
into leucite phase. The above explanation is also
supported by studies of Zhang et al.,7 who reported
disappearance of kalsilite at high temperatures and or
with increase in soaking period.

Figure 2 shows the ground MCL-C fired at 900, 1000
and 1100uC for 2 h. Leucite crystalline phase is formed
in all samples, with a very small amount of kalsilite
crystalline phase at 900uC. No secondary crystalline
phases were identified in samples fired at 1000 and

1 X-ray diffraction patterns of 6 h milled MCL heat trea-

ted at different temperatures
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1100uC. It is anticipated that presence of CaF2 additive
suppressed the crystallisation of kalsilite. This phase
transformation is previously reported by Zhang et al.23

The eutectoid formed after CaF2 addition also assists the
phase transformation from kalsilite to leucite in a relative
short heat preservation. A small amount of CaO (up to
2 wt-%) is therefore essential for good crystallisation of
tetragonal leucite.32 Leucite phase formation at 900uC
indicates that high energy ball milling promotes its
crystallisation at low temperature. Nanocrystalline pow-
der is formed as a result of high energy ball milling. This
statement was confirmed by crystallite size determination
through the Scherrer’s formula.

Figure 3 demonstrates the crystallite size of the
samples as a function of firing temperature. From this
plot, it can be observed that crystallite size increases with
the firing temperature. The respective crystallite sizes are
46, 47 and 48 nm for samples fired at 900, 1000 and
1100uC. The crystallite size of sample MCL-C was much
larger than sample MCL, which suggests grain growth
due to additive.

Coefficient of thermal expansion
The CTE is the most significant characteristic for a
reliable porcelain fused to metal restoration. Thermal
compatibility of ceramic fused to metal from room
temperature to the glass transition temperature can be

assessed by measuring the average expansion coefficient
of metal and porcelain in the range of 20–550uC. If a
dental ceramic is to be used as a veneer on a metal base,
then in order to avoid detrimental cracks, its thermal
expansion must be controlled to assure good bonding of
the ceramic to metal. Surface crystallisation indicated
that glass powder with uniform leucite by tribochemical
activation of the grain surfaces of glass granules, in
particular results in controlled uniform formation and
growth processes. Leucite crystals form around the
nucleation centres of glass grain-like petals around a
flower in a dendritic growth process. This enables
optimal properties, such as a high CTE to be
achieved.33,34

Figure 4 illustrates the CTE curves of LTF, MCL1000,
MCL1100, MCL-C1000, and MCL-C1100 samples. It is
observed that the addition of leucite weight fraction to
LTF has a close linear relation with the CTE of the final
mixture.28 The glass transition temperatures Tg of the
LTF, MCL1000, MCL1100, MCL-C1000 and MCL-C1100

were determined to be 405, 415, 425 and 430uC
respectively. The CTE of the samples before Tg is
10?161026uC21, 14?261026uC21, 15?361026uC21 and
15?761026uC21. The CTE of is sufficient enough to
make it a PFM material for dental prosthesis. The
calculated CTE (20–500uC) of the leucite glass ceramic
synthesised with and without CaF2 is given in Table 1.
These prepared materials are suitable for PFM as its
CTE value of 14?261026uC21 is close to standard CTE
of nickel–chrome alloy (13?961026uC).31

3 Variation of crystallite size of MCL and MCL-C with

temperature

4 Coefficient of thermal expansion curves of LTF,

MCL1000, MCL1100, MCL-C1000 and MCL-C1100

Table 1 Coefficient of thermal expansion of MCL and
MCL-C fired at different temperatures*

Sample
coding

Firing
temperature/uC CTE/uC21 Tg/uC SP/uC

MCL900 900 14.561026 400 465
MCL1000 1000 16.161026 405 475
MCL1100 1100 16.861026 415 480
MCL-C900 900 15.461026 420 480
MCL-C1000 1000 16.661026 425 485
MCL-C1100 1100 17.661026 430 495

*CTE: coefficient of thermal expansion; Tg: glass transition
temperature; SP: softening point.

2 X-ray diffraction patterns of 6 h milled MCL-C heat trea-

ted at different temperatures
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Microstructure evaluation through SEM
The microstructure of leucite–LTF composite of MCL
and MCL-C is shown in Figs. 5 and 6 respectively. The
images indicate matrix of homogenously distributed
tetragonal leucite crystals. There is no visible microcrack
appearance due to phase transformation of metastable
kalsilite to leucite. The particle size distribution of the
leucite crystal is in the range of 0?6–1?0 mm. Some
previous studies suggest that fine leucite crystals is
beneficial for the enhancement of its mechanical
property.35 Fine grain leucite increases the abrasion
resistance.36,37

TEM of milled leucite powders
Typical bright field transmission electron micrographs
of the powder of 6 h milled samples are shown in Figs. 7
and 8 These images clearly show that the particles are
well spherical in shape. Some agglomerated particles are
also observed, which may be the result of long milling
duration. Particle size distribution obtained from TEM
study is displayed as an inset figure. This was estimated
through Olympus Soft Image analysis tool, attached to
the TEM equipment. The mean particle diameter 39 nm
is in good agreement with the results obtained from
XRD data.

5 Scanning electron micrographs of leucite–LTF composite of MCL samples

6 Scanning electron micrographs of leucite–LTF composite of MCL-C samples

7 TEM of 6 h milled MCL 8 TEM of 6 h milled MCL-C
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Flexural strength
Figure 9 shows the flexural strength of MCL and MCL-
C as a function of firing temperature. Flexural strength
of MCL-C is higher than that of MCL. The homo-
genous dispersion of leucite grains within the glassy
matrix leads to its enhanced mechanical strength.34

Moreover, the synthesised leucite powders has large
surface area. Subsequently, the samples produced show
better sinterability, low porosity and high flexural
strength. The samples MCL1100 and MCL-C1100 show
improved flexural strength than rest of the batch, due to
the formation of uniform glassy matrix surrounding the
leucite particles. The flexural strength was similar for all
samples, except for the MCL fired at 900uC which has a
low strength of 312 kg cm22. This phenomenon may be
correlated to major crystalline phase of metastable
kalsilite at 900uC, which has low flexural strength than
leucite. The mean and standard deviation values are
given in Table. 1.

It can be seen from Table 2 that values of Weibull’s
modulus ‘m’ increases with increasing temperature. This
may be due to fine leucite crystal present in the matrix
and lack of microcracking in the samples (Figs. 5 and 6).
This higher values of ‘m’ (m524?2–38?08) confirms the
reliability of these samples.

Conclusions
Leucite glass ceramic was synthesised at 900uC by
mechanochemical method after introduction of 2 wt-
%CaF2 as an additive. Complete formation started from
1000uC. Introduction of CaF2 in leucite raw mixes

suppressed kalsilite phase without increasing the leucite
synthesis temperature. Coefficient of thermal expansion
of prepared bar samples with the mixes of leucite
powders and LTF powders nearly matched with coping
material (nickel–chrome alloy). The veneering dental
glass ceramics prepared by the materials containing
nano leucite particles and glass frit can be used in
various applications for making PFM crowns or bridges.
Composition of these mixes can be adjusted to obtain
different value of thermal expansion by varying pre-
pared leucite content. In this new approach, glass
ceramic powders for opaque, dentine and glazes for
veneering apllications can be prepared, which have
different melting temperatures and thermal expansion
value. It may be concluded that values of Weibull’s
modulus increases with increase in synthesis tempera-
ture. This may be due to increase in fine leucite crystal
content. These higher values confirm the reliability of
these samples, which is beneficial for its mechanical
properties.
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In vitro Cytotoxicity, Apoptotic and Hemolysis Assay of Kalsilite-
Based Glass Ceramics for Dental Veneering Application
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Nanocrystalline kalsilite material was synthesized via a gel-trapped coprecipitation for dental veneering applications. The
prepared kalsilite powder was further mixed with a separately processed low temperature frit (LTF), in different weight ratio to

optimize its coefficient of thermal expansion (CTE). These mixes were analyzed for their flexural strength and surface morphol-
ogy. The cytocompatibility of mixes was investigated with reference to their effect on human buccal epithelial cells (SCC-25).
The flexural strength and CTE values of prepared kalsilite have been found to be comparable to the values obtained for a com-

mercial opaque VMK 95 1M2 (product no. B333250; VITA Zahnfabrik H. Rauter GmbH KG Postfach 1338 D-79704 Bad
Sackingen, Germany). This confirmed the feasibility of prepared kalsilite material for dental veneering application. Kalsilite glass-
ceramic materials caused moderate levels of apoptosis in SCC-25 cells at higher concentrations and were also tolerable by human
RBC as evaluated from hemolytic assay. Human buccal epithelial cells were tolerant to kalsilite glass-ceramic materials at lower

concentrations although higher concentration (500 lg/mL) caused moderate damages in proliferative capacity of SCC-25. The
improved mechanical and biological properties of the prepared kalsilite confirmed its potential use in dental veneering.

Introduction

Metal–ceramic systems for making dental crowns
and bridges are being marketed since the 1960s. Porce-
lain-fused-to-metal (PFM) is still the most significant
dental restorative due to its lower cost than all ceramic
systems such as zirconia, spinel, and alumina.1 Properties
of PFM depend on the application of glass-ceramic lay-
ers on metal coping and subsequent firing to produce an
aesthetically acceptable restoration. This method provides
a strong crown or bridge and the marginal fit of the
restorations and appearance of natural dentition. Veneer-
ing ceramics for metal–ceramic restorations are
commonly named feldspathic porcelains,2 but feldspar-
derived glasses only exhibit a low coefficient of thermal
expansion (CTE), around 8.6 9 10�6/°C.3

KAlSiO4 is a feldspathoid with a structure of (Si,
Al)O4 tetrahedral framework.4–6 Kalsilite is a basic sili-
cate mineral which can be used for PFM due to its high
CTE7 and high flexural strength.8 Becerro et al. previ-

ously reported that kalsilite has a high CTE for bonding
to metals.5 Irma et al. studied the solubility of potassium
kalsilite in saliva, beer and Coca-Cola. They concluded
that kalsilite is a potential candidate as a porcelain mate-
rial for dental applications.7 Kalsilite has a framework of
aluminum silicates containing a network of tetrahedral Si
and Al elements with alkali metal ions, occupying tetra-
hedral and octahedral sites to counterbalance the charge
valency. Kalsilite has also been studied as the precursor
of leucite, which is an important component in porce-
lain-fused-to-metal (PFM).9 For the last few years, syn-
thesis of kalsilite has become an attractive subject,
especially for veneering applications. Synthesis of kalsilite
has been studied using various methods such as mecha-
nochemical,8 solid-state,10 and hydrothermal
processes.11,12

The main aim of this work was to synthesize kalsi-
lite at low temperature using low-cost materials such as
microsilica in place of tetraethyl orthosilicate (TEOS),
and also this material has not been reported in the litera-
ture for the synthesis of kalsilite. Another aim was to
match the CTE of kalsilite and increase the bonding to
metal crowns of an opaque layer by adding low-tempera-
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ture glass frit (LTF). The prepared kalsilite was mixed
with prepared LTF powder in different proportions and
was characterized for their mechanical–thermal properties
to compare with the existing veneer glass ceramic.

Kalsilite glass-ceramic mixes with LTF were reason-
ably cytocompatible as demonstrated by their effect on
SCC-25 cells. Higher concentrations of the material
cause moderate levels of cytotoxicity and retarded the
proliferation of SCC-25 cells. Lower concentrations of
the materials, however, were well tolerated by the SCC-
25 cells. Higher concentrations of the materials only
caused low levels of apoptosis in SCC-25 cells. The
kalsilite-based veneering glass-ceramic materials were also
tolerant to RBC and did not cause hemolysis.

Experimental Procedure

Aluminum nitrate nonahydrate [Al(NO₃)₃ 9H₂O],
potassium nitrate (KNO3), and microsilica (SiO2) were
used for kalsilite preparation. Sodium carbonate
(Na2CO3), potassium nitrate (KNO3), silicon dioxide
(SiO2), potassium carbonate (K2CO3), borax
(Na2H3BO4 10H2O), feldspar (K2O Al2O3 6SiO2),
magnesium oxide (MgO), calcium carbonate (CaCO3),
zirconium dioxide (ZrO2), and calcium fluoride (CaF2)
were used for the preparation of low-temperature glass
frit (LTF). All materials were procured from Loba Che-
mie Pvt. (Mumbai, India) and of AR grade.

Aluminum nitrate nonahydrate, potassium nitrate,
and microsilica were taken as starting materials in a stoi-
chiometric ratio of kalsilite. Microsilica was suspended in
100 mL of distilled water with vigorous stirring at ambi-
ent temperature. Potassium nitrate and aluminum nitrate
were dissolved separately in distilled water. Both the
solutions of metal nitrates were slowly added to the sus-
pended microsilica. Final mixed solution was constantly
stirred at room temperature for 1 h to obtain a homoge-
neous mixing. Ammonia solution of 1 M was added
drop by drop to the mixed solutions with constant stir-
ring. The mixed solution became a thick gel-like struc-
ture, which was further dried at 100°C for 24 h in an
electrical oven. The dried gel was ground in an agate
mortar using a pestle and separated into three batches.
These were calcined at 800, 900, and 1000°C in air for
2 h with a heating rate of 10°C/min. The furnace was
equipped with SiC heating elements and a programmer
PID 528, manufactured by Selectron Process Controls
Pvt., India. This programmer has the temperature con-
trol accuracy of �1°C. To prepare LTF, starting materi-
als were homogeneously mixed in an agate mortar. This
mixture was melted in an alumina crucible at 1350°C

for 60 min. The molten frit was quenched in deionized
water and air-dried. Dried frit was ball-milled to pass a
350-mesh BSS.

The kalsilite powder, calcined at 1000°C, was taken
for further characterization because at this temperature,
maximum phase formation was found as observed with
XRD analysis. Different formulations are presented in
Table I. A commercial VMK 95 1M2 opaque, product
no. B333250 (VITA Zahnfabrik H. Rauter GmbH KG
Postfach 1338 D-79704 Bad S€ackingen, Germany), was
also characterized for comparison with the developed
kalsilite materials. The selection of this product was
decided because it is mostly used as opaque material for
PFM.

Rectangular test bars were prepared using a uniaxial
hydraulic press at a constant pressure of 200 MPa. These
bars were heated in a furnace VITA VACUMAT 40T
according to a standard dental veneering firing cycle pre-
programmed by VITA. It consists of four steps from
room temperature to 850°C. These four steps of firing
cycle are as follows: preheating at 500°C for 2 min,
increase in temperature from 500 to 850°C within
6 min, 1-min soaking at 850°C, and cooling to 600°C
in 1 min.

Crystallization temperatures of the precalcined pow-
ders were determined by heating at 10°C/min to
1200°C in 100 lL platinum crucibles under synthetic
dry air flow of 20 mL/min using a Setaram SETSYS
Evolution Simultaneous Differential Thermal Analyzer
and Thermal Gravimetric Analyzer (DTA/TGA) (Seta-
ram Instrumentation, Caluire, France). Fused alumina
was used as a reference material.

The crystalline phases were identified by powder X-
ray diffraction (XRD) technique. X-ray diffraction
patterns were observed using a portable XRD machine

Table I. Coefficient of Thermal Expansion and Glass
Transition Temperature of Different wt% of Kalsilite

with LTF

Sample
coding

Firing
temperature

(°C) CTE(per °C) Tg(°C)

LTF 850 11.0 9 10�16 410
K1000 40/60 850 15.9 9 10�6 415
K1000 45/55 850 16.6 9 10�6 425
K100050/50 850 17.6 9 10�6 430
Kalsilite 1000 18.9 9 10�6 –
VMK 95 A3 950 13.9 9 10�6 545

CTE, coefficient of thermal expansion; Tg, glass transition temperature;
SP, softening point.
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(Rigaku, Japan) using Cu Ka radiation employing Ni fil-
ter operating at 30 mA and 40 kV. Phase identification
was carried out by comparing the respective powder
XRD patterns with the standard database stated by
JCPDS (PDF-2 database 2003).

Thermal expansion of the material was determined
by a dilatometer D50 (supplied by VB Ceramic Consul-
tants, India) in the temperature range 20–550°C at 6°C/
min. The dilatometer was equipped with SiC heating
element with a control accuracy of �1°C. It had Nippon
PID programmable digital temperature indicator-cum-
controller. The samples for CTE measurement were cut
and polished uniformly to the size of
45 9 15 9 10 mm.

Flexural strength measurements were taken accord-
ing to ASTM C78 M using a universal testing machine,
Instron 3344 (Germany). The specimens were bent in
three-point crossways fit with 20 mm span between the
two supports (three-point bending). The load and the
corresponding deflections were recorded. The flexural
strength was calculated using the following equation:

F ¼ 3PL

2bd 2
ð1Þ

where F = flexural strength, kg/cm2; P = maximum
applied load; L = span length; b = width of specimen;
and d = depth of specimen.

Weibull statistical analysis of the test samples was
conducted. It is a common tool to understand the
strength data on the basis of a semi-empirical expression
derived from Weibull’s statistical theory of fracture as
given below:13

P rð Þ ¼ 1� exp � r
rN

� �m� �
ð2Þ

It defines the cumulative failure probability P as a
function of the applied tensile stress r. rN and m are the
nominal strength and Weibull modulus, respectively.
These parameters can be determined from a set of
experimental data by fitting the estimated failure probabil-
ity to Eq. (3). In the logarithmic form, Eq. (2) can be
written as:

ln½�lnð1� pÞ� ¼ mlogr� mlogrN ð3Þ
A plot of ln[-ln(1-p)] versus logr gives the Weibull

modulus from the slope and nominal strength from the
intercept ln[-ln(1-p)] = 0. Evidently, the strength rN

does not take into account the potential impact of the
test method (loading geometry and specimen size) and
does not relate to the intrinsic strength in an obvious

manner.13 The failure probability Pi was calculated using
the following steps:
(1) Ranking by ascending order (i = 1. . .5) the observed

stresses at fracture and assign cumulative probabili-
ties of failure according to Pi = (i�0.5)/n, where i is
the rank and n is the number of broken samples.14

(2) Fitting the ln[-ln(1-p)]. versus lnr data points to a
straight line using a linear fit program.
All specimens were polished using emery papers of

grade 400, 500, 600, and 800 grits (Sia, Switzerland)
followed by polishing on a velvet cloth using diamond
paste of grade 1/4-OS-475 (HIFIN). These polished
specimens were chemically etched with 40% hydrofluoric
acid for 10 s. Finally, they were dried and gold-sput-
tered. Micrographs were recorded with the help of a
scanning electron microscope (INSPECT 50 FEI).

Human buccal epithelial cell line SCC-25 was origi-
nally obtained from American Type Culture Collection
(ATCC), Manahass, USA. The cells were maintained in
RPMI 1640 (Invitrogen, Carlsbad, CA), supplemented
with 10% fetal bovine serum (Hyclone, Logan, UT),
100 U/mL penicillin, and 100 mg/mL streptomycin (In-
vitrogen, Carlsbad, CA), henceforth called complete
medium. The cell line used in this study was free from
mycoplasma.

The effect of kalsilite glass-ceramic materials (d < 25
l) on proliferation of SCC-25 cells was studied by MTT
assay, and 5 9 103 SCC-25 cells/well were added in a
96-well tissue culture plate and exposed to serial concen-
trations (5, 10, 25, 50, 100, 250, and 500 lg/mL) of
kalsilite glass-ceramic materials. Plates were incubated at
37°C, 5% CO2, for 48 h. The cell proliferation was mea-
sured by CellTiter 96� Non-Radioactive Cell Prolifera-
tion Assay (MTT) kit from Promega, USA, according to
the manufacturer’s protocol. The plates were incubated
for 4 h with the MTT reagent, and absorbance was mea-
sured at 570 nm using Synergy HT Multi-Mode Micro-
plate Reader (BioTek�, USA). Data are presented as the
percentage of inhibition of tumor cells, and it was calcu-
lated from the following formula:

%GrowthInhibition ¼ ½1�ExperimentalOD570

TargetOD570
� � 100

where Experimental OD value is the reading of tumor
cells exposed to various concentrations of kalsilite glass-
ceramic materials and Target OD value is the corre-
sponding value of tumor cell cultured in medium only.

The lytic activity of kalsilite glass-ceramic materials
against tumor cells was measured by nonradioactive cyto-
toxicity assay using the CytoTox 96 Non-Radioactive
Cytotoxicity Assay kit from Promega, USA (2). Buccal
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epithelial cells (5 9 103) were added to 96-well tissue
culture plates and were exposed to serial concentrations
(5, 10, 25, 50, 100, 250, and 500 lg/mL) of kalsilite
glass-ceramic materials and incubated for 18 h at 37°C,
5% CO2. Percent specific lysis was determined using the
following formula:

.
Apoptotic cell death in SCC-25 cells by kalsilite

glass-ceramic materials (100 lg/mL) was assessed by
binding of FITC-conjugated annexin V. After 18 h of
incubation, apoptotic cells were analyzed by staining
with FITC-conjugated annexin V and propidium iodide
(PI) for 20 min in ice-cold PBS. Cells were washed in
annexin buffer and were mounted on microscope slides
with a drop of mounting medium to reduce fluorescence
photobleaching. The FITC-conjugated annexin-V-posi-
tive cells were visualized under a fluorescence microscope
(Nikon Eclipse 80i; Nikon, Japan).

For time-dependent kinetics, 100 lg/mL kalsilite
glass-ceramic materials was incubated with the blood
sample. For concentration-dependent kinetics, the blood
sample was incubated with varying concentrations (25,
100, and 150 lg/mL) of kalsilite glass-ceramic materials
for 4 h. Hemolysis assay was performed according to the
standard protocol (3). In brief, an aliquot of each blood
sample was centrifuged at 600 g for 5 min. A 25-lL
plasma aliquot was diluted with 225 lL Drabkin’s
reagent (Sigma) in a 96-well plate and mixed for 2 min
under lateral agitation (300 rpm). After 10 min of equil-
ibration at room temperature, optical density was
recorded at 540 nm in Synergy HT Multi-Mode Micro-
plate Reader (BioTek). Blood hemoglobin was deter-
mined by measuring the absorbance of 100-fold dilution
of the whole blood in Drabkin’s reagent at 540 nm.
Saponin (2 mg/mL final blood concentration) and PBS
were used as positive and negative control, respectively.
A sample of plasma without additives was considered
basal conditions. Standard calibration curve was obtained
with the solutions containing 0.07 to 3.8 mg/mL bovine
hemoglobin (Sigma) treated with Drabkin’s reagent. The
results are presented as percent hemolysis indicating the
free plasma hemoglobin (mg/mL), and it was measured
as released hemoglobin divided by the total blood hemo-
globin (mg/mL) multiplied by 100. All measurements
were performed in triplicate.

In this study, n reflects the number of times experi-
ments were performed independently in triplicate. The

mean � SD was calculated for each experimental group
(n = 3–4). Differences between groups were analyzed by
unpaired Student’s t-test and one- or two-way ANOVA

depending on the requirement. One- or two-way ANOVA

followed by Holm–Sidak post hoc multiple comparison
tests was used to conduct pairwise comparisons using

PRISM statistical analysis software (GraphPad Software,
San Diego, CA). Significant differences among groups
were calculated at P < 0.05 or less (*P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001 in control
versus experimental group).

Results and Discussion

Figure 1 displays the TGA/DTA curve of synthe-
sized kalsilite gel. An examination of the TGA curve
shows that the sample weight loss occurs in two steps.
The first step, occurring in the temperature range 207–
320°C, corresponds to evaporation of moisture and
chemically combined water molecules. The weight loss
occurring in this step is approximately 50 wt%. The sec-
ond step, which occurs in the range 329–770°C, consists
of decomposition of nitrates resulting in weight loss of
18 wt%. Two broad endothermic peaks are obtained in
the DTA curve, corresponding to the weight loss occur-
ring in two distinct steps. A total weight loss of 68 wt%
is reported in the range 207–770°C. This is nearly equal
to the theoretical weight loss (68.78 wt%) of the sample.
The probable calcination reaction is given below:

2AlðNO3Þ39H2Oþ 2KNO3 þ SiO2 þ 2O2

! K2O:Al2O3:SiO2 þ 8NO3 þ 18H2O ð4Þ

Figure 2 shows the XRD of heat-treated sample at
different temperatures. Diffraction peaks are well coordi-
nated with JCPDS card No. 87-1707 of kalsilite (KAl-
SiO4). Two broad peaks are located at 28.86 and 34.37o

2h values in the XRD pattern. The high K2O content is
important as it increases the stability of the kalsilite
phase and also lowers the glass transition tempera-
ture.15,16 The diffraction pattern indicates the formation
of impurity-free kalsilite phase. Unit-cell parameters are
a = b = 5.157 and c = 8.706 �A, which are similar to
those given by Becerro et al. (2009) [a = 5.166 and
c = 8.7123 �A]. As temperature rises from 800 to
1000°C, peak intensity increases. It can be definitely said

%Cytotoxicity ¼ðExperimental� EffectorSpontaneous� TargetSpontaneousÞ
ðTargetMaximum� TargetSpontaneousÞ �100
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that higher temperature supports the crystallization of
kalsilite phase.

Thermal expansion is the most significant property
for veneering glass-ceramic-fused-to-metal restorations.
Thermal compatibility of metal and glass ceramic in the
range from ambient temperature to the glass transition
temperature can be evaluated by measuring their CTE.
CTE control of dental ceramics coated on metal sub-
structures is essential to ensure good bonding of dental
prosthesis. Figure 3 shows the thermal expansion of all
the compositions along with commercial VMK 95. It is
observed that the addition of kalsilite to LTF increases
the thermal expansion of the whole matrix. It may be
due to the formation of tetragonal kalsilite crystalline
phase which has a high CTE (18.9 9 10�6/°C). Glass

transition temperatures (Tg) of the K1000 40/60, K1000 45/

55, K100050/50, and VMK 95 1M2 are determined to be
415, 425, 430, and 545°C, respectively. The presence of
LTF in the kalsilite glass-ceramic matrix lowers its glass
transition temperature. This is due to the low softening
point of the LTF (470°C). The crystallization of kalsilite
imparts an increase in the thermal expansion through the
dispersion of microfine kalsilite in the glassy matrix.
These prepared glass ceramics are useful for PFM owing
to their high CTE value of 15.5 to 16.9 9 10�6/°C in
the temperature range 25–550°C. This thermal expan-
sion value is very close to the CTE of alloys (16.0–
17.5 9 10�6/°C) used for dental prosthesis,17 and it is
also comparable to the value obtained for VMK 95 A3
opaque 13.9 9 10�6/°C.

Fig. 2. XRD patterns of the sample heat-treated at different tem-
peratures.

Fig. 3. CTE curves of kalsilite with different wt% of LTF,
K1000 40/60, K1000 45/55, K1000 50/50, and VMK 95 1M2.

Fig. 1. TGA/DTA curve of synthesized kalsilite gel.

Fig. 4. Flexural strength of K1000 with different wt% of kalsilite
with LTF and VMK 95 1M2.
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Various testing methods are used for determining
the flexural strength of the ceramic materials.16,18 Among
these, three-point bending test is the best and most com-
mon for measuring the strength of dental ceramics. Fig-
ure 4 shows the flexural strength of K1000 with different
wt% of kalsilite in LTF along with VMK 95 1M2.
Increase in microfine kalsilite content in the matrix
increases the flexural strength due to the uniform distri-
bution of large surface area of microfine kalsilite powder.

Composition K100050/50 shows the highest value of
flexural strength (102 MPa), which is slightly higher

than that of VMK 95 1M2 (98 MPa). This may be due
to the low porosity and high sinterability of K100050/50.

Results of flexural strength were analyzed using Weibull
statistical analysis. The mean and standard deviation val-
ues are given in Table II. It is observed that the value of
Weibull modulus, ‘m’, increases with increasing content
of kalsilite in the matrix.19 This phenomenon can be
attributed to the presence of fine kalsilite crystal in the
matrix and the absence of microcracks in the samples
(Figs 6 and 7). The high values of ‘m’ (m = 10.07 to
17.06) confirm the reliability of these samples.

A commonly used technique for making a dental
prosthesis is the ceramic-fused-to-metal restoration.17,20

Metal substructure provides high toughness, durability,
and strength to the restoration. In veneering process, the
metal is coated with multiple glass-ceramic layers of opa-
que, dentin, and enamel with different optical properties
and compatible CTE with the metal substrate. In the
present study, a mixture of kalsilite and LTF is used to
form an opaque ceramic layer. Figure 5 shows the opa-
que layer of kalsilite glass ceramic applied on metal sub-
strate. Opaque ceramic layer is first applied on the metal
framework to mask the metal color. An aqueous slurry

Table II. Flexural Strength and Weibull Analysis
Results of Different wt% of Kalsilite with LTF

Sample
coding

Mean
(MPa)

SD
(MPa) m

r0
(MPa) r2

K1000 40/60 89 7.21 13.17 96.24 0.995
K1000 45/55 96 6.55 10.07 97.89 0.993
K100050/50 102 9.16 17.06 106.07 0.983
VMK 95 A3 98 7.96 11.97 98.98 0.989

SD, standard deviation; m, Weibull modulus; r0, characteristic
strength.

Fig. 5. Kalsilite glass-ceramic opaque material applied on metal.
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of the opaque ceramic is prepared and applied to the
metal substrate (Fig. 5 step 4) and then fired at a tem-
perature between 880 and 950°C for 1 min (Fig. 5 step
5). The fired coated metal substrate is shown in step 6

of Fig. 5. The maturing temperature of the opaque
ceramics layer must be kept at least 100°C below the
solidus temperature of the metallic framework.

The microstructures of kalsilite with different wt%
of LTF are shown in Figs 6 and 7. There is no visible
microcrack appearance in the surface of the sample,
resulting in higher flexural strength. Hexagonal kalsilite
crystals are clearly seen in the micrographs. These fine
particles account for the increased flexural strength and
the reliability of kalsilite glass ceramic.21–23

Figure 8A shows the growth inhibition by kalsilite
glass-ceramic materials at constant concentration. Higher
concentrations of kalsilite glass-ceramic materials cause
moderate levels of growth inhibition against SCC-25
cells, although the cells are tolerant to lower concentra-
tion of the compounds. This suggests a broad-spectrum
usefulness of the compounds. Figure 8B shows the
growth inhibition by kalsilite glass-ceramic materials at
constant concentration (100 lg/mL) for different time
periods. It is observed that there is a moderate increase
in the growth retardation by these materials with increas-
ing period of time.

Figure 8C shows the direct cellular cytotoxicity of
kalsilite glass-ceramic materials against SCC-25 cells.
The SCC-25 cells are more tolerant to lower concentra-
tions (5 lg/mL) of these materials, and there is an
occurrence of significantly less cell lysis at these concen-
trations than at higher concentrations (500 lg/mL). The
present data confirm that this material is well tolerated
by buccal epithelial cells and is nontoxic to them.

Growth inhibition by kalsilite glass-ceramic materi-
als at higher concentration raises the question whether it
also causes apoptosis of the tumor cells and if so whether
it induces cell death. Apoptosis was determined by moni-
toring changes in the cell size and externalization of
phosphatidylserine qualitatively in SCC-25 cells.24,25

There was a moderate increase in annexin-V-positive
cells upon treatment with kalsilite glass-ceramic materials

Fig. 6. The microstructures of kalsilite with LTF of K1000 45/55.

Fig. 7. The microstructures of kalsilite with LTF of K1000 50/50.

(a) (b) (c)

Fig. 8. Higher concentration of kalsilite glass-ceramic materials retards the growth of SCC-25 cells. (A and B) Graphs show concentration–
response of kalsilite glass-ceramic materials on tumor cell proliferation and growth. (C) Direct cellular cytotoxicity by kalsilite glass-ceramic
materials against SCC-25 cells. Data are presented as mean � SD, n = 4.
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K40/60 and K45/55 compared to K50/50, which is sig-
nificantly less toxic (Fig. 9).

A moderate increase in percent lysis was observed in
the presence of K40/60 and K45/55. However, considerably
less hemolysis was observed in the case of K50/50, and

this material may be considered nonhemolytic. Fig-
ure 10A and B shows % hemolysis against increasing
time period and concentration of kalsilite glass ceramic,
respectively. It is observed from these figures that K50/
50 does not cause damages to RBC. Microscopic obser-

Fig. 9. Microscopic analysis of induction of apoptosis. SCC-25 cells were given indicated treatment with kalsilite glass-ceramic materials at
a concentration of 100 lg/mL in complete RPMI 1640 medium for 8 h at 37°C. FITC-conjugated annexin V- and propidium iodide (PI)-
stained apoptotic cells were visualized under a fluorescence microscope (Nikon Eclipse 80i; Nikon, Japan) with Plan Fluor, 40X, NA 0.75
objective equipped with green and red filters for FITC and PI, respectively. n = 3.
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vations shown in Fig. 10C also display no change in
morphology of RBC in contact with K50/50, whereas a
moderate effect is observed in the case of K45/55 and
K40/60. Thus, the major blood component is found to be
tolerant to K50/50.

Conclusions

Microfine kalsilite has been successfully synthesized
using combined sol–gel synthesis method. Kalsilite with

different wt% of LTF shows the CTE value of 15.9 to
17.6 9 10�6/°C. This value is close to standard CTE of
dental alloys. Samples with 40, 45, and 50 wt% of kalsi-
lite have higher flexural strength due to the presence of
microfine kalsilite particles in the matrix. The flexural
strength and CTE values of prepared kalsilite were found
to be comparable to the values obtained for Vita opaque.
This may be potentially porcelain material for the applica-
tion in porcelain-fused-to-metal. Kalsilite glass-ceramic
materials were found to be cytocompatible and were well
tolerated by buccal epithelial cells at lower concentrations.

(a) (b)

(c)

Fig. 10. Hemocompatibility assay. Hemolysis induced by the indicated treatment in whole human blood at a fixed concentration (A) or
with increasing concentrations (B), expressed as percent whole blood hemoglobin content. Mean � SD, n = 3. (C) Photomicrographs demon-
strate the absence of detrimental effect of kalsilite glass-ceramic materials on RBC morphology compared to no treatment.
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Very high concentration of kalsilite glass-ceramic materi-
als, however, caused a moderate cell death as demon-
strated by reduced proliferation and enhanced cytotoxicity
of SCC-25 cells. All the materials were relatively tolerated
by the SCC-25 cells and caused significantly less apopto-
sis, suggesting its suitability for the potential clinical appli-
cation. K50/50 composition was specifically more suitable
and appeared to be largely nontoxic to SCC-25 cells.
Besides, kalsilite glass-ceramic material K50/50 was also
tolerated by RBC, as suggested by hemolysis study.
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Abstract

A wide variety of dental ceramic composites have been introduced in the restorative dentistry in order to associate the desired aesthetics and
superior mechanical performance. Mechanochemically derived leucite based bioactive glass ceramic composites have been prepared and studied
by their thermal, crystal structure, microstructural, mechanical and biological behavior. In the prepared glass-ceramic composites, fine alumina
has been added to improve their mechanical properties because it has biocompatibility, high hardness and good mechanical strength. Flexural
strength and coefficient of thermal expansion (CTE) have been studied and the results are compared to the commercial dentine. Alumina added
glass ceramic composites show high flexural strength than that of the pure leucite based glass ceramic composite. A second phase nepheline has
been formed in the alumina added samples. Nepheline has high CTE. This causes a slight increase in the CTE of the whole matrix. Micrographs
show the complete attachment and proliferation of the SSC-25 cells on the surface of the samples. This confirms the bioactive behavior of the
prepared composites. Therefore, it is concluded that the addition of alumina to the glass ceramic composite is a successful approach to improve its
mechanical and biological properties.
& 2015 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: A. Milling; B. Composites; C. Thermal expansion; D. Glass ceramics; E. Alumina

1. Introduction

Ceramic materials used in restorative dentistry have specific
properties such as durability in the oral environment, similarity
with natural tooth structure, high wear resistance and mechan-
ical strength [1–3]. Metal ceramic restorations (MCR) are
commonly used due to their good fracture resistance [4]. These
consist of metal substructure and several layers of dental
porcelain [5]. Feldspathic porcelains consists of glassy alumi-
nosilicate and crystalline leucite is mostly used for MCR [6–8].
Leucite is a precious phase in the dental ceramic restorations. It
increases the thermal expansion of dental ceramics and results
in a good bonding to the metal framework [9]. Problems occur
with the patient is associated with the failure of fixed MCR due
to secondary carries [10–12]. This resulted in a plaque

accumulation in the marginal area between the fixed tooth
and restoration. This causes the bacterial attack leading to pulp
irritation and the dissolution of the luting cement [13]. A
hypothetical tissue attachment on the margins of a restoration
would eliminate the marginal gap, cement dissolution and
subsequently the secondary caries. Cells no more adhere to the
damaged tooth structure after preparation of a tooth for a
restoration. The marginal gap is unavoidable in dentistry but it
could be decreased or filled by precipitation of hydroxyapatite
by using the developed ceramic composites in only marginal
areas of restorations. As well as for different purposes in
implant custom ceramic abutments at collar or emerging
profile regions.
Dental ceramic materials are bio-inert and unable to interact

with the surrounding tissues [1,14]. According to L. L. Hench,
a bioactive glass prompts a specific biological response at
the interface of the hard tissue and the material [15,16].
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A hydroxyapatite (HAp) layer is formed which enhances the
cell proliferation and the cell attachment, thereby sealing the
marginal gap [17–21]. Over the last few years, research has
been carried on the development of apatite layer on dental
ceramics by adding the bioactive glass. Chatzistavrou et al. has
been reported the growth of a hydroxyapatite layer on the
surface of a bioactive glass coated dental ceramic substrate [3].
Kontonasaki et al. has been reported that the bioactive dental
glass ceramic composite promotes a higher cell proliferation
than that of the unmodified porcelain [19]. Chatzistavrou et al.
has been studied the sol–gel derived bioactive glass ceramic
composite material for dental application [14]. They found that
the prepared bioactive glass ceramic composite shows the
similar characteristics to that of a commercial dental ceramic
[14]. They also observed the cell attachment and proliferation
of the periodontal ligament and gingival fibroblasts cells on the
surface of the developed material [14].

Furthermore, the addition of fine alumina to bioactive glass
ceramic composite may increase the mechanical properties.
Alumina has the biocompatibility, high hardness and good
mechanical properties [22–24]. The glass is toughened and
strengthened when a crystalline material such as alumina is
added to it. This is because the crack cannot pass through the
fine alumina particles as easily as it can pass through the glass
matrix [25]. This technique has found the application in
dentistry in the development of aluminous porcelain particles
in a glassy porcelain matrix for porcelain jacket crowns [25].
Most dental ceramics that have a glassy matrix utilize
reinforcement of the glass by a dispersed crystalline substance
[24,25].

Furthermore, mechanochemically derived leucite based
bioactive glass ceramic composite have been previously
synthesized by us. A superior bioactivity and the moderate
mechanical properties have been investigated [1]. Subse-
quently, the aim of present study is to enhance the mechanical
properties without affecting the biological and thermal proper-
ties of the leucite based dental ceramic composite. The results
have also been compared with a commercial product (VITA
VMK 95) to validate the feasibility of the prepared composite.
The composite material does not cause any significant apop-
tosis of SCC-25 cells and allow the cells to grow over its
surface indicating a high degree of biocompatibility. Further,
no work has been reported on the effect of addition of alumina
to the mechanochemically synthesized leucite based bioactive
glass ceramic composite.

2. Materials and methods

2.1. Preparation of leucite, bioglass and LTF

AR grade potassium carbonate, aluminum oxide and silicon
dioxide (Loba Chemie Pvt. Ltd., Mumbai, India) was weighed
and mixed in a stoichiometric ratio of leucite. This mixture was
ground for 6 h in a Fritsch Pulverisette high-energy ball mill
and subsequently fired at 1100 1C as discussed in our previous
work [7]. Bioglasss 45S5 was prepared on a lab scale by
melting in a platinum crucible at 1400 1C. The molten glass

was quenched in water and dried at 110 1C for 3 h subse-
quently milled to pass a 350 BSS mesh. A similar procedure
was used for the preparation of LTF [8].

2.2. Formulation of composites

Composites (referred as Al-0, Al-1 and Al-2) were prepared
by mixing the different wt. % of mechanochemically derived
leucite, bioglass, LTF and fine alumina. Compositions are
given in Table 1. The mixture was ground in an agate mortar
for 20 minutes to get a homogenous mixing. The milled
mixture was pelletized using a uniaxial hydraulic press by
applying a load of 200 MPa. The pressed pellets were heat
treated at 950 1C using a VITA VACUMAT 40 T furnace. The
heating schedule is given in Table 2.

2.3. Characterizations

2.3.1. Phase analysis, microstructure and CTE
X-ray diffraction (XRD) of the composite powders (before

and after firing) was carried out to confirm the phase formation
using a portable X-ray diffractometer (Rigaku, Japan) with Cu
Kα radiation employing Ni filter and operating at 30 mA and
40 kV. Diffraction peaks were analyzed using standard JCPDS
file (PDF-2 database 2003). All the sintered specimens were
polished using emery papers of grade 400–800 (Sia, Switzer-
land) followed by polishing on a velvet cloth using diamond
paste of grade 1/4-OS-475 (HIFIN). These polished specimens
were chemically etched with 2% hydrofluoric acid for 10 s.
Finally, they were dried and gold sputtered to make a smooth
conducting surface. Micrographs of the coated samples were
recorded using scanning electron microscopy (SEM)
(INSPECT 50 FEI).
The rectangular bars of dimension 50� 10� 10 mm3 were

made in a similar manner as discussed earlier for CTE
measurements. CTE and glass transition temperature (Tg) of
the composites were studied using a dilatometer (VB Ceramic
Consultants, India).

2.3.2. Flexural strength, apparent porosity and bulk density
Flexural strength measurements were done according to

ASTM C78 M using a universal testing machine; Instron 3344
(Germany). The specimens were fractured in three-point
crossways fit with the 20 mm span between the two supports
(three point bending). The load and the corresponding deflec-
tions were recorded. The standard deviation, S of the flexural

Table 1
Chemical compositions of the composites.

Sample coding Leucite Bioglass LTF Alumina

Al-0 40 40 20 0
Al-2 39 39 20 2
Al-4 38 38 20 4
Al-8 36 36 20 8

*LTF: Low temperature frit.
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strength values was also calculated. Apparent porosity (AP)
and bulk density (BD) of all the composite samples were
determined according to ASTM C20-00.

2.4. SEM evaluation of cell morphology

Three sintered pellets of each leucite glass–ceramic compo-
sites were used to consider cells morphology on their surface at

different culture periods. SCC-25 cells were cultured up to 10
days in order to assess the cell's response on the materials
surface subsequent increase interaction time. The composite
pellets with cells were fixed in 2.5% (v/v) glutaraldehyde in
0.14 M sodium cacodylate buffer (pH 7.3) (both Sigma-
Aldrich) at 4 1C, dehydrated in a graded series of alcohols
(50%, 70%, 90%, and two changes of 100% ethanol). The
pellets were treated with hexamethyldisilazane (Sigma-
Aldrich) for 1–2 min and kept in a desiccator to dry overnight.
After 24 h, the pellets were attached on aluminum stubs,
sputter-coated with gold and record using a scanning electron
microscopy (SEM) (INSPECT 50 FEI) at 10 to 12 kV.
Representative samples of the surfaces were used for observa-
tion and recording of images.

3. Results and discussion

3.1. Phase analysis

Fig. 1 exhibits the XRD pattern of the composites before
firing. In the composites, leucite has been found to be a major
crystalline phase along with alumina phase. Diffraction peaks
are (Fig. 1) well matched to JCPDS Card No. 87–1707 and
81–1667. It is seen that the intensity of the peak corresponding
to the Al2O3 phase increases with increasing the alumina
content in the matrix. Fig. 2 shows the XRD patterns of the
composite samples after firing. Diffraction peaks are well
matched to JCPDS Card No. 74-0387 and 81-1667. As can be
seen from Fig. 2 that a major crystalline phase nepheline has
formed after firing (at 950 1C) along with some alumina
crystalline phase subsequently decreasing the amorphous
phase. A second phase nepheline is formed due to reaction
of alumina with the free ions (Kþ , Naþ and Si4þ ) present in
the matrix during heat treatment. Nepheline has the highest
coefficient of thermal expansion and good mechanical strength
which may further increase the mechanical properties of the
prepared composites [26].

3.2. Microstructure

Figs. 3–5 show the surface morphology of Al–0%, Al–4%
and Al–8% composites. It is seen that glassy surface reduces
slightly with increasing the content of fine alumina in the
composites. It is due to the presence of crystalline alumina
particles which are distributed homogeneously along the glassy
matrix. Micrographs show a very dense morphology with no
visible micro-crack on the surface. SEM micrographs along

Table 2
The firing schedule of composites at 950 1C using a VITA VACUMAT 40T furnace.

Samples Pre-Drying 1C Min. - Min. ↗ Min. 1C/min ↗ Temp. 1C Min. - VAC min

Al-0 500 2 5.62 80 950 1 5.62
Al-2 500 2 5.68 80 955 1 5.68
Al-4 500 2 5.68 80 955 1 5.68
Al-8 500 2 5.75 80 960 1 5.75

Fig. 1. XRD pattern of the composite before firing.

Fig. 2. XRD pattern of the composite after heat treatment up to 960 1C with
heating rate 80 1C /min.
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Fig. 3. SEM image showing the surface morphology after heat treatment
of Al-0%.

Fig. 4. SEM image showing the surface morphology after heat treatment
of Al-4%.

Fig. 5. SEM image showing the surface morphology after heat treatment
of Al-8%.

Fig. 6. SEM micrographs and EDS analysis after heat treatment of Al-0%.

Fig. 7. SEM micrographs and EDS analysis after heat treatment of Al-8%.
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with the EDX spectra of the compositions, Al–0% and Al–8%
are shown in Figs. 6 and 7. EDX spectra confirms the presence
of all the constituent elements in an expected concentration.

3.3. Coefficient of thermal expansion (CTE)

Fig. 8 shows the CTE curves of the composites along with
the commercial dentine (VITA VMK 2 M2). It has been
observed that the compositions, Al–0, Al–4, Al–8% and VITA
dentine have a CTE 14.80� 10�6 /1C, 15.00� 10�6 /1C,
17.8� 10�6 /1C and 13.60� 10�6 /1C respectively. CTE of
the composites, Al–0 and Al–4 is very similar to that of
commercial dentin. It is seen from Fig. 8 that thermal
expansion of the composition Al–8% increase linearly i.e.
there is no glass transition. It may be due to high content of
alumina present in the matrix. It is found that the addition of
fine alumina to the composites increases the CTE values of the
final mixture. This is due to the presence of nepheline
crystalline phase (as can be seen from XRD patterns in Fig. 2)
which has the high CTE in the range 12.1–16.6� 10�6 /K [27].
Khater et al. was also reported that the formation of nepheline in
the glass-ceramic increases the CTE of the matrix [28]. These

prepared composite materials are, therefore, suitable for PFM as
its CTE values are close to that of nickel–chrome alloy
(13.90� 10�6 /1C).

3.4. Bulk density (BD) and apparent porosity (AP)

Fig. 9 shows the BD and AP of the bioactive glass ceramic
composites containing different wt% of alumina. It is seen from
Fig. 8 that BD increases (from 1.93 to 2.26 g/cc) with increasing
the alumina content followed by a continuous decrease in the
AP. Micro fine alumina particles homogeneously dispersed
throughout the glassy matrix, improves the packing density of
the composites consequently reduces the apparent porosity.

3.5. Flexural strength

Fig. 10 shows the flexural strength of the composite and the
commercial dentine VITA VMK 2 M2. Flexural strength
increases with increasing the fine alumina in the matrix.
Homogenous dispersion of fine alumina particles within the
glassy matrix leads to enhance the mechanical strength. This is
because a crack cannot pass easily through the crystalline
alumina particles whereas in the case of glassy matrix, it passes
easily and hence decreases the mechanical strength [24]. This
technique has also been used in the dentistry for the develop-
ment of aluminous porcelains [24,25]. Consequently the
synthesized composites show the superior sinterability, low
porosity and high flexural strength. The strength of all alumina
added composites are nearly similar to that of the commercial
dentine. One of the reasons for enhancement in the flexural
strength of the alumina added composites is the formation of
crystalline nepheline phase. It was also reported in the
literature that nepheline increases the mechanical strength of
the glass–ceramics [26]. It is, therefore, concluded that fine
alumina particles act as ‘crack stoppers’ preventing the
propagation of a crack throughout the body of the porcelain.

Fig. 8. CTE curves of composites along with commercial dentine (VITA
VMK 2 M2).

Fig. 9. BD and AP of the bioactive glass ceramic composites with different
wt% of alumina.

Fig. 10. Flexural strength of composites and commercial dentine.
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3.6. Culture of SCC-25 cells on glass–ceramic composites

Fig. 11(a)–(d) show SEM images of the surface of leucite
glass–ceramic composite samples. SEM morphology reveals the
proliferation of SCC-25 cells after 10 days of culture and it
covers the whole surface of the sample. The images also show
that the cells adhered to all composites with a flattened and
lengthened morphology. Higher numbers of cells are attached
on the surface of composites Al-2 and Al-4. This is in consistent
with our results as observed with reference to growth inhibition
and cytotoxicity [Fig. 11(b) and (c)]. These results also suggest
that the prepared composite materials allows the growth of the
cells efficiently over its surface (Fig. 11).

4. Conclusions

This study has shown the successful investigation of
alumina based leucite glass ceramic composite for possible

applications in the dental restorations. The addition of alumina
to the glass ceramic composites results in the formation of
nepheline crystalline phase. This leads to enhance the CTE and
flexural strength of the samples. Alumina added leucite glass
ceramic composites show high flexural strength than that of the
leucite based glass ceramic composite and commercial dentine.
A uniform attachment of SSC-25 cells after 10 days of culture
on the surface of the composites has been observed. It confirms
that the addition of alumina to the leucite glass ceramic
composite is a successful approach to improve its mechanical
and biological properties.
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Fig. 11. SEM image of the surface of (a) Al–0%, (b) Al–2%, (c) Al–4%, and (d) Al–8% composites. Showing the proliferation and spreading of SCC-25 cells after
10 days of culture on composites (all images at same magnification and scale bars represent 30 mm (inset).

P.H. Kumar et al. / Ceramics International 42 (2016) 3591–35973596



References

[1] P.H. Kumar, V.K. Singh, A. Srivastava, S.K. Hira, P.P. Pradeep Kumar,
Manna, Mechanochemically synthesized leucite based bioactive glass
ceramic composite for dental veneering, Ceram. Int. 41 (2015)
11161–11168.

[2] H. Milly, F. Festy, F.T. Watson, I. Thompson, A. Banerjee, Enamel white
spot lesions can remineralise using bio-active glass and polyacrylic
acidmodified bio-active glass powders, J. Dent. 42 (2014) 158–166.

[3] X. Chatzistavrou, D. Esteve, E. Hatzistavrou, E. Kontonasaki,
K. Paraskevopoulos, A.R. Boccaccini, Sol–gel based fabrication of novel
glass-ceramics and composites for dental applications, Mater. Sci. Eng. C
30 (2010) 730–739.

[4] Contemporary Fixed Prosthodontics, in: I.L. Denry, L.W. Laub,
S.F. Rosenstiel, M.F. Land, J. Fujimoto (Eds.), Mosby Inc., third ed.,
St. Louis, 2001, pp. 614–617.

[5] M. Mrazova, A. Klouzkova, Leucite porcelain fused to metals for dental
restoration, Ceram. Silik. 53 (2009) 225–230.

[6] J.R. Mackert, M.B. Butts, R. Morena, C.W. Fairhurst, The effect of the
leucite transformation on dental porcelain expansion, Dent. Mater. 2
(1986) 32–36.

[7] P.H. Kumar, A. Srivastava, V. Kumar, S. Sharma, H. Singh, P. Kumar,
V.K. Singh, Role of CaF2 on mechanochemically synthesized leucite as
dental veneering glass ceramics, Adv. Appl. Ceram. 114 (2015) 107–113.

[8] P.H. Kumar, A. Srivastava, V. Kumar, N. Jaiswal, P. Kumar, V.K. Singh,
Role of MgF2 addition on high energy ball milled kalsilite: implementa-
tion as dental porcelain with low temperature frit, J. Adv. Ceram. 3
(2014) 332–338.

[9] E.E. Meliegy, R.V. Noort, Glasses and Glass Ceramics for Medical
Applications, Springer science & business media, Berlin, Germany, 2012
Chapter-10 Leucite Glass Ceramics, LLC.

[10] R. Ravarian, F. Moztarzadeh, M.S. Hashjin, S.M. Rabiee,
P. Khoshakhlagh, M. Tahriri, Synthesis characterization and bioactivity
investigation of bioglass hydroxyapatite composite, Ceram. Int. 36 (2010)
291–297.

[11] D. Felton, B. Kanoy, S. Bayne, G. Wirthman, Effect of in vivo crown
margin discrepancies on periodontal health, J. Prosthet. Dent. 65 (1991)
357–364.

[12] J.N. Walton, F.M. Gardner, J.R. Agar, A survey of crown and fixed
partial denture failures: length of service and reasons for replacement,
J. Prosthet. Dent. 56 (1986) 416–421.

[13] J. Waerhaug, Tissue reaction around artificial crowns, J. Periodont. 24
(1953) 172–185.

[14] X. Chatzistavrou, O. Tsigkou, H.D. Amin, K. Paraskevopoulos, V. Salih,
A.R. Boccaccini, Sol–gel based fabrication and characterization of new

bioactive glass–ceramic composites for dental applications, J. Eur.
Ceram. Soc. 32 (2012) 3051–3061.

[15] L.L. Hench, H.A. Paschall, Direct chemical bond of bioactive glass
ceramic materials to bone and muscle, J. Biomed. Mater. Res. Symp 4
(1973) 25–42.

[16] O.M. Goudouri, E. Kontonasaki, N. Kantiranis, X. Chatzistavrou,
L. Papadopoulou, P. Koidis, K.M. Paraskevopoulos, A bioactive glass/
dental porcelain system by the sol gel route: fabrication and characteriza-
tion, Key Eng. Mater. 396–398 (2009) 95–98.

[17] A.C. Meijering, N.H. Creugers, F.J. Roeters, J. Mulder, Survival of three
types of veneer restorations in a clinical trial a 2.5-year interim
evaluation, J. Dent. 26 (1998) 563–568.

[18] S. Pitaru, H. Tal, M. Soldinger, A. Grosskop, M. Noff, Partial regenera-
tion of periodontal tissues using collagen barriers. Initial observations in
the canine, J. Periodont 59 (1988) 380–386.

[19] E. Kontonasaki, A. Sivropoulou, L. Papadopoulou, P. Garefis,
K. Paraskevopoulos, P. Koidis, Attachment and proliferation of human
periodontal ligament fibroblasts on bioactive glass modified ceramics,
J. Oral Rehabil. 34 (2007) 57–67.

[20] R.G. Craig, R.Z. Legeros, Early events associated with periodontal
connective tissue attachment formation on titanium and hydroxyapatite
surfaces, J. Biomed. Mater. Res. 47 (1999) 585–594.

[21] A. Noaman, S.C.F. Rawlinson, R.G. Hill, Bioactive glass-stoichiometric
wollastonite glass alloys to reduce TEC of bioactive glass coatings for
dental implants, Mater. Lett. 94 (2013) 69–71.

[22] F.A.A. Sanabani, A.A. Madfa, N.H. Al-Qudaimi, Alumina ceramic for
dental applications: A review article, Am. J. Mater. Res. 1 (2014) 26–34.

[23] Guazzato, M. Albakry, M. Ringer, S.P. Swain, M.V, Strength, fracture
toughness and microstructure of a selection of all-ceramic materials. Part
I. pressable and alumina glass infiltrated ceramics, Dent. Mater. 20 (2004)
441–448.

[24] J.Anusavice Kenneth, Phillips’ science of Dental materials, Dent. Ceram.
(2007).

[25] John F. McCabe, Angus W.G. Walls, Applied dental materials, Ceram.
Porcelain Fused Metal (PFM) (2008).

[26] E.M.A. Hamzawy, E.A.M. El-Meliegy, Preparation of nepheline glass–
ceramics for dental applications, Mater. Chem. Phys. 112 (2008)
432–435.

[27] M.C. Wang, N.C. Wu, M.H. Hon, Preparation of nepheline glass-
ceramics dental porcelain, Mater. Chem. Phys. 37 (1994) 370–375.

[28] G.A. Khater, E.M.A. Hamzawy, H.I. Metwally, E. El-Meliegy, Spodu-
mene nepheline- anorthite glass ceramics for dental applications, J. Appl.
Sci. Res. 9 (2013) 821–825.

P.H. Kumar et al. / Ceramics International 42 (2016) 3591–3597 3597

http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref1
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref1
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref1
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref1
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref2
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref2
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref2
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref3
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref3
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref3
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref3
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref4
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref4
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref4
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref5
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref5
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref6
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref6
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref6
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref7
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref7
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref7
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref7
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref8
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref8
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref8
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref8
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref9
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref9
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref9
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref9
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref10
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref10
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref10
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref10
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref11
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref11
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref11
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref12
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref12
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref12
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref13
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref13
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref14
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref14
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref14
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref14
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref15
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref15
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref15
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref16
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref16
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref16
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref16
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref17
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref17
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref17
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref18
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref18
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref18
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref19
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref19
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref19
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref19
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref20
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref20
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref20
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref21
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref21
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref21
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref22
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref22
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref23
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref23
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref23
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref23
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref24
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref24
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref25
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref25
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref26
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref26
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref26
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref27
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref27
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref28
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref28
http://refhub.elsevier.com/S0272-8842(15)02098-2/sbref28


ORIGINAL ARTICLE

Mechanochemically synthesized kalsilite based bioactive
glass-ceramic composite for dental vaneering

Pattem Hemanth Kumar1 • Vinay Kumar Singh1 • Pradeep Kumar2

Received: 11 May 2015 / Accepted: 10 August 2015

� The Author(s) 2015. This article is published with open access at Springerlink.com

Abstract Kalsilite glass–ceramic composites have been

prepared by a mechanochemical synthesis process for

dental veneering application. The aim of the present study

is to prepare bioactive kalsilite composite material for

application in tissue attachment and sealing of the marginal

gap between fixed prosthesis and tooth. Mechanochemical

synthesis is used for the preparation of microfine kalsilite

glass–ceramic. Low temperature frit and bioglass have

been prepared using the traditional quench method. Ther-

mal, microstructural and bioactive properties of the com-

posite material have been examined. The feasibility of the

kalsilite to be coated on the base commercial opaque as

well as the bioactive behavior of the coated specimen has

been confirmed. This study indicates that the prepared

kalsilite-based composites show similar structural, mor-

phological and bioactive behavior to that of commercial

VITA VMK95 Dentin 1M2.

Keywords Mechanochemical synthesis � Composite �
Glass–ceramics � Coating � Simulated body fluid � Dental

ceramic

Introduction

Ceramic–metal restorations are a beauty of porcelain and

strength of a metal substructure. Metal/ceramic alloys are

being challenged by manufacturers of frequent low cost

and exhibit superior physical properties (Mclean and Sced

1973; Kumar et al. 2014a, b). However, during the last

few years, the technological parameters of dental ceramic

alloys have been changed. Dental ceramic materials are

bio-inert and unable to interacting with the surrounding

tissues. Bioactive dental materials have been developed

over the last decades (Chatzistavrou et al. 2010).

According to Hench, bioactive glass produces a specific

biological response at the interface of the material which

results in the formation of a bond between the tissues and

the material (Chatzistavrou et al. 2012; Hench and

Paschall 1973). Ceramic materials are regularly used in

dental restoration, which have specific properties such as

similarity with natural tooth structure, wear resistance,

high mechanical strength and durability in the oral envi-

ronment. The main problems that occur with the patients

are the secondary caries and cement dissolution, resulting

in the marginal gap between existing tooth and restoration

(Al-Noaman et al. 2013; Kokoti et al. 2001). This causes a

bacterial attack leading to pulp irritation or necrosis and

finally remove the prostheses (Kontonasaki et al. 2007).

Alteration in this marginal gap leads to increase in the cell

attachment and proliferation without affecting the physi-

cal–chemical and mechanical properties (Pitaru et al.

1988). It may decrease or eliminate cement dissolution

and prevent the bacterial adhesion on the cement surface

(Meijering et al. 1998). Chatzistavrou et al. described a

successful synthesis of bioactive dental glass–ceramic

composite using the sol–gel route. They have also reported

the feasibility of developed material to be coated on the

surface of dental ceramic substrates (Chatzistavrou et al.

2010). Furthermore, no work has been reported on the

synthesis of kalsilite glass–ceramic using mechanochemi-

cal route and its formulation with bioglass to form a

bioactive composite.
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The present work has been carried out to introduce a

successful synthesis of bioactive kalsilite glass–ceramic

composite materials with required characteristics for dental

applications, especially for porcelain fused to metal system

(PFM) used for crown, bridges etc. In this work, bioactive

glass and kalsilite-based porcelain were prepared using a

traditional melt-quenching method and mechanochemical

route, respectively (Kumar et al. 2014). This new com-

posite material is expected to have good thermal, bioactive

and mechanical properties.

Materials and methods

Preparation of kalsilite, bioglass and low

temperature frit (LTF)

AR grade aluminum oxide, potassium carbonate, and sili-

con dioxide (Loba Chemie Pvt. Ltd., Mumbai, India) were

weighed in a stoichiometric ratio of kalsilite. This mixture

was ground for 6 h in a high-energy planetary ball mill and

subsequently heat treated at 1000 �C as discussed in our

previous work (Kumar et al. 2014). Commercial Bioglass�

45S5 was prepared on a lab scale using traditional melt-

quenching in a platinum crucible at 1400 �C. The molten

frit was quenched in deionized water, dried at 110 �C for

2 h and subsequently pulverized to pass a 350 BSS mesh.

A similar process was adopted for the preparation of LTF

(Kumar et al. 2014).

Formulation of kalsilite composite

Composites were prepared by mixing 40 wt% kalsilite,

45 wt% bioglass and 15 wt% LTF. Compositions of the

composite 1 (CMP-1) and composite 2 (CMP-2) (given in

Table 1) were chosen on the basis of optimizations include

glossiness of the surface, thermal expansion and translu-

cency. The batch was ground in a planetary ball mill for

5 min to get a homogenous mixture. The ground mixture

was further palletized using a uniaxial hydraulic press by

applying a load of 200 MPa. These pellets were heat

treated at 960 �C with a heating rate of 80 �C/min using a

furnace VITA VACUMAT 40T according to standard

dental veneering firing cycle pre-programmed by VITA

under vacuum. The vacuum was started at 500 �C and

released at 960 �C.

The bonding of CMP-1 and CMP-2 coating materials

was analyzed on a substrate made of opaque (from VITA

VMK 95 1M2 opaque Product no. B330212, VITA Zahn-

fabrik, Bad sackingen, Germany). The substrate powder

was palletized in a similar manner by heating at 960 �C.

Veneer material was prepared by mixing of both the

composites (CMP-1 and CMP-2) in a modeling liquid with

powder to liquid ratio of 0.3 to make a thick slurry. It is

spread manually using a spatula on the substrates. These

specimens were fired up to 960 �C using VITA VACU-

MAT 40T.

Characterizations

Phase identification and microstructural analysis

X-ray diffraction of the composite (before and after heat

treatment) was carried out using a portable XRD (Ri-

gaku, Japan) employing Cu Ka radiation with Ni filter

operating at 30 mA and 40 kV. Diffraction peaks were

analyzed using standard JCPDS file (PDF-2 database

2003). Micrographs of the fractured sample were recor-

ded using scanning electron microscope (SEM)

(INSPECT 50 FEI).

Coefficient of thermal expansion (CTE)

Coefficient of thermal expansion and the glass transition

temperature (Tg) of the composite material were exam-

ined using a dilatometer (supplied by VB Ceramic Con-

sultants, India). For CTE measurements, material was

compacted into a rectangular bar (50 9 10 9 10 mm)

using a uniaxial hydraulic press by applying a load of

200 MPa followed by heat treated up to 950 �C with

heating rate 80 �C/min (according to manufacturer’s

instructions).

Preparation of SBF

Simulated body fluid solution was prepared by dissolving

analytical reagent grade NaCl, KCl, NaHCO3, MgCl2.6-

H2O, CaCl2 and KH2PO4 in double distilled water and

buffered at pH 7.25 with tris (hydroxymethyl) amino-

methane (TRIS) and 1 N HCl at 35–37 �C (Kokubo and

Takadama 2006).

Bioactivity test

The formulated composites have been veneered on the

surface of the substrate to study its bioactivity and surface

morphology. Furthermore, the formation of hydroxyapatite

(HAp) on the interface was also studied. HAp forming

ability of the coated specimens was observed through

Table 1 Batch composition of composites

Composites Kalsilite Kalsilite MgF2 Bioglass LTF

CMP-1 40 – 45 15

CMP-2 – 40 45 15
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immersion in simulated body fluid (SBF). For these test-

ing’s, three specimens of dimensions 10 mm diameter and

2 mm thickness were prepared and immersed in SBF

(40 ml) for 7 and 21 days. At the end of the selected time

periods, samples were separated from the SBF solution,

rinsed with distilled water and dried in an electrical oven

for further analysis. SBF-treated samples were examined

by SEM and FTIR to evaluate the possible formation of

HAp layer on the material surface as a marker of the

bioactive behavior.

Results and discussion

Phase analysis

Figures 1 and 2 show the XRD patterns of all the kalsilite

composites before and after firing. Diffraction peaks are

well matched to JCPDS Card No. 32-1154. Before firing,

kalsilite has been detected as a crystalline phase along with

some amorphous phase in both composites. Furthermore

Na2O. SiO2 phase has been found as a crystalline phase

after firing along with kalsilite as a major phase in both

CMP-1 and CMP-2. This may form due to the presence of

some free Na2O and SiO2 components in the matrix. Fig-

ures 1 and 2 show that the peak intensity corresponds to

kalsilite phase is higher in CMP-2 as compared to CMP-1.

It is therefore concluded that MgF2 helps in the formation

of kalsilite as a major phase (Kumar et al. 2014).

Fig. 1 XRD patterns of kalsilite composite before and after heat

treatment

Fig. 2 XRD patterns of kalsilite MgF2 composite before and after

heat treatment

Fig. 3 CTE curves of kalsilite composites MCL-1

Fig. 4 SEM image of the fracture surface of CMP-1 interface of

coated on subtract
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Coefficient of thermal expansion (CTE)

Thermal expansion is the important essential for veneering

glass–ceramic fused to metal restorations. When a dental

ceramic is used on a substrate, then CTE must be exact to

confirm good attachment of the dental prosthesis. There is

a possibility of formation of the cracks if a mismatch

among the CTE of the ceramic coating and the substrate

exists. Figure 3 shows the result of CTE curves of kalsilite

composites. Values of CTE and glass transition (Tg) of the

composites have been found to be 15.9 9 10-6/�C and

535 �C for CMP-1, 15.6 9 10-6/�C and 545 �C for CMP-

2, respectively. It is nearer to the CTE (14.5 9 10-6/�C)

obtained for dentine (VITA VMK95 Dentin 1M2). CMP-1

has slightly high CTE and low Tg than that of CMP-2. A

high CTE of ceramic is to be assured a good bonding with

the substrates. The existence of kalsilite phase in composite

material causes an increase in the CTE value. Kalsilite has

a high CTE which improves the whole CTE of the dental

ceramic subsequently thermally compatible with the sub-

strates (Kumar et al. 2014).

Surface morphology

Figures 4 and 5 show the surface morphology of interface

layer between the composite and the substrate (composite

coated on a commercial vita opaque substrate). This mor-

phology is a confirmation of qualitatively good bonding

between the composite and substrate. There are no cracks

or peeling off or gap present in the interface region. This

confirms that the CTE of composite and substrate is well

coordinated (Kumar et al. 2015).

Bioactivity in SBF

Kalsilite composite samples immersed in SBF solution have

been analyzed using SEM and FTIR. Immersed in SBF led to

the formation of a HAp layer on the surface of the samples.

Figures 6 and 7 show the development of HAp layer on the

surface of the samples after immersing in SBF solution for

7 days. In FTIR (Figs. 8, 9) spectra, strong peaks appeared in

the range of 1150–900 and 650–500 cm-1 correspond to the

stretching vibrations of PO4
-3. This is indication of the for-

mation of hap layer on the surface of the sample after

immersion in SBF for 7 days at 37 �C. The low intense peaks

have been observed in the range 1500–1400 cm-1 indicate

the presence of CO3
-2 molecules in the sample. There is also a

peak at 450 cm-1 allocated to the bending vibration mode of

Si–O bond. The results of FTIR are also in conformity with

the results of SEM. The formation of HAp layer on the sur-

face of the samples includes few steps reactions (Hench and

Paschall 1973). First is exchange between the alkali ions in

Fig. 5 SEM image of the fracture surface of CMP-2 interface of

coated on subtract

Fig. 6 SEM pictures of the CMP-1 a before and b after immersion for 7 days in SBF solution, presenting hydroxyapatite formation
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the glass and the water. Second is breakdown of the silica

network forming silanol bonds that re-polymerize to form a

hydrated, high surface area, silica-rich layer. Silica-rich

surface enhances the migration of Ca2? and PO4
3- to the

surface forming an amorphous CaP layer which further

crystallized in HAp layer.

Conclusion

The current work shows the successful mechanochemical

synthesis of kalsilite-based composites for potential appli-

cations in dental restorations. The strong bonding of CMP-

1 and CMP-2 to be applied as a coating on the substrate has

been confirmed by SEM. Hydroxyapatite layer formation

on the surface of the CMP-1 and CMP-2 has been observed

using FTIR and SEM. These composite materials may be

used for dental veneering application. These materials will

be further characterized by ion leachability test in different

acidic agent and wettability test in the future.
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Fig. 7 SEM pictures of the CMP-2 a before and b after immersion for 7 days in SBF solution, presenting hydroxyapatite formation

Fig. 8 FTIR absorbance bands of the CMP-1 before and after

immersion in SBF solution for 0 and 7 days
Fig. 9 FTIR absorbance bands of the CMP-2 before and after

immersion in SBF solution for 0 and 7 days
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Abstract

The present work was aimed to synthesize leucite based bioactive glass ceramic composite with required characteristics for dental applications.
The leucite glass-ceramic was prepared using mechanochemical synthesis. The microstructural, thermal, mechanical and biological properties of
the composite coatings and its material–cell interaction were studied. The flexural strength and coefficient of thermal expansion (CTE) of a
commercial dentine was also studied comparatively. Results of FTIR indicated the formation of hydroxyapatite layer on the surface of the
composite. In-vitro cell proliferation and cytotoxicity assay of MCL composite material demonstrated that it did not inhibit proliferation and
cytotoxicity of SCC-25 at low concentration, caused moderate levels of apoptosis at higher concentrations and were also tolerated by human RBC
as studied by hemolytic assay. Based on the toxicity and bioactivity observed in this work, it can be concluded that this product may be further
processed for potential clinical applications.
& 2015 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: A. Milling; B. Composites; C. Thermal expansion; D. Glass ceramics; E. Biomedical applications

1. Introduction

Ceramic materials used in restorative dentistry have specific
properties such as durability in the oral environment, similarity
with natural tooth structure, high wear resistance and mechanical
strength [1,2]. Problems which occur with the patient and dental
care system is related to the failure of fixed prosthetic due to
cement dissolution and secondary caries [3–7]. This results in the
marginal gap between the fixed tooth and restoration, which is
open to bacterial attack leading to pulp irritation and removal of the
prosthesis [8,9]. Dental ceramic materials are bio-inert and incap-
able of interacting with the surrounding tissues [9]. According to L.
L. Hench, bioactive glass elicits a specific biological response at
the interface of the material which results in the formation of a

bond between the tissues and the material [10]. This formed layer
of hydroxyapatite (HAp) enhances cell proliferation and increa-
ses cell attachment thereby sealing the marginal gap [11–15].
E. Kontonasaki et al. established that the alteration of dental
porcelain with calcium–phosphate based materials brought about
significantly higher rates of cell proliferation compared with the
unmodified porcelain, thereby increasing the lifespan of dental
restoration [16].
Chatzistavrou et al. reported a successful synthesis of

bioactive dental glass ceramic composite using sol–gel route.
They have also established that developed material can be
coated on the surface of dental ceramic substrates resulting in
bioactive surface [2]. Further, no work has been reported on the
synthesis of leucite glass ceramic using mechanochemical route
and its formulation with bioglass to form a bioactive composite.
The present study explores the applicability of mechan-

ochemical process to synthesize leucite glass ceramic for the
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first time. This work also reports preparation of bioglass and
low temperature frit (LTF) by traditional melt-quenching
method [17,18]. Above three materials were mixed in an
optimum ratio to form a composite with desirable properties.
The composite prepared was tested for physico-mechanical
and thermal properties as well as biocompatibility behavior. It
was also compared with a commercial product (VITA VMK
95) to verify the feasibility of the prepared composite.

2. Materials and methods

2.1. Preparation of leucite, bioglass and LTF

AR grade aluminum oxide, potassium carbonate, and silicon
dioxide (Loba Chemie Pvt. Ltd., Mumbai, India) were weighed
in a stoichiometric ratio of leucite. This mixture was pulver-
ized for 6 h in a high-energy planetary ball mill and subse-
quently fired at 1100 1C as discussed in our previous work
[18]. Commercial Bioglasss 45S5 was prepared on a lab scale
using traditional melt-quenching in a platinum crucible at
1400 1C. The molten frit was quenched in deionized water,
dried at 110 1C for 2 h and subsequently pulverized to pass a
350 BSS mesh. A similar process was adopted for the
preparation of LTF details, which is described elsewhere [17].

2.2. Formulation of composite

Composite (referred as MCL-1 hereafter) was prepared by
mixing the 40 wt% leucite glass ceramic, 50 wt% bioglass and
10 wt% LTF powders. Composition of MCL-1 was chosen on
the basis of several optimizations, which involve co-efficient
of thermal expansion (CTE), the glossiness of the surface and
translucency. The batch was ground in a planetary ball mill
(V.B. Ceramics, Chennai, India) for 10 min to obtain a
homogenous mixture. This ground material was pelletized
using a uniaxial hydraulic press by applying a load of
200 MPa. These pellets were heat treated at 960 1C with a
heating rate of 80 1C/min using a VITA VACUMAT 40T
according to a standard dental veneering firing cycle pre-
programmed by VITA under vacuum. A vacuum was intro-
duced at 500 1C and released at 950 1C.

To examine the bonding of MCL-1, pellets made of opaque
from VITA VMK 95 opaque 1M2, (Product no. B330212,
VITA Zahnfabrik, Bad sackingen, Germany) were used as
substrates. The substrate powder was pelletized in a similar
manner by heating at 950 1C. Coating material was prepared
by mixing MCL-1 in a modeling liquid, using a liquid to
powder weight ratio of 0.3 to make a thick paste. It was spread
manually using a spatula on the substrates. These specimens
were fired up to 960 1C using furnace VITA VACUMAT 40T.
To study physical and mechanical properties comparatively,
samples from VITA VMK95 Dentin 1M2 (Product no.
B333212, VITA Zahnfabrik, Bad Sackingen, Germany) were
also prepared in the same manner.

2.3. Characterizations

2.3.1. Phase identification, microstructural analysis and CTE
XRD of the composite (before and after heat treatment) was

carried out using a portable XRD machine (Rigaku, Japan)
with Cu Kα radiation employing Ni filter operating at 30 mA
and 40 kV. Diffraction peaks were analyzed using standard
JCPDS file (PDF-2 database 2003). Micrographs of the
fractured sample were recorded using scanning electron
microscopy (SEM) (INSPECT 50 FEI). CTE and the glass
transition temperature (Tg) of the composite material were
studied using a dilatometer (VB Ceramic Consultants, India).
The material was compacted into a rectangular bar
(50� 10� 10 mm) and subsequently fired similar to the
composite pellets prepared earlier.

2.3.2. Flexural strength
Flexural strength measurements were done according to

ASTM C78 M using a universal testing machine; Instron 3344
(Germany). The specimens were fractured in three-point
crossways fit with the 20 mm span between the two supports
(three point bending). The load and the corresponding deflec-
tions were recorded. The standard deviation, S of the flexural
strength values was calculated using the following formula:

S¼
ffiffiffiffiffiffiffiffiffiffiffi
1

N�1

r XN
i ¼ 1

ðxi�xÞ2 ð1Þ

where N is the number of samples, xi is the value of one
sample and x is the mean value.

2.3.3. Bioactivity
Simulated body fluid (SBF) solution was prepared by

dissolving AR grade NaCl, KCl, NaHCO3, MgCl2 � 6H2O,
CaCl2 and KH2PO4 (Loba Chemie Pvt. Ltd., Mumbai, India)
in distilled water and buffered at pH 7.25 with trishydrox-
ylmethyl aminomethane (TRIS) and 1 N HCl at 35–37 1C. Its
composition was maintained equivalent to the ionic concentra-
tion of human blood plasma [19].
The hydroxyapatite (HAp) forming ability of the coated

specimens was observed through immersion in SBF. For these
tests, three specimens of dimensions 10 mm diameter and
2 mm thickness were prepared and immersed in SBF (40 ml)
up to 21 days. The SBF solution was replaced every three days
since there is a decrease in cation concentration due to the
changes in the chemistry of the samples. At the end of each
selected time, samples were removed from the SBF solution,
rinsed with distilled water, dried and stored in airtight contain-
ers for further investigation. SBF treated samples were
examined by SEM and FTIR to assess the possible formation
of HAp layer on the material surface, as a marker of bioactive
behavior.

2.3.4. Cell lines and cell culture
Human buccal epithelial cell line SCC-25 was originally

obtained from the American Type Culture Collection (ATCC),
Manahass, USA. The cells were maintained in RPMI 1640
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(Invitrogen, Carlsbad, CA), supplemented with 10% fetal
bovine serum (Hyclone, Logan, UT), 100 U/ml penicillin and
100 mg/ml streptomycin (Invitrogen, Carlsbad, CA), hence-
forth, called as complete medium. The cell line used in the
study was free of mycoplasma.

2.3.5. Cell proliferation assay
The effect of MCL-1 composite material on proliferation of

SCC-25 cells was studied by MTT assay [20]. 5� 103 SCC-
25 cells/well were added in a 96-well tissue culture plate, and
exposed to serial concentrations of (5, 10, 25, 50, 100, 250 and
500 mg/ml) MCL-1. Plates were incubated at 37 1C, 5% CO2,
for 48 h. The cell proliferation was measured by Cell Titer
96s Nonradioactive Cell Proliferation Assay (MTT) kit from
Promega, USA according to the manufacturer0s protocol. The
plates were incubated for 4 h with the MTT reagent and
absorbance was measured at 570 nm using Synergy HT Multi-
Mode Microplate Reader BioTeks, USA. The data presented
as the percentage of inhibition of tumor cells and was
calculated from the following formula:

%Growth Inhibition ¼ 1� Experimental OD570
Target OD570

� �
� 100

where experimental OD value is the reading of tumor cells
exposed to various concentrations of MCL and Target OD
value is the corresponding value of tumor cell cultured in
medium only.

2.3.6. In-vitro cytotoxicity assay
The lytic activity of MCL-1 against tumor cells was measured

by non-radioactive cytotoxicity assay using the CytoTox 96
Nonradioactive Cytotoxicity assay kit from Promega, USA [21].
Buccal epithelial cells (5� 103) were added to 96-well tissue
culture plates and were exposed to serial concentrations of
(5, 10, 25, 50, 100, 250 and 500 mg/ml) MCL and incubated for
18 h at 37 1C, 5% CO2. Percent-specific lysis was determined
using the following formula:

%Cytotoxicity

¼ ðExperimental�Effector spontaneous�Target spontaneousÞ
ðTarget maximum�Target spontaneousÞ � 100

2.3.7. Detection of apoptosis
Apoptotic cell death in SCC-25 cells by MCL-1 composite

(100 mg/ml) was assessed by binding of FITC-conjugated
Annexin V. After 18 h of incubation, apoptotic cells were
analyzed by staining with FITC-conjugated Annexin V and
propidium iodide (PI) for 20 min in ice-cold PBS. Cells were
washed in Annexin buffer and were mounted on microscope
slides with a drop of mounting medium to reduce fluorescence
photo bleaching. The FITC-conjugated Annexin V positive
cells were visualized under a fluorescence microscope (Nikon
Eclipse 80i, Nikon, Japan).

2.3.8. Hemolysis assay
For time dependent kinetics, 100 mg/ml MCL-1 composite

was incubated with the blood sample. For concentration

dependent kinetics, the blood sample was incubated with
varying concentrations (25, 100, and 150 mg/ml) of MCL-1
for 4 h. Hemolysis assay was performed according to the
standard protocol [22]. In brief, an aliquot of each blood
sample was centrifuged for 5 min. 25 μl plasma aliquot was
diluted with 225 μl Drabkin's reagent (Sigma) in a 96-well
plate and mixed for 2 min under lateral agitation (300 rpm).
After 10 min equilibration at room temperature, optical density
was recorded at 540 nm in Synergy HT Multi-Mode Micro-
plate Reader BioTek, USA. Blood hemoglobin was determined
by measuring the absorbance of 100 fold dilution of the whole
blood in Drabkin's reagent at 540 nm. Saponin (2 mg/ml final
blood concentration) and PBS were used as positive and
negative control respectively. A sample of plasma without
additives was considered as basal conditions. The standard
calibration curve was obtained with the solution containing
0.07–3.8 mg/ml bovine hemoglobin (Sigma) treated with a
Drabkin's reagent. The results are presented as percent
hemolysis indicating the free plasma hemoglobin (mg/ml)
and was measured as released hemoglobin divided by the total
blood hemoglobin (mg/ml) multiplied by 100. All measure-
ments were performed in triplicate.

3. Results and discussion

3.1. Phase analysis

The XRD pattern of mechanochemically synthesized leucite
powder, heat-treated at 1100 1C is portrayed in Fig. 1 whereas
Fig. 2 exhibits the XRD pattren of the composite (MCL-1) before
and after heat treatment. Leucite was found to be only crystalline
phase with some amorphous phase before the heat treatment.
Diffraction peaks as shown in Fig. 1, matched well with the
JCPDS card no. 81-1147 of tetragonal leucite having unit-cell
parameters a¼b¼13.09 and c¼13.75 Å. After heat treatment,
calcium silicate (2CaO � SiO2) and wollastonite (CaO � SiO2)

Fig. 1. XRD pattern of milled leucite powder heat-treated at 1100 1C.
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crystalline phases were formed along with leucite. The leucite
phase intensity was reduced after heat treatment, due to formation
of two additional phase viz., calcium silicate and wollastonite;
accordingly amorphous phase also decreases.

3.2. Thermal expansion

Fig. 3 shows CTE curves of leucite, bioglass and composite
(MCL-1) along with commercial Dentine A2. It was found that
the mechanochemically prepared leucite has a CTE
25.50� 10�6/1C, which is very close to the theoretical value
of pure leucite [23,24]. CTE of Bioglasss 45S5 was
13.4� 10�6/1C. Values of CTE and glass transition (Tg) of
the composite (MCL-1) have been found to be 15.8� 10�6/1C

and 480 1C respectively, which is comparable to CTE value
obtained for dentine (VITA VMK95 Dentin 1M2) as
14.5� 10�6/1C. There was no visual crack or defect after
heat treatment of the composite coated on the substrate. This
displays a suitable bonding and is only possible due to well
matched CTE values of the composite and the substrate. The
deviation between CTE of the composite and commercial
dentine was very low �8.22%. The presence of the leucite
phase in the composite influenced the CTE value. Inclusion of
leucite which has a high CTE value, improved the CTE of
composite.

3.3. Mechanical behavior and microstructure

Fig. 4 shows the flexural strength of the composite and
commercial dentine VITA VMK95 Dentin 1M2. The prepared
composite sample presented the flexural strength comparable
with that of commercial dentine. This may be due to the
formation of crystalline calcium silicate and wollastonite after
heat treatment. The mean and standard deviation values are
given in Table 1. Fig. 5 shows the surface morphology of
interface layer between the composite and the substrate
(composite coated substrate). This microstructure is a con-
firmation of qualitatively good bonding between the substrate
and the composite. The interface area was crack and gap free.
This also confirmed that the CTE of composite and substrate

Fig. 2. XRD pattern of the composite before and after heat treatment up to
960 1C with heating rate 85 1C/min.

Fig. 3. CTE curves of leucite, bioglass and composite (MCL-1) along with
commercial dentine.

Fig. 4. Flexural strength of composite and commercial dentine.

Table 1
Flexural strength and CTE values of composite and dentine.

Sample coding Firing
temperature (1C)

CTE(/1C) (50–
6001 C)

Mean
(MPa)

SD
(MPa)

Leucite 1100 25.50� 10�6
– –

Bioglass 960 13.40� 10�6
– –

MCl-1 960 15.80� 10�6 74 9.26
Dentine (VITA
VMK95)

960 14.50� 10�6 79 7.96

*CTE—coefficient of thermal expansion; SD—standard deviation.
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were well matched. Composite coating on a substrate and
application of heat, did not lead to any crack or peeling-off due
to matching CTE.

3.4. Bioactivity in SBF

Composite samples soaked in SBF were analyzed by FTIR
and SEM. Soaking in SBF led to the formation of a HAp layer
on the surface of the samples. Fig. 6 shows the FTIR
transmittance bands of the composite before and after immer-
sion in SBF for 0, 3 and 7 days. Intense peaks appeared in the
range of 650–550 cm�1 due to the stretching vibrations of
phosphate groups PO3

4

� �
have been formed after soaking in

SBF for 7 days at 37 1C. Few low intensity peaks appeared in
the range 1500–1400 cm�1 which indicates the presence of
CO�2

3 molecules in the sample. Surface micrographs (Fig. 7(a)
and (b) demonstrate the formation of an apatite layer on the

surface of the samples after immersing in SBF solution for 3
days. The results of SEM are also in conformity with the
results of FTIR. It is noticed that after 7 days in SBF the HAp
layer forms covering the entire surface of the sample.
Furthermore, the thickness of forming HAp layer increases
with time. The period of immersion did not have an effect on
any volumetric increase or failure of the coating.

3.5. Biocompatibility

3.5.1. Cellular growth inhibition by MCL-1 glass ceramic
materials
High concentration of MCL-1 glass ceramic materials

caused moderate levels of growth inhibition against SCC-25
cells, although lower concentrations of the compounds are
tolerant to the cells. This proposes a broad spectrum usefulness
of the compounds (Fig. 8A). Growth inhibition with MCL-1
glass ceramic materials (100 mg/ml) for longer periods (120 h)
of time causes a moderate retardation of cell growth compared
to treatment for 48 h (Fig. 8B).
Moreover, cellular proliferation, we have also performed the

direct cellular cytotoxicity by MCL glass ceramic materials
against SCC-25 cells (Fig. 8C). Compared to higher concen-
tration (500 mg/ml), the lower concentrations of MCL-1 glass
ceramic materials are tolerant to SCC-25 cells and causes
significantly less cell lysis (Fig. 8C). The present data shows
that MCL-1 glass ceramic materials work well tolerated and
relatively nontoxic to buccal epithelial cells.

3.5.2. Apoptosis study
Growth inhibition by MCL-1 glass ceramic materials at

higher concentration raised the question whether it also caused
apoptosis of the tumor cells and if so whether it induced cell
death. Apoptosis was determined by monitoring changes in the
cell size and externalization of phosphatidylserine qualitatively
in SCC-25 cells. There was a very low level of increase in
Annexin V positive cells upon treatment with MCL-1 glass
ceramic materials. This indicate that MCL-1 was significantly
less toxic to buccual epithelial cells (Fig. 9).

3.5.3. RBC integrity and size distribution and hemocompatibility
MCL-1 glass ceramic materials did not affect RBC and PBMC

(peripheral blood mononuclear cell) significantly with respect to
hemolysis and viability Fig. 10A and B. As a confirmation to
RBC counting, hemolysis rate was determined in the presence of
the formulations MCL which shows a moderate increase in
percent lysis and exhibits significantly less hemolysis and may be
considered as non-hemolytic Fig. 10B. Microscopic observations
also demonstrate no change in morphology in RBC following
contact with the MCL-1 as shown Fig. 10C.

4. Conclusions

The present work illustrates a successful mechanochemical
synthesis of leucite glass ceramic and its implementation in the
formulation of a bioactive dental veneering composite. The strong
bonding and feasibility of the composite material as coating

Fig. 5. SEM image showing the surface morphology of interface layer
between the composite and the substrate.

Fig. 6. FTIR absorbance bands of the composite before and after immersion in
SBF for 0, 3 and 7 days.
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Fig. 8. Higher concentration of MCL-1 composite retards growth of SCC-25 cells. (A and B) Graphs show concentration response of MCL-1 on tumor cell
proliferation and growth. (C) Direct cellular cytotoxicity by MCL-1 against SCC-25 cells.

Fig. 7. SEM images of the coated specimens (a) before and (b) after immersion for 7 days in SBF showing HAp formation.

Fig. 9. Microscopic analysis of induction of apoptosis. SCC-25 cells were given indicated treatment with MCL-1 at a concentration of 100 mg/ml in complete RPMI
1640 medium for 8 h at 37 1C. FITC-conjugated Annexin V and Propidium iodide (PI) stained apoptotic cells were visualized under a fluorescence microscope
(Nikon Eclipse 80i, Nikon, Japan) with Plan Fluor, 40X, NA 0.75 objective equipped with green and red filters for FITC and PI, respectively. n¼3.
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material on the substrate has been confirmed by SEM. The flexural
strength and CTE values observed for composite was close to that
of dentine of Vita International. The bioactivity of the composite
was satisfactory owing to the growth of HAp layer after 3 days
immersion in SBF solution. HAp layer formation on the surface of
composite was confirmed by FTIR and SEM. This material was
well tolerated by buccal epithelial cells at lower concentrations.
Very high concentration of MCL-1 glass ceramic materials,
however, causes a moderate cell death as demonstrated by reduced
proliferation and enhanced cytotoxicity of SCC-25 cells. The
formulated composite though, were tolerated by the SCC-25 cells
and caused significantly less apoptosis, suggesting its suitability for
potential clinical application. This material may also be used in
implant supported all-ceramic and metal-ceramic restorations
around emerging profile regions.
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