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Dielectric and thermal properties of Na2O-CaO-SiO2-MgO-Al2O3-TiO2 glass-ceramic

Omer Kaygili*, Fahrettin Yakuphanoglu and Cengiz Tatar

Department of Physics, Faculty of Science, Firat University, Elazig 23119, Turkey

The Na2O-CaO-SiO2-MgO-Al2O3-TiO2 (NCSMAT) glass-ceramic having the composition of 49 Na2O, 19 CaO, 31 SiO2,
0.25 MgO, 0.50 Al2O3 and 0.25 TiO2 (wt.%) was prepared by conventional method. The crystal structure, phase composition,
microstructural, chemical, thermal and dielectric properties of the glass-ceramic were investigated. Using the X-ray diffraction
(XRD) results, biphasic structure of the glass-ceramic sample was detected, the crystallite size was found to be 13.21 nm for
Na4CaSi3O9 phase and 11.02 nm for Na8Al4Si4O18 phase, and the crystallinity percent was calculated to be 86.74 %. Scanning
electron microscope (SEM) observations show that the NCSMAT glass-ceramic has the fine-grained particle distribution with
the smaller particles than 1 µm. The stretching modes of Si-O-Si bound were detected from Fourier transform infrared (FTIR)
spectrum. The NCSMAT glass-ceramic is thermally stable from room temperature to 1173 K and the mass loss of the sample
in this range is 1.05%. The density was calculated to be 2,751 kg m−3. The relative permittivity at 1 kHz was found to be 85.35.
The alternating current conductivity increases with increasing frequency and obeys the universal power law. 
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Introduction

Glass-ceramics, which are fine-grained and polycrystalline
materials, have been produced through the controlled
crystallization process of the base glass after nucleation and
extremely used for various purposes in many different
industrial applications including glass-wares, fire resistant
plates, security windows, oven and cook panels [1-5].
There are lots of glass-ceramic types such as Na2O-
CaO-SiO2 (NCS), Li2O-Al2O3-SiO2 (LAS), MgO-Al2O3-
SiO2 (MAS), CaO-Al2O3-SiO2 (CAS) and Na2O-PbO-
SiO2 [6-12]. Among these, the NCS based glass-ceramics
have been still investigated because of a great importance
in the glass industry [13]. Fujibayashi et al. [14]
studied the apatite forming ability of the P2O5-free
NCS glass in simulated body fluid (SBF). Harizanova
et al. [15] investigated the effect of the addition of
Fe2O3, ranging from 5 to 20 mol % on the electrical
conductivity of the NCS glasses. A study related to the
effect of TiO2 addition, within the range from 0 to
10 wt.%, on the crystallization kinetics of a NCS glass
was reported by de la Parra-Arciniega et al. [16]. As
mentioned above, the use of the glass-ceramics in medical
applications has got a great importance, and the Na2O-
CaO-P2O5-SiO2 based special glass-ceramic materials have
been still produced for this aim [17, 18]. Recently, a
phosphate-free NCS based glass-ceramic sample, having
biocompatibility and antibacterial activity, has been
successfully prepared by Cabal et al. [19]. Based on the

positive results of the aforementioned article, we
produced a new phosphate-free NCS based glass-
ceramic sample with the chemical composition of Na2O-
CaO-SiO2-MgO-Al2O3-TiO2 (NCSMAT). The chemical
structure, morphology and dielectric properties of the
NCSMAT glass-ceramic sample were investigated to
obtain the detailed information about the NCS glass-
ceramic system. In terms of being a guide for future
works related to the use of the NCSMAT glass-ceramic
system for biomedical applications, the present study
has been offered a detailed report on the structural
properties of this sample. 

Experimental Procedures

Na2CO3, CaO, SiO2, MgO, Al2O3 and TiO2 were
obtained from Merck and used without any purification.
The preparation process of the glass-ceramic sample is
as given below. All the powders with the composition of
49 Na2O, 19 CaO, 31 SiO2, 0.25 MgO, 0.50 Al2O3 and
0.25 TiO2 (wt.%) were mixed mechanically for 1.5 hrs to
ensure homogeneity and gradually heated and melted in
an electrical furnace at 1473 K in a platinum crucible.
The melted glass was heat treated at 1023 K for 7 hrs,
quenched into cold water and dried at 393 K temperature
for about 8 hrs.

To investigate the crystal structure and phase composition
of the glass-ceramic sample, X-ray diffraction (XRD)
analysis was performed using a Bruker D8 Advance
diffractometer operated at 40 kV and 40 mA using a Cu
Ká radiation with the wavelength of 0.15406 nm. The
crystalline phases are matched with the Joint Committee
on Powder Diffraction Standards (JCPDS) cards. The
lattice parameters (a = b = c) for both phases were
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calculated using the formula belonging to cubic
crystal structure. Using the well-known Debye-Scherrer
equation, the crystallite size (D) of the glass-ceramic was
calculated [20]:

(1)

where λ is the wavelength of the X-rays and is equals
to the value of 0.15406 nm for CuKá radiation, B1/2 is
the full width at half maximum (FWHM) in radian and
θ is the diffraction angle in degree. The crystallinity
percent (XC%) was estimated by the following relation
[21]:

(2)

where  is the total area under crystal peaks, and
 is the total area under amorphous peaks.

Using the KBr pellet, Fourier transform infrared
(FTIR) spectrum was recorded by a PerkinElmer
Spectrum One Spectrometer in the range of 400-
4000 cm–1 at 4 cm–1 resolution. 

The density (ρs) of the glass-ceramic sample was
calculated by the following Archimedes method [22]:

(3)

where Wa and Wl are weights of the sample in air and
liquid, respectively. ρl is the density of the immersion
liquid. The glass-ceramic sample was immersed in distilled
water to calculate its density, and this measurement was
repeated three times.

Differential thermal analysis (DTA) and thermogravimetric
(TG) analysis measurements were carried out using
differential thermal analyzer (DTA-50, Shimadzu) and
thermogravimetric analyzer (TGA-50, Shimadzu) at
heating rate of 10 K min–1 from room temperature to
1173 K. 

The dielectric study was carried out using a HIOKI
3532-50 LCR HiTESTER at room temperature. Using
the measured values of the capacitance (C) of the
sample with the thickness of l and effective area of A,
the relative permittivity (ε') can be calculated by the
following relation [23]:

(4)

where ε
ο is the permittivity of free space. To determine

the conductivity mechanism, the well-known Jonscher
relation [24] can be used

(5)

where σdc is the direct current conductivity, B is a
constant, ω is the angular frequency and s is the power
law exponent lying in the range 0 < s < 1. The s value

is calculated from the slope of logσac vs. logω plot.
The morphology was investigated by scanning

electron microscope (SEM, JEOL JSM 7001F) at an
operating voltage of 30 kV.

Results and Discussion

XRD pattern of the glass-ceramic sample shown in
Fig. 1 exhibits the narrow and sharp peaks, indicating a
high crystalline structure. Two different phases with
cubic crystal structure were observed. The first one is
Na4CaSi3O9 (sodium calcium silicate, PDF No: 37-
0282) and the second one is Na8Al4Si4O18 (sodium
aluminum silicate, PDF No: 72-1386). The XRD data
were evaluated using the XPowder software [25]. For
the dominant phase observed on the XRD pattern, the
lattice parameter was calculated to be a = 1.5081 nm
and is in agreement with the reported value
(a = 1.5104 nm) for Na4CaSi3O9 (PDF No: 37-0282).
The lattice parameter belonging to the secondary phase
of Na8Al4Si4O18 was estimated to be a = 0.7270 nm
and is equal to the standard value of a = 0.7270 nm
(PDF No: 72-1386).

The average crystallite size values for Na4CaSi3O9

and Na8Al4Si4O18 crystalline phases were computed to
be 13.21 nm and 11.02 nm, respectively. Both values
are approximately half of the reported value (25.14 nm)
for the NCS glass-ceramic [22]. This difference may be
due to the different heat treatment procedure and/or
extra additives such as MgO, Al2O3 and TiO2. 

The crystallinity percent of the glass-ceramic sample
was calculated to be 86.74 %. This result is a perfect
harmony with the values for two different NCS glass-
ceramics reported by Lu et al. [26]. The high
crystallinity may be associated with the high amount of
Na2O, which has the improving effects on the
crystallization mechanism, and heat treatment [27]. 

SEM micrographs of the NCSMAT glass-ceramic
sample at the magnifications of X 1000, X 2000, X
5000 and X 10000 are shown in Fig. 2. The NCSMAT
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Fig. 1. XRD pattern of the NCSMAT glass-ceramic sample.
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sample exhibits the fine-grained and aggregated
structure. The particle sizes are smaller than that of the
value of 1 μm and this is in good agreement with the
literature [1, 22].

FTIR spectrum of the NCSMAT glass-ceramic is
shown in Fig. 3. The bands at 3437 and 1631 cm–1 are
related to the absorbed water, and the other bands at
1036, 922, and 688 cm–1 are assigned to the stretching
modes of Si-O-Si bound [28-32].

Fig. 4 shows the DTA and TG plots of the as-prepared
sample in the temperature from room temperature to

1173 K. Compared to the NCS glass-ceramic, the
NCSMAT sample has a high thermal stability. Although
the thermal behavior of the as prepared NCS glass-
ceramic is similar to the NCS based bioactive glass-
ceramic (BGC) until about 973 K, at higher temperatures
the NCS glass-ceramic is more stable than that of the
NCS based BGC. While the mass loss of the NCS
based BGC is about 28%, this loss is equal to the value
of 1.05% for the NCS glass-ceramic in the range from
room temperature to 1173 K [33].

The mean value of density was calculated to be
2,751 kg m–3. This is so close to the theoretical value
(2,778 kg m–3) for Na4CaSi3O9 (PDF No: 37-0282).
Moreover, this value is in accordance with the reported
values for both the NCS glass-ceramic and the NCS
based bioactive glasses in the literature [22, 34]. 

The ε' values at 1 kHz, 100 kHz, 500 kHz, 2 MHz
and 4 MHz were found to be 85.35, 81.78, 81.33, 78.65
and 76.42, respectively. The ε' value of the NCSMAT
at 1 kHz is close to the reported value (94.44) for the
MAS glass-ceramic [35]. Fig. 5 shows the plots of the
relative permittivity (ε') and dielectric loss (ε''), which
calculated from the loss tangent (tan δ) times ε' values,
as a function of frequency.

Fig. 2. SEM images of the sample at various magnifications. 

Fig. 3. FTIR spectrum of the NCSMAT glass-ceramic sample.

Fig. 4. DTA and TG curves of the NCSMAT glass-ceramic sample
from room temperature to 1173 K.

Fig. 5. The plots of relative permittivity and dielectric loss as a
function of frequency.

Fig. 6. The alternating current conductivity as a function of
frequency plot of the NCSMAT glass-ceramic.
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Both parameters show the decreasing tendency with
increasing frequency until about 4 MHz. Beyond this
frequency value, a relaxation peak was observed at
about 4.5 MHz. This peak may be associated to dipolar
or electronic polarization mechanism of the sample
[36].

As shown in Fig. 6, the alternating current conductivity
(σac) of the NCSMAT glass-ceramic increases with the
increasing frequency. The increase of the alternating
current conductivity with increasing frequency obeys the
universal power law behavior. The value of power law
exponent (s) is calculated to be 0.9956 and is equal to
unity. This result means that the hopping motion
involves a translational motion with a sudden hopping
[37, 38].

Conclusions

The NCSMAT glass-ceramic was produced by the
conventional melting technique after heat treatment process
at 1023 K for 7 hrs. The crystalline phases of Na4CaSi3O9

and Na8Al4Si4O18 with cubic crystal structure were
observed. The average crystallite size values were estimated
to be 13.21 nm for Na4CaSi3O9 phase and 11.02 nm for
Na8Al4Si4O18 phase. Additionally, the crystallinity percent
was computed to be 86.74%. The stretching modes
belonging to the Si-O-Si bound were detected. From room
temperature to 1173 K, the NCSMAT glass-ceramic is
thermally stable, and the mass loss is found to be 1.05 % in
the same temperature range. The density calculated from
the Archimedes method is 2,751 kg m−3. The relative
permittivity at 1 kHz was found to be 85.35. With the
increasing frequency, the relative permittivity and dielectric
loss vary. The alternating current conductivity increases
almost linearly with increasing frequency and obeys
the universal power law. The NCSMAT glass-ceramic
has the fine-grained particle distribution with the
smaller particles than 1 μm.
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