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Abstract

Recently, much attention has been paid on the development of transparent
ferroelectric glass-ceramics (TFGCs) to replaced transparent single crystal. Many
research stated that TFGCs provide many advantages as high transparency, high
optical nonlinearity including second harmonic generation, ability to rearrange active
crystallites so that the optical response can be controlled electrically, and lastly, ability to
make films, fibers or other shapes as a glass that can be subsequently transformed into
desired glass-ceramic microstructure. This research focuses on the fabrication of
niobate based transparent ferroelectric glass-ceramics (TFGC) in system of
KosNagsNbO3; (KNN) and (KysNags)14LixNbOs (KNLN) in two glass systems including
silicate (SiO,) and tellurite (TeO,). This study also doped lanthanide element consisting
Er,O3, Yb,05, Eu,03 and Ho,O; to increase opto-electrical efficiency. Such element
can increase the level of electronic structure enhancing the opportunity of electron
excitation. The incorporation method was introduced for controlling crystallization of
KNN and KNLN single phase and reduce the chance of any unwanted second phase,
which frequently co-precipitates in the conventional glass-ceramic method. The
characterization is divided into 3 steps 1) thermal analysis, 2) structure and phase

composition and 3) optical and electrical measurement.

Keywords : Niobate, Transparent ferroelectric glass-ceramics, Lanthanide, Incorporation

method



1. Introduction to the research problem and its significance

Transparent ferroelectric glass-ceramics ( TFGC) is one of glass-ceramic
composites. These composites combine the remarkable features of ferroelectric crystals
and transparent glass matrix, offering superior ferroelectric non-linear optical ( NLO),
electro-optical properties and energy storage capacibility [ 1-3] . Those interesting
properties are being use in various applications such as solid state device, optical
communication, pulse power technology, solar cell etc [3-6].

The goal of study TFGC is the attempt to find new material that replaces the
former ferroelectric ceramics in which usually found many problems such as high
dielectric loss, low electrical break down strength and low transmission [6,7]. Even
though the ferroelectric ceramics provide high dielectric constant, high dielectric loss
always limits in practical use. These limitations are caused by pore phase and defect
formation inside ceramic, which brought about the raise of dielectric loss and lower the
dielectric constant and the electric break down strength. Moreover, the grain size and
grain boundary also increase the number of scattering light cause the decrease of
transmission. The fabrication of ferroelectric single crystal was introduced, and it was
found that most of them showed interesting opto-electrical property. Anyway, the
preparation of single crystal as Czochralski process etc is difficult and involves high
costs. Hence, the idea of combining ferroelectric ceramics crystal with glass was
originated to overcome those problems. The addition of ferroelectric crystals in glass
matrix is expected to reduce percent of porosity, to reduce dielectric loss and increase
percent of transparency. However, there are some problems which further consider
before study glass-ceramics. The ferroelectric crystal phase perceived a structural
mismatch with the host glass which might effect to the mechanical strength of glass-
ceramics. The ferroelectric crystal phase and glass phase are hugely different due to the
interfacial polarization. Thus, it is necessary to find the suitable glass for precipitate the
crystal phases. Furthermore, the glass-ceramic preparation process as melting-
quenching and heat treatment are counted for solves those problems.

To fabricate glass-ceramics, glass is first prepared by melting-quenching
technique and then is subjected to a carefully controlled heat-treatment process in order
to convert original glasses to glass with small crystal phase inside. With selecting
optimize glass compositions and controlling crystal nucleation and growth processes in
the glass, glass ceramics with desired properties can be achieved. The development of
practical glass ceramics is relatively recent. The advantage of glass preparation like

melting-quenching technique is the ability in reproduce the large number of samples.



There are several groups of ferroelectric glass-ceramics that have been
extensively studied, for example BaTiO; [8,9], LiNbO; [10-12], BaSrTiO; [13,14],
NaNbO; [15,16] and KNbO; [17,18] crystal in different based glass such as silicate,
telluride, borosilicate, aluminosilicate and oxyfluoride glasses. All of these ferroelectric
ceramics crystal show an interesting electrical and optical property due to their
perovskite structure ( ABO; structure). The perfect ideal perovskite has full cubic
symmetry in which the body center position is occupied by B atoms, the edges by A
atoms and the face centers by oxygen atoms in P.s, space groups [19]. The
anisotropic structure of perovskite depends on spontaneous polarization; P, which is
resulting from build-in electrical diploes in their crystal structure, giving rise to a host of
non-linear optical properties such as the electro-optic effect (change in optical index with
electric filed), harmonic generation (changing frequency of light), and photorefraction
(index change in respond to light) [1].Thus, it is important to perform an insight study for
understanding important behaviors of these ferroelectric glass-ceramics.

The ferroelectric ceramic crystals used in this study are niobate based glass-
ceramics in system of KjsNag sNbO; (KNN), (KgsNags) 14LixNbOs; ( KNLN) and
(Kg.sNag 5) 1.xBayNb,,Ti,O3 (KNBNT) in three glass systems including silicate (SiO,),
tellurite (TeO,) and borosilicate. Those systems are complex perovskite structure that
show interesting dielectric property. The composition of KNN was firstly introduced in
1960 by Egerton and Dillon [20]. According to their report, KNN ceramics were prepared
by solid state sintering, which offered many attractive properties especially
piezoelectricity. It has been found that the piezoelectric constant (ds3) and coupling
factor coefficient (k,) are about 80 pC/N and 0.35, respectively. The increase of
temperature caused structural changes. At room temperature, KNN has orthorhombic
structure which transforms to tetragonal structure at 200°C. When the temperature
increases to over 420°C, tetragonal KNN transforms to cubic structure. In this cubic
form, the electrical property of KNN becomes paraelectric which is not appropriate for
further electrical applications [21-22]. In 1971, Jaffe et al. [23] found the morphotropic
phase boundary (MPB) of KNN which was shown in the of 50 mol% KNbO; : 50 mol%
NaNbO; composition. In this MBP area, the KNN ceramic gained high piezoelectric
value, however, this value is still far from that found in lead-based materials (i.e. lead
zirconatetitanate or PZT). Due to the need of environmental friendly materials to replace
the toxic lead-based ceramics, this KNN phase has been subjected to intensive studies
as a promising lead-free material. Moreover, KNN also showed non-linear optical

property. The nature of the luminescent perovskite structure in the visible range



attributed to the disorder of perovskite structure like intrinsic defects occur inside. These
defects as well as structural deformations in the disorder structure generate asymmetry
in the crystal. This asymmetry can promote degeneracy in the atomic orbital, which in
turn induces intermediary states inside the gap region and a reduction in the gap value.
Such decrease in the gap value is explained by the modification in the splitting of the
atomic orbitals, which can be associated to the structural deformation and symmetry
change [24].

Recently, there are some research stated that rare earth-doped perovskite
structure has shown photoluminescence (PL) properties combining with piezoelectric
properties, which may increase the possibility for using piezoelectric materials as a
multifunctional device by integrating luminescent and piezoelectric property. The rare-
earth doped materials are used to perform the energy conversion process of light
photons to UV or IR photons [25,26]. To the best of our knowledge, the variation for the
crystal structure of the host materials would bring about significant influence on the
crystal field around the rare earth dopant ions, and consequently affect its optical
properties. Lately, some reports have revealed that rare-earth elements are able to
generate the energy states inside band gap, via 3 different processes; up-conversion,
down-conversion and photoluminescence. Fig. 1 shows simple diagrams which describe

the different between those 3 processes.

g i o

Up-conversion Down-conversion Photoluminescence

Fig. 1 Energy conversion process presented by energy level diagrams [25].

These interesting materials have a special characteristic. Their triple charge ions
could activated the energy level in unused range to release the visible light. The most
well-known triple ions RE is erbium (Er’*), europium (Eu®*), terbium (Tb*) and cerium

(Ce3+), which can produce the intense visible light as red, green and blue colors [26].

Many research also indicated that rare earth dopant also improve the
ferroelectric and piezoelectric properties of the host materials, and show the multi-
property coupling, such as electro-mechanical property and electro-optic property [27-

33]. In the case of practical applications, rare earth doped piezoelectric materials are



already being used in white-emitting, temperature sensor, NIR sensor and so forth.
Moreover, rare earth-doped lead-free ferroelectrics were found to exhibit conversion
emissions, with the intensity that varied with the phase induced by the temperature
change. As a result, the rare earth-doped ferroelectrics glass-ceramics are expected to
be prominent in the next generation multifunctional devices.

Normally, it is difficult to produce single phase by using conventional glass-
ceramic method [10,34] . To account for this, the incorporation method has been
introduced. This proposing technique provides the fabrication process that reduces the
second phase which usually occurred in conventional methods. In this method, the glass
batch is prepared from desired single phase compound such as KNN and glass former,
in which single phase as KNN and KNN with different additions are prepared from
calcination method. After that, a batch was melted-quenched and then heat treated at
optimized temperature. The successfully preparation of glass-ceramics with single phase
was reported for many glass-ceramics systems such as KN-TeO, [18,34], LiNbO;-SiO,
[10] and also in our previous work with KNN-SiO, [35].

In this research, the fabrication of niobate based transparent ferroelectric glass-
ceramics (TFGC) in system of Ky sNagsNbO3; (KNN), (KgsNags)1«LixNbO3 (KNLN) and
(Kg.sNag 5) 1.xBayNb,,Ti,O3 (KNBNT) in three glass systems including silicate (SiO,),
tellurite (TeO,) and borosilicate. The incorporation method was used for preparing the
glass-ceramics. The starting ferroelectric codoped with rare-earth element was firstly
prepared by calcination method. These ferroelectric crystal powder were mixed with
glass former. Then, melting-quenching techniques and heat treatment process were
introduced to produce transparent glass-ceramic samples and engineer microstructure
inside glass matrix. In this thesis, we report the physical feature, thermal behavior,

electrical and optical properties of all glass-ceramic samples.

5. Literature review

Recently, much attention for lead-free ceramics has been paid to ferroelectric
(Ko.sNag 5)NbO3: KNN ceramics because of their relatively high Curie temperature (T.),
strong piezoelectricity and ferroelectricity, high electromechanical coupling coefficient
(Kp), especially near the equimolar composition and that it is environmentally friendly. To
synthesize the solid solution of KNN, a classical solid-state reaction route was applied,
starting from a powder mixture of K,COj, Na,COj;, and Nb,Os, with calcination

temperatures between 900°C and 950°C [20-23,36].



In 1959, Egerton et al. [20] found that sintered KNN ceramic samples showed
lower electrical properties (d;3=70 pC/N, k,=25%) due to the difficulty in obtaining a high
density by conventional preparation and sintering in air.

In 1962, Jaeger et al. [22] reported that hot pressing greatly increased the
sintered density from 4.25 g/cm® to 4.46 g/cm® (about 99% of the theoretical density)
and these KNN ceramics showed a high Curie temperatures (= 420°C), a large
piezoelectric responses (ds;3=~ 160 pC/N), and a high planar coupling coefficient
(k,=45% ). Various techniques, such as cold-isostatic pressing, spark plasma sintering,
texture ceramics and sintering aids, have been utilized to improve the electrical
properties of KNN ceramics.

In 2007 Bomlai et al. [37] reported the effect of the calcination conditions and an
excess of alkali carbonates on the phase formation and particle morphology of
(Ko sNag s)NbO3; powders. From the study, the use of 5 mol% excess Na,CO; and
K,CO, allowed lower calcination condition of 800°C for 2 h. XRD data showed that
unreacted Nb,O; disappeared from the mixture after calcination at 700°C for 2 h, which
is 200°C lower than observed for the non-excess powder.

Ferroelectric glass-ceramic has been investigated and attracted much attention
for ferroelectric properties since the 1970s. The relevant research works are now
summarized as follows.

In 1969, Borrelli et al. [38] studied transparent ferroelectric glass-ceramic
materials with compositions BaTi0;, Nag 4Ky sNb0O;, and Naj 5Ky sNbO; and their
properties as a function of crystallite size and found optical switching behavior. This
glass type showed low light scattering because of the small crystallite size in order of
0.2 ym.

In 2000, Vernacotola et al. [39] reported that potassium niobate has been

formed in potassium-niobium-silicate glasses containing <36 mol% silica. Solid solutions
of (K/Na)NbO; have been obtained in heat treated sodium-potassium-niobium-silicate
glasses containing 24 mol% silica. The dielectric behavior of these materials is
controlled by the presence of non-ferroelectric phases and by the presence of a
continuous, conductive glassy boundary phase.

In 2003, Petrovskii et al. [40] studied glass in the Na,O-K,0-Nb,0;-SiO,
system with Nb,O5 content ranging from 5 to 39 mol % . They demonstrated that for
glasses containing 15 mol% Nb,Os; and more, the metastable phase separation is the
primary process responsible for the formation of a micro-inhomogeneous structure. With

further heat treatment of these glasses, NaNbO; crystals precipitated in regions with a



high Nb,Os content. In this case, each region has a heterogeneous structure and
consists of NaNbO5; microcrystals surrounded by layers of the high-silica matrix. This
result was also reported by Zhilin et al. in 2004 [28].

In 2006, Jeong et al. [41] studied glass-ceramics with composition xK,O-(14-
x)Na,O- 14Nb,05-72TeO, (x = 0-12 mol%) and found that refractive index and density
of this glass-ceramics system 1.88-1.97, 4.22-4.64 g/cm®, respectively . The measured
optical energy band of the transmission cut-off wavelength, E4 (eV) = 3.17-3.14 and
relative permittivity, €,, = 28-29.

In 2011, Kioka et al. [42] studied the crystallization behavior of glasses from (30-
x) K,O0—xNa,0-25Nb,05-45Si0, (KNNS; x = 0, 5, 10, 20 and 30 mol% ). The
perovskite-type nonlinear optical (K, Na)NbOj; (KNN) crystals were synthesized by using
a conventional glass—ceramics method. Their research found that Na,O amounts over
around x = 10 mol% is necessary to form perovskite-type KNN crystals which showing
second-harmonic generations.

The SHG microscope photograph for the powdered sample obtained by a heat-
treatment at the crystallization temperature for KNNS; x = 10 glass is shown in Fig. 2,
Clear SHGs were confirmed, demonstrating that (K, Na) NbO; crystals formed are
nonlinear optical crystals. On the other hand, it was found that the KNNS; x = 0 and 5
heat-treated samples give no clear SHG, suggesting that the metastable phase formed
might have a crystal structure with an inversion symmetry. X-ray diffraction ( XRD)
analysis in Fig. 2 also demonstrate that there are the substitution between K" and Na*

ions.
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Fig. 2 XRD patterns at room temperature for the crystallized powder samples obtained
by heat-treatments at 754°C for 5 h in air of KNNS; x = 10 glass. The photograph of

second-harmonic generation microscope for the powdered samples is included [42].



A continues-wave of Yb:YVO, fiber laser (wavelength: 1080 nm) was irradiated
onto CuO doped KNNS; x = 10 (Cu-KNNS) surface. The absorption coefficient of this
Cu—KNNS glass was determined to be Ol = 5.0 cm™. Perovskite-type KNN crystals were
successfully patterned in the condition of the laser power of >1.20 W and the laser

scanning speed of S =7 ym/s. The XRD result show in Fig. 3.
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Fig. 3. XRD patterns at room temperature for the laser patterned (P = 1.20 W, S
=7um/s) crystal lines in the area of 4 mm x 4 mm in the Cu—KNNS glass [42].

However, most KNN base glass researchers have found the same problem that
for glass-ceramics it is difficult to maintain KNN as a single phase. Most attention has
been paid to KN base glass-ceramics rather than KNN base glass-ceramics, but in
2009, Prapitpongwanich et al. [10] reported the successful preparation of single phase
of LiNbO; in SiO, glass with nano-crystal LiINbO; in glass matrix by incorporation
method. Dielectric constant was in the range 80 — 180 and it increased with increasing
LiINbO; concentration. Then, in 2012, Yongsiri et al. [35] have reported the successful
preparation of KNN single phase base SiO, glass-ceramics. The maximum room
temperature dielectric constant (€,) was as high as 474 at 10 kHz with an acceptable
low loss (tan6) around 0.02 at 10 kHz.

In 2003, Hai lin et al. [43] studied the optical transition and up-conversion
luminescence of Er* (1.0 wt% ) doped Nb,Os-TeO, (NT) glass in order to develop
optical fiber laser and amplifier. They found that the intense peak or IR fluorescence at
1.53 ym with full width at half maximum (FWHM) of 51 nm and visible up-conversion
luminescence peak were observed under 975 nm and 798 nm (laser diode) excitation

respectively. They also found that the up-conversion emitted light by using 2-photon



absorption. In addition, the researchers also summarized the energy level of Er** ions in

NT glass as shown in Fig. 4.
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Fig. 4 Energy level of Er** ions in Nb,O5-TeO, glass after applied 975 nm and 798 nm
excitation source. GSA is ground state absorption, ESA is excited state absorption and

ET is energy transfer [43].

Then, in 2005, Shixun Dai et al. [44] studied glass TeO,-Nb,0O5 system doped
with 0.5 mol% Er,0; ((100-x)TeO,-xNb205, x=5-20) and summarized all data in Table
1.

Table 1 Density, refractive index, concentration of Er® inside glass, glass transition -

crystallization temperature and glass stability [44].

Glass composition n <gf{:m=> ng (£0.02) Er'* concentration (107" ionfem ™) T, ("C) 7. ("C) T, =T, (°C)
95Te(,-5Nb0s 5.290 204 2.01 374 466 492
90TeO,-10Nb-Os 5.335 2.06 1.89 380 486 114
85Te0;—15Nb, 05 5416 2.07 1.81 405 544 139
80TeQ,-20Nb, 054 5.544 210 1.74 421 543 123
T0TeQ,-25Zn0-5Na, 0 5.30 1.99 2,03 355 484 129

From their studies, the increase of Nb,Oj also increased density, refractive
index and glass transition temperature in this glass system. It can be seen that the
broad fluorescence spectrum was also found in telluride-niobic glass with higher amount
of Nb,O5. The structural studies by XRD and Raman spectroscopy of glasses having
more than 10 mol% Nb,Osrevealed that the substitution of Nb>* in niobium octahedral
site [NbOg], leads to the increase in the strength of the glass in this system. In addition,
the fluorescence life time of thel,3, was decreased while the emission cross-section for
Er**:*l,3,-*115, Was found to increase.

Recently, in 2013, Goncalo Monteiro et al. [45] had studied the structural of Er®*

in xGeO,-(80-x)TeO,-10Nb,05-10K,O glasses and glass-ceramics by using differential



scanning calorimeter (DSC) to optimize the heat treatment temperature. The DSC
results are shown in Fig. 5. XRD data in Fig. 6 revealed that this glass system has show
several crystalline phases such as O-TeO,, 5-Te02, GeO, ( O-quartz), together
withK(Nb,3Tey3) 204.5. In addition, their work also reported the structural data from

Raman spectroscopy and Fourier transform infrared (FTIR).
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Fig. 6 XRD patterns of heat treatment sample. (a.) glass 8TOG systems with different
percent of Er,O3, (b.) glass TeO, systems with different composition ranging from 30 —

70 mol% TeO, [45].



In 2004, Sheng-Yuan Chu et al. [46] reported the effect of poling process to
photoluminescence of Er¥* doped KNbO; ceramics. In this work, the electric field in
poling process, poling time and annealing process were controlled in order to study the
relation of photoluminescence phenomenon with those mention factors. The XRD results
confirmed that no erbium cluster found in this work, which mean, the poling process did
not change the structure of ceramics. After poling the ceramic samples show electron
transition of “Ss,-*l,3,. Moreover, this work also showed that the polarization and
anneal process could modified the intensity of photoluminescence. In the other work,
Cheng-Hung Wen et al. [47-50] had reported and discussed on the influent of Er**
doped KNbOj; ceramics. They found that erbium dopant has affected on sintering
process [46]. The Er** dopants acted like sintering aid in which it is useful for KNbO; to
form uniformity. However, the higher amount of Er** dopant (>2mol% Er,0;) could
decrease the homogeneous of KNbO5; form and create new phase transition [50]. After
increasing sintering temperature, the Er’* cluster that always occur in other ceramics
was reduced. From SEM micrographs in Fig. 7 indicated that Er** dopant could inhibit
the grain growth of KNbO; during sintering process. The optimize Er** doped KNbO,
ceramics that activated the maximum intensity of photoluminescence is 1% of Er,O5. To
improve the photoluminescence effect of KNbO; ceramics, the annealing treatment
process was performed. From their report [47], the intensity of luminescence was
increased with increasing annealing temperature as shown in Fig. 8. This results
occurrence as annealing process could reduce the imperfection in KNbO;5 structure, and

annealing process decrease hydroxyl groups in samples.
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Fig.7 SEM micrograph KNbO; ceramic with different Er** percent dopants [46].
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Fig. 8 The effect of annealing temperature on photoluminescence intensity [47].

2010, R. S. Chaliha et al. [17] had reported the effect of Er,0O; dopant on optical

and dielectric properties of K,O0-Nb,0O5-SiO, glasses by heated at 800°C for 0 —100 h

to obtain nanocrystals KNbO; in SiO, glass matrix. From XRD, SEM and TEM



observations in Fig. 9, it was found that the average crystalline size of KNbO; crystals

were in range 7-23 nm.

AT

Fig. 9 FESEM and TEM image of heat-treated glasses at 800°C. (a) and (b)FESEM
observed of glass heat treated for 3h and 50 h,(c) and (d)SAED from TEM of glass heat
treated for 50 h and HRTEM image of lattice fringe [17].

The dielectric property measurement was found to increase with increasing heat
treatment temperature (Fig. 10). The dielectric constant increase sharply (from € =17 to
€ = 31) in heat treated samples. It is indicated that heat treatment process could
generate the crystallization of KNbO; in silica rich phase and the further prolong heat
treatments could increase the crystal size with higher dielectric constant (at 100 h, € =

137) and spontaneous polarization (Ps= 0.41 C/m?).
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Fig. 10 Dielectric constant of as-received glass and heat treated glass [17].
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Fig. 11 Photoluminescence measurement with different excitation source (a) }\ex= 377

nm and (b) A, = 980 nm [17].

In Fig. 11 (a), the obtained spectrum of the as-received glass which excited by
377 nm (4I15,2-4G11,2) showed the intense visible light emission around 500 nm. This
green emission around 515-542 nm and 542-577 nm corresponded to the’H ;51152
and “S,,-*115, transitions respectively. While in Fig. 11 (b), as-received and heat treated
glasses show emission band around 1550 nm on excitation at 980 nm (4I15,2-4I11,2) which
is an absorption bands of Er*" ions. However, the study showed that the
photoluminescence intensity gradually decreased with heat treatment time.

Then, in 2014, the up-conversion luminescence of K, sNa; sNbO; ceramics
doped with Er,O5 via solid state sintering has been investigated by H. Sun et al. [51].
The composition ratio of Er,O5; was varied between 0 — 0.05 mol%. From XRD analysis,
the lower concentration than 1mol% of Er,O; dopant ceramics showed KNN single
phase, after increasing Er,0O5; concentration than 1 mol% , the second phase occurred.
This indicated that the optimize Er,O; contents should be less than 1 mol% Er,O; due
to the limit of diffusibility of this RE type. Thus, the excesses of Er*" (at higher content of
Er3+) which would not directly diffuse in KNN structure could result in impurity phase as

shown in Fig. 12.
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Fig. 12 The XRD results of KNN doped with various Er,O5 contents [51].

The photoluminescence behavior of these ceramic systems after applying 980nm
laser diode excitation source are shown in Fig. 13. It can be seen that the suitable
Er,O; concentration being able to activate the maximum intensity of up-conversion
luminescence is 0.005 mol% Er,05. From this figure, the luminescence consists of 2
emission band at around 510-590 nm (green light emission) and 645-695 nm (red light
emission). Each emission band is associated with electron transition of 4f-4f level. In the
first emission band (510-595 nm) is attributed to (*Hq1/2, *Sa2)-*l15» Of Er** ions, while
the second band (645-695 nm) is attributed to *Foo-*11512, respectively. The mechanism

of electronic transition in KNN ceramic doped Er,0; is shown in Fig. 14.
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Fig. 13 The up-conversion luminescence spectra of KNN ceramics doped with various

Er,0; content [51].
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Fig. 14 Energy level of KNN ceramics doped with Er,O5 [51].

In 2015, Xiao Wu et al. [52] reported the fabrication of Er**/Yb** -codoped
KosNagsNbO; (KNN) ceramics via the solid state reaction method. Their research found
that Er** ions exhibit visible up-conversion emissions as well as the near-infrared (NIR)
and middle-infrared (MIR) emissions, under the excitation of 980 nm. Then, Yb* ions
are added as the sensitizer to codope with Er** in the KNN host in the purpose of
improving the emission efficiency and PL intensities, i.e. significantly enhancing the blue,
green, red (Fig. 15) and MIR emissions of Er** (Fig. 16). The energy transfer processes
between Er** and Yb* have been investigated with the relationship between the Yb**
concentration and PL intensities. Due to the moderate ferroelectric and piezoelectric
properties of the host, the ceramics show multifunctional performance and potential in
the application of optoelectronic areas. Fig. 17 shows the P — E loops of the ceramics
under an electric field of 4 kV/mm with the frequency of 100 Hz. The Er—KNN ceramic
exhibits a well-saturated loop with the remanant polarizat ion (Pr) of ~12.1 mC/cm? and
coercive electric field (Ec) of ~1 kV/mm. With increasing Yb** (x), the P— E loops

become slant and flattened with Pr and Ec gradually decreasing.
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Fig. 15. (a) Vis up-conversion emissions of the Er—KNN-Yb-x ceramics under the

excitation of 980 nm, (b) enlargement of the blue emissions [52].
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Fig. 16. (a) MIR emissions of the Er—KNN- Yb-x ceramics under the excitation of 980
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with the frequency of 100 Hz [52].
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2. Objectives

2.1. To develop transparent glass-ceramic containing ferroelectric crystal with
rare-earth oxide.

2.2. To study the effects of processing parameters on phase formation,
microstructural evolution, electrical and optical properties of the prepared
glasses and glass-ceramics.

2.3. To find the optimum conditions for producing glass and glass-ceramic for
opto-electrical property.

2.4. To publication in international journal with high impact factor at least 2

journals.

3. Methodology
The methodology in this project is divided into 5 steps and explained as follow;
3.1 Literature review and order for materials
Before start doing an experimental, it is necessary to carefully review all
works which done recently. After that, purchase the essential materials as
chemical reagent and laboratory equipment.
3.2 Preparation of glass-ceramic samples
1. KosNagsNbO; (KNN) doped rare-earth in different glasses based
In KNN glass-ceramics system, reagent grade starting oxide powders will
be weight based on the stoichiometric formula ( 1-x) Ky sNagy sNbO3-xRE
(RE=Er**/Yb*, Eu**, Ho®") and then calcine at optimize temperature. The
well prepare (1-x)KNN-xRE powder will mix with glass former as SiO, and
TeO, via ball milling technique. Next, melting-quenching technique and heat
treatment process are used in order to growth (1-x)KNN-xRE inside glass
matrix.
2. (KysNag5)1xLixNbO3; (KNLN) doped rare-earth in different glasses based
In KNLN glass-ceramics system, reagent grade starting oxide powders
will be weight based on the stoichiometric formula ( 1-x) ( Ky s5Nag 5) 1.
«LixNbO3-xRE and then calcine at optimize temperature. The well prepare
(1-x)KNLN-xRE powder will mix with glass former as SiO, and TeO, via ball
milling technique. Next, melting-quenching technique and heat treatment

process are used in order to growth (1-x)KNLN-xRE inside glass matrix.



3.3 Characterization
Many characterization techniques of glass ceramic samples were
introduced in order to investigate the glass and glass-ceramics samples, which
can be divided into 4 ways;
Thermal analysis: The thermal kinetic of glass-ceramic will be study by
differential thermal analysis (DTA trace)
Physical/ structural investigation: The densities of the obtained glass-
ceramics will be measured using the Archimedes’ method. Phase formation
will be determined by the X-ray diffraction ( XRD) technique, Raman
spectroscopy and X-ray absorption spectroscopy. Lastly, Morphology will be
observed by using field emission scanning electron microscope (FE-SEM)
and transmission electron microscope ( TEM) . The oxidation will be
determined by XANES and EXAFS, respectively.
Optical property: The transmission (% T) and absorption coefficient (Ql) will
be measured by UV-Vis-IR spectrophotometer.
Electrical property: The dielectric constant (€ ), dielectric loss (tan 5) and
impedance were measured in a range of 10 kHz—1 MHz using a precision
LCZ meter. To measure ferroelectric hysteresis curves, the Sawyer Tower
circuits consisting of high voltage power amplifier were used at 1 to 100 kHz
with applied voltage between 1kv to 3kv.
3.4 Data analysis and discussion / preparing for publication
All data will be analyzed with the aim of achieving a better understanding
of their properties. Then, the results will be discussed and compared to the
related previous work reported. After that, this research will be presented in
conference and publication in international journal, for example; Material
Research Bulletin (IF. 2.435) and Ceramics International (IF. 2.758).
3.5 Summary results / report for finally result
Lastly, all results will be summarized and reported to original affiliation

(TRF and OHEC)

4. Scope of research

This research focuses on transparent ferroelectric glass-ceramics ( TFGC) in
system of Ky sNagsNbO; (KNN) and (Kj sNag5)1,Liy,NbO3; (KNLN) in two glass systems
including silicate (SiO,) and tellurite (TeO,). These materials combine the remarkable

features of ferroelectric crystals and transparent glass matrix, offering superior



ferroelectric non-linear optical (NLO) and electro-optical properties. The ferroelectric
crystals presented in the glass-ceramics have non-centrosymmetric perovskite structure,
which leads to non-linear optical properties. Moreover, the effect of lanthanide ions
added perovskite structure are interested due to the possibility of increasing the
photoluminescence property, which was expected for use as solar cell, pulse power
technology and LED applications. To analyze transparent ferroelectric glass-ceramics,
many techniques are used and divided into 3 categories. First, thermal analysis is
studied by TG-DTA. Second, structure and phase composition are studied by FE-SEM,
TEM, XRD, raman (or FTIR) and XANES. Finally, optical and electrical measurement
are studied by UV-Vis techniques and LCR/LCZ meter.



5. Schedule for the entire project and expected outputs

First two year

Month

Activities

1. Literature survey

2. Preparation of law
powders in system of
® (1-x)Kos5NagsNbO3-
xRE
® (1-x)(KosNags)1-
«LiyNbO3-xRE

3. Fabrication silicate glass-
ceramics from
® (1-x)KgsNagsNbO3-
xRE
® (1-x)(KosNags)1-
.Li,NbO;-xRE

4. Study the thermal
property

5. Study the

physical/structural of

glass-ceramics system




Third Year

Month

Activities

. Study the
physical/structural of

glass-ceramics system

. Study the optical property
of all glass-ceramics

system

. Study the electrical
property of glass-

ceramics system

. Summary results / report

finally result for TRF




6. Results and Discussion
In this part, the discussion from the our journal publication will be exhibit.
However, other results will be report in the next journal because some results will be

carefully correct before publication.

6.1. Dielectric properties and Microstructural Studies of Er,0, doped Potassium

Sodium Niobate Silicate Glass-Ceramics

Abstract. In this work, electrical and structural properties of ferroelectric glasses and
glass-ceramics from K;sNagsNbO3-SiO, doped with 0.5-1.0 mol%Er,0O; system have
been investigated. The influent of Er,O5; dopant was also compared with the original
glass. The KysNagsNbO; (KNN) powder was mixed with SiO, in composition of
75KNN-25Si0, and doped with Er,O5. Well-mixed powder was subsequently melted at
1300°C for 15 min in a platinum crucible using an electric furnace. The quenched
glasses were then subjected to heat treatment at various temperatures for 4 h. From the
study, KNN single phase in transparent glass was successfully prepared via
incorporation method. The maximum Er of about 360 at 10 kHz with a low tan® of 0.07
could be obtained from the glass-ceramic sample of 75KNN-25SiO, doped 0.5 mol%
Er,O5; and heat treated at 600°C. It can be seen that the higher percent of Er,O5; can
lower the dielectric loss of KNN glass-ceramics. This interesting value suggesting the

opportunity of using them in electronic applications in the future.
Keywords: Glass-ceramics, Er,O5, KNN,

Introduction

Recently, perovskite materials with ABOj3 structure are subjected to intensively study
due to their marvelous properties. The interesting properties are piezoelectric,
pyroelectric and ferroelectric which used in widely applications such as transducer,
actuator etc [1].

The ABOs-type perovskite is another type of crystal structure which combined many
important properties such as magnetic, electronic and transport property [2]. This
perovskite structure shows anisotropic property due to the build-in electronic dipoles in
their crystal structure that lead to magnificent non-linear optical properties such as the

electro-optic effect, harmonic generation and photo-refraction. KysNagsNbO5; (KNN) is

one of a ferroelectric material which show high Curie temperature (T.) of 42000,



piezoelectric constant (ds;) of 80 pC/N, coupling factor coefficient (k,) of 36-40% and
dielectric constant (€,) of 290. The temperature play a significant role to KNN crystal
structure when increase from room temperature to ZOOOC causes an orthorhombic to

tetragonal phase transformation, and when the temperature is higher than 42000, the
tetragonal phase changes to a cubic phase. Furthermore, KNN is also friendly to
environment [3-4]. many research works have been focused on phosphors of rare-earth
(RE) ions doped perovskite structure. Rare-earth ions are used to dope perovskite-type
oxide as a probe to investigate local centers and energy promoting change in optical
behavior, or improve the capacitance response of these materials making possible use
as high frequency ultrasonic transducer [8]. The lanthanide as Er,O; is also one of most
suitable active ions for several hosts. Thus, it is possible to increase the electrical
property of glass-ceramics.

In this work, transparent glass-cermics 75KNN-25SiO, doped 0.5 and 1.0
mol%Er,O; were sucessfully fabricated by incorporation technique. This technique was
employ to prepare glass with a small crystal of desired phase embeded inside glass
matrix. The experimental start with the calcination of oxide precursor and then mixing
with glass former and rare-earth dopant as SiO, and Er,0;, respectively The
crystallization of the KNN crystals in the glass was accomplished by heat treatment
processes which were also used to control the KNN crystal shape and size. Here, we
report the thermal, electrical and micro-structural properties of the prepared KNN glass-

ceramics.

Experimental

Sample preparation : The glass of 75KNN-25SiO, (mol%) doped with 0.5-1.0mol%
of Er,O3 was prepared using incorporation method. KNN powder was firstly prepared by
conventional mixed oxide method according to our previous work [5,6]. For incorporation
method, the prepared KNN ceramic powder was then mixed with SiO, to form
transparent based glass. The components were mixed in a platinum crucible and
subsequently melted at 1300°C for 15 min and then quenched between stainless steel
plates. The quenched glass was immediately annealed at 300°C (in Er,0O5; doped glass)
and 450 °C (no dopant) for 2 hours to release their stress. Thermal properties of as-
received glass were measured to find the glass transition temperature (T,) and
crystallization temperature (T.) by using DTA [Differential thermal analysis; Du Pont

Instrument, USA]. Then, annealed glass was subjected to heat treatment (HT) at



temperatures ranging between 500 to 600°C, depending upon the Ty and T, of each
glass, for 4 hours.

Material characterization To analyze the glass and glass-ceramic properties,
various techniques were employed. FE-SEM techniques [scanning electron microscope;
JSM 6335F type, JEOL, JP] was used to investigate the composition and microstructure
of the glass and glass-ceramic samples. The room temperature dielectric constant (E,)
and dielectric loss (tan5) of the glass-ceramics were measured in range of 10 kHz to 1
MHz using a precision LCZ meter [E4980A type, Agilent Technologies, Malaysia]. The

density was measured by Archimedes method.

Results and Discussion

The DTA profile curve of KNN-SiO, glass and glass doped with Er,O5; are shown in
figure 1. The DTA technique were used to understand the thermal behavior of resulting
glasses which benefit for predicting the suitable temperatures for glass-ceramics
samples. These DTA measurements were carried out in an air atmosphere at a heating

rate of 5°C/min in the temperature range of 30°C - 800°C.
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Figure 1 Thermal profile data of all glass samples by using DTA.

The intense exothermic peak of about 600°C of each composition related to
crystallization temperature (T.) of KNN crystal in glass. While, the noticeable
endothermic peaks, representing by slight changes in slope of graphs as drawn by
intersection point of two tangent lines at around 554°C, 563°C and 560°C, refer to the
glass transition temperature (T4) of no-dopant, 0.5mol% Er,O; and 1.0mol% Er,O;

doped glasses, respectively. The 1.0 mol% doped 75KNN-25SiO, glass system has



higher T, than those found in 0 mol% and 0.5 mol% Er,0; doped 75KNN-25SiO, glass
system. This slightly change in T, of this glass system are the result from the entering
of Er,O, in KNN structure, which confirmed by our previous work [6]. The Er** ions
incorporated to KNN structure lead to the distortion of crystal structure and bring about
the change in glass transition temperature. This result also similarly to our previous
work.

The estimation of the glass stability can be done by using Hruby’s criterion [7].

AT=T,-T, (1)

where T, is the onset point of crystallization temperature (T.) peak. This term was
used for determining the ability of glass in forming nanostructured glass-ceramics after
applied energy from heat treatment process. From figure 1, the highest AT value was

found in 75KNN-25SiO, without Er,O; glass system. The lower AT value suggested
that glass is easy to devitrify during melting-quenching process.

The heat treatment processes was employed at various temperatures depending on
the observed thermal parameters from the DTA study in order to grow crystals inside
the glass matrices. The appearances of the resulting glass-ceramics are shown in figure
2. It can be seen that glass-ceramics were all pink in color and the transparency of all
glasses decreased with increasing heat treatment temperature. The density of all glass
and glass-ceramic compositions are showed in figure 3. The density of the 1mol%
Er,0O; doped glass-ceramics is slightly higher that found in the 0 and 0.5mol% Er,03
doped glass-ceramics. It can be noticed that the density of the glass-ceramics increases
with increasing heat treatment temperature. This may correspond to the decrease in

molar volume of the glass-ceramic sample during crystallization.
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Figure 2 The appearance of glasses and glass-ceramics of 75KNN-25SiO, at various

heat treatment temperatures. (a) doped 0.5mol% Er,03, (b) doped 1.0mol% Er,04
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Figure 3 Glass and glass-ceramics density

SEM micrographs of the glass ceramics are shown in figure 4. These micrographs
show a bulk crystallization of the KNN phase with a different shapes observed for the
glass matrices of all heat-treated samples. At 550°C heat treated sample, the small
spherical shape crystal of KNN solid solution was observed in 0%Er,O5;. However, in
0.5 and 1.0mol% Er,0O; dopant samples found rectangular shape crystal different from
0%Er,05 around 550°C. When increasing temperature to 650°C, the crystals of all
systems are gradually changed to irregular shape. It can be seen that the glass-
ceramics have crystallite size lower than 1 mm but larger than 200 nm, giving rise to the
lower transparency in bulk glass-ceramics. To examine the element compound, EDS
technique was used (figure 5). From EDS studied at bulk crystal, the embedded crystals
in the glass matrix are identified as KNN solid solution. This confirm the exit of KNN

crystal structure with small Erbium ions inside.
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Figure 4 SEM micrograph of 75KNN-25SiO, doped Er,O; glass-ceramics heat treated
at 550 °C and 650 °C.
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Figure 5 EDS analysis of 75KNN-25SiO, doped Er,0; glass-ceramics heat treated at
550 ‘C and 650 °C.

The dielectric constants (Er) and dielectric loss (tan5) of heat treated glass-ceramics
were measured at different freaquency from 10kHz to 1MHz and shown in figure 6. The
maximum dielectric constant of about 360 at 10 kHz with rather low loss about 0.06 was
found in the glass-ceramics from the glass-ceramics in composition of 75KNN-25SiO,
doped 0.5Er,0; and heat treatment at 600°C. R.S. Chaliha et al. [8] reported that glass-
ceramics potassium niobate (KNbO;) doped with Er** ions showed the average
dielectric constant (Er) at about 17 which was higher than sodium silicate glasses (Er =
7 - 10) and borosilicate glasses (cc..r = 4.5 - 8). This might become from the ionic size of

Nb®>* are too high. The Chaliha’s report also showed that heat treatment time was



significant to dielectric constant due to the possibility to increase crystal size of KNbOj.
Thus, in this work, it can be seen that glass-ceramics KNN crystal doped Er** can raise
the dielectric constant to nearly 90 in the as-quench glasses and can increased 350 in
glass-ceramics with high heat treatment temperature. Moreover, the overall tand of the
KNN-SiO, glass-ceramics is below 0.1 depending on each composition and heat
treatment temperature. This may be useful in the applications in electro-optic, capacitors

and microwave devices.
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Figure 6 Dielectric constant of of 75KNN-25SiO, doped Er,0; glass-ceramics.
(A.) 0.5mol% doped Er,05; and (B.) 1.0mol% doped Er,05.

Conclusions

In this work, electrical and structural properties of ferroelectric glasses and glass-
ceramics from K,sNagy5NbO;-SiO, doped with 0.5-1.0 mol%Er,0O5; system have been
investigated. The influent of Er,O; dopant was also compared with the original glass.
From the study, KNN single phase in transparent glass was successfully prepared via
incorporation method. It was indicated that heat treatment temperature plays a
significant role in controlling the microstructure, crystallite sizes, and crystal quantity of
the glass ceramics. The addition of Er,O5 can increase the dielectric constant of KNN
glass-ceramic, which higher than those found in previous work. The maximum € of
about 360 at 10 kHz with a low tan® of 0.07 could be obtained from the glass-ceramic

sample of 75KNN-25Si0O, doped 0.5 mol% Er,0O5; and heat treated at 600°C. From this



work, the higher percent of Er,0O5; of about 1.0Er,O; can lower the dielectric loss of
KNN glass-ceramics. This interesting value suggesting the opportunity of using them in
electronic applications in the future. However, it is necessary to further study in effect of

Er,O; to KNN structure and optical property of this glass-ceramics system.
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6.2. The electrical properties of Er,0, doped potassium sodium lithium niobate

based glass-ceramics

Abstract

In this work, the electrical properties of transparent ferroelectric glass-ceramics in the
system of ((KosNags5)0994Li0006)1xErkNbO3 — SiO, system have been investigated. The
lanthanide dopant as Er,O; was found to promote the electrical property and optical
property in many materials. The influent of Er,O5; dopant was also compared with the
original glass. The ((KgsNag5)g.094Li0.005)1xErxNbO3 (KNLNEr) powder, which x=0, 0.005
and 0.01 were mixed with SiO, in composition of 75KNLNEr-25SiO,. Well-mixed
powder was subsequently melted at 1300°C for 15 min in a platinum crucible using an
electric furnace. The quenched glasses were then subjected to heat treatment at various
temperatures for 4 h depend on thermal profile from DTA. XRD results showed that the
prepared glass ceramics contained crystals of KNLN solid solution and the crystallite
size also increased when increasing heat treatment temperature which resulting in the
reduction of transparency in the glass-ceramics. In contrary, dielectric constant (€,) and
dielectric loss (tan5) were found to increase with increasing heat treatment temperature.
Moreover, it was found that temperature and frequency have significantly influenced on
dielectric properties of the KNLNEr glass-ceramics.

Keywords : Ferroelectric glass-ceramics; complex perovskite; Er,O, KNLNEr

l. Introduction

Recently, perovskite materials with ABO; structure are subjected to intensively study
due to their marvelous properties. The interesting properties are piezoelectric,
pyroelectric and ferroelectric which used in widely applications such as transducer,
actuator etc [1]. The ABOj3-type perovskite crystals also showed unusual combination of
their magnetic, electronic and transport properties [2].

Among the studied lead-free piezoceramics, only sodium, potassium and lithium niobate
based materials (Kgs—» Nags—y2Lix)NbO3;—KNLN were considered proper candidates
to substitute PZT [3-5]. In compositions next to the morphotropic phase boundary, NKLN
systems present a dj; coefficient higher than 230 pC/N and a kp value of 0.42 [3],
which were the best piezoelectric properties reported for a normal sintered lead-free
piezoceramic [5]. Furthermore, the greatest advance was achieved via the texturization

of these ceramics through a Reactive Templated Grain Growth process (RTGG),



wherein a promising material with properties similar to PZT4 was obtained (d;; = 416
pC/N and kp =0.61) [5]

In this work, ((KgsNags)oasliooos)1xErxNbO3; — SiO, (KNLNEr-SiO,) glass-ceramics
which x=0, 0.005 and 0.01 were prepared by using incorporation method. The
experimental start from a simple mixed-oxide technique for prepared KNLN and KNLNEr
single phase powder before mixing with the glass former oxide of SiO, in coposition of
75KNLN-25Si0O, and 75KNLNEr-25SiO,. The crystallization of the KNN crystals in the
glass was accomplished by heat treatment processes which were also used to control
the KNN crystal shape and size. Here, we report the thermal, electrical and optical

properties of the prepared glass-ceramics.

Il. Experimental

Sample preparation : The glass of 75KNLN-25SiO, and 75KNLNEr-25SiO, was
prepared using incorporation method. KNLN and KNLNEr powder was firstly prepared
by conventional mixed oxide method according to our previous work [6]. For
incorporation method, the prepared KNLN and KNLNEr ceramic powder were then
mixed with SiO, in order to form transparent based glass. The components were mixed
in a platinum crucible and subsequently melted at 1300°C for 15 min and then
quenched between stainless steel plates. The quenched glass was immediately
annealed at 450°C for 2 hours to release their stress. Thermal properties of as-received
glass were measured to find the glass transition temperature (T,) and crystallization
temperature (T.) by using DTA [Differential thermal analysis; Du Pont Instrument, USA].
Then, annealed glass was subjected to heat treatment (HT) at temperatures ranging
between 500 to 600°C, depending upon the T, and T, of each glass, for 4 hours.
Material characterization To analyze the glass and glass-ceramic properties, various
techniques were employed. FE-SEM techniques [scanning electron microscope; JSM
6335F type, JEOL, JP] was used to investigate the composition and microstructure of
the glass and glass-ceramic samples. The room temperature dielectric constant (€,) and
dielectric loss (tan5) of the glass-ceramics were measured in range of 10 kHz to 1 MHz
using a precision LCZ meter [E4980A type, Agilent Technologies, Malaysia]. The
transmission was measured by a UV—vis—NIR spectrophotometer (Varian Cary 50, USA;

I =190-1100 nm)

Ill. Results and Discussion

Phase composition of calcined powder



XRD patterns of KNLN and KNLNEr powder after calcination method at 900°C for 5
hours are shown in figure 1. It can be seen that all of composition show ABO;
perovskite structure with small trace of K;Li,Nb;O,5 secondary phase (ICDD 52-0157).
From this figure, the diffraction peaks of KNLN refer to orthorhombic structure mixed
with tetragonal structure as reported in previous work [7-9]. The typical morphotropic
phase boundary (MPB) of KNLN is found in the Li = 0.06 sample. The higher content of
Li also suppressed the orthorhombic phase. Thus, the KNLN powder with Li = 0.006 are
used as base composition in this work. In KNLNEr powder, the percent of Er,O5; are
0.005 and 0.01 mol% and represent by KNLNO.OOSEr and KNLNO.O1Er respectively.
From figure 1, KNLNEr powder was gradually change to tetragonal structure with
increasing Er,O3; contents. This indicates that Er** ions are well incorporated in KNLN

perovskite structure.
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Figure 1 XRD patterns of ((KgsNag.s)oo94Lliooos)1xErxNbOs powder, which x=0, 0.005

and 0.01, respectively.

Thermal study

After calcination process, these KNLN and KNLNEr starting powder were mixed with
SiO, in composition of 75 : 25. Figure 2 showed the DTA profile curve of KNLN-SiO,
glass and KNLNEr-SiO,. The DTA technigue was used to determine the thermal
behavior of resulting glasses which benefit for estimate glass transition and

crystallization temperatures for glass-ceramics samples. The DTA measurements were



carried out in an air atmosphere at a heating rate of 5°C/min in the temperature range
of 30°C - 800°C. From figure 2, the intense exothermic peak of about 650°C of each
composition related to crystallization temperature (T,) of KNLN and KNLNEr crystals in
glass. While, the noticeable endothermic peaks, representing by slight changes in slope
of graphs as drawn by intersection point of two tangent lines are refer to the glass
transition temperature (T,) of each glass systems, respectively. The small shift of
exothermic peak in higher Er,O5; content may be resulted from the higher content of
Er,O; oxide entered in KNLN perovskite structure, confirmed the XRD results as

mention before.
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Figure 2 Thermal profile data of all glass samples by using DTA.

The stability of glass can be estimated by those thermal parameters. The estimation of
the glass stability can be done by using Hruby’s criterion [10].

AT=T,-T, (1)
where T, is the onset point of crystallization temperature (T.) peak. This term was used
for determining the ability of glass in forming nanostructured glass-ceramics after
applied energy from heat treatment process. From figure 2, the lowest AT value
(AT=79) was found in 75KNLN-25SiO, with 0.005 mol% Er,0; dopant system. The
low AT value suggested that glass is easy to devitrify during melting-quenching
process. Then, all glasses were heat treated at 550°C and 650°C depending on the
observed thermal parameters from the DTA study in order to grow crystals inside the

glass matrices. The appearance of all glass and glass-ceramics compositions are shown



in figure 3. It can be seen that the transparency of all glass system is decreased when
heat treatment at 550°C and 650°C. This corresponds to the volume of crystallization

during the heat treatment process.
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Figure 3 The appearance of glasses and glass-ceramics of 75KNLN-25SiO, doped and

without doped Er,05 at various heat treatment temperatures.

Dielectric property

The dielectric constants (€,) and dielectric loss (tan5) of heat treated glass-ceramics
were measured at different freaquency from 10kHz to 1MHz as shown in figure 4. From
this figure, heat treatment temperature showed a significant role in increasing the
dielectric constant. This results also confirmed by dielectric constant measurement as a
function of frequency at room temperature comparing between glass compositions and
heat treatment temperature in figure 5. The maximum dielectric constant of about 304
at 1 MHz with rather low dielectric loss than 0.01 was found in the glass-ceramics in
composition of 75KNLN-25Si0, and heat treatment at 650°C. Moreover, the addition of
0.005 mol%Er,05 decrease the dielectric constant because of the entering of Er** ions
into the KNLN perovskite structure distorted the orthorhombic phase to tetragonal
phase. However, the increase amount of Er,0O5 to 0.01 mol% can increase the dielectric

constant due to appropriet amount of Er,O; diffuse to KNLN site and brought to

completely change to tetragonal perovskite structure. The overall tanO of the KNN-SiO,



glass-ceramics is below 0.1 depending on each composition and heat treatment
temperature. This may be useful in the applications in capacitors and microwave

devices.
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Figure 4 Dielectric constant 3 glass-ceramic systems with various temperature,

annealed glass (450°C), heat treated at 550°C and heat treated at 650°C.
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Optical property

UV-Vis absorption spectra (Abs%) of the prepared glasses and glass-ceramics were
measured in the wavelength range of 200-1100 nm. This experiment was carried out on
well polished with highly transparent sample with 2mm thickness. The Absoption spectra
are shown in Figure 6. It can be seen that Abs% is increased with increasing heat
treatment temperatures. The effect of heat treatment temperature on the transparency of
glass originates from the type and size of crystals precipitated in the glass matrix. For
visible light, samples containing crystals larger than 200 nm cause light scattering and
hence the respective samples should be opaque. Transparent samples should contain
crystals lower than 200 nm and also a small crystal size distribution. From figure 6, all
of the absorption peaks are f-f transition of Er** ions reported by Carnall’s conversion as
152G (365 nm), ‘G (377 nm), Hop (406 nm), FetFap (450 nm), “Fr (488
nm), “Hyqz (521 nm), *Syy, (544 nm), *Fgp (651 nm), *19,(799 nm) and *I,, (978 nm)
[11,12]. Glass-ceramics display strong absorption edges below 350 nm. These
absorption edges around 300 nm are transparent in all visible regions except intrinsic
absorption lines due to Er’* ions dopant [13,14]. However, the absorption edge at
around 400 nm corresponded to nonlinear absorption via a two photon process which is

an important mechanism of down-converting energy process.. This indicates that the



laser active Er’* ions have entered into the (K,Na)NbO, crystalline phase. The optical
band gap was obtained by plotting (QhV)? versus hV (where O is the absorption
coefficient and hV is the photon energy) as shown in Figure 7, which is described by
equation 1.
QhV=(hV—Eg)"? (1)
Where O is the absorption coefficient, h is Planck's constant, V is the photon
frequency, and E, is the band gap energy. The optical band gap, E4 of the selected
transparent glass-ceramics was about 3.6 eV. It can also be noticed that the increase
amount of Er,0O; dopant from 0.005 to 0.01 mol% has shown insignificant effect on

modifying energy band gap of each glass series.
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ceramics heat treated at 550°C (b)
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IV. Conclusions

In this work, electrical and structural properties of ferroelectric glasses and glass-
ceramics from 75((Ky5Nag s5)0.994Li0.006)1xErxNbO3 — 25Si0, with x= 0, 0.005 and 0.01
system have been investigated. From the study, complex perovskite of KNLN phase
was successfully prepared by using mixed oxide method or calcination at 900°C for 5
hours. The transparent glass-ceramics was obtained by using incorporation method. It
was indicated that heat treatment temperature plays a significant role in controlling the
microstructure, crystallite sizes, and crystal quantity of the glass ceramics. The
maximum Er of about 304 at 1MHz with a dielectric loss below of 0.01 could be
obtained from the glass-ceramic sample of 75KNLN-25SiO, and heat treated at 650°C.
From optical study, the transparency value dropped with an increase in the heat
treatment temperature. It can be seen that the small amount of rare earth Er,O; oxide
play insignificant role in improving the energy state by increasing energy band gap in
glass-ceramics. However, it is necessary to further study in effect of Er,O; to KNN

structure and optical property of this glass-ceramics system.
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In this study, the electrical properties of Er,O; doped potassium sodium niobate (KNN) based
silicate (SiO,) glass has been investigated. This glass-ceramic system was successfully prepared
via the incorporation method. The selected compositions used in this experiment were 70-80 mol%
of KNN and 20-30 mol% of SiO,, doped with 0.5 mol% Er,O;. From the study, the resulted KNN
glass-ceramics greatly improved the dielectric constant at room temperature (¢, = 250 at 10 kHz)
above those found using a conventional glass-ceramic method, with a very low tané below 0.1.
It was found that temperature and frequency have significantly influenced on dielectric properties
of the KNN glass-ceramics. The study of polarization mechanism via dielectric measurement found
that this glass system had space-charge polarization and relaxation at low frequency. The results
also showed that the electrical properties of the material arised mainly due to the bulk effects. P—E
hysteresis loops of all glasses and glass-ceramic samples exhibited rugby ball-like loops which
confirmed the high leakage current.

Keywords: Ferroelectric, Glass-Ceramics, K, sNa, sNbO,.

1. INTRODUCTION

Ferroelectric glass-ceramics (FGCs) are polycrystalline
materials containing perovskite crystals inside a glass
matrix. FGC has superior properties as physical, electri-
cal and optical from their parent glass. Recently, many
researchers reported that FGCs exhibited high permittivity
and high breakdown strength, which were useful for high
energy density capacitors and memory devices.! Thus,
glass-ceramics promote the new era of materials which
combine the useful characteristic of glass and ceramic
together. This involves the ability of engineering the crys-
tal size and shape, giving rise to new hybrid materials with
desired nano-crystal size in a pore-free bulk matrix.

Ky sNa, sNbO; or KNN is a complex perovskite mate-
rial which exhibits ferroelectric properties. KNN is one of
the most promising alternative systems to the lead-based
systems. KNN also shows interesting values such as high
Curie temperature of 420 °C, piezoelectric constant (d53)
of 80 pC/N, coupling factor coefficient (k,) of 36-40%
and dielectric constant (g,) of 290 when it was prepared
by the ordinary sintering process. The crystal structure of

*Author to whom correspondence should be addressed.

J. Nanosci. Nanotechnol. 2017, Vol. 17, No. 5

1533-4880/2017/17/2979/007

KNN is dependent on temperature where an increase from
room temperature to 200 °C causes an orthorhombic to
tetragonal phase transformation, and when the tempera-
ture is higher than 420 °C, the tetragonal phase changes
to a cubic phase.>? Moreover, KNN is an environmen-
tal friendly material and also shows non-linear optical
properties.

The dielectric properties of KNN based-glasses and
glass-ceramics at high temperature have scarcely been
studied due to the large dielectric loss, and only a few high
temperature applications. However, the benefit of high
temperature dielectric investigation is the ability to distin-
guish a material’s space-charge and defect carrier contri-
butions which are resolved in impedance measurements.*
An ideal ferroelectric, such as KNN is a good electri-
cal insulator and the dielectric constant should follow the
Curie-Weiss law above the Curie temperature. The relax-
ation frequency may range from low frequency to high
frequency depending on the type of chemical and physical
constraints, which correspond to the behavior of the dipole
moment.*

In this work, KNN-SiO, glass-ceramics containing
KNN crystals with a small amount of 0.5 mol% Er,0,
were prepared using the incorporation method. In the

doi:10.1166/jnn.2017.14103 2979
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incorporation method, a simple mixed-oxide technique was
firstly employed to synthesize the KNN single-phase pow-
der before mixing with the glass forming oxide and dopant
of SiO, and Er,0;, respectively. The crystallization of
the KNN crystals in the SiO, glass was accomplished
by a heat treatment process which was also used to con-
trol the KNN crystal shape and size. Here, we report
the electrical properties such as dielectric constant and
loss, impedance and ferroelectric properties of the pre-
pared KNN glass-ceramics.

2. EXPERIMENTAL DETAILS

2.1. Sample Preparation

The glasses of 70KNN-30SiO,, 75KNN-25Si0, and
80KNN-20Si0, (mol%) doped with 0.5 mol% of Er,0,
were prepared using the incorporation method. KNN pow-
der was firstly prepared by conventional mixed-oxide
method according to our previous work.” For the incor-
poration method, the prepared KNN ceramic powder was
then mixed with SiO, in order to form transparent based
glass. The components were mixed in a platinum cru-
cible and subsequently melted at 1300 °C for 15 min
and then quenched between stainless steel plates which
were heated at around 400—450 °C during quenching. The
quenched glasses were immediately annealed at approxi-
mately 400—450 °C for 4 h to release their stresses.

2.2. Material Characterization

Thermal properties of as-received glasses were measured
to find their glass transition temperature (7,) and crys-
tallization temperature (7,) by using DTA (Differential
thermal analysis; Du Pont Instrument, USA). Then, the
annealed glass pieces were subjected to heat treatment
(HT) at temperatures, depending on the 7, and T, of each
glass composition, for 4 h. To analyze the electrical prop-
erties of glasses and glass-ceramics, various techniques
were employed. The dielectric constant (g,), dielectric
loss (tanéd) and impedance were measured in the range
of 10 kHz—1 MHz using a precision LCZ meter (E4980A
type, Agilent Technologies). To measure the ferroelectric
hysteresis curves, a Sawyer Tower circuit (Radiant Tech-
nologies, Inc.), powered by a high voltage power amplifier
(Trek, model 609B) was used from 1 kHz to 100 kHz with
applied voltages between 1 kV to 3 kV.

3. RESULTS AND DISCUSSION

3.1. Thermal Characterization

The DTA technique was used to determine the thermal
properties of the prepared glasses. DTA measurements of
the glass samples were carried out in an air atmosphere at a
heating rate of 5 °C/min in the temperature range of 30 °C—
1000 °C. From Figure 1, intense exothermic peaks can be
observed in a range of 600 °C-700 °C for each glass com-
position. These peaks correspond to crystallization (7).
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Figure 1. The thermal profiles of each glass studied by the DTA tech-
nique. (a) As-received glass without Er,O; dopants. (b) As-received glass
doped with 0.5 mol% Er,0;.

The noticeable endothermic peaks, represented by slight
changes in slope of the graphs observed as the intersection
point of two tangent lines in the range of 550 °C-600 °C,
refer to the glass transition temperature (7,). The T, of
these glasses gradually decreased with increasing KNN
content, which may result from the lower content of SiO,
glass forming oxide. Moreover, the addition of Er,0O; into
this KNN-SiO, glass system caused an increase in 7. The
80KNN-20Si0, glass system shows a second exothermic
peak at T, indicating that this glass can form with erbium
a secondary phase different from that formed at 7,. How-
ever, the 80KNN-20SiO, doped 0.5 mol% glass showed
no evidence of any secondary crystallization peak. These
Er,O; oxide may inhibite the growth of the secondary
phase. The stability of each glass was measured by using
the Hruby criteria® (Eq. (1)) in order to determine the abil-
ity of glass in forming nanostructured glass-ceramics after
applying energy from the heat treatment process.

AT =T, T, (1)

where 7, is the onset point of crystallization tempera-
ture (7,) peak.

From Figure 2, the highest AT value was found in
for the 70KNN-30SiO, glass system, and it is slightly

J. Nanosci. Nanotechnol. 17, 2979-2985, 2017
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Figure 2. The stability of Er,0;-doped and undoped-glasses from their
DTA curves.

decreased with increasing KNN content or reducing SiO,
content. The lower AT value implied that glass is easy
to devitrify during melting which is not suitable for con-
trolled crystallization in further glass-ceramic process. It
can be noticed that the Er,O; dopant slightly increased the
glass stability of the glasses with higher KNN content than
70 mol%. Here, in this work, the selected heat treatment
condition was 600 °C for 4 h in order to allow the complete
growth of crystal inside the glass matrix without residual
stress, which often occurs if the glass is heated to near
T.. This stress can cause lower strength of the heat-treated
glass-ceramic. Our resulting glass-ceramics were light yel-
low and the color changed to slight pink after doped with
Er,0;. The transparency of all glasses decreased after heat
treatment at 600 °C.

3.2. Composition Studies by XRD

The XRD patterns from Figure 3 show the amorphous-
like structure for every composition. From XRD results,
the crystalline phase was cleary observed in 80KNN-
20Si0, doped 0.5 Er,0O; glass-ceramic heat treated at
600 °C, which corresponds to K Na,;sNbO,; (KNN)

N Doped 0.5mol% Er,0,

¥ & %BOKNN-20Si0, HT600°C

80KNN-20SiO, AN400°C

—_ "

=1 ! e

s - " - 75KNN-25S10, HT600°C

@ 75KNN-25SI0, AN450°C
[
]

£ W 70KNN-308i0, HT600°C

PRI P

e b ]

70KNN-30Si0, AN450°C

A A

T
10 20 30 40 50 60 70 80
20 degree

Figure 3. XRD pattern waveform spectra of Er,O;-doped glasses
with comparison between annealed and heat treated glasses

(=K 35Nag ¢sNbO3).
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phase (JCPDS 77-0038). The lower AT value of the
80KNN-20SiO, glass series can be explained as this
glass system shows high tendency to devitrify during
the heat treatment process. From our XRD pattern in
Figure 3, the erbium cluster did not exist because no
diffraction peak of Er,O; at about 260 = 29.05 (JCPDs
no. 77-0464) was found, indicated that Er’** had been
incorporated well in the KNN-SiO, host lattice or the
amount of Er** dopant was lower than the limit of XRD
detection.

3.3. Dielectric Studies

The important characteristic of ferroelectric glass-ceramics
is the dielectric constant (&,). The dependence of &, with
temperature has been discussed in terms of the number
of electrical dipoles and their mobility in the glass net-
work. In this work, we measured the dielectric constant
over a wide range of frequency and temperature (1 kHz to
1 MHz, 30 °C to 500 °C, respectively). Figure 4 shows the
dielectric constant and dielectric loss at various frequen-
cies for all compositions, at room temperature (of about
35 °C). It was found that the dielectric constant of every
composition was between 150 and 300 and had a ten-
dency to increase with increasing KNN content. The over-
all dielectric losses (tand) of all conditions are in a low
range of about 0.01. The heat treatment at 600 °C caused
an overall increase of dielectric constant of the KNN-SiO,
glass-ceramics but oppositely decreased the dielectric con-
stant of the glass-ceramics for the Er,O, doped KNN-SiO,
system. This may be due to the occurrence of an unknown
secondary phase in the Er,0; doped KNN-SiO, glass-
ceramics, which was reported in our previous work.’ How-
ever, the high dielectric constant with low loss behavior of
this glass-ceramics system may be useful in the applica-
tions in capacitors and microwave devices. Figure 5 shows
that the trends of dielectric constant versus temperature of
the glasses and glass-ceramics heat treated at 600 °C for
KNN-SiO, both with and without Er,O; dopants are simi-
lar, except for the undoped 80KNN-20SiO, glass-ceramic
sample heat treated at 600 °C, as the abrupt increase in
dielectric constant occurred at lower temperature than for
the others. As reported in our previous work’ this sam-
ple contained a high amount of unknown secondary phase
compared to other lower KNN content glass-ceramics.

As can be seen from Figure 5, the dielectric constant
increased rapidly with increasing temperature especially
at low frequency due to the generation of space charge
polarization or ionic conduction, which is normally found
in oxide glass. Therefore, in this study we have tried
to observe the dielectric constant behavior at high fre-
quency of the KNN-SiO, without Er,O; dopants heated
at 500 °C instead of 600 °C to avoid the possible pre-
cipitation of unwanted phase as shown in Figure 6. The
trends are similar to the glass and glass-ceramics mea-
sured at 1 kHz, in which the high temperature stimu-
lated the contributions from space charge polarization,
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Figure 4. The room temperature dielectric constant (a) and dielectric loss (b) at various frequency of glasses with different percent of KNN. (black
line = KNN-SiO,, blue line = KNN-SiO, heat treatment at 600 °C, red line = KNN-SiO,-Er,0; and purple line = KNN-SiO,—Er,0; heat treatment at
600 °C).
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which come from the mobility of ions and imperfections
in the material as mentioned before. In addition, small
peaks were observed around 420 °C in 70KNN-30SiO,
and 75KNN-25Si0, which may be related to the Curie
temperature of KNN phase at 420 °C.2* This temperature
simply corresponds to the transformation of ferroelectric
tetragonal/orthorhombic phase to paraelectric cubic phase.
However, this dielectric anomaly was not found in the

J. Nanosci. Nanotechnol. 17, 2979-2985, 2017

80KNN-20Si0, glass-ceramic. This may be partly due to
the occurrence of unknown secondary phase in this sam-
ple. However, this glass system offers the low loss and
highly transparency glass-ceramics suggesting the oppor-
tunity for use in practical electronic applications.

3.4. Impedance Studies

The Maxwell-Wagner effect has been used to determine
the contribution of ion movement by using the impedance
complex plane plots (Z* plots) at various temperatures.
The study of the real part impedance (Z') plotted against
the imaginary part (Z”) at 200 °C and 300 °C are shown
in Figure 7 in order to understand the dielectric relaxation
phenomena in the prepared glasses and glass-ceramics.

Figure 7 shows the Cole—cole plots of KNN-SiO, doped
and undoped Er,0; glasses heat treated at 600 °C in the
frequency range of 100 Hz to 1 MHz. At 200 °C, there
is a linear response in Z”. This trend indicates the insu-
lation behavior of the samples.® The increase in the tem-
perature up to 300 °C changed the linear dependence to a
semicircle, showing conducting behavior in all glass and
glass-ceramic samples. This indicates that the electrical
properties of the materials are mainly due to bulk effects.
The observed semi-arc centers of all KNN-SiO, glasses
and glass-ceramics at 300 °C are under the Z’ axis due to
the distribution of relaxation times. This behavior is asso-
ciated with the dielectric responses of the glass matrix, the
ferroelectric phase and other dipoles arising from the free
electron units.

Figure 8 shows the imaginary (Z”) parts of impedance
as a function of frequency at various temperatures.
It reveals that Z” firstly increased with the increase in
both frequency as well as temperature and reached a max-
imum (Z” ) and then started to decrease at higher fre-

max

quencies. The appearance of peak in Z” versus frequency
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Figure 7. The Cole—cole plot (Z” vs. Z') at 300 °C, compared between
(a) based glass and (b) 0.5 mol% Er,0, doped glass.
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at different temperatures suggests the presence of dielec-
tric relaxation process in the material. It can also be seen
that the Z” peak of the plots are shifted toward higher fre-
quencies with increasing temperature, indicating the pres-
ence of temperature dependent relaxation process in the
system. The broadening of the peak increases with the
increase in temperature, which suggests a spread of relax-
ation time. This may be due to the presence of defects at
higher temperatures.

3.5. Ferroelectric Studies

Figure 9 shows the P—E hysteresis loops under an electric
field of 1 kV/cm for the KNN-SiO, doped and undoped
Er,0; glasses annealed at 400-450 °C. All samples exhib-
ited rugby ball-like loops, suggesting that these sam-
ples had large leakage currents. Moreover, undoped glass-
ceramics and 0.5 mol% Er,0; glass-ceramics also showed
small pinched P—E hysteresis loops, which indicated the
coexistence of antiferroelectric and ferroelectric phases
of glass matrix and KNN phase, respectively. The inset
of Figure 9 plots the dependence of KNN content on
the ferroelectric remanent polarization (Pr) and shows the
increasing trends of P, with increasing KNN contents upto
80 mol% in both Er,0, doped and undoped glasses. How-
ever, the addition of Er,O; in the annealed KNN-SiO,
glasses increased the remanent polarization which may be
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due to defects generated from oxygen vacancies in the
glass structure.

In Figure 10, the ferroelectric hysteresis loops of the
doped 0.5 mol% Er,0; KNN-SiO, glasses and their cor-
responding glass-ceramics heat treated at 600 °C at 40 Hz
are illustrated. The inset of Figure 9. plots the depen-
dence of KNN content on the ferroelectric remanent
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Figure 9. P-E hysteresis loops under an electric field at of 1 kV/cm

(10 Hz), compared between KNN-SiO, and KNN-SiO,-Er,O, glass
conditions.
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Figure 10. P-E hysteresis loops under an electric field of 1 kV/cm
(40 Hz) of the KNN-SiO,-Er,0O; glasses compared with KNN-SiO,—
Er,0; heat treated at 600 °C glass-ceramics.

polarization (P,). It can be seen that the heat treatment
enhanced P, values of all samples, which may be due to
the growth of KNN crystals in the glass matrices. How-
ever, the rugby ball-like loops were still obtained, which
confirmed the high leakage currents in these glasses and
glass-ceramics.

4. CONCLUSION

Undoped and doped Er,O; glasses and glass-ceramics
from the KNN-SiO, system prepared by the incorporation
method have been investigated in terms of their dielectric
and ferroelectric properties. It was found that Er,O; of
about 0.5 mol% dopant was well incorporated in the KNN-
SiO, glass matrix and increased the stability of the glass.
From the dielectric study, the &, at room temperature of all
samples showed higher values than those found in another
types of glass-ceramics with tand below 0.1.%° The
study of polarization mechanism via dielectric measure-
ment found that this glass system had space-charge polar-
ization and relaxation at low frequencies (1 Hz—10 kHz).

J. Nanosci. Nanotechnol. 17, 2979-2985, 2017

The Cole—cole plots showed linear response of Z” in the
temperature range of 30 °C-200 °C. This trend indicated
the good insulation behavior of the samples. With increase
of the temperature to 300 °C, the linear response gradually
changed to a semicircle which confirmed the conducting
behavior in the samples at higher temperature. This indi-
cated that the electrical properties of the material arose
mainly due to bulk effects. P—E hysteresis loops of all
glass and glass-ceramic samples exhibited rugby ball-like
loops, which confirmed the high leakage currents. How-
ever, this glass system still offers low loss and highly
transparent bulk glasses and glass-ceramics, suggesting
opportunity of using then in electronic applications in
future.
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Abstract. In this work, electrical and structural properties of ferroelectric glasses and glass-
ceramics from Ky sNagsNbO3-SiO; doped with 0.5-1.0 mol%Er,O3 system have been investigated.
The influent of Er,O3; dopant was also compared with the original glass. The K¢ sNaysNbO3; (KNN)
powder was mixed with SiO; in composition of 75SKNN-25Si0; and doped with Er,O;. Well-mixed
powder was subsequently melted at 1300°C for 15 min in a platinum crucible using an electric
furnace. The quenched glasses were then subjected to heat treatment at various temperatures for 4 h.
From the study, KNN single phase in transparent glass was successfully prepared via incorporation
method. The maximum &, of about 360 at 10 kHz with a low tand of 0.07 could be obtained from
the glass-ceramic sample of 75KNN-25Si0; doped 0.5 mol% Er,Os3 and heat treated at 600°C. It
can be seen that the higher percent of Er,O3 can lower the dielectric loss of KNN glass-ceramics.
This interesting value suggesting the opportunity of using them in electronic applications in the
future.

Introduction

Recently, perovskite materials with ABOj3 structure are subjected to intensively study due to their
marvelous properties. The interesting properties are piezoelectric, pyroelectric and ferroelectric
which used in widely applications such as transducer, actuator etc [1].

The ABOs-type perovskite is another type of crystal structure which combined many important
properties such as magnetic, electronic and transport property [2]. This perovskite structure shows
anisotropic property due to the build-in electronic dipoles in their crystal structure that lead to
magnificent non-linear optical properties such as the electro-optic effect, harmonic generation and
photo-refraction. K¢ sNaysNbO; (KNN) is one of a ferroelectric material which show high Curie
temperature (T.) of 420°C, piezoelectric constant (ds3) of 80 pC/N, coupling factor coefficient (k)
of 36-40% and dielectric constant (&) of 290. The temperature play a significant role to KNN crystal
structure when increase from room temperature to 200'C causes an orthorhombic to tetragonal
phase transformation, and when the temperature is higher than 420 C, the tetragonal phase changes
to a cubic phase. Furthermore, KNN is also friendly to environment [3-4]. many research works
have been focused on phosphors of rare-earth (RE) ions doped perovskite structure. Rare-earth ions
are used to dope perovskite-type oxide as a probe to investigate local centers and energy promoting
change in optical behavior, or improve the capacitance response of these materials making possible
use as high frequency ultrasonic transducer [8]. The lanthanide as Er,O; is also one of most suitable
active ions for several hosts. Thus, it is possible to increase the electrical property of glass-ceramics.

In this work, transparent glass-cermics 75KNN-25Si0, doped 0.5 and 1.0 mol%Er,O3; were
sucessfully fabricated by incorporation technique. This technique was employ to prepare glass with
a small crystal of desired phase embeded inside glass matrix. The experimental start with the
calcination of oxide precursor and then mixing with glass former and rare-earth dopant as SiO, and
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Er O3, respectively The crystallization of the KNN crystals in the glass was accomplished by heat
treatment processes which were also used to control the KNN crystal shape and size. Here, we
report the thermal, electrical and micro-structural properties of the prepared KNN glass-ceramics.

Experimental

Sample preparation: The glass of 75KNN-25S10, (mol%) doped with 0.5-1.0mol% of Er,Os
was prepared using incorporation method. KNN powder was firstly prepared by conventional mixed
oxide method according to our previous work [5,6]. For incorporation method, the prepared KNN
ceramic powder was then mixed with SiO, to form transparent based glass. The components were
mixed in a platinum crucible and subsequently melted at 1300°C for 15 min and then quenched
between stainless steel plates. The quenched glass was immediately annealed at 300°C (in Er,O;
doped glass) and 450 °C (no dopant) for 2 hours to release their stress. Thermal properties of as-
received glass were measured to find the glass transition temperature (T,) and crystallization
temperature (T.) by using DTA [Differential thermal analysis; Du Pont Instrument, USA]. Then,
annealed glass was subjected to heat treatment (HT) at temperatures ranging between 500 to 600°C,
depending upon the T, and T, of each glass, for 4 hours.

Material characterization:To analyze the glass and glass-ceramic properties, various techniques
were employed. FE-SEM techniques [scanning electron microscope; JSM 6335F type, JEOL, JP]
was used to investigate the composition and microstructure of the glass and glass-ceramic samples.
The room temperature dielectric constant (g;) and dielectric loss (tand) of the glass-ceramics were
measured in range of 10 kHz to 1 MHz using a precision LCZ meter [E4980A type, Agilent
Technologies, Malaysia]. The density was measured by Archimedes method.

Results and Discussion

The DTA profile curve of KNN-SiO, glass and glass doped with Er,O3 are shown in figure 1.
The DTA technique were used to understand the thermal behavior of resulting glasses which benefit
for predicting the suitable temperatures for glass-ceramics samples. These DTA measurements were
carried out in an air atmosphere at a heating rate of 5°C/min in the temperature range of 30°C -
800°C.

2 | nodopant 75KNN-25Si0,
w AT=633-552=81 .
melted 1300°C/15min
doned 0 5motier 3~ T9554 1T 633
oped 0.5mol%Er 0, ™ ¢
AT = 626 - 563 = 63 T, 623\
doped 1.0mol%Er, O,
AT =628 - 660 = 68
o Ty
§=] TQ 560 T 628
: X
7]
] ' ] 1

T v T v T T
300 400 500 600 700 800
Temperature (°C)

Figure 1 Thermal profile data of all glass samples by using DTA.
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The intense exothermic peak of about 600°C of each composition related to crystallization
temperature (T.) of KNN crystal in glass. While, the noticeable endothermic peaks, representing by
slight changes in slope of graphs as drawn by intersection point of two tangent lines at around
554°C, 563°C and 560°C, refer to the glass transition temperature (Ty) of no-dopant, 0.5mol%
Er,03 and 1.0mol% Er,Os3 doped glasses, respectively. The 1.0 mol% doped 75KNN-25Si10, glass
system has higher T, than those found in 0 mol% and 0.5 mol% Er,O3; doped 75KNN-25Si0, glass
system. This slightly change in T, of this glass system are the result from the entering of Er,O; in
KNN structure, which confirmed by our previous work [6]. The Er*" ions incorporated to KNN
structure lead to the distortion of crystal structure and bring about the change in glass transition
temperature. This result also similarly to our previous work.

The estimation of the glass stability can be done by using Hruby’s criterion [7].

AT=T-T, (1)

where Ty is the onset point of crystallization temperature (T.) peak. This term was used for
determining the ability of glass in forming nanostructured glass-ceramics after applied energy from
heat treatment process. From figure 1, the highest AT value was found in 75KNN-25S10, without
ErO; glass system. The lower AT value suggested that glass is easy to devitrify during melting-
quenching process.

The heat treatment processes was employed at various temperatures depending on the observed
thermal parameters from the DTA study in order to grow crystals inside the glass matrices. The
appearances of the resulting glass-ceramics are shown in figure 2. It can be seen that glass-ceramics
were all pink in color and the transparency of all glasses decreased with increasing heat treatment
temperature. The density of all glass and glass-ceramic compositions are showed in figure 3. The
density of the Imol% Er,O3 doped glass-ceramics is slightly higher that found in the 0 and 0.5mol%
Er,O; doped glass-ceramics. It can be noticed that the density of the glass-ceramics increases with
increasing heat treatment temperature. This may correspond to the decrease in molar volume of the
glass-ceramic sample during crystallization.
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Figure 2 The appearance of glasses and glass-ceramics of 7SKNN-25S10, at various heat treatment
temperatures. (a) doped 0.5mol% Er,0s3, (b) doped 1.0mol% Er,04
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Figure 3 Glass and glass-ceramics density.

SEM micrographs of the glass ceramics are shown in figure 4. These micrographs show a bulk
crystallization of the KNN phase with a different shapes observed for the glass matrices of all heat-
treated samples. At 550°C heat treated sample, the small spherical shape crystal of KNN solid
solution was observed in 0%Er,Os;. However, in 0.5 and 1.0mol% Er,O3; dopant samples found
rectangular shape crystal different from 0%Er,0O3 around 550°C. When increasing temperature to
650°C, the crystals of all systems are gradually changed to irregular shape. It can be seen that the
glass-ceramics have crystallite size lower than 1 mm but larger than 200 nm, giving rise to the lower
transparency in bulk glass-ceramics. To examine the element compound, EDS technique was used
(figure 5). From EDS studied at bulk crystal, the embedded crystals in the glass matrix are identified
as KNN solid solution. This confirm the exit of KNN crystal structure with small Erbium ions

inside.

Heat Treatment at 550°C

Heat Treatment at 650°C

0% Er,0,

0% Er,0,

0.5% Er,0, / 1.0% Er,0;

B 00

| X30.000 10Gmm_

Figure 4 SEM micrograph of 7SKNN-25S10, doped Er,03 glass-ceramics heat treated

at 550°C and 650°C.
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Figure 5 EDS analysis of 7SKNN-25Si0, doped Er,O; glass-ceramics heat treated
° °
at 550°C and 650°C.

The dielectric constants (&;) and dielectric loss (tand) of heat treated glass-ceramics were
measured at different freaquency from 10kHz to IMHz and shown in figure 6. The maximum
dielectric constant of about 360 at 10 kHz with rather low loss about 0.06 was found in the glass-
ceramics from the glass-ceramics in composition of 75KNN-25Si0, doped 0.5Er,Os; and heat
treatment at 600°C. R.S. Chaliha et al. [8] reported that glass-ceramics potassium niobate (KNbO3)
doped with Er’” ions showed the average dielectric constant (€,) at about 17 which was higher than
sodium silicate glasses (€, = 7 - 10) and borosilicate glasses (£, = 4.5 - 8). This might become from
the ionic size of Nb”" are too high. The Chaliha’s report also showed that heat treatment time was
significant to dielectric constant due to the possibility to increase crystal size of KNbOs. Thus, in
this work, it can be seen that glass-ceramics KNN crystal doped Er'" can raise the dielectric
constant to nearly 90 in the as-quench glasses and can increased 350 in glass-ceramics with high
heat treatment temperature. Moreover, the overall tand of the KNN—SiO, glass-ceramics is below
0.1 depending on each composition and heat treatment temperature. This may be useful in the
applications in electro-optic, capacitors and microwave devices.

400 0.15
A. T5KNN- 253]02- u'SErZOa B. TSKNN-ZSSiOz- 1'0Er203
350 - O || —o—10kHz
—O— 100 kHz
A -0.10
-E 300 - 7A7 500 kHz
g _ 7—1 Mhz 2
5 250 S
o | L =)
o 200 . 0.05 -:.-
. - .
5 g-. HZ“ o _ §
o 1 e o
£ oof YR |
2 150 : o
a8 A L 0.00
] EA@J
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Figure 6 Dielectric constant of of 7SKNN-25S10, doped Er,O3 glass-ceramics.
(A.) 0.5mol% doped Er,O; and (B.) 1.0mol% doped Er,0s.
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Conclusions

In this work, electrical and structural properties of ferroelectric glasses and glass-ceramics from
Ko.sNag sNbO3-Si0; doped with 0.5-1.0 mol%Er,03 system have been investigated. The influent of
Er,O; dopant was also compared with the original glass. From the study, KNN single phase in
transparent glass was successfully prepared via incorporation method. It was indicated that heat
treatment temperature plays a significant role in controlling the microstructure, crystallite sizes, and
crystal quantity of the glass ceramics. The addition of Er,O3 can increase the dielectric constant of
KNN glass-ceramic, which higher than those found in previous work. The maximum €, of about
360 at 10 kHz with a low tand of 0.07 could be obtained from the glass-ceramic sample of 7SKNN-
25510, doped 0.5 mol% Er,O; and heat treated at 600°C. From this work, the higher percent of
Er,03 of about 1.0Er,O3 can lower the dielectric loss of KNN glass-ceramics. This interesting value
suggesting the opportunity of using them in electronic applications in the future. However, it is
necessary to further study in effect of Er,O3; to KNN structure and optical property of this glass-
ceramics system.
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Glass-ceramic phosphors from CaO-MgO-SiO,—Al,0,—Zn0O co-doped with 0.5Eu3*:0.1Sm3*
(mole%) were prepared by conventional melt-quenching method. Non-isothermal crystallization
kinetics were performed by differential thermal analysis at various heating rates of 5, 10, 15 and
20 °C/min. The parent glasses were investigated by X-ray diffraction technique. From the heat-
ing rate dependence of crystallization temperature, the activation energy (E,) of crystallization and
Avrami parameter (n) were calculated by Kissinger equation and Ozawa equation, respectively. The
results indicated that continuous nucleation and three-dimensional crystal growth were the dominat-
ing mechanisms in the crystallization process that was confirmed by scanning electronic microscopy
and transmission electron microscopy. The luminescence properties were also determined by fluo-
rescence spectroscopy in rang of 550—-750 nm under 402 nm excitation. The results of XRD studies
revealed the occurrence of diopside (CagygMg,,Si,Og) phases and no other phase is observed.
The emission spectra exhibited a strong red luminescence composed of 576, 599, 613 and 702 nm

when excited at 402 nm.

Keywords: Crystallization Kinetics, Glass-Ceramic, Luminescence.

1. INTRODUCTION

In the past, luminescent materials were one of the impor-
tant keys of technological development. Nowadays, many
electronic lighting devices used in daily life are light emit-
ting diodes (LED), which frequently contain one or more
phosphor materials.! The properties of these phosphors
materials results from the luminescence properties of the
rare earth ions doped within the selected host materials.
Examples of host materials that have been used in indus-
try are SiO,, GeO,, B,0O; and P,0Os, which are known
as good glass network formers. These glass formers can
generate three-dimensional random networks and form a
glass structure by themselves.? Previously, single crystal
materials with a wide variety of crystal structures were
intensively studied and used in LED applications.

These phosphors showed excellent characteristics in
both optical and mechanical properties. However, the

*Author to whom correspondence should be addressed.
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single crystal growth method is rather complicated and
costly. Therefore, other alternative materials such as glass-
ceramic have become the best choice for the development
of new generation LEDs.

Silicate glass-ceramics doped with rare earth ions
and embedded with diopside (CaMgSi,O) crystals have
attracted great interest due to their special structure
features, excellent physical and chemical stability, high
transparency, low melting temperature, excellent thermal
stability and good rare earth ion solubility.® Moreover,
they can be produced at a low cost* and have been uti-
lized in many applications for optical devices,>® due to the
luminescence properties such as the long afterglow phe-
nomenon of glasses.

Guo et al.” reported that the diopside glass-ceramic
prepared by conventional method always presented two-
dimensional crystal growth. Yang et al.® found that
surface crystallization and irregular distribution of crys-
tals growth occurred in their glass-ceramics. In addition,

doi:10.1166/jnn.2018.15634 6195
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Zhang et al.’ studied crystallization kinetics of diopside
crystals from the CaO-MgO-SiO,—Al,0;—Fe,0;-Na,O-
CaF,-SOq glass system with different heating rates of 10,
20, 30 and 40 °C/min. The Avrami parameter (n) and
the activation energy (E,) were calculated as 4.39 and
152.79 kJ/mol, respectively. These parameter values indi-
cated continuous nucleation and three-dimensional crystal
growth. Transparency of such a glass-ceramic having sur-
face crystallization tends to drop, giving rise to a decrease
in optical properties, while bulk crystallization enhances
the optical properties of glass-ceramic materials.'°

Therefore, the bulk crystallization of suitable size and
homogeneously distributed diopside crystals in the glass-
matrix is required. It is essential to obtain control of pro-
cessing parameters and understanding of the crystallization
mechanism of diopside crystals in glasses. This is benefi-
cial for morphology and microstructure of diopside glass-
ceramic designed for use as a host material of rare earth
ions. Measuring crystallization kinetics is a useful method
for understanding the nucleation and crystal growth in
materials especially glasses. The nucleation and growth
rates are important keys in the crystallization process and
evaluated in terms of the Kissinger modified by Matusita
and Ozawa equation which can be applied to calculate the
crystallizations activation energy (E,) and Avrami param-
eter (n). These two constants can be used to understand
the crystallization mechanisms in any glass system.'!

Hence, in this study, the glass-ceramic system of
20Ca0-15MgO-50Si0,~-10A1,0;—5Zn0O co-doped with
0.5Eu**/0.1Sm** was prepared using conventional meth-
ods and the crystallization kinetics of this glass system
were investigated. The crystallization kinetics were car-
ried out by differential thermal analysis (DTA) under
non-isothermal conditions. The activation energy of crys-
tallization process were determined by the modified
Kissinger’s equation. The phase formations in the glass-
ceramics were investigated by X-ray diffraction (XRD)
technique. The continuous nucleation and crystal growth
were confirmed by scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) of the glass.
The luminescence properties were determined by using a
fluorescence spectrometer (FL).

2. EXPERIMENTAL DETAILS

Samples of the parent glass of 20CaO-15MgO-10A1,0,—
50Si0,-5Zn0 co-doped with 0.5Eu,0,/0.1Sm,0; (mol%)
composition were prepared with weight of about 30 g.
The nominal composition of the parent glass was
20CaCO0O;, 15MgO, 10Al,05, 50Si0,, 5Zn0O, 0.5Eu,0;,
and 0.1Sm,0; (mol%). All starting materials were mixed
and melted in a platinum crucible using an electric furnace
at 1500 °C for 4 h. The melt was quenched by pouring
onto a stainless steel plate. Small pieces of the quenched
glass were ground into a fine powder.
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The study of crystallization kinetics was carried out by
differential thermal analysis (DTA) under non-isothermals
conduction with various heating rates of 5, 10, 15 and
20 °C/min. The furnace temperature was ramped from
room temperature to 1200 °C. To study the mechanism
of crystal growth in glasses, the obtained glasses were
subjected to heat treatment at various temperatures from
850-950 °C for 1 h. This rang was chosen from crystal-
lization temperature peaks. The heating rate and cooling
rate used were 5 °C/min (chosen from optimized DTA
result). To determine the phase formation of the prepared
glass-ceramic samples, X-ray diffraction analysis (XRD)
was performed.

The continuous nucleation and crystal growth were con-
firmed by scanning electron microscopy (SEM). Scan-
ning electron microscopy was employed for microstructure
observation on the thermally-etched surfaces of the glass-
ceramic samples. The TEM images of glass-ceramics pow-
der were acquired by transmission electron microscopy
(TEM: JEM2010). Emission spectra were measured in the
range of 550750 nm under 402 nm excitation by a Fluoro
Max-4 spectrofluorometer (HORIBA JOBIN YVON) with
a 450 W xenon lamp at room temperature.

3. RESULTS AND DISCUSSION

The DTA curves of the parent glass using different heat-
ing rates of 5, 10, 15 and 20 °C/min are illustrated in
Figure 1. The glass transition and crystallization peak
temperatures (7, and T,) were deduced from the DTA
curves as shown and listed in Table I.

=20 -C/min
——15 -C/min
——10 -C/min
— 5:C/min

Tg T

*P

Endo « AT - Exo

200 400 600 800 1000 1200

Temperature (°C)

Figure 1. DTA curves of the CaO-MgO-Al,0;-SiO,—-ZnO glass at dif-
ferent heating rates (a) of 5, 10, 15 and 20 °C/min.

Table I.  Glass transition temperature (7,) and crystallization peak tem-
perature (7)) of the parent glass at different heating rates.

Rate (°C/min) T, T, AT
5 847.8 937.8 26.9
10 859.6 958.1 29.9
15 862.5 967.2 33.1
20 864.1 979.2 39.0
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Figure 2. Crystallization fraction (X) as a function of temperature at
different heating rates for crystallization curve.

The glass transition temperature (7,) and crystalliza-
tion peak temperature (7,) were found in the ranges of
847.87-864.12 °C and 937.54-979.63 °C, respectively.
It can also be noticed that these 7, and 7 increased
with increasing heating rates. The difference temperature
between T, and T, (AT = T, —T,) can also describe the
glass stability. From Table I, the increase in glass stabil-
ity value can be related to the reduced tendency to form
crystallization.

The crystallization fraction (X(7)), was determined
from the 7| peaks. These peaks are strongly related to
the heat generated from the crystal growth process of the
diopside crystals in the glass-matrix. The crystallization
fraction can be determined by using the relationship as in
Eq. (1):!? ¢

13

X(T) =~ (1
where X(T) is a crystal fraction at any temperature,
S, is a partial area of the exothermic peak up to the
temperature (7) and S is a total area of the exothermic
peaks. Figure 2 shows X(7) against temperature for the
crystallization peaks of parent glass at heating rates of
5-20 °C/min. The S-type curve can be attributed to the
growing of the saturated nuclei until the final stage of
the complete crystallization of diopside crystals. These

-1

-24 Slope = -4.04

—3

In[-In(1-x)]

—44

_54

—6 T T T T T T T T
14 1.6 1.8 2.0 22 24 26 28 3.0 3.2
In o

Figure 3. Ozawa plot for determining the Avrami parameter (n).
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Figure 4. Modified Kissinger’s equation plot for determining (E,).

S-type curves shifted to higher temperature with increas-
ing heating rate. Moreover, it may be assumed that at slow
heating rate, nucleation increased in the sample, due to
the increase in energy storage time. At high heating rate,
the energy required for nucleation transfer was very fast.
Therefore, energy needed for nucleation was provided at
higher temperature. For non-isothermal measurements, a
constant heating rate is used until complete crystallization.
It is usually applied to learn the devitrification of differ-
ent glasses and the rapidity with which this thermonalyti-
cal technique can be performed. The value of the Avrami
parameter (n) was calculated by linear fit to the experi-
mental data based on Ozawa equation as shown in Eq. (2).

In[—In(1 —x)]=—nlna (2)

Figure 3 shows the plot of In[—In(1 — x)] against In «
where x is the volume fraction of crystals and a is
heating rate. The n value was calculated as 4.04 for
20Ca0-15Mg0O-10A1,0;-50Si0,—5Zn0O co-doped with
0.5Eu,05/0.1Sm, 05 glasses. This obtained n value of about
4 can be used to determine the crystallization mechanism in
the glass-ceramic. In this case bulk crystallization was the
dominating mechanism during the crystallization process.

+Diopside (CaMgSipOg) —heated 950 °C

aAkermanite (Ca MgSi 0 ) —heated 925°C
——heated 900 °C

LN —heated 875 °C
4 —heated 850 °C
*» .,

\‘L"*\
N~

10 20 30 40 50 60 70 80 90
26 (degree)

bR 4

Intensity (a.u.)

Figure 5. XRD patterns of glass-ceramic samples heat treated at 850,
875, 900, 925 and 950 °C for 1 h.
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These results also verified that continuous nucleation also
occurred during the crystallization process of the parent
glass, which can be confirmed by SEM results.

The activation energy E, value is associated with an
energy barrier when the glass matrix transforms into the
crystalline phase. It is easier for the glass to crystallize
if the energy is low."*'> The activation energy (E,) of
20Ca0-15MgO-10A1,05-50Si0,—5ZnO co-doped with
0.5Eu**/0.1Sm** glasses was calculated the by modified
Kissinger equation in Eq. (3):

In T—p2 = mE, + const
an RT ’

P

(©)

where 7 is the crystallization peak temperature for a
heating rate (a), E, is an activation energy, R is a
gas constant (8.314 J/mol - K), n is the Avrami parame-
ter and m is a crystallization mechanism. The activation
energy, (E,) was determined from a linear fit of ln(Tp2 /o)
against 1/7; plot as shown in Figure 4.

EMRSc CMU SEI 15.0kV X50.000 100nm WD 15.0mm

EMRSc CMU SEI

- > :
15.0kV X50.000 100nm WD 13.4mm

EMRSc CMU

The value of activation energy was obtained as
359 kJ/mol. These results were higher than the activation
energy of the crystallization process of CaO-MgO-SiO,—
Al,0;-Fe,0;Na,0-CaF,-SOy glass system (152 kJ/mol)
as reported by Zhang,'® which implies that the phase tran-
sition of diopside trace crystals in our glass trace system
was more difficult than for the previous glass system.

Figure 5 shows the XRD patterns of the glass-ceramic
samples obtained by different heat treatment temperatures
where the heating rate was fixed at 5 °C/min because
this at heating rate nucleation will increase in the sam-
ple, due to the increase in energy storage time.!” It can
be seen that the glass-ceramic samples heat treated at
850, 875 and 900 °C for 1 h consisted of only a broad
peak centered at around 26 ~ 28 degree confirming the
amorphous phase in these samples. The XRD patterns of
the glass-ceramics subjected to heat treatment at higher
temperatures from 925 °C to 950 °C for 1 h contained
well-pronounced diffraction peaks which were attributed

(b) 875

<ops 4

Figure 6. SEM images of glass-ceramic samples were heat treatment at (a) 850, (b) 875, (c) 900, (d) 925 and (e) 950 °C for 1 h.
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to the better crystallinity in these glass-ceramic. It can
be assumed that all of the glass-ceramics samples contain
the diopside (Cay¢Mg, ,S1,0,) phase (JCPDS file no. 76-
0238) and akermanite (Ca,MgSi,O,) phase (JCPDS file
no. 35-0592) was observed.

SEM micrographs of glass-ceramic samples are shown
in Figure 6. From the micrographs of samples heat treated
at 850 °C to 900 °C for 1 h, no crystallization par-
ticles were observed which corresponded to the XRD
result with heat treatment at higher temperatures, bulk
crystallization occurred above 925 °C as can be seen in
Figures 6(d)—(e). The clusters of diopside crystals were
clearly observed for high temperatures and the crystallite
size tended to increase with increasing heat treatment tem-
perature. The XRD and SEM results confirmed the three-
dimensional crystal growth of diopside crystals which
agrees well with the crystallization kinetics as previously
mentioned. Even though the diopside crystals seemed to
be the dominant phase in these glass-ceramics, transmis-
sion electron micrographs of the glass-ceramic heat treated
at 925 °C, as shown in Figure 7(a), revealed bulk crystals
of tetragonal Ca,MgSi,O, (Akermanite) with crystal size
of approximately 214 + 38 nm together with monoclinic
Ca,¢Mg, ,Si,04 (diopside) and in Figure 7(b) (950 °C)
with a slightly increase size of about 301 £ 99 nm.

The corresponding XRD patterns in Figure 5 showed no
trace of Ca,MgSi,O, phase which may be due to the very
small amount of this secondary phase which occurred in the
glass-matrix. However, the work by Tulyagonov'® reported
that some Ca,MgSi,0; phase could be co-precipitated with
diopside phase in the CaO-MgO-SiO, glass system with
B,0;, P,0Os, Na,O and CaF, additives.

The luminescence properties of glass-ceramic co-doped
with Eu**/Sm3* were investigated by excitation and emis-
sion spectra. The emission spectra of the glass-ceramic
system co-doped with Eu**/Sm** with different heat treat-
ment temperatures from 850-950 °C for 1 h under 402 nm
excitation are shown in Figure 8. The emission spec-
tra of Eu*" ions exhibited four emission transitions of
D, —'F, (576 nm), °D, —’F, (599 nm), °D, —F,
(613 nm), D, —’F, (702 nm), while Sm** ions emit-
ted *Gs;, —°H;, (563 nm), *G;;, —°H,,, (598 nm) and
*Gs;, —°Hy), (645 nm). These correspond to transition

\

V(4‘0 2)» 210)

Figure 7. TEM images of glass-ceramic samples heat treated at
(a) 925 °C and (b) 950 °C for 1 h.

J. Nanosci. Nanotechnol. 18, 6195-6200, 2018

—Heated 950 -C
—Heated 925 -C
~——Heated 900 -C
—Heated 875 -C

5 6
Sm: G5/2—> H7/2
Eu: 5Dy 7F;

l Eu: 5Dg-7F,

Q
S|4
= Q —Heated 850 -C
3 T
z |
g % Sm: 5G5/2—)6H9/2
£ y
=
—

Eu: 5D "F,

560 600 640 680 720
Wavelength (nm)

Figure 8. The emission spectra of 0.5Eu’*/0.1Sm*" co-doped glass-
ceramics samples heat treated at 850, 875, 900, 925 and 950 °C for 1 h
excited at 402 nm.

found in related works.!” The emission spectra at 599 nm
exhibited the mixing of Sm*" and Eu** electronic transi-
tions of *Gs,, —°H;, and D, —F,.

The emission spectra show similar line shapes for
all heat treatment temperatures. It can be noticed that
the highest emission intensity of samarium ‘G, —°H;
(599 nm) transition is similar to that of the europium
D, —’F, (613 nm) transition. Moreover, the presence
and raising of Eu** (activator) emission intensity in the
Sm** ion (sensitizer) co-doped glass-ceramic system could
imply the possible energy transfer from Sm** ion to Eu**
ion. Usually, Sm** emission intensity should decrease
while Eu** emission intensity increase if energy transfer
has occurred from sensitizer to activator in a co-doped
glass-ceramic system.?® In this work we found that Sm**
and Eu** emission intensity at 599 nm and 613 nm were
closely similar. This behavior of 599 nm emission intensity
may be caused by the mixed effect of magnetic dipole tran-
sition of *Gs,, —°H; , of Sm** and °D, —F, (599 nm) of
Eu®*. The increasing heat treatment temperatures caused a
huge crystallite volume fraction as confirmed by the XRD
result. Even though the crystallinity of the glass-ceramics
tended to increase with increasing heat treatment temper-
ature, the intensity of emission spectra did not follow the
same trend at 850, 875 and 950 °C which exhibited high
emission intensity while glass-ceramics heat treated at 900
and 925 °C exhibited low emission intensity. This may be
caused by crystallite size, crystallite distribution and the
fluctuation in transparency in the measured glass-ceramic
samples. Further studies should be carried out to clearly
understand this problem.

4. CONCLUSIONS

Glass-ceramics in the system of CaO-MgO-SiO,-Al,O;—
ZnO co-doped with europium and samarium were suc-
cessfully prepared via melt quenching methods. The DTA
result showed that the glass transition temperature (7,),
the crystalline temperature (7,) and AT shifted to higher
temperature with increasing heating rates, which increased
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glass stability and reduced tendency to form crystal-
lization. The avrami parameter of the parent glass was
determined as 4, indicating the bulk crystallization dur-
ing crystallization process. The activation energy was
calculated as 359.3 kJ/mol. The XRD result confirmed
that the diopside (Ca,sMg,,Si,0,) phase and akerman-
ite (Ca,MgSi,O0,) was observed. The SEM micrographs
exhibited the bulk crystallization of diopside crystals dis-
tributed in the glass matrices. The increase in heat treat-
ment temperature caused an increase in crystallite size.
The TEM images showed bulk crystals of tetragonal
(Ca,MgSi,0,: Akermanite) with the size of approximately
301 £99 nm together with monoclinic (Ca, Mg, ,Si,04:
diopside) with a slightly smaller size of about 213 +37 nm.
The luminescence spectra showed several emission peaks
were under excitation at 402 nm. The main emission peaks
were located at 599 nm for Sm** and 612 nm for Eu®t
transitions. The obtained glass-ceramic samples could be
classified as orange-red phosphors.
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ABSTRACT ARTICLE HISTORY
The transparent glasses of CaO-MgO-Al,05-Si0,-ZnO system doped Received 31 October 2017
with Sm,03 was prepared by conventional melt-quenching method. Accepted 22 June 2018

The obtained glasses were heat treated at a suitable temperature

(875°C-920°C for 2h) identified by differential thermal analysis KEYWORDS
K . . Glass-Ceramics;

(DTA). Phase formation and microstructure of glass-ceramics were Luminescence:

characterized by X-ray diffraction and scanning electron microscopy, Heat Treatment

respectively. The optical transmission spectra were recorded by UV-

Vis spectrophotometer in the wavelength range between 350 and

1000 nm. It was found that the increase in heat treatment tempera-

ture reduced the transparency of the glass-ceramics. The lumines-

cence properties were identified by fluorescence spectroscopy. The

excitation spectra of Sm,03 doped CaO-MgO-Al,03-Si0,-ZnO glass-

ceramic samples are in wavelength range of 550-750nm and the

emission spectra exhibited a strong orange-red luminescence com-

posed of 562, 599 and 654 nm under excited at 402 nm. The results

of XRD studies revealed the occurrence of diopside (CaMgSi,Og) and

akermanite (Ca,MgSi,O;) phases. The increasing of heat treatment

temperature has no effect on the shift of emission spectra.

1. Introduction

In the part decades, many researchers are interested in the luminescence glass doped
with rare earth ions. The glasses doped with rare earth ions exhibit fluorescence charac-
teristic, high conversion efficiency, stable physical and chemical properties, which are
assigned to the electron transition of “f, electron configuration [1]. The luminescence
glasses doped with rare earth ions are considered as good candidates for laser and
optical devices [2,3]. Among rare earth ions, samarium (III) ion doped glasses gained
great attention due to their technological application and optical properties [4]. It can
be used in high density optical storage, color displays, absorbed in UV-visible and it is
emitted by electron transition from in “Gs,, luminescence level exhibiting high quantum

CONTACT Kamonpan Pengpat @ kpengpat@gmail.com @ Department of Physics and Materials, Faculty of Science,
Chiang Mai University, Chiang Mai 50200, Thailand
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efficiency. Moreover, it can be used in the color convention and the tepid of white light
emitting diode.

Glass matrix materials are very important for improving optical devices doped with
rare earth ions. These require excellent respond in both optical and mechanical proper-
ties. The silicate material is of particular interest as it has potential application in lumi-
nescence materials matrix, due to its excellent uniformity, good thermal stability and
low-cost production [5].

Most common crystal phases for doping Sm>" are Ca,MgSi,0; and LiLa,0,BO; as
they exhibit good luminescence properties [6-8]. They are both suitable host materials
for red emitting phosphor. For LilLa,0,BO; oxyborate group (0,BO;77) can act as a
good Eu’" site without concentration quenching, while Sm*>" ions prefer to situate in
the six coordinated Ca®" site of Ca,MgSi,O crystals.

In this study, glass-ceramics based on CaO-MgO-SiO,-Al,0;-ZnO doped with
0.5Sm>" system were prepared by conventional melt-quenching method. Then, we
emphasized on the discussion of the effect of heat treatment temperature on phase for-
mation and luminescence properties. The obtained information will be useful for more
series works of an attempt to improve the glass-ceramic phosphor suggesting to new
optical devices.

2, Experiment

Glass with composition of 20Ca0-15MgO-50Si0,-10A1,0;3-5Zn0O doped with 0.5Sm>"
(mol %) were prepared by melt quenching method. All starting materials were mixed
and melted in alumina crucible in an electric furnace at 1500 °C for 4 h. The melt was
subsequently quenched by pouring into stainless steel plates and cooled to room tem-
perature. Some portions of the obtained glasses were grounded to fine powder and sub-
jected to differential thermal analysis (DTA) as to investigate thermal properties. The
obtained glass sample was then subjected to heat treatment with heating rate of 5°C/
min. The phase formation and microstructure of glass and glass-ceramics were identi-
fied by X-ray diffraction analysis (XRD-CuK,) and scanning electron microscopy
(SEM). The transmission spectra were recorded by UV-Vis spectrophotometer in the
wavelength range 350-1000 nm. The luminescence properties were investigated by fluoro
Max-4 Spectrofluorometer (HORIBA TOBIN YVON) with a 450 xenon lamp at room
temperature in rang of 550-750 nm.

3. Results and discussion

The DTA curve of parent glass using heating rate of 5°C/min is illustrated in Figure 1.
The glass transition temperature (T,) was observed at 845°C. In addition, the crystal-
lization temperature (T.) was observed at 925 °C. The exothermic peak is correspondent
to the precipitation of the main crystalline phases from glass matrix. Therefore, four
temperatures such as 875, 890, 905 and 920 °C were chosen for determining the crystal-
lization behavior of the glass-ceramic materials.

Figure 2 shows the XRD patterns of glass and glass-ceramic samples obtained by dif-
ferent heat treatment temperature. The as-quenched glass consists of only broad peak



INTEGRATED FERROELECTRICS @ 13

=]
(]
=

Endo «AT— Exo

- T T T T T T T ™
200 400 600 800 1000 1200
Temperature (°C)

Figure 1. DTA curve of the as-quenched of CaO-MgO-Al,05-Si0,-Zn0 glass doped with Sm,0s.
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Figure 2. XRD patterns of glass and glass-ceramic samples of as-quenched and heat treated at 875,
890, 905 and 920°C, respectively for 2 h.

centering at about 20 ~ 27 degree confirming amorphous phase in this glass system.
When the initial glass was heat treated at 875°C for 2h, a few diffraction peaks existed
on the curve, ascribing to the formation of some small crystalline particles in glass
matrix. The small particles can also be noticed in Figure 3a. The well-pronounced dif-
fraction peaks related to the better crystallinity in these glass-ceramic after heat treat-
ment at high temperature from 890°C to 920°C for 2h. It can be noticed that all of
the glass-ceramic samples compose of the diopside (CaMgSi,Og¢) phase, having a mono-
clinic structure c2/p space group (JCPDS file No. 17-0318) and akermanite
(Ca,MgSi,O7) phase with a tetragonal structure P-421m space group (JCPDS file No.
02.0824), respectively. No change in the shape and position of XRD patterns, with
increasing heat treatment temperature but the slight increases in intensity were
observed, meaning that the main crystal phase is slightly effected by heat treatment
temperature in calcium magnesium silicate glass-ceramics. At the same time, these
results of glasses heat treated at 920°C and 875°C are significant different in intensity.
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Figure 3. SEM micrographs of glass-ceramic heat treated at different temperatures at (a) 875°C, (b)
890°C, (c) 905°C, and (d) 920 ° for 2 h.

This may be caused by the increasing of crystallinity of glass samples with increasing
heat treatment temperature as confirmed by SEM results.

The SEM results of the prepared glass-ceramics with different heat treatment temper-
atures are shown in Figure 3. The microstructure of the samples heat treated at 875°C
in Figure 3a exhibited the nano crystallite size as about 100 nm which randomly distrib-
uted in the notice glass. The noticeable crystals exhibited both spherical and dendrite
shape, which can be identified as diopside (CaMgSi,O¢) and akermanite (Ca,MgSi,O;)
phase. When using higher heat treatment temperatures of 890 to 920 °C, it can be found
that the amount of both phase increased. On the other hand, we found that the glass-
ceramic sample heat treated at 905°C exhibited higher amount of dendrite shape crys-
tals that of spherical one. This may answer the higher intensity of the luminescence
spectra of the glass-ceramic heat treated at 905 °C than other glass-ceramics heat treated
at 890 to 920 °C as seen Figure 6.

The transmission spectra of Sm>" doped with calcium magnesium silicate glass and
glass-ceramics measured at room temperature in range of 350-1000nm are shown in
Figure 4. The as-quenched glass sample and samples heat treated at 875°C and 890°C
are transparent as seen Figure 5a-c, respectively. Absorption peaks of the glass and
glass-ceramics were observed at 373, 402 and 475nm. The peak at 402nm exhibited
high absorption band, corresponding to the exited state °Ps/,. These there absorption
peaks corresponds to transition of Sm>" ®Hs;,—°P;/, ®Hs;,— P and *“1;3,—*M,5,
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Figure 4. Percent transmittance of glass and glass-ceramic samples of as-quenched and heat treated
at 875, 890, 905 and 920°C, respectively for 2 h.
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Figure 5. Physical appearance of glass and glass-ceramic samples at different heat treatment temper-
atures at (a) as-quenched, (b) 875°C, (c) 890°C, (d) 905°C, and (e) 920°C.

» 4+ 11 In general, the rare earth ions are characterized by 4f electron transition which
is shielded by 5s* and 5p° electrons while all of the transitions in absorption band of
Sm’" start with the ground state ®Hs, to different exited state. The majority of transi-
tion spectra begin with selection rule A] <6. Thus, the absorption band at 402 nm may
be attributed to the surface defect in the glass-ceramic doped with Sm>* phosphors.
This may correspond to the oxygen to silicon (O-Si) ligand-to-metal charge transfer
(LMCT) in the Si32'group [9,10]. The overall transmittance of the glass-ceramics
decreased with increasing heat treatment temperature (905°C and 920°C). These may
be caused by the light scattering due to the occurrence of crystals in the glass-ceramic
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Figure 6. Emission spectra of glass and glass-ceramic samples at glass-ceramic samples of as-
quenched and heat treated at 875, 890, 905 and 920 °C, respectively under 402 nm excitation.

samples with size larger than 200nm and hence the corresponding samples should be
opaque as shown in Figure 5d and e.

The luminescence of calcium magnesium silicate glass-ceramics doped with 0.5Sm>"
prepared at different heat treatment temperatures are shown in Figure 6. The red-
orange emission spectra of the glass-ceramics are in the range of 500-750 nm under
402 nm excitation. There are three main emission peaks at 562, 599 and 645 nm. It may
be assumed that those emission peaks are caused by f-f forbidden transition of Sm>"
with 4f 4G5/2—>6Hj(j — 52, 7/2, 9/2) electron configuration of the *Gs/;—°Hs), (562 1nm),
*Gs/,—°Hy), (599 nm) and *Gs;,—Hy), (645 nm), respectively.

The highest emission intensity band was observed at 599 nm while that of 562 and
645nm bands are lower. These results agree well with another report [11]. In Figure 6,
it can be seen that the position of emission peaks are not affected by increasing heat
treatment temperatures, because the 4f electron orbit is in the inner layer making the f-
f transition. It is noticed that at 599 nm the emission intensity of all heat treated sam-
ples are nearly similar. While other emission spectra at 562 and 645nm have different
in intensity. It is observed that the varities of peak intensity. The glass-ceramic samples
of the as-quenched and heated at 875 and 890 °C exhibit hight emission intensity, while
glass-ceramic sample heat treated at 905 and 920°C exhibits low emission intensity.
This may be due to different in crystallite size, crystallite distribution and the fluctu-
ation in transparency of the measured glass-ceramic samples. This is the strong proof of
association between heat treatment temperatures and embedded crystalline phase as
confirmed by SEM results.

The existence of Sm*>" ions improve the glass structure of network former due to
their large ionic radius and high coordination numbers. After heat treatment, crystals
were precipitated in glass matrices, and then Sm>* should substitute in their lattice sites.
It is assumed that phonon energy can be decreased, giving rise to the higher lumines-
cent intensity. Comparing between the as-quenched sample and the heated sample at
875°C in Figure 6, small decrease of emission intensity in the heated sample was
observed even though this heated sample has diopside crystals for substitution of Sm>"
ions and the transmission spectra of these two samples are significantly similar as seen
in Figure 4. This may be due to the thermal quenching process which could be either
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of a phonon relaxation process or thermal ionization of the interaction between dopant
ion and vibration lattice of host materials [12,13]. However, with the increase of heat
treatment temperature from 890 to 920°C the decrease in transparency of the related
glass-ceramics is dominated, resulting in the decrease in their luminescent intensity.

4. Conclusions

The glass-ceramics from CaO-MgO-Al,05-Si0,-ZnO system doped with Sm’" ions
were successfully prepared by conventional melt-quenching method following by heat
treatment process. The XRD results show that the diopside (CaMgSi,O¢) and akerman-
ite (Ca,MgSi,O;) phase are two major crystalline phase. The transmittance spectra of
glass and glass-ceramics in range of 350-1000 nm are varied with heat treatment tem-
perature. The luminescence spectra of glass-ceramics contain three possible emission
peaks of 562, 599 and 654nm under 402nm excitation. The strongest emission peak
was found at 599 nm. The increase in heat treatment temperature has significant effect
on transparency of the glass-ceramic but has little effect on the color of emis-
sion spectra.
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Crystallization kinetics was widely used for studying nucleation and crystallization mechanism in the
materials. In this study, the crystallization kinetics via non-isothermal method of diopside glass-
ceramics prepared by incorporation and conventional techniques, have been investigated. The difference
between incorporation and conventional method is the use of a simple mixed-oxide technique for pro-
ducing diopside powder and the powder is then mixed with a glass batch while that of conventional
one uses only simple oxides as starting precursors. Therefore, in this work, the diopside powder
was calcined at 1200°C for 4h and subsequently mixed with SiO,, Al,Os; and ZnO in the
30CaMgSi;06:40Si0, + 20Al,05 + 10Zn0 (mol%). For, the conventional method, the simple oxide powders
of CaMgSi,Og (stoichiometric composition) were used instead of the calcined CaMgSi,Og powders, in sim-
ilar glass formula. From the heating rate dependence on crystallization temperature, the activation
energy (E,) of crystallization and Avrami parameter (n) were calculated by Kissinger and Ozawa equation,
respectively. It was found that these two methods show similar crystallization mechanism but the incor-
poration method tends to crystallize easier than that of conventional one.

Keywords:
Crystal growth
Microstructure
Thermal analysis

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Glass-ceramics are crystalline materials consisting of crystalline
phase and residual glass phase. Glass-ceramics have several advan-
tages such as chemical stability, low thermal expansion and repro-
ducible microstructure [1]. The properties of glass-ceramics are
mostly dependent on two important effects which are crystalline
phase and microstructure [2]. These two effects can be improved
by chemical composition [3], heat treatment and even the use of
nucleating agents. Therefore, to understand the nucleation mecha-
nism and crystal growth in materials especially glasses, considera-
tion crystallization kinetics are the best choice to start.
Crystallization kinetics parameters of a glass, consisting of the acti-
vation energy (E,), Avrami parameter (n) and the morphology
index (m) should be carefully studied in order to optimize the
properties of the glass-ceramics for the relevant best use in each
application.

The diopside based glass-ceramics are of interest due to their
excellent responses in both mechanical and optical properties

* Corresponding author at: Department of Physics and Materials Science, Faculty
of Science, Chiang Mai University, Chiang Mai 50200, Thailand.
E-mail address: kamonpan.p@cmu.ac.th (K. Pengpat).
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0167-577X/© 2019 Elsevier B.V. All rights reserved.

[4-6]. Many researchers have reported that the optical property
of the diopside quenched glass was worse than that of diopside
glass-ceramic as the order structure of the diopside crystal in the
glass matrices help to increase luminesce property of these glass-
ceramics [7-9]. The size of the diopside crystal is also important
to the transparency of the glass-ceramics. So it is important to
study crystallization mechanism and crystal growth of diopside
glass-ceramics to optimize the property of these materials.

Guo et al., [10] reported that crystallization and microstructure
of Ca0-Mg0-Al,05-Si0, glass-ceramics containing complex nucle-
ation agents by body crystallization process showed strip-like
shape; one-dimensional crystal growth and sheet shape; three-
dimensional crystal growth respectively, with irregular distribu-
tion of crystals growth occurred in their glass-ceramics. Tian
et al. [11], reported that the effect of reactant on crystallization
of diopside glass with C;,H,,0;; doping was prepared by conven-
tional method. The observed microstructure contained two-
dimensional dendritic crystal growth on surface with regular
arrangement.

In this study, the different methods between conventional and
incorporation have investigated for first time. The crystallization
kinetics parameters were defined by differential thermal analysis
(DTA) under non-isothermal conditions. The crystalline phase


http://crossmark.crossref.org/dialog/?doi=10.1016/j.matlet.2019.04.077&domain=pdf
https://doi.org/10.1016/j.matlet.2019.04.077
mailto:kamonpan.p@cmu.ac.th
https://doi.org/10.1016/j.matlet.2019.04.077
http://www.sciencedirect.com/science/journal/0167577X
http://www.elsevier.com/locate/mlblue

W. Senanon et al./ Materials Letters 249 (2019) 160-164 161

was identified by X-ray diffraction (XRD) and the continuous
nucleation and crystal growth were recognized by scanning elec-
tron microscopy (SEM).

2. Experiment

All commercial starting powders were used for the preparation
of the compositions in this study consisting of CaCO5 (Sigma-
Aldrich, 99% purity), MgO (Riedel-dehaen, 98-100.5% purity),
Al,05 (Fluka-Guarantee, 99% purity), SiO, (CERAC Incorporation,
99.5% purity) and ZnO (Fluka-Guarantee, 99% purity), respectively.
The diopside (CaMgSi,O¢) glass-ceramic from 25CaO +20MgO
+55Si0, system was prepared by incorporation method. This
method was started with the preparation of CaMgSi,Og powders.
All compositions were mixed for 24 h. Then, the powders were
dried for 24 h and calcined at 1200 °C for 4 h. The phase formation
was analyzed by XRD. Then, the prepared CaMgSi,Og powders
were mixed with glass-forming powders in a ratio of 30CaMgSi,Og:
40Si0, + 20Al,05 + 10Zn0O (mol%), while the conventional method
used all simple oxides with 20CaO + 15MgO + 50SiO, + 10Al,-
03 +5Zn0 (mol%) as seen in Table 1. Both techniques were mixed
and melted in a platinum crucible using an electric furnace at
1500 °C for 4 h. The study of crystallization kinetics was carried
out by DTA under non-isothermal conduction with various heating
rates of 5, 10, 15 and 20 °C/min. The DTA data were collected using
ground powder samples with the same particle size as about
77 um. To study the mechanism of crystal growth, the obtained
glasses were subjected to the heat treatment at 978 °C for 4 h, this
temperature was selected by DTA results as the suitable tempera-
ture for crystals growth in glass matrices of those two methods, at
various heating rates from 5 to 15 °C/min. To determine the phase
formation of the prepared glass-ceramic samples, XRD was
performed. The continuous nucleation and crystal growth were
confirmed by SEM analysis.

3. Results and discussion

The thermal parameters of the parent glass using different heat-
ing rates of 5, 10, 15 and 20 °C/min prepared by incorporation and
conventional methods are shown in Table 2. It is clearly seen that
the T, (crystallization peak temperature) increases with increasing
heating rate. The glass stability (AT=T,-Tg) of conventional
method significantly higher than that of incorporation method,
implying that the conventional method provide more stable glass
which has the reduced trend to form crystallization. Therefore
the glass produced by incorporation method may tend to crystal-
lize easier than that of the conventional method.

The crystallization fraction (x) as a function of temperature at
the different heating rates for the conventional and incorporation
methods are shown in Fig. 1(a) and (b), respectively. This result
shows the beginning of crystallization process of diopside crystals
starting from fraction of saturated nuclei until the final state of
complete crystallization. It can be seen that the s-type curves shift

Table 1
Chemical composition of glasses from different techniques.

Incorporation technique
30CaMgSi,06:
40Si0, + 20Al,05 + 10ZnO

Conventional technique 20Ca0O
+15Mg0
+50Si0, + 10Al,03 + 5Zn0

Oxide Powders Weight (%) Oxide Powders Weight (%)
CaMgSi,0¢ 55.27 Cao 18.21
Si0, 20.45 MgO 9.82
Al,03 17.36 SiO, 48.80
Zno 6.92 ALOs3 16.56
Total 100 ZnO 6.61

Total 100

Table 2
The T, T, and AT of parent glasses were prepared by incorporation and conventional
methods.

Method Rate (°C/min) T, Tp AT

Incorporation method 5 853 912 59
10 874 931 57
15 890 947 57
20 900 952 52

Conventional method 5 854 948 94
10 859 973 114
15 865 991 126
20 887 1002 115

to higher temperature with increasing heating rates. It can be
assumed that the low heating rate has certain amount of energy
and enough time to generate crystals which is in contrast to that
of high heating rate.

Fig. 1(c) shows a plot of In[—In(1 — x)] versus In o for all heating
rates prepared by conventional and incorporation methods. Where
x is the volume fraction of crystal and o is each heating rate. The
slopes exhibit the Avrami parameter (n) values of conventional
and incorporation methods which are closely similar as 3.16 and
3.04, respectively. Due to the domination about non-integer value
of Avrami parameter, the n values in this study can be inferred as 3,
(m = 2). It can be used to determine the crystallization mechanism
in the glass-ceramics which in this case the two-dimensional crys-
tal growth was dominated mechanism during the crystallization
process of the parent glasses [11] that can be confirmed by SEM
results.

The E, was determinate by the plot of In (Tﬁ/fx“) versus 100/T,

as shown in Fig. 1(d). A linear line exhibits the right of the Kissinger
method as seen in Eq. (1).

In (Tﬁ /oc”) = mE,/RT, 1)

where T, is crystallization peak temperature for a heating rate (o),
E, is activation energy, R is gas constant (8.314 J/mol.K), n is Avrami
parameter and m is crystallization mechanism. The E, for the for-
mation of conventional and incorporation methods are 293 and
241 Kk]/mol, respectively. It clearly seen that the E, of the incorpora-
tion method is lower than that of the glass-ceramics prepared by
conventional method. It may be assumed that crystallization in
the glass prepared by incorporation method is easier than that pre-
pared by conventional method. Moreover, the E, values of those two
methods are less than that found by Wu et al. (463.81 kJ/mol) [12].
Therefore, it may be implied that the crystallization of diopside
crystals on our glass system is easier than that prepared by other
conventional glass-ceramics methods [13].

Fig. 2 shows the XRD patterns of glass-ceramics prepared by
incorporation and conventional methods, heat treated at 978 °C
for 4 h with different heating rates of 5, 10, 15 and 20 °C/min.
These contained the monoclinic phase of diopside (CaMgSi,Og),
as a main phase and tetragonal phase of akermanite (Ca,MgSi,0-)
as a second phase. The second phase may have been occurred from
compositional fluctuation during firing. This result is similar to the
result reported by Jiang et al. [14]. This compositional fluctuation
may have been caused by the first approximation of
multi-component system such as a ternary glass formation of
Si0,-MgO-CaO system which has been revealed that both
CaMgSi>Og and Ca,MgSi,0; are thermodynamic equilibrium
phases. It can be clearly seen that the intensity of 26 = 27.60 degree
of incorporation method is more dominated than that found in
conventional method. It may be assumed that an incorporation
method offers the preferred orientation on (2 2 0) phase in the
resulting glass-ceramics. Furthermore, it was found that the
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Fig. 1. Evolution of crystallization fraction (x) of diopside glasses prepared by (a) conventional, (b) incorporation method, (c) the Avrami parameter and (d) the E; combined

with the exothermic with different heating rates.
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Fig. 2. XRD patterns of glass-ceramics prepared by incorporation and conventional methods, heat treated at 978 °C for 4 h with different heating rates.

increasing of heating rate was shown no effect on peak intensity
and phase change. The proportions of each phase can be calculated
by GSAS-II (Crystallography Data Analysis Software) with the
collection codes: 9000331 (CaMgSi,Os phase) and 4124694
(CayMgSi07 phase). The calculated values of the weight fraction
of CaMgSi,0g: Ca,MgSi,0 ratio, equals to 0.434:0.566 or about
(2:3) for conventional method, while that of incorporation method
is 0.978:0.022 or about (50:1). From this result, it may be assumed

that the glass-ceramic obtained by incorporation method contains
a lot higher amount of diopside crystals than that obtained by con-
ventional one.

The SEM micrographs (Fig. 3(a-f)) show the morphology of the
clearly revealed two-dimensional dendrite growth of crystals
spreading in the glass matrices, however, it is difficult to distin-
guish between diopside and akermanite phases. Further investiga-
tion such as TEM may be needed to solve this problem.
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Fig. 3. (a-f). SEM images of glass-ceramics prepared by conventional and incorporation method, heat treated at 978 °C for 4 h with different heating rates and TEM images of
(g) tetragonal structure and (h) monoclinic structure. (Conventional = Con., Incorporation = Incor. and Rate = R).

Nevertheless, the particle size of the crystals prepared by the incor-
poration method was found to be slightly smaller than that of con-
ventional one. Moreover, it can be seen that the crystal orientation
of the glass-ceramics prepared by incorporation method was more
orderly in it preferred direction.

The insets are TEM micrographs of the revealed TED (transmis-
sion electron diffraction) as shown in Fig. 3(g-h). These pictures
revealed the monoclinic phase of diopside (CaMgSi,Og) as seen in
Fig. 3(g) and tetragonal phase of akermanite (Ca,MgSi,0-) as seen
in Fig. 3(h). These results confirmed the co-existing phases in the
glass-ceramics. However, it is difficult to use this TEM result for
determining between the two phases in the related SEM micro-
graphs, as the shape and size of these two crystals are closely
similar.

4. Conclusion

In this study, the crystallization kinetics via non-isothermal
method of diopside glass-ceramics have been performed, in order
to compare between the incorporation and conventional fabrica-
tion techniques. The Avrami parameter of the parent glass was
determined as 3.16 and 3.04 for conventional and incorporation
methods, respectively. This is indicated that two-dimensional crys-
tallites morphology occurred during the crystallization process,
which is well corresponded to the dendritic-growth crystals

observed in the related SEM micrographs. The activation energy
of conventional method is slightly higher than that of incorpora-
tion method, referring to the easier process of crystallization for
that of the incorporation method. This incorporation method
may be utilized in the preparation of the diopside glass-ceramics
for improving their optical properties.
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