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Fabrication of BaTi,Os Glass—Ceramics with Unusual Dielectric
Properties during Crystallization
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A 2-mm-diameter glass sphere of ferroelectric B&Fiwas fabricated from melt using containerless
processing. The glass structure was analyzed by high-energy X-ray diffraction using an incident photon
energy of 113.5 keV, indicating that distorted-T0 polyhedra, with average coordination numhbef (o)
of approximately 5, presented in the glass. Above the glass transition temperature (972 K), three successive
phase transitions, from glass to a metastabjghase at 972 K, then to a metastaplphase at 1038 K,
and finally to a stable monoclinig phase above 1100 K, were observed. At the crystallization temperature
of the a. phase, the permittivity jumped instantaneously by more than 1 order of magnitude, reaching a
peak of 1.4x 10°. This interesting phenomenon, occurring near the crystallization temperature, has
important technical implications for obtaining an excellent dielectric gtassamic through controlled
crystallization of BaTiOs glass.

Introduction anomaly as a ferroelectric-like transition in the amorphous
state, based on the assumption that the reorientation of the
distorted soft units could cause considerable polarization.
However, the Maxwelt Wagner effect caused by structural

Recently, much effort has been devoted to forming bulk
glass from the melt of ferroelectric crystalline materials

grﬂ%'ozgjzs%su%r’:l Z?gggg;t;dilp ?h:ngotr:r}]tt\il\zl;l)r; ] inhomogeneities, which appeared just before crystallization
due to the formation of small clusters of a new crystal phase,

producing transparent glasseramics with high dielectric would also contribute considerably to the anomalous permit-
constants and enhanced piezoelectric, pyroelectric, andtivity y P

electro-optic effect.® However, this requires a cooling rate ) )
higher than that of glass formed by conventional techniques. Because the containerless processing prevented melt
Therefore, only amorphous thin films have been formed contamination, minimized heterogeneous nucleation, and
using rapid quenching with a cooling ratel0f K/s4~7 Thin allowed the melt to achieve deep undercooling for glass
films are generally very brittle and heterogeneous in micro- forming, we were able to successfully fabricate a bulk
structure and, thus, are of limited practical use. The férroelectric barium titanate oxide glass, B, with a

. . . . . i iti — ,10
amorphous thin film of the ferroelectric material LiNpO ~ ferroelectric phase transition & = 703 K>10from melt. A
prepared by Glass et 4kxhibited a pronounced dielectric 2-mm-diameter glass sphere was formed using containerless

anomaly with a permittivity peak of > 10 close to the processing. To our knowledge, this was the first time that a
crystallization temperature. Lines’ theory explained this bulk glass of ferroelectric material was fabricated from melt

without adding any network-forming oxide. We anticipate
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of Lines’ model and the MaxwettWagner effect. A good 3
fit of the anomalous dielectric data at crystallization with

Lines’ model was obtained, suggesting that reorientation of S
the distorted T+O polyhedra in a glassy matrix between a &
random and an ordered state may vyield ferroelectric-like

behavior at the crystallization temperature. However, imped-

ance measurement data reveal that two phases with signifi- -1g 50 100 150 200 250
cantly different conductivities coexist at crystallization, Q (nm!)
indicating that the giant permittivity during crystallization 1000 Ti0 %?‘é’
could also be explained by structural inhomogeneity. 800} L

An academic interest of the present study resides in the T 600F
fact that a single monoclinic Baf®s phase could not be ~ 400} + Crysal /
prepared by conventional solid-state reaction but could only 200 [ (b)

. . o Glass .

be synthesized from a melt or amorphous stat®,and its - N
thermal stability still remains uncertain. Rase and Roy 0 01 02 03 5t 0 06 07
indicated that Ba_Epf’ could be stable over a temperature Figure 1. (a) Total structure facto§(Q) of BaTi:Os glass. (b) Total
range from the solidus of 1595 K to 1483'KHowever, correlation functiond(r) of BaTi,Os crystal and glass. Dashed lines are a

other reports have indicated that B3 would decompose ~ 9uide to the eye.
to BaTiO; and BaTi17040 in such a temperature rangfe!®
The results of our differential scanning calorimetry (DSC)
and X-ray diffraction analysis revealed that two new
intermediate phases (defined asd¢hendf phases) presented
aboye the crystallization temperature. The monaclinic B3I X-ray diffraction experiment was performed using an incident
(defined as they phase)_was translated from toeand photon energy of 113.5 keV at the high-energy X-ray diffraction
phases and could remain stable up to 1553 K. beamline BLO4BZ of SPring-8, with a two-axis diffractometer
It was found that the permittivity reached its maximum for the disordered materia®s.Two glass spheres mounted on a
value only when ther phase crystallized from a glass matrix silica glass capillary were measured for 12 h. The X-ray diffraction
and that the permittivity decreased whenphase disap-  pattern of a 2-mm-diameter glass sphere was measured in transmis-
peared. This gave rise to an important technical implication sion geometry up t® = 250 nnt*. The analysis was performed
for obtaining excellent dielectric glasseramics through  as described elsewhete.
controlled crystallization of BaTDs glass. The glass-transition behavior was studied by DSC with a heating
rate of 10 K/min from room temperature to 1600 K. The structure
changes during heating were characterized by powder X-ray
diffraction using Cu Kx radiation with two sequences. One was to
Synthesis.Containerless processing is an attractive synthesis measure the glassy powder at various heating temperatures in the
technique, as it provides a possibility to solidify the undercooled temperature range from room temperature to 1100 K, and the other
liquid into a selected phase to synthesize materials with desiredwas to measure the powder after it was annealed at various
structures and novel properti&st’ BaTi,Os glass spheres (2-mm  temperatures in the temperature range from 900 to 1600 K. To refine
diameter) were fabricated using containerless processing in anthe structure of the crystals crystallized from glass, some powder
aerodynamic levitation furnace (ALF§:1°High-purity commercial samples were also measured using high-energy X-ray diffraction
BaTiO; and TiQ powders were mixed with a mole ratio of 1:1, of 25 keV in beamline BLO2B2 of SPring-8. For electrical property
compressed into rods under a hydrostatic pressure of 200 MPa,measurements, we cut and ground the samples into disks ef 0.3
and then sintered at 1427 K for 10 h. Bulk samples with a mass of 0.4 mm thickness and measured the dielectric constant and
about 10 mg were cut from the rods, levitated with the ALF, and impedance from room temperature to 1123 K at a heating rate of
then melted by a continuous-wave gl@ser beam. A pyrometer 3 K/s using Ag electrodes.
was utilized to measure the temperature of the sample. A high-
resolution charge-coupled device video camera equipped with a Results and Discussion
telephoto objective lens was employed to obtain a magnified view
of the sample. Laser power was used to carefully bring the sample  Glass Structure.A preliminary study of the glass structure
of BaTi,Os was performed by high-energy X-ray diffraction.

to the desired temperature prior to quenching. After quenching at
a cooling rate of about 1000 K/s, 2 mm diameter glass spheres
could be obtained.

Characterization. To analyze the glass structure, a high-energy

Experimental Section

(11) Rase, D. E.; Roy, Rl. Am. Ceram. Sod 955 38, 102. Figure la illustrates the X-ray structure factS§fQ) as

(12) Jonker, G. H.; Kwestroo, WJ. Am. Ceram. Sod. 958 41, 390. i i

(13) Negas, T.; Roth, R. S.; Parker, H. S.; Minor,.DSolid State Chem. functhns of the Wé.we vector qf the .bUIk Ba(D§ glass. The
1974 9, 249. Q position of the first sharp diffraction peak is at 20 nin

(14) O'Bryan, H. M.;hThoms.oni JJdA”m. Ceram. Sod974 57, 522. which is similar to the position of that inJO—TiO, glass??

(15 f5't5t‘_er’ J-J.; Roth, R. S.; Blendell, J. E.Am. Ceram. S0d986 65, Figure 1b depicts the derived total correlation funcfign)

(16) Yu, J.; Paradis, P.-F; Ishikawa, T.; Yoda, S.; Saita, Y.; Itoh, M.; Kano, Of the bulk BaT}Os glass, comparing it to that of monoclinic
F. Chem. Mater2004 16, 3973.
(17) Yu, J.; Paradis, P.-F.; Ishikawa, T.; Yoda,Appl. Phys. Lett2004

85, 2899. (20) Isshiki, M.; Ohishi, Y.; Goto, S.; Takeshita, K.; Ishikawa, Nucl.
(18) Yu, J.; Paradis, P.-F.; Ishikawa, T.; YodaJgn. J. Appl. Phys2004 Instrum. Methods Phys. Res., Sec2@01, 467, 663.

43, 8135. (21) Kohara, S.; Suzuya, K.; Kashihara, Y.; Matsumoto, N.; Umesaki, N.;
(19) Paradis, P.-F.; Babin, F.; Gagne, J.fR&. Sci. Instrum.1996 67, Sakai, I.Nucl. Instrum. Methods Phys. Res., Sec2081, 467, 1030.

262. (22) Sakka, S.; Miyaji, F.; Fukui, KJ. Non-Cryst. Solid4989 107, 171.



BaTiOs Glass-Ceramics Fabrication

70012001300

Heat Flow

gt

atf ﬁ‘
PRI S R
1100

T/K

Figure 2. DSC heating profiles of Ba¥0s glass, showing the glass phase
transition and three successive phase transitions.
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BaTi,Os crystal with space group @12122 The T(r) of the
crystal was calculated using the PDFFIT computer ¢dde.
The Ti—O peak of the glass was observed at 0.192 nm in
T(r), whereas the crystalline BaOs exhibits two Ti-O
distances at < 0.20 nm and four distancesmat 0.20 nm.
This short-range difference of FiO distances between
crystalline and glassy BaJds was also observed in forsterite
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Figure 3. X-ray diffraction patterns of BatDs glass at various temper-

35 40

atures, showing the glass phase and three crystal phases.

transition of the newly formed crystal. To resolve this, we

(Mg2SiOy) crystal and glass, which can be synthesized using performed X-ray diffractions for the samples after heating

containerless processifgThe Ti—O peak of the glass at
0.192 nm is broad and skewed toward the lowide,

them to high temperatures (Figure 3). The as-cooled sample

displayed a typical amorphous diffraction pattern. When

suggesting the existence of highly distorted polyhedra formed samples were heated to 995 K. (onse), several diffraction

by the distribution of T+O bond lengths. The average
coordination numbeNri-o obtained from a fitting T+O
peak using Gaussian functions is approximately 5. This

peaks appeared on the baseline of a hollow curve, indicating

that a crystal, defined asphase, had formed from the glass

matrix. When the temperature was raised to 1015 K (above

indicates that the network former in the glassy state is mainly the T, peak), numerous new diffraction peaks appeared in

contributed to by distorted [Ti€) polyhedra. According to
Lines’ model® the distorted T+O polyhedra can be con-
sidered as dielectrically soft units, which randomly oriented

addition to the peaks of ther phase. The additional
diffraction peaks revealed a new phase, defined as3the
phase. When the sample was heated to 1100 K (above the

in a glassy matrix. Considerable polarization in long-range Ts peak), the X-ray diffraction pattern displayed a single
order would be caused by reorientation of the distorted soft phase. This indicated that thephase gradually translated
units at crystallization temperature. As it will be mentioned to the 8 phase in the temperature rangeTafto Ts. When
below, an instantaneous jump of permittivity to greater than the temperature reached 1173 K (arouny, the 8 phase

the 10 occurred at the crystallization temperature and it was
well-fitted with Lines’ model. The magnitude of the peak at
around 0.28 nm, which was mainly due to-B@ and G-O
correlations inT(r) of crystal, decreased in glass, implying
that the distribution of Ba ions in the glass state is more
disordered than in the crystalline state.

Crystallizations. Figure 2 illustrates the thermal stability

began to translate to another new phase, defined ag the
phase, and became a singlg@hase at 1553 K. The crystal
structure of ther phase was refined by Rietveld profile fitting
using the data measured with synchrotron radiation to identify
the structure of the phase as a monoclinic structure with a
space group of121 and lattice parametersas- 1.68992-

(2) nm, b =0.39368(1) nmgc = 0.94141(1) nm, an@ =

of the glass studied by DSC. From an endothermic anomaly 103.1004(8), which was consistent with the result of the
in the DSC heating curve, we determined the onset and endsingle crystaf® However, we could not identify the structures

temperatures of glass transition as 960Tg nse) and 972

K (Tg-end. After the glass transition, we observed three
exothermic peaks: a large, sharp peakiat= 1001 K; a
smaller peak afz = 1038 K; and a broad, weak peak around
T, = 1150 K (inset, Figure 2). After the glass transitidg,
was attributed to crystallization from the glassy matrix, and
the onset temperature of crystallization,—onset Was esti-
mated as 994 K. Following the glass transition and crystal-
lization, Tg and T, could be attributed to either new
crystallization from the glassy matrix or a polymorphic

(23) Kimura, T.; Goto, T.; Yamane, H.; lwata, H.; Kajiwara, T.; Akashi,
T. Acta Crystallogr.2003 C59, i128.

(24) Proffen, Th.; Billinge, S. J. LJ. Appl. Crystallogr.1999 32, 572.

(25) Kohara, S.; Suzuya, K.; Takeuchi, K.; Loong, C.-K.; Grimsditch, M.;
Weber, J. K. R.; Tangeman, J. A.; Key, T.&ience2004 303 1649.

of the o phase ang3 phase based on the reported BaO
TiO, compounds, suggesting that both phases were new
metastable crystals. Hence, we attributed the exothermic
peaks ofTg andT, to two polymorphic transitions of Bai®s

and estimated the onset temperaturel agnset = 1018 K

andT, onset= 1100 K.

Permittivity. Figure 4 depicts the temperature dependence
of the permittivitye' and the loss component tanfor the
glass sample during heating from room temperature to 1100
K. At room temperature, magnitudes &fover a frequency
range of 100a¢ 1 M Hz were less than 100, and those of tan
0 were less than 0.01. The temperature dependencie's of
and tano weakened below 800 K and strengthened above
800 K. The magnitude ot' at a frequency of 100 Hz
increased from 10to 1C¢° with increasing temperature,
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Figure 4. Temperature dependence of (a) permittivityand (b) loss
component tand at a frequency of 100 Hz, showing the temperature
dependence of at frequencies of 100 Hz, 1 kHz, 10 kHz, and 100 kHz in
the inset a.

passing through the glass-transition temperature from 800
K t0 To—onset Subsequently, af,—onsei the magnitude o€’
jumped instantaneously from 4@ 1.5 x 10’ and then
dropped to 1x 10/, within a temperature interval of 1 K
and a time interval of 20 s, forming a sharp peak in the
permittivity curve. In the temperature range Bf—onset t0
Ts-onset € Mmaintained a huge magnitude of 710The
magnitude o’ decreased to 2@&fter thea phase translated
to the 8 phase abové@ s onset The temperature dependence
of ¢ at 1, 10, and 100 kHz demonstrated the same dielectric
anomalies as did' at 100 Hz around—onset(inset, Figure
4a), but the magnitude of was strongly dependent on
frequency. The temperature dependence ofdtaxhibited
a similar tendency to that of’ when below Ty_eng It
increased dramatically with temperature, especially in the
glass-transition range, and reached a maximuimy ahq At
To—onset hOWever, tard presented behavior opposite to that
of ¢ and dropped instantaneously by 1 order of magnitude,
from 30 to about 3, maintaining this low value over the range
from To—onsettO Tp—onser After the phase transition of the
phase to th@ phase, tai began to increase with increasing
temperature.

Ordering Effect. It is interesting to address the question

of the mechanisms of the giant dielectric response observed

at the crystallization temperature. High-energy X-ray dif-
fraction data revealed the evidence of distorted EJiO
polyhedra, so we first fitted the dielectric anomalies’ behavior
at crystallization with Lines’ modéi.According to Lines’
model, the permittivity can be described as

., 4mob
€ T 1 3/4nab @
wherea is the polarizability of the “soft unit”, and
0=1+ae ">V —bt 2)

wherea and p are the mode softening parametdrss an
effect of anharmonicity, antl= T/T¢ys:. If the value off at
Teryst Was Oeyst = 1 + a — b = 4na/3, the the value o’
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Figure 5. Fit of eq 1 to the data results in approachifigst= 994 K with
parameters o& = 0.01,p = 0.52,b = 0.002, and. = 0.23683.
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Figure 6. Impedance complex plane plots: (a) 900, (b) 993, 1001, 1015,

and (c) 1040 K. The inset in part b presents an expanded view at 1001 K
and 1015 K.

giant permittivity of BaTiOs glass appeared to be explained
by Lines’ model. However, the greater values of taand
the significant influence in the frequency dfreflected the
fact that the conductivity of ion movement and the Maxwell
Wagner effect of structural inhomogeneities contributed
considerably to the enormous > 10'.

Maxwell—Wagner Effect. To determine the contribution
of ion movement and the MaxwelWagner effect, the
temperature dependence of the impedance of BaTilass
was analyzed using impedance complex plane pitplots)
as shown Figure 6, plotting the imaginary patt) against
the real partZ’). In general, the values of resistanBeand
capacitanceC, of materials can be analyzed by an equivalent
circuit of parallelRC elements, which gives rise to a single
semicircular arc on the complex plane for a single-phase
material. R can be estimated from the diameters of the
semicircular arcs, an@ can be calculated with the relation-
ship of WmaxRC = 1, Wherewma = 27fmax andfrnax is the
frequency at the arc maxima.

At room temperature, th& of the glassy BatDs was
estimated to exceed 0Q cm. At 900 K, howeverR
decreased to & 1®° Q cm, as estimated from the arc in
Figure 6a, which suggests that the increase of permittivity
and tand below Ty_eng (Figure 4) was associated with the
increase of conductivity of the glass. AboVg eng two arcs
are seen in the response due to the crystallization ofithe
phase from the glass matrix; one arc corresponds to the

would diverge and a ferroelectric transition would occur. o-phase crystal and the other arc corresponds to the glass
With appropriate parameters, we obtained a good fit to the matrix. Figure 6b depicts the change in the impedance of
€' data approachindcys: using eq 1 (Figure 5). Hence, the BaTi,Os duringo-phase crystallization. At 993 K(To—onse),
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R as identified by the large arc was 1.8 10* Q cm. It 10’ at crystallization. Hence, our results demonstrated that
dropped by 1 order of magnitude to 1510° Q cm at 1001 more than one polarization mechanism contributed to the
K, and maintained this value at 1015 KTs-onsei iNSet, dielectric behavior of BatOs glass at high temperature. The
Figure 6b). This reveals that the jump ef at Ty—onset interesting phenomenon of the jumping &fat Ty at a

corresponded to the drop Bfdue to the appearance of the rate greater than an order of magnitude has important
o phase. Abovd onset Z* plots show a single arc (Figure technical implications for obtaining excellent dielectric
6c¢), meaning that a singjgé phase appeare®increased to  glass-ceramics through controlled crystallization of Bg04

10° Q cm at 1040 K. This also suggests that the decrease ofglass. We believe that bulk Bg0s glass will become an

€' above T onset cOrresponded to the increase Ridue to important source for fundamental physics study and for
the disappearance of the phase. Hence, we believe that practical applications.

the giant dielectric response observed in the temperature

range offo_onseit0 Ty-onserWas due to the existence of the o ) (Advanced Engineering Service Co., Ltd.) and Mr. H.
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