701xml

GFER_A_577993 May 9, 2011 13:4

134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159

160

161
162
163
164
165
166
167
168
169
170
171
172

173

174
175
176
177

Electrical Properties of Lead-Free Bi,GeOs Ferroelectric Glass Ceramics  [9]/9

BisGe;0), phase coexisting in the bulk glass ceramic as confirmed by XRD results may
play a more important role in controlling the ¢, values of the glass ceramics. On the
other hand, the larger dielectric loss (tand) was observed at higher annealing temperature
and found to increase gradually up to the annealing time egual 12 hours, above which it
decreases with increasing annealing time. This can be related to the density which found to
decrease, indicating higher amount of Bi;Ges;O,; existing in the bulk glass ceramics, when
the annealing dwell-time was higher.

Figure 5 shows the temperature dependence of the dielectric constant (g,) of annealed
Bi,GeOs glass ceramic with fixed frequencies at 1 KHz. The overall dielectric constant of
all annealed samples is found to increase with increasing ef measurement temperature. For
the room temperature up to 250°C, the dielectric constant values were slightly increased
while it rapidly inereases at higher temperature from250°C-enward. However, the phase
transition temperature of all annealed Bi;GeOs glass ceramics were not found due to the
Bi,GeOs single phase has a higher phase transition temperature of more than 527°C [7],
whieh the measurement was limited by the limitation of the equipment.

In order to study the ferroelectric properties of all annealed Bi,GeOs glass ceramics,
the measurements of polarization hysteresis were performed at room temperature using
a Sawyer-Tower circuit. The plots of the polarization versus electric field (P-E) loops at
room temperature of all annealed samples in Fig. 6 display the slim loop with low remnant
polarization (P;). Moreover, it can be clearly indicated that annealing parameters in both
temperature and dwell-time have improved the ferroelectric properties of Bi;GeOs5 glass
ceramics as can be seen in Fig. 7. The results represent the increases of remnant polarization
(P;) and coercive field (E;) in P-E loop with increasing annealing temperature and dwell-
time. However, the appearanee P-E loop of all annealed Bi,GeOs glass ceramics are not the
feature of truly ferroelectric, it may be represent a lossy capacitor behavior which caused
by the effect of low dielectric constant of residual glass matrix.

Conclusions

To study the effect of thermal annealing parameters on the properties of Bi,GeOs glass
ceramic, the samples have been prepared by conventional quenching, heat treatment method
at 475°C for 18 h and then subsequently annealed at various temperatures and dwell-times.
It was found that the thermal annealing promotes the phase formation of the Bi;GeOs phase,
leading to the alteration in their density and electrical properties. The dielectric constant of
these glass ceramics were greatly improved while dielectric loss degraded with increasing
thermal annealing parameters. The best dielectric properties at room temperature were
found at 375°C/12 h, exhibiting the maximum values of the dielectric constant (¢,) of 246
and low dielectric loss (tand) of 0.024. Finally, the P-E loops of annealed Bi,GeOs glass
ceramic were obtained. The P; values were found to improve with increasing annealing
temperature and dwell-time, but the P-E loop may not represent the truly hysteresis loop as
it is more to be a lossy capacitor.
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The structural and electrical properties of (1 — x) BaTiO3 — xBaFe sNby O3 ceramics
system were investigated as a function of the BaFe, sNby ;O3 content by X-ray diffraction
(XRD), dielectric and ferroelectric measurement techniques. Studies were performed
on the samples prepared by solid state reaction for x = 0, 0.2, 0.4 and 0.6. The
XRD analysis demonstrated that with increasing BFN content in (1—x)BT-xBFN, the
structural change occurred from the tetragonal to the cubic phase at room temperature.
Changes in the dielectric, ferroelectric and piezoelectric behavior were then related to
these structures depending on the BFN content.

Keyword: lead free piezoelectric; dielectric properties; piezoelectric properties

Introduction

Barium iron niobate (BaFe( sNbg s03: BFN) has been much scientific attention because of
its giant dielectric constant over wide range of temperature and frequency, which makes it
potentially useful for important applications in microelectronics and memory devices, as
the dielectric constant of a material ultimately decides the degree of miniaturization [1].
BFN was first synthesized via solid state reaction technique by Saha and Sinha in 2002 [2].
After that, several researchers including Yokosuka [3], Tezuka et al. [4], Raevski et al. [5],
Saha and Sinha [2, 6], Intatha et al. [7, 8] have reported that the BFN-based electroceramics
exhibit a relaxor behavior by showing very attractive dielectric and electrical properties
over a wide range of temperatures. However, its high dielectric loss still exists considerable
problems of these materials.

BaTiO; (BT) is known as a very useful ferroelectric material, especially in capacitor
applications. BaTiO3 undergoes a series of structural phase transitions as a function of
temperature, from an ideal paraelectric cubic perovskite structure to the ferroelectrics
tetragonal (120°C) and rhombohedral (—90°C) structures [9]. The high dielectric constant
(on the order of 10%) in BaTiO3 stems from the presence of permanent electrical dipoles
inherent to the crystal structure. However, the dielectric constant of barium titanate rises
sharply with temperature, exhibiting a peak at the Curie point (7¢ = 130°C), beyond which
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36 it falls hyperbolically, following the Curie-Weiss law [8]. Since ferroelectric devices are to
37 be used over a wide temperature range, pure barium titanate cannot be utilized for practical
38 applications [10]. It must be modified with various additives, giving rise to solid solutions
39 of varying temperature characteristics, tailored to the application [10-12].
40 Therefore, the modified solid solution method of (1 — x)BaTiO; (BT) — xBaFeq s
41 Nbys03; (BFN) system when x have been varied between 0.0 to 0.6 mole were studied in
42 order to develop the properties of both BFN and BT based ceramics.
43
44 Experimental Procedure
45 The (1—x)BT-xBFN ceramics used in this study are prepared as powders by a conventional
46 mixed — oxide method. The (1—x)BaTiO3;—xBaFe(sNbysOs3 ((1—x)BT — xBFN) powders
47 were prepared by mixing the starting powder materials BaCOs (>99%), TiO, (>99%),
48 Fey03 (99.9%) and Nby,Os (99.9%) in the desired mole ratios, (x = 0, 0.2, 0.4 and 0.6).
49 These powders were ball-milled for 24 hrs in polyethylene container with zirconia balls.
50 Ethanol was used as a milling medium. After drying at 120°C, the mixed powders were
51 then calcined at 1200°C for 4 h with heating and cooling rate of 5°C/min. Subsequently, the
52 calcined samples were pressed into disc shape and sintered at 1350°C for 2 hrs with constant
53 heating and cooling rates of 5°C/min. Phase formations of the calcined powders and sintered
54 specimens was studied by an X-ray diffractometer using CuK,, radiation (Philips model
55 X-pert) at 40 kV and 30 mA in the 26 range from 20 to 60 degrees with 0.01° steps. For
56 electrical property characterizations, the sintered samples were ground to obtain parallel
57 faces, and the faces were then coated with silver paste to form electrodes. The samples
58 were heat-treated at 750°C for 12 min to ensure the contact between the electrodes and
59 the ceramic surfaces. The dielectric properties and the electromechanical coupling factor
60 of the sintered ceramics were measured with an automated dielectric measurement system.
61 The system consists of an impedance/gain—phase analyzer (Solartron model S11260) and
62 a tube furnace; both furnace temperature and dielectric properties were controlled and
63 recorded by a computer. The capacitance was determined over the temperature range 30°C
64 to 200°C at the frequency 1 kHz. To measure relevant electric properties, the prepared
65 ceramic samples were polarized in silicone oil bath at 50°C under 3.0 kV/mm for 15
66 min. Samples were left at room temperature for 24 hrs after poling, and the piezoelectric
67 measurements were measured using a piezoelectric-d;;-meter. The electric hysteresis loop
68 was measured using a Sawyer-Tower circuit.
69 Results and Discussion
70 The XRD patterns of the sintered (1—x)BT—xBEFN ceramics are shown in Fig. 1. It is seen
71 that the (1—x)BT-xBFN system formed a series of continuous solid solutions of perovskite
72  structure without any trace of pyrochlore phases. For x = 0 (pure BT) the X-ray diffraction
73 pattern shows (002)/(200) peak splitting confirming its tetragonal symmetry. By increasing
74 the BFN content, the intensity ratios of the (002)/(200) peaks tend to increase. The X-ray
75 diffraction patterns of ceramics with high BFN content showed the co-existence of both
76 tetragonal and cubic phases. The lattice parameters of the two co-existing phases in the
77 ceramics were calculated by a refinement method. The cell parameters and tetragonality
78 (c/a) obtained for the (1—x)BT-xBFN compositions are given in Fig. 2. The result of the
79 cell refinement showed that the cell parameters of (1—x)BT — xBFN system depend on
80 the BFN content. The value of the ¢/a parameter decreased from 1.09 to 1.00 when the
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Figure 1. XRD patterns of the (1—x)BT-xBFN ceramics.

BFN content increased from x = 0 to 0.6. At higher x values the parameter (a) of the cubic
BT-BEN phase slightly decreased from 3.990-4.020 A. These values are comparable to
that in the Inorganic Crystal Structure database ICSD No. 43622 (a = 4.045). However,
high resolution XRD analysis is necessary to detect the possible superposition of phases
and to restrict the range of compositions for better characterization of the BT-BFN system
in range of structure change.

The relationships between dielectric properties and temperatures are shown in Fig. 3. It
was clearly shown that the relative dielectric constant depends on temperature measured at
1 kHz on the ceramic sample of (1—x)BT — xBFN system. The broadness of the dielectric
constant peak increased with increasing BFN content. Since the Curie temperature for
all of investigated compositions decreased as expected from 135°C to below 35°C. Not
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Figure 2. Lattices parameter of the (1—x)BT-xBFN ceramics.
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Figure 3. Temperature dependence of dielectric constant of the (1—x)BT—xBFN ceramics.

only the Curie temperature decreased, but also the maximum dielectric constant increases
from ~7,200 to ~9500 for BT and 0.4BT-0.6BFN respectively. Furthermore, it was seen
that the role of BFN affected the dielectric properties of samples. To further understand
the dielectric behavior of the (1—x)BT — xBFN system, the permittivity of a first-order
normal ferroelectric can be described by the Curie—Weiss law and a second-order relaxor
ferroelectric can be described by a simple quadratic law. This arises from the fact that
the total number of relaxor contributing to the permittivity response in the vicinity of the
permittivity peak is temperature dependent. The relative permittivity can be calculated via
the following equation:

tn 1, T =Tu(H)Y

e(f, T) 2682 M

where ¢, is the maximum value of the permittivity at T = T,,(f). The value of y is the
expression of the degree of dielectric relaxation, while § is used to measure the degree of
diffuseness of the phase transition. In a material with a “pure” diffuse phase transition,
y is expected to be 2 [13]. For (1—x)BT — xBFN compositions, the diffusibility (y) and
diffuseness parameter () can be estimated from the slope and intercept of the dielectric
data shown in Fig. 4, and tabulated in Table 1.The 0.4BT—0.6BFN ceramic has a large
y value (1.82), confirming that it is a relaxsor behavior. The values of y and § increase

Table 1
The dielectric and piezoelectric properties of (1—x)BT—-xBFN ceramics.
Tc (OC) Emax ) YV d33 (PC/N) kp (%)
BT 135 7,383 —12.26 1.14 154 26
0.8BT — 0.2BFN 98 9,520 —13.41 1.40 108 22
0.6BT — 0.4BFN 69 9,034 —13.60 1.41 105 21.5

0.4BT - 0.6BFN 32 9,505 —15.63 1.82 — —
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Figure 4. Plots of In(X — L) vs. In(T — T,,) for the (1—x)BT-xBFN ceramics.

€ €

with increasing BFN content, confirming the diffuse phase transitions in BT-BFN solid
solutions. The piezoelectric constant ds; and the elctromechanical coupling factor k, are
shown in Table 1. The d3; and k, decrease with increasing BFN fraction up to x = 0.6,
which show the maximum values of 154 pC/N and 26% at pure BT. It should be noted that
BFN addition in BT showed the improvement only dielectric properties. The hysteresis
loop measurement of the (1—x)BT—-xBFN is shown in Fig. 5. The shape of hysteresis loop
is similar to one of pure BT. The hysteresis loop with x up to 0.4 are not typical, because the
external electric field is not sufficient to saturate the polarization and with the composition
beyond this indicating lossy linear capacitor behavior. This is consistent with the XRD,

20
= BT
0.8BT - 0.2BFN
* 0.6BT-0.4BFN n?‘
II"'.‘-.- o
-

Electric field (kV//cm)

10 15 20 25

Polarization ( pc;‘cmz]l

Figure 5. P-E hysteresis loops for the (1—x)BT-xBFN ceramics.



701xml GFER_A_577392 April 28, 2011 15:0

117
118
119

120

121
122
123
124
125
126
127
128
129
130
131

132

133
134
135
136
137

138

139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154

6/[6] U. Intatha et al.

dielectric and piezoelectric results. The optimum mole ratio of (1—x)BT-xBFN ceramics
was found at a composition x = 0.4. However, in order to confirm the morphotopic phase
boundary of (1—x)BT-xBFN ceramics may require farther study in more details.

Conclusion

The effect of BFN on the structure, dielectric and piezoelectric properties of
(1—x)BT-xBFN system was investigated for various chemical compositions. The
(1—x)BT-xBFN ceramics were prepared by the mixed oxide method. Lattice parame-
ters of the tetragonal phase and cubic phase were found to vary with chemical composition.
They were identified as a single BT phase material with a perovskite structure having the
symmetry from tetragonal to cubic when the ratio of BFN increased. The broadness of
dielectric constant peak increased and Curie temperatures showed a tendency to decrease
with increasing BFN content. However, a piezoelectric coefficient d3; and k, decreased
with increasing BFN content. The optimum mole ratio of (1—x)BT-xBFN ceramics was
found at a composition x = 0.4 where at higher value of x the minimum ¢/a and lossy linear
capacitor hysteresis loop behavior were obtained.
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Bismuth sodium titanate (BigsNagsTiO3; BNT) is one of the most preferred
materials for the preparation of lead-free ceramics; however its dielectric property
is lower than that of lead-based materials. Thus, the substitution of A and B-site
cations is considered to be one of the best solutions in order to improve both the
dielectric and piezoelectric properties. In this study, lead-free ceramics from
bismuth sodium lanthanum titanate (Big4g7Nag4g7Lag017T103; BNLT) and
barium titanate (BaTiOs; BT) systems were prepared by a modified two-step
mixed oxide method. BT powder was added to BNLT powder with the desired
compositions of (1 —x)BNLT-xBT, where x=0.00, 0.02, 0.04, 0.06, 0.08, and
0.10. It was found that the addition of BT in the BNLT improved the electrical
properties of ceramics. Phase transition of rhombohedral to tetragonal structure
was significantly dependent on the amount of BT added. It was also found that
the change in crystal structure affected the ferroelectric property of the ceramics
where the transition from ferroelectric to antiferroelectric started from the
samples with x> 0.06 mol% and higher. This may be useful in terms of using
these materials in the desired applications.

Keywords: phase transition; dielectric properties; lead free; ferroelectric proper-
ties; BNT

1. Introduction

Due to their excellent piezoelectric properties, lead-based piezoelectric ceramics, such as
PbTiO3—PbZrO; [lead zirconium titanate (PZT)], have dominated the field of piezoelectric
ceramics for more than half a century. However, the volatilization of PbO during
the processing and the wastes of products containing Pb cause a series of vital
environmental problems. In this respect, numerous investigators have been developing
a number of lead-free piezoelectric ceramics to replace the lead-based ceramics.

Bismuth sodium titanate (Biy sNag sTiO3; BNT) is one of the excellent candidates for
lead-free piezoelectric ceramics with a high Curie temperature (7 320°C) [1,2]. It shows
strong ferroelectric properties with large remanent polarization (P,) at room temperature.
However, it also has a high coercive field (E,) [3], making the poling of ceramics difficult.

*Corresponding author. Email: kpengpat(@gmail.com
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Thus, the BNT ceramic usually exhibits a weak piezoelectric property. Recently,
the ceramics based on barium titanate (BaTiO;; BT) are also candidates for lead-free
relaxors, because BaTiO; has a high Curie temperature, a low dielectric loss at high
temperature, weak E,, and spontaneous polarization of 25 uCcm™ at room temperature
[4]. Many scientists have attempted to improve the ferroelectric and piezoelectric
properties of BNT-based ceramics. Recently, some investigations have been concentrated
on the search for the new morphotropic phase boundaries in the BNT-based binary and
ternary systems, such as BNT-BaTiO; [5], BNT-KNbO; [6], and BNT-Ba(Ti, Zr)O3 [7]
solid-solution ceramic systems. The ferroelectric and piezoelectric properties of these
ceramics were significantly improved.

Another interesting study was reported by Herabut and Safari [8]. They studied the
La-doped BNT ceramics with the chemical formula of (BigsNags)(1—1.5x)La, TiO5; and
found improvement in the piezoelectric and dielectric properties when compared with
those of the pure BNT ceramic. The optimum composition of this bismuth sodium
lanthanum titanate (BNLT) system was obtained from the ceramics with 1.7mol% La*".
This brought out the original idea of our previous study [9] in the fabrication of the
ceramics from (1 — x)BNLT—xBT system, where the range of x values was chosen near
the morphothopic phase boundary (MPB) of BNT-BT system (about 4-6 mol% BT).
The physical, dielectric, and piezoelectric properties of the BNLT-BT ceramics were
investigated. However, there was no report on the ferroelectric properties in the previous
work. In this study, the (1 —X)(Bi0_4g7Naol4g7L304017)TiO3*XBaTiO3 ((1 —X)BNLT*XBT)
lead-free ceramics were fabricated by an ordinary sintering method, and their phase
transition and electrical properties were studied systematically. The relationships between
the phase transition and ferroelectricity of the specimens were also described.

2. Experimental

Two-step mixed oxide method was employed for producing (1 — x)(Big4g7Nag4g7
Lag917Ti03)-x(BaTiO3) ceramics, where x=20.0, 0.02, 0.04, 0.06, 0.08, and 1.0 using
high purity (purity > 99.0%) powders of bismuth oxide (Bi,Os), sodium carbonate
(Na,CO3), lanthanum oxide (La,0s3), titanium oxide (TiO,), and barium carbonate
(BaCOs) as starting materials. BNLT and BT batch compositions were calcined separately
at 900°C and 1200°C, respectively, which are the optimum calcination temperatures for
producing highly pure powders of both phases. Both powders were then mixed
corresponding to the above formula by ball milling for 24 h with acetone as the dispersion
media. After drying and sieving the mixtures, the obtained powder was made into pellets
of 10 mm in diameter by uniaxial pressing in a stainless steel die. The pellets were sintered
between 1050°C and 1150°C in an electric furnace in an air atmosphere under controlled
heating and cooling rates of 5°Cmin~' with 2h dwell time.

Phase identification and density of the sintered ceramic samples were investigated using
X-ray diffraction (XRD; Siemens D-500) and Archimedes’ method, respectively. The two
parallel surfaces of the sintered ceramics were polished and coated with silver paste as
electrodes for electrical contact. The real dielectric constant (¢”) of all ceramic samples was
measured at various frequencies of 10, 100, and 500 kHz and their temperature versus
¢’ curves were also observed using an LCZ meter (Model 4276 A, Hewlett Packard).
The ferroelectric properties at different temperatures were examined using a ferroelectric

tester (Radiant Technologies Inc.) at 60kVem™".
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3. Results and discussion

The XRD patterns of the (1 — x)BNLT—xBT ceramics with 0 <x <0.10 are illustrated in
Figure 1. All the ceramics exhibit a pure perovskite structure and no second phases are
observed, implying that Ba>" ions mainly diffused into BNLT lattices during sintering and
formed a solid solution. Similar to pure BNLT, it can be seen that at x < 0.04, the ceramic
has a rhombohedral perovskite structure and at higher BT content (x > 0.04), the structure
of the ceramic started to change into a tetragonal one. This is because the pure BNLT
(i.e., x=0) possesses rhombohedral symmetry, while BT has a tetragonal structure.
Moreover, a tetragonal phase appears and increases continuously with increasing BT
content. It is also noticed that the ceramic samples with x between 0.04 and 0.06 possess
a mixture of rhombohedral and tetragonal phase, with splitting (001)/(100) peak at 20
between 21° and 25° (Figure 1).

Figure 2 shows the temperature dependence of real dielectric constant (¢') and
imaginary dielectric constant (¢”) of (1 — x)BNLT-xBT ceramics at 10, 100, and 500 kHz.
The structure of (1 — x)BNLT-xBT ceramic specimen changes coincided with the abrupt
jump in &¢-T curve. The ¢’ decreases with increasing frequency. All ceramics exhibit two
dielectric anomalies at 7> and T,, where 7, is the depolarization temperature which
corresponds to the transition from a ferroelectric state to the so-called ““antiferroelectric”
state, while 77, is the maximum temperature at which €, reaches a maximum value and
corresponds to a transition from an ‘‘antiferroelectric state” to a paraelectric state.
This transition is not the simple paraelectric—ferroelectric phase transition as a result of
random ordering of Bi*", Na™, and La*" in the A-site of perovskite unit cell. The detailed
discussion of the phase transition study in the pure Na,,;Bi;;TiO5 can be found in [10].
For the ceramics situated at or near the rhombohedral site of the MPB (e.g., pure BNT
and 0.94BNLT-0.06BT), their diclectric curves below 7, exhibit strong frequency

(001)
(100)

0.10BT

N ooumr

0.00BT

Intensity (counts)

y T ' T - T y
21 22 23 24 25

20

Figure 1. XRD patterns of (1 — x)BNLT—xBT ceramics at 20 between 21° and 25°.
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Figure 2. Dependences of ¢’ and &” for the (I — x)BNLT-xBT ceramics at 10, 100, and 500 kHz;
(a) x=0.0-0.02; (b) x=0.04-0.06; and (¢) x=0.08-0.10.
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Figure 3. Variations of 7, and T, with various values of x for the (I — x)BNLT-xBT ceramics
at 10 kHz.

dependences, implying that these ceramics undergo a relaxor phase transition at 7%.
The dielectric curves around 77, for all ceramics are relatively broad, suggesting that the
phase transition at 7T, is a diffuse phase type. The most broadened dielectric peak at 7,
is attributed to Na™, Bi**, La’*, and Ba*" which are randomly distributed in the 12-fold
coordination sites; so the observed diffuse phase transition behavior at T, is reasonably
attributed to the disordering of A-site cations.

Figure 3 shows the variation of dielectric constant at 77, of the BNLT-BT ceramics at
different BT contents. It can be found that the increase of the BT content induced
the reduction of T, and the increase of the maximum dielectric constant. This is consistent
with the study done by Oh and Kim [5].

Figure 4 shows the plots of hysteresis loops at room temperature for six compositions
of (1 — x)BNLT-xBT ceramics with x=0.00, 0.02, 0.04, 0.06, 0.08, and 0.10. The results
display the most prominent features and explains the polarization versus electric field
(P-E) curves for BNLT-BT ceramics with increasing BT content. The P-E loops of
(1 —x)BNLT—xBT ceramics with x <0.04 exhibit ferroelectric hysteresis behavior as
shown in Figure 4(a). For x> 0.06, we observe double hysteresis loops, indicative of an
antiferroelectric behavior related to diffuse phase transition of Figure 4(b). Furthermore,
the ferroelectric characteristics can be assessed with the hysteresis loop squareness (Rsq)
[11], which can be calculated from the empirical expression Ryq=(P./Ps)+ (P 1gc/Ps),
where Pg is the saturated polarization obtained at some finite field strength below the
dielectric breakdown and Py. g the polarization at the field equal to 1.1 Ec. For the ideal
square loop, Rsq=2.00 [12]. As listed in Table I, the loop squareness parameter Rq
decreases when BT was added in BNLT-BT solid solution.

Figure 5 shows the coercive electric field and remanent polarization with increasing the
BT content at room temperature. The well ferroelectric properties are generally shown in
the sample with high value of the remanent polarization (P,) and low value of the coercive
electric field (E.). From Figure 5, the BT addition in the BNLT ceramic with x=0.04
caused the reduction of E. value while high P, was maintained. Therefore, it may be
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Figure 4. P-E loops for the (1 — x)BNLT-xBT ceramics at room temperature and frequency 1 kHz;
(a) x=0.00-0.04 and (b) x=0.06-0.10.

Table 1. Electrical properties of (1 —x)BNLT-xBT ceramics.

X (mol%) 0.00 002 004 006 008 0.10
er (Tont) 2404 2952 3003 3920 4295 4481
tan s (%) 395 0.69 038 082 049 021
To 3449 3117 2918 2899 287.5 282.6
T 195.8 1747 1309 121.8 1242

P, (nCem™2) 357 326 309 231 8.1 9.4
Po (RCem™?) 383 375 372 363 309 304
Powe (WCem™) 377 366 370 389 338 334
E. (kVem™ ) 487 461 369 182 123 119
Ry, 1.7 1.5 1.2 0.7 0.3 0.3

assumed that 0.06BNLT-0.04BT system has good ferroelectric properties with the high
value of remanent polarization of 30.9uCcm™2 and the coercive electric field of
36.9kVem™.

Figure 6 shows the P—E loops of the (1 — x)BNLT—xBT ceramics with x=0, 0.06, and
0.10 measured under an electric field of 60kVem™" at different temperatures. At room
temperature, all the ceramics exhibit a typical ferroelectric P-E loop. However, because of
the high coercive field (48.7kV em™', Figure 4a ), the P-E loop of the pure BNLT ceramic
is flattened. As temperature increases to 150°C, the loop becomes well saturated because of
the significant decrease in E.. The loop becomes slightly slimmer together with an increase
in P, with temperature increasing up to 180°C. At temperatures above 180°C, the loop was
deformed and was slightly different from the typical ferroelectric characteristics. The P,
was found to slightly decrease. Similar to pure BNLT ceramics, the (1 — x) BNLT-xBT
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Figure 5. Coercive electric field and remanent polarization with increasing BT content of
(1 — x)BNLT—xBT ceramics at room temperature.
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Figure 6. P-E loops for the (1 —x)BNLT—xBT ceramics at different temperatures: (a) x=0.00;
(b) x=0.06 and (c) x=0.10.

ceramics with x =0.06 and 0.10 exhibit similar temperature dependences of the ferroelectric
properties (Figure 6b and c), and deform to antiferroelectric-like shape with increasing
temperature. The detailed properties of (1 — x)BNLT—xBT ceramics are given in Tables 1
and 2. These results are closely similar to the previous study [13,14] as it was found that
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Table 2. Ferroelectric properties of (1 — x)BNLT—xBT ceramics.

P. (nCem™>) E. (kVem™)

X (mol%) 27°C  150°C  180°C  220°C  27°C  150°C  180°C  220°C

0.00 35.7 39.4 41.1 40.3 48.7 28.7 22.9 22.7
27°C 80°C 140°C ~ 200°C  27°C 80°C 140°C  200°C

0.06 23.1 20.8 8.5 54 18.2 17.1 12.8 9.5

0.10 9.4 8.2 6.3 4.1 11.9 10.9 9.2 6.9

double P-E loops are observed in BNLT-based ceramics, and they were suggested as the
results of the transition to an antiferroelectric phase at 75 [15], while deformed P—E loops
are also observed in BNT-based ceramics at higher temperatures. Moreover, it was
suggested that the anomalies in P-E loops resulted from the electro-mechanical
interaction between the polar and non-polar regions which co-existed in the ceramics at
high temperatures [13,14].

4. Conclusion

The (1 — x) Big4g7Nag 4g7L.ag 017 T103—xBaTiO;5 lead-free ceramics have been prepared by a
modified two-step mixed oxide method. The increase in &” was directly related to the
phenomenon of diffuse phase transition. Relaxor behavior is observed in the
(1 —x)BNLT—xBT ceramics. It is suggested that this should result from the cation
disordering in the 12-fold coordination sites. The substitution of Ba*" induced the coercive
field (E.) and remanent polarization (P,) decreased. The P—E loops of ceramics show an
antiferroelectric behavior with the addition of BT content in the (1 —x)BNLT—xBT
ceramics with x about 0.06-0.10 mol%. Deformed or slim P—E loops are observed at high
temperatures, implying that polar and non-polar regions may co-exist in the ceramics
at temperatures above 7.
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In this study, a mnew ceramic with the composition (1 —x)Pb
(Zrg.52Tig 48)O3—xBiAlO; was fabricated using the solid state method. Phase
transition characteristic and dielectric response were investigated. With increase
in the content of BiAlO;, a transformation from the tetragonal to the
rhombohedral phase was observed. The addition also enhanced the degree of
phase transition diffuseness and produced a decrease in the ferroelectric-
to-paraelectric phase transition temperature. The results suggested that BiAlOj
has a strong effect on the transition behavior of the solid solution. It is proposed
that lattice distortion and compositional fluctuation are responsible for these
effects.

Keywords: phase transition; dielectric properties; ceramics; BiAlOj

1. Introduction

For many years, ferroelectric materials have attracted considerable attention for many
electronic applications. One of the most interesting ferroelectric materials, lead zirconate
titanate (Pb(Zr; _,Ti,)O3) or PZT, has been extensively investigated in the literature
because of its high dielectric, piezoelectric, and ferroelectric properties. For the most part,
PZT ceramics with favorable electrical properties have been found with compositions
near the morphotropic phase boundary (MPB), i.e., at PbZrO5;:PbTiO;~0.52:0.48 [1].
The electrical properties of PZT can, therefore, be improved by doping with ions such as
La**, Sr**, or Ba®" [2,3] and many commercial PZT ceramics have been synthesized in the
vicinity of the MPB with altered doping elements. Further, PZT and relaxor ferroelectric
materials were used to form binary or ternary ferroelectric material systems, which also
have better electrical performances [4,5].

The modified PZT or PZT-based materials have been widely used in electronic
applications such as actuators, transducers, and motors [2].

Recently, Baettig et al. [6] predicted a large piezoelectricity and ferroelectric polarization
in bismuth aluminate (BiAlO3; BAO). Due to the high levels of properties predicted by
theory, it was proposed that this may be a new material with properties close to the well-
known PZT. Therefore, many studies examining BAO have been carried out [7-9].
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For example, Yu and Ye synthesized a new binary solid solution between BaTiO; (BT) and
BAO [7]. The electrical properties of the new system were investigated. It was found that
BAO has a significant effect on the dielectric properties and phase transition of the BT-BAO
system. Further, the addition of BAO the enhanced piezoelectric and ferroelectric properties
of (K¢ 5Nag 5) NbO3—BAO system [10]. However, BT and (K, 5Na, 5) NbO5 exhibits lower
electrical properties compared to PZT. It is, therefore, interesting to develop a new solid
solution between PZT and BAO. It is expected that higher electrical properties could be
obtained from this binary system. In this study, a range of new solid solutions (1 — x)PZT-
xBAO were synthesized. Phase formation, dielectric response, and phase transition
behaviors of the new system were also investigated.

2. Experimental

Ceramics of (1 — x)PZT-xBAO were synthesized using a conventional solid-state mixed
oxide method. The (1 — x)PZT-xBAO powders, where x ranged from 0 to 0.1, were first
prepared by mixing the starting materials of PbO (>99%), ZrO, (>99%), TiO, (>99%),
Bi,05 (99%), and Al,O3 (99.9%) powders. These powders were ball-milled for 24h in a
polyethylene container with yttria-stabilized zirconia balls. After drying at 120°C, the
mixed powders were calcined at temperatures ranging from 800 to 950°C for 2h with a
heating and cooling rate of 10°Cmin ~'. After grinding and sieving, the calcined powder
was mixed with a 3wt% poly(vinyl alcohol) binder. Subsequently, the calcined powders
were pressed into disk shapes and sintered at temperatures ranging from 1100°C to 1200°C
for 2 h with constant heating and cooling rates of 10°C min ~'. The phase formation of the
samples was investigated using the X-ray diffraction technique (XRD) with a Cu-Ka
radiation X-ray diffractometer. The density of the sintered samples was measured by
Archimedes’ method using distilled water as a fluid medium. In each composition, the
ceramic with the lowest impurity and highest density was selected for electrical
characterization. For dielectric measurements, the sintered samples were ground and
polished to obtain parallel faces, and silver paste was painted on both sides of the samples.
The samples with silver paste were then fired at 650°C for 15 min. The dielectric constant
(e;) and tangent loss (tand) of the sintered ceramics were measured as a function of
temperature with an automated dielectric measurement system. The system consists of a
LCR meter and furnace; both temperature and dielectric properties were controlled and
recorded by a computer.

3. Results and discussion
3.1. Phase formation and crystal structure

Figure 1 shows XRD patterns of the (1 — x)PZT-xBAO ceramics, where x =0.00-0.10.
The XRD analysis revealed that the main phase of all samples is perovskite. However, a
pure perovskite phase was observed only for samples where x <0.02. Extra impurity peaks
were observed for samples where x > 0.02 at 26 ~28.1°. This second phase was identified
as BAO according to JCPDS file no. 04-0579. The appearance of the BAO phase indicates
that the solubility limit of BAO into PZT is very small. Further, the formation of
segregated BAO can produce a compositional fluctuation in the solid solution.
Evolution of the (2 0 0) peak as a function of BAO concentration is illustrated in the
inset of Figure 2. The XRD pattern for the sample where x =0.00 shows a strong splitting
of the (2 0 0) peak. For compositions 0.01 <x <0.05, an ambiguous splitting of the (2 0 0)



07:51 25 May 2011

[Chiang Mai University Library] At:

Downloaded By:

996 N. Tawichai et al.

v BIAIO,
x=0.10
—_ v
- A
= 0.05
x=0. v
2 0 W S
Z
2 x=0.02 k
£ >, P S . I
x=0.01 “
M N P irmimmd N
x=0.00
I\ Jx—-n_n-A‘\uu—n-ﬁ*nu—udpq-n—n
—71 * 1 + r  r 1T r 1 T 1T °r T 7
10 15 20 25 30 35 40 45 50 55 60

20(°)

Figure 1. XRD patterns at room temperature of (1 — x)PZT-xBAO ceramics as a function of BAO
content.
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Figure 2. Tetragonality (c/a) as a function of BAO. Inset shows the evolution of (2 0 0) peak
splitting.

peak was observed, indicating that there was a superposition of multiple peaks. For
x=0.10, the (2 0 0) splitting peaks merged into single peaks. Generally, the single peak of
(2 0 0) reflection results for the rhombohedral phase, whereas it splits into two peaks in the
tetragonal phase [5]. Therefore, the present result implies that there was a transformation
from the tetragonal-rich phase to a prevailing rhombohedral phase in these samples.
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Figure 3. (a) Dielectric vs. temperature and (b) tangent loss (tan ) of (1 — x)PZT-xBAO ceramics.

To determine the degree of lattice distortion, tetragonality (c/a) of the samples was
calculated. A plot of c/a as a function of BAO is displayed in Figure 2. The exponentially
decreasing value of c¢/a with increase in the amount of BAO indicates a significant
distortion of the lattice.

3.2. Phase transition and dielectric properties

The characteristic temperatures of the dielectric constant (g;) at 1kHz for (1 — x)PZT-
xBAO, x=0.0-0.10, are shown in Figure 3(a). The ferroelectric-to-paraelectric phase
transition temperature (7},,) was obtained from the temperature at the dielectric peak. The
value of T, as a function of BAO content is shown in Figure 4. T},, decreased from 387°C for
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Figure 4. Maximum dielectric constant (&, max) and transition temperature (7},) of the ceramics as a
function of BAO content.

the sample where x =0.00 to 335°C for the sample where x=0.10. This trend has been
observed for other BAO solid solutions [7,10], suggesting that BAO has a strong effect on
the transition temperature. Lattice distortion may be a reason for the decrease in T,.
Generally for the ferroelectric materials, a smaller value of ¢/a corresponds to a lower
transition temperature. This fact is also valid for other ferroelectric materials [11].

The maximum dielectric constant (&, max) at Ty, as a function of BAO concentration is
shown in Figure 4. High &, ,ax values of more than 31,000 were found for the compositions
where x=0.0 and 0.01. This value is slightly lower than that found in the work done by
Lal et al. [12] who prepared pure Pb(Zrg 5, Tig.453)O3 powder by a spray dried method. The
different methods of preparation may be the reason for the difference in the dielectric
constant. However, the value of &, .« at Ty, decreased from 34,400 for the sample where
x=0.0 to 7040 for the sample where x =0.10. Further, there was a strong change in & yax
for the compositions where x is between 0.01 and 0.02. The plot of the dielectric constant
versus temperature exhibited a broader curve with increase in BAO. The broadness in the
curve is a characteristic of structural disorder. This feature has been observed for the
BT-BAO system [7]. Generally, compositional fluctuation can result in broadness or
diffusiveness of the dielectric peak in the curve of the dielectric constant versus
temperature. This can produce a microscopic heterogeneity and different local Curie
points, resulting in a decrease in the average transition temperature or a shift down in the
observed T, [7]. Also, this heterogeneity may reduce the dielectric constant peak. This
factor may produce a significant drop in the dielectric constant for the samples where
x=0.02-0.10. The values of tangent loss (tand) as a function of temperature and BAO
concentration for the BT-BAO ceramics are shown in Figure 3(b). For pure PZT ceramic,
values of tan § were higher than 1, especially at higher temperatures. This is probably due
to the higher conductivity of the sample. However, the addition of BAO significantly
lowered the rise in tan § at higher temperatures. This implies a reduced conductivity of the
solid solution. Therefore, the performance of tan§ in the solid solution was improved by
the addition of BAO.
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Figure 5. Diffuseness parameter (§) of (1 — x)PZT-xBAO ceramics as a function of BAO content.
Inset shows plots of In(&; max/er) vs. (T—T, )? for (1 — x)PZT-xBAO ceramics.

It has been proposed that the diffuse phase transition in many ferroelectric materials
can be described by the following equation [13]:

€rmax ex (T - Tm)2
& p 282

where § is the diffuseness parameter of the transition. In the case (7 — Th)’ /28?, =0, the
term &rmax/€r = 1 and the transition shows a completely diffuse transition. The value of §
can be calculated from In(e; max/e;) versus (T — T, '.)* curve as seen in Figure 5. As clarified
by Pilgrim et al. [13], this value is valid for values in the range of (& max/er)<1.5.
The values of parameter é for various BAO contents are illustrated in the inset of Figure 5.
The parameter § increased from 10°C for the sample where x =0.00 to 57°C for the sample
where x=0.10. The larger value of § for the higher BAO concentration in the samples
indicates and confirms that BAO promoted a diffuse phase transition in the system.

4. Conclusions

Phase formation, dielectric response, and phase transition behavior of the new solid solu-
tion (1 — x)PZT—xBAO, 0.00 < x <0.10, was investigated for the first time. A single-phase
perovskite was observed for compositions where x <0.02, suggesting that the limit of
solubility of BAO in PZT is very small. BAO produced the diffuse phase transition as well
as lowered the transition temperature. These results are related to the lattice distortion and
compositional fluctuation in the samples.
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Lead-free Ba(Zrg »5Tij 75)O3 ceramics were synthesized from powders prepared by
a conventional mixed oxide and vibro-milling method to investigate the phase
transition, dielectric response, and ferroelectric properties of the prepared
samples. Compared to a conventional sample, the samples prepared by the
vibro-milling method showed a higher dielectric constant at the ferroelectric-
to-paraelectric transition temperature. The vibro-milling method also produced a
stronger frequency dependence on the dielectric constant. To confirm the
dielectric properties and phase transition behavior, ferroelectric hysteresis
measurements were carried out in the temperature range —40°C to 80°C. The
microstructural properties of the samples were investigated and the results were
then correlated with the characteristics of the milled and calcined powder as well
as the grains of the ceramics.

Keywords: phase transition; vibro-milling; ceramics; BZT

1. Introduction

For many years, Pb(Zr,Ti)O; (PZT) and PZT-based ceramics are the most important
piezoelectric materials to be widely used in various fields due to their exceptionally high
electrical properties [1,2]. However, it is known that lead oxide (PbO) present in PZT can
cause environmental pollution during processing. Due to environmental concerns, it is
desirable to find lead-free piezoelectric ceramics to replace PZT and PZT-based ceramics.
Recently, many lead-free piezoelectric materials have been developed, such as bismuth
sodium titanate ((BigsNag 5)TiO5, BNT), potassium niobate (KNbO3;, KN), and barium
zirconium titanate (Ba(Zr,Ti,_,)O3, BZTs) [3-5]. Among these materials, BZTs have been
suggested as interesting lead-free piezoelectric and ferroelectric materials due to their high
dielectric and ferroelectric properties [5,6]. Phase transition temperatures of BZT
ferroelectrics occur for rhombohedral to orthorhombic (77), orthorhombic to tetragonal
(T,), and tetragonal to cubic (7,) phase transitions and are strongly dependent on Zr
concentrations [5]. When the Zr concentration is ~15at% and more, all the three phase
transition temperatures merge into a single diffuse phase transition [5]. At high Zr
concentrations (>30at%), a relaxor ferroelectric behavior has also been observed [5,7].
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Pure BZTs ceramics are known to be difficult to obtain high electrical properties
compared with many PZT based ceramics. Attempts to improve the properties of
BZTs ceramics are an important issue to make this material a possible replacement for
PZT-based ceramics in the near future. Therefore, various approaches have been proposed
to improve the dielectric properties of these ceramics, including doping and processing
[8—11]. The properties of BZT ceramics doped with dopants, such as Nb and Yb have been
reported [8,9]. For processing effects, many authors have reported that the dielectric
responses of BZT ceramics can be affected by the processing parameters [7,11]. Recently, it
has been proposed that vibro-milling is an efficient method for producing fine powders
[12,13]. Ceramics prepared by this method exhibit better properties compared to the
conventional methods. This is due to the fact that vibro-milling produces a high energy
which is transferred to the powders [12,13]. To the best of our knowledge, this method has
not yet been applied to produce BZT ceramics. This method may help BZT ceramics to
show different phase transition behaviors compared to the conventional method, since it
can produce a fine powder. Therefore, this work aims to provide a comprehensive study on
the process—property relationships of Ba(Zrg,5Tip75)O3 (BZT25) ceramics. Both the
conventional ball-mill mixed oxide and the vibro-milling methods have been used to
prepare BZT25 powders. The dielectric relaxor behavior, phase transition, and ferroelec-
tric properties of the samples prepared from the both methods were investigated.

2. Experimental

Powders of BZT25 were prepared via conventional and vibro-milling methods where
reagent grade BaCOs, ZrO», and TiO, were used as starting powders for both the methods.
For the conventional method, the starting metal powders were weighed and mixed using
ball-milling in a polyethylene bottle together with partially stabilized zirconia media for
24 h. For the vibro-milling method, the starting powders were mixed by a vibro-milling
machine for 4 h. After that, the resulting powders from both the methods were dried and
sieved. The obtained powders were then calcined at 1250°C for 2h. After grinding and
sieving, 3 wt% of a polyvinyl alcohol binder was added. The resulting powders were then
cold isostatically pressed into pellets at a pressure of 150 MPa. The pellets were sintered at
1500°C for 2 h. The density of the sintered samples was measured by Archimedes method
using distilled water as a fluid medium. Phase formation of the sintered samples was
characterized using the X-ray diffraction (XRD) technique. The dielectric properties were
determined at various temperatures using a LCR meter coupled to a furnace with a heating
rate of 5°Cmin~'. The ferroelectric polarization versus electric field (P—E hysteresis)
measurement was made at various temperatures using a Sawyer—Tower circuit.

3. Results and discussion

Figure 1 shows the XRD results of the ceramics prepared by both the conventional and
vibro-milling methods. The XRD result revealed that both samples have a pure perovskite
phase, i.c., there was no evidence of impurities in the XRD patterns of both the samples.
This result suggests that the method of milling does not influence the phase formation of
the samples. The full width at half maximum (FWHM) of the (11 1) XRD peak for each
sample was calculated. The FWHM was calculated to be 5.13 x 107 and 4.06 x 107> rad
for the conventional and vibro-milled samples, respectively. Generally, the FWHM of the
XRD peak can be related to the degree of crystallinity, grain size (particle size) and strain
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Figure 1. XRD patterns of BZT25 ceramics prepared using the conventional ball-milling and vibro-
milling methods.
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Figure 2. Temperature dependence on the relative permittivity of BZT25 ceramics at frequencies
between 1 and 500 kHz, prepared by conventional ball-milling and vibro-milling methods. Inset
shows loss tangent (tan §) vs. temperature at 10 kHz.

of the powder sample, and residue stress in metals [14]. However, in this study, we are
concerned only with the degree of crystallinity in the samples. In our case, a lower FWHM
value indicates a higher degree of crystallinity in the vibro-milled sample. Furthermore, the
density value for the vibro-milled ceramic sample (6.002 +0.007 gcm ) was higher than
that obtained from the conventional ball-milled ceramic sample (5.992 4 0.005 gcm ™).
Variations in the dielectric constant of the materials under investigation were measured
as a function of temperature between the frequencies 1 and 500 kHz. Figure 2 shows a
comparison of the dielectric result between the conventional and vibro-milled samples. The
temperature dependence of the dielectric constant depicts a typical relaxor behavior of the
dielectric peak at T, (the temperature of the dielectric maximum) for both the samples. It
should be noted that the vibro-milled samples exhibited a stronger frequency dependence
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compared to the conventional sample. In addition, the vibro-milled samples had a higher
dielectric maximum at the transition temperature (7, ~4°C) with maximum permittivity
value of ~13,000 (at 10kHz), while the conventional sample exhibited a rather low
dielectric maximum value (~7800 at 7,,~3°C). The improvement of the maximum
permittivity may be attributed to the higher ceramic density and the higher degree of
crystallization of the vibro-milled sample. A similar result was reported in the work by
Khamman et al. [13] in Big sNag sTiO5.

For relaxor ferroelectric materials, the value of the dielectric constant above Ty, does
not obey the Curie-Weiss law. However, a simple quadratic law can be used to describe
the relaxor ferroelectrics, i.e., the &, versus T relationship follows a function with the
additional variables y and 8, as the following equation [15,16]:

en_ | (T=Tul/)

. 25 ) (M

where §, is the diffusiveness parameter and y the degree of dielectric relaxation in the relaxor
ferroelectric [15,16]. When y = 1, Equation (1) expresses the Curie-Weiss behavior, while for
y =2 the equation describes the full relaxor behavior with a quadratic dependence. The
values of y and 8, can be calculated from a plot of log((en/er) — 1) versus log(T — T,,). The
parameters §, andy were 24.85 and 1.83 for the conventionally milled sample and 21.85 and
1.91 for the vibro-milled sample, respectively. The higher value of §, for the conventional
sample indicates a more diffuse phase transition. In addition, the vibro-milled sample
showed a higher degree of dielectric relaxation due to the higher value of y.

The results of the selected polarization—field (P—E hysteresis loop) at 1 Hz for the
ceramics prepared from both methods are shown in Figure 3. The measurement was
performed over the temperature range —40°C-80°C, across the transition temperature.
The hysteresis data illustrated the dielectric results for the change from a ferroelectric to a
paraelectric state. The hysteresis loops showed that remanent polarization is nonzero at
temperatures near 7y,. For temperatures above T,, the hysteresis loops transformed to
slim loops and the remanent polarization and coercive field values decreased significantly.
However, slim ferroelectric hysteresis still occurred for temperatures above T},,, suggesting
that these samples exhibited a diffuse phase transition behavior which is the characteristic
of a relaxor ferroelectric material. It should be noted that the hysteresis loop at —10°C of
the vibro-milled sample deformed from the typical characteristics of the ferroelectric
materials. This may contribute to a higher lossy capacitor in the samples which
corresponds to its higher loss tangent (inset of Figure 2).

Particle size analysis of the calcined powders was performed by using a laser particle
size analyzer (Mastersizer S). The powders were dispersed in distilled water in an
ultrasonic bath. The results of particle size analysis are shown in Figure 4. It can be clearly
seen that particle size distribution curves for both the powders exhibit a bimodal
distribution. This result implies an occurrence of particle agglomeration in the samples.
Khamman et al. [12] reported that milling time has an effect on particle agglomeration in
lead zirconate powders, as the bimodal distribution was observed in some conditions of the
milled powders. Therefore, particle agglomeration observed in this study may be caused by
the vibro-milling time (4 h) which has not reached the optimum point to obtain uniform
particle size with lower degree of agglomeration. Further work should be attempted to find
the optimum milling time.

From the bimodal distribution curves (Figure 4), the first peak at the lower particle
diameter is believed to be the primary particle size of the powder, while the second peak at
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Figure 3. P-E hysteresis at different temperatures for BZT25 ceramics prepared by conventional
ball-milling (a) and vibro-milling (b) methods.

the higher diameter should be caused by particle agglomeration. It should be noted that
the splitting of the two peaks in the bimodal curve is clearly seen for the vibro-milled
sample. These results suggest that the vibro-milled powder exhibited a higher degree of
particle agglomeration than the conventional sample. In addition, the average particle
sizes, as determined from the particle size analyzer, were 4.16 and 3.01 um for the
conventional and vibro-milled powders, respectively.

Figure 5 shows the characteristics of the raw materials after milling. The scanning
electron micrographs (SEM) revealed that the powder from the vibro-milling method
exhibited finer particle size than that of the conventional one. The average particle sizes, as
estimated from the SEM micrographs, were 0.42 and 0.32 um for the conventional and
vibro-milled samples, respectively. Generally, a finer particle powder leads to a higher
chemical reaction efficiency, and lowers the calcination temperature. Therefore, higher
degree of crystallization for the final product was obtained for the vibro-milled samples.

Figure 6 shows microstructure of the powders after calcination. Values of the average
particle size, as estimated from the SEM micrographs, were 0.88 and 0.82 um for the



07:52 25 May 2011

[Chiang Mai University Library] At:

Downloaded By:

Phase Transitions 947

(a)

1 : 1 : 1 0
1 0
I 0

10] 1 0
Al 0
Al 0
1 0
il ] : : : ‘ ; L 0
0.01 0.1 1.0 10.0 100.0 1000.0

Particle diameter (um)

(b)

%

20__ 100
T 9
i 0
I 0
2k 0

107 0
L 0
+
T 0
1 A
4 0
[0 - : : ! ! ! ! ) . ’ 0
0.01 0.1 1.0 10.0 100.0 1000.0

Particle diameter (um)

Figure 4. Particle size distribution of the calcined BZT25 powders prepared by ball-milling (a) and
vibro-milling (b) methods.

Figure 5. SEM micrographs of raw materials after ball-milling (a) and vibro-milling (b).

conventional and vibro-milled samples, respectively. Although average particle size value
of each sample was closely similar, the vibro-milled sample exhibited a more non-uniform
particle size. Hence, this characteristic (non-uniform particle size) may produce the higher
ceramic density after sintering due to a better particle packing. It should be noted that the
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(a)

Figure 7. Surface structure of ceramic sample prepared by ball-milling (a) and vibro-milling (b).

average particle size obtained from the particle size analyzer is appreciably larger than that
observed from the SEM technique. This may be due to the problem of particle
agglomeration.

The microstructures of the ceramic samples are displayed in Figure 7. The average
grain sizes for the conventional and vibro-milled samples were 2.4 and 3.2 um, respectively.
This result is unexpected as the vibro-milled sample showed a smaller average value of
particle size than that of the conventional one. However, it can be seen from the SEM
figures (Figure 7) that the vibro-milled sample exhibited a wider range of ceramic grain
sizes compared to the conventional sample. This result can be related to the non-uniform
range of particle size in the vibro-milled powder or particle agglomeration (after
calcination). Furthermore, the high energy of vibro-milling may produce some impurity
generated from the zirconia ball media. Although this impurity could not be detected by
the XRD technique, it may produce a fluctuation in the mechanism of grain growth at
some area, which results in the occurrence of non-uniform grain size.

In order to explain the relaxor behavior observed in this study, the microstructure of
the ceramics was considered. Generally, finer grain ceramics used for relaxor ferroelectric
material exhibits a lower dielectric constant (at dielectric-temperature curve), broader
dielectric peak, but a higher degree of dielectric relaxation [11]. In the case of vibro-milled
sample for our study, however, the evidence is complicated due to the existence of non-
uniform grain size. Thus, the microstructure heterogeneity or the non-uniform grain size
may produce a different local relaxor behavior resulting in the increase in average degree
of dielectric relaxation for the vibro-milled samples.

4. Conclusions

The properties of Ba(Zr,5Tiy.75)O3 ceramics prepared using the conventional and vibro-
milling methods were investigated. Phase transition behaviors, dielectric, and ferroelectric
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properties were found to be dependent on the method of preparation. Compared to the
conventional sample, the vibro-milling sample exhibited a higher dielectric constant
(at T,,) and a stronger frequency dependence of the dielectric constant. It is proposed that
the characteristics of the milled and calcined powder as well as the grains of the ceramics
were responsible for these experimental results.
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The effects of B,O3 doping on densification, ferroelectric, and piezoelectric properties of Ba(Zrg;Tip.03)-
03(BZT) ceramics were investigated. The addition of B,05 to the ceramics lowered the sintering temper-
ature by ~200 °C as well as changed their microstructures. Higher B,03 concentration caused a decrease
in remanent polarization and coercive field, while the piezoelectric coefficient d33; remained at a high
value of 291 pC/N for the ceramic sample with 2 wt.% B,03. The relationship between piezoelectric prop-
erties and ferroelectric constant was examined.
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1. Introduction

Pb(Zr,Ti)Os (PZT) materials are the most widely use piezoelec-
tric materials due to their superior piezoelectric properties, but
they are not environmental friendly due to lead oxide toxicity.
For this reason, it is desirable to find lead-free piezoelectric ceram-
ics with equivalent properties, which could be used as a replace-
ment for lead-based ceramics such as PZT. One of the most
studied lead-free ceramics is barium zirconium titanate (BZT) [1-
5]. This material is of interest as a candidate to replace lead-based
materials due to its high dielectric, ferroelectric and piezoelectric
properties [1]. The BZT ceramic can be formed by the substitution
of Zr ions at the B site in BaTiO5 lattices. This substitution signifi-
cantly changes the electrical and structural properties of BaTiO3
[2] including a diffuse phase transition and relaxor ferroelectric
behavior [1,3].

In recent years, many researchers have focused on decreasing the
sintering temperatures and improving electrical properties by add-
ing sintering aid reagents into lead-free ceramics for many electronic
applications such as multilayer capacitors [6-12]. Valant and Suvo-
rov studied the effect of Li,O on the properties of the Bag gSrg 4TiO3
ceramics and found an improvement of densification [6]. Rhim
et al. [8,9] reported that B,03 helped to improve the dielectric con-

* Corresponding author. Tel.: +66 53 943 376; fax: +66 53 357 512.
E-mail address: rujijanagul@yahoo.com (G. Rujijanagul).

1567-1739/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.cap.2009.07.020

stant of Bag 7St 3TiO3 ceramics. Qi et al. [10] reported that the dielec-
tric properties of BaTiOs; ceramics can be improved by B,03; vapor
doping. They also proposed that the boron interstitial introduced
into the BaTiOs lattice resulted in an expansion of the unit-cell vol-
ume. With standard BZT ceramics, the temperature used for sinter-
ing is quite high (~1450 °C) [3]. Thus, it is interesting to lower the
sintering temperature and to achieve the high electrical properties
for this ceramic by adding selected sintering aids such as B,0s. Since
ferroelectric and piezoelectric properties of B,Os doped BZT ceram-
ics have not been studied, the effects of B,O3 on the properties of BZT
ceramics were investigated in this work.

2. Experimental

Ba(Zrg97Tip93)03 (BZT) ceramics were prepared via a conven-
tional mixed-oxide method. Reagent-grade oxide powders of
BaCOs, ZrO,, TiO, were used as raw materials. The metal oxide
powders were weighed based on the stoichiometric formula of
Ba(Zrg,07Tig03)03. The weighed batch was ball-milled in alcohol
and zirconia milling media for 24 h. The mixed powder was cal-
cined at 1200 °C for 2 h. Boron oxide (B,03) was added with con-
centrations ranging between 1 and 3 wt.% and mixed with 3 wt.%
polyvinyl alcohol (PVA) binder by a ball milling method for 24 h
in ethanol. The obtained powders were pressed into disc-shape
pellets 10 mm in diameter. The green pellets were sintered at tem-
peratures ranging from 1150 °C to 1450 °C for 2 h. Phase formation
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of the prepared ceramics was studied by X-ray diffraction (XRD).
The bulk density of the sintered samples was measured using the
Archimedes method, ASTM C 373-88. A microstructural study of
the sintered samples was performed under a scanning electron
microscope (SEM). For the electrical study, silver paste was painted
on both sides of the samples. The hysteresis loops were measured
at room temperature using a hysteresis circuit. The ceramics were
poled for piezoelectric measurement in silicone oil bath at room
temperature for 30 min and field strength of 3-4 kV/mm. The pie-
zoelectric coefficients ds3 of the samples, which were left for 24 h
after poling, were measured using a ds3; meter.

3. Results and discussion

The densities of the B,03; doped BZT ceramics sintered under
various sintering temperatures are shown in Fig. 1. It can be seen
that concentration of B,0s; influenced the sintered density. A
decrease in optimum density was observed for the doped BZT
ceramics. It should also be noted that the 2 wt.% B,03 doped cera-
mic had the optimum density closest to that of the unmodified
ceramic. The plot of the optimum sintering temperature as a func-
tion of B,O3 content is shown in Fig. 2. The decrease in optimum
density indicates that B,Os; can be used as a sintering aid to
reduce the sintering temperature for BZT ceramics. In this work,
it was found that the sintering temperature could be lowered by
~200 °C.
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Fig. 1. Variation of density and the sintering temperature of B,O; doped BZT
ceramics.

= 1500 %
£ {" [
g 1450 o', a
N 1 “ .
- v
g 14004 [2 =
£ 1 o
£ 1350 L0
g 1300 N "
.= a \\ e IO ‘n
5 1 . Mot u 18 &
g s
® 1250 - LA ¢ [16 ©
2 1 e 16
£ 1200 < ¢
£ ] 14
O 1150 L . ; : :

0 1 2 3

B,O, content (wt.%)

Fig. 2. Optimum sintering temperature and grain size as a function of the B,03
content for B,O3 doped BZT ceramics.

s
S 1) (02) (211)
~ (001) il A
2 |s0wt%BoO, i )o@
» I \NJ\' N
| A‘l
S |20wt%BO, ; i I\ )
Q RSN e e
= ) |
£ g i
L10wt%BO |G N A
0.0 Wt% B0, it LA A A
10 20 30 40 50 60
20 (degree)

Fig. 3. X-ray diffraction patterns of B,Os; doped BZT ceramics sintered at the
optimum sintering temperature.

65.5
65.4 | o o
< 65.3 -
[
E 1 |
= 65.2 o 404
: ] S
= 65.1- g 403,
© —~ [
e { o & <C 4.02
‘= 65.0 % b
S ] L - . .
64.9 ﬁ 4,001~ T v T
] - 0 1 2 3
0y
64.8 1 : : : wt.%)
0 1 2 3

B,O, content (wt.%)

Fig. 4. Unit-cell-volume and lattice parameters of B,O3 doped BZT ceramics.

To investigate the phase formation, the ceramics with optimum
density were examined by XRD at room temperature. Fig. 3 shows
XRD patterns of B,O3 doped BZT ceramics. From the XRD patterns,
all of the main diffraction peaks correspond to an orthorhombic
perovskite phase. Plots of lattice parameters and unit-cell volume
as a function of B,03 content are shown in Fig. 4. An increase in
unit-cell volume was observed with increasing B,03 content. This
increasing may be due to the introduction of boron ions in the
BZT lattice [10].

SEM micrographs of the ceramic surfaces sintered at the opti-
mum sintering temperature are shown in Fig. 5. The porosity levels
in the SEM micrographs of the pellet surfaces are consistent with
the trend in optimum density values. The microstructural analysis
also showed that B,03 additions resulted in a change in grain size
(Fig. 2). Average values of grain size, as measured by the linear
intercept method, decreased from 25 pum for the unmodified BZT
to 18 um for the 3 wt.% ceramics. The decrease in grain size may
be due to the reduction of the optimum sintering temperature of
the ceramics with increasing B,O3; content. However, it is believed
that a partial amount of B,053 could segregate to the grain bound-
aries, leading to the inhibition of grain growth [6].

Ferroelectric hysteresis loop measurements at room tempera-
ture were performed using a Sawyer-Tower circuit. The hysteresis
loops (P-E) for various B,03 contents are shown in Fig. 6. Ferroelec-
tric properties such as saturate polarization (P), remanent polari-
zation (P,) and coercive field (E.) are listed in Table 1. All
samples show the ferroelectric behavior. However, it seems that
the higher doped samples exhibit unsaturated hysteresis loops
with a lower Ps Fig. 7 shows the influence of B,03; doping on the
leakage current density of the samples. Higher leakage current
densities were observed in the higher doped samples. Therefore,
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the unsaturated hysteresis loops may be caused by the high leak-
age current density [13,14]. In addition, a decrease in E. was found
for the doped ceramics. It has been was suggested that B>* ions can
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act as interstitial ions in ABO; lattice (BaTiOs), due to their very
small ion size [10]. In our work, it is possible that some B** ions
have incorporated into the lattice of BZT as a result of a slight
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Table 1
Electrical properties at room temperature of B,O; doped BZT ceramics.

wt%B,03 & (at 1kHz) P (uC/em?) P, (uC/ecm?)  Ec(kV/cm) Ry
0.0 2040 18.2 15.7 5.78 0.957
1.0 1910 13.5 104 2.82 0.797
2.0 1630 14.4 11.6 3.01 0.874
3.0 1370 11.1 7.90 441 0.772
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Fig. 7. Leakage current density as a function of voltage for B,O; doped BZT
ceramics.
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Fig. 8. Piezoelectric coefficients of B,O3 doped BZT ceramics.

increase in unit-cell volume (Fig. 4). In this case, some vacancies at
A sites could appear in the crystal. These vacancies may reduce the
inner stress and make the domain wall easy to move as a result of
the reduction in E. [12].

To check the quantification of changes in the hysteresis behav-
ior, Haertling and Zimmer [15] derived an empirical relationship
between remanent polarization, saturation polarization, and the
polarization beyond the coercive field through the following
equation:

7Pr PI.IEC
=5+ p (1

where Rq is the squareness of the hysteresis loop, P, is the rema-
nent polarization, Ps is the saturate polarization, and P; g is the
polarization at an electric field equal to 1.1 times of the coercive
field. The Rqq values as listed in Table 1 are in the range of ~0.85-
0.9. A slightly low value of Rsq was found for the doped ceramics.
The Ryq value for the 2.0 wt.% ceramic is 0.874 which is closed to

Ryq

the Ryq value of about 0.957 obtained in the unmodified ceramic,
indicating that the quantification of hysteresis loop behavior is
slightly changed by B,03 addition.

Plots of piezoelectric coefficient d33 and piezoelectric voltage
coefficient gs3 as a function of B,03 content are shown in Fig. 8.
The coefficient g33 was calculated via the equation [16]:

833 = % (2)
where &g is the permittivity of free space and ¢, is the relative per-
mittivity. The values of ¢, measured at room temperature are listed
in Table 1. The additions studied here were found to have a signif-
icant effect on the piezoelectric coefficients. An increase in the pie-
zoelectric coefficients was observed for ceramics doped with B,03
(0.0-2.0 wt.% B,03). It should be noted that the 2 wt.% ceramic
has a ds3 value of 291 pC/N, which is considered as high value for
lead-free piezoceramics [17]. The increased ds3 value may be due
to the low E. value which might enable an easier poling process
[18]. However, the presence of high porosity observed in the highly
doped ceramic (3 wt.%) have resulted in the lowering of the ds3
value.

4. Conclusion

Densification, ferroelectric, and piezoelectric properties of BZT
ceramics added with B,03 (0.0-3.0 wt.%) were investigated. The
sintering temperature of the ceramics could be lowered by adding
the addition. A decrease in grain size and ferroelectric properties
were observed with increasing the B,0s; content. The modified
ceramics also showed the increase in unit-cell volume. However,
a high piezoelectric coefficient d33 was observed for the ceramics
added with 2 wt.% B,0s. The results indicated that B,O3 addition
could act as both sintering aid and dopant for enhancing the piezo-
electric properties of the BZT ceramics.
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The phase transition and electrical properties of Ba(TigoSng )O3 ceramics with
B,0O5 added were investigated to explore the effect of B,O3 addition on enhanced
densification and dielectric constant of these ceramics. With increasing B,O;
content, a linear reduction of ferroelectric to paraelectric transition temperature
was observed. In addition, higher B,O5 concentrations enhanced a ferroelectric
relaxor behavior in the ceramics. Changes in this behavior were related to
densification, second-phase formation and compositional variation of the
ceramics.
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1. Introduction

In recent years, BaTiOs-based ceramics have received considerable attention from many
researchers due to their enhanced electrical performances and environmentally friendly
nature leading to their use as a replacement for lead-based ceramics such as
Pb(Zr, T)O5(PZT) [1-6]. Among the BaTiOs-based ceramics, barium stannate titanate
(BaTi;_,Sn, O3, BTS) ceramics are of particular importance for electronic materials and
have been heavily investigated for many years [7-10]. This material has a perovskite-type
structure and beneficial electrical properties such as a large dielectric constant and high
dielectric tunability [8,11]. The transition temperature from a ferroelectric (FE) to
paraelectric (PE) state of barium titanate stannate (BTS) can be controlled by varying the
Sn concentration [7]. This material also exhibits a diffuse phase transition and shows a
relaxor ferroelectric behavior for some compositions [8-9]. Since BTS also has a non-toxic
composition, it is a promising candidate as an environmentally friendly alternative to the
traditional more toxic materials.

For multilayer capacitor applications, many researchers have focused on improving the
sintering behaviors and the dielectric properties by adding additives to such BaTiO3-based
ceramics [12-16]. Valant and Suvorov [15] studied the effect of Li,O on the properties of
Bag ¢St 4TiO5 ceramics. Although the densification of their ceramics was improved, Li,O
had only a small effect on the transition temperature. Rhim et al. [13,14] reported
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that B,O5 helped to increase the dielectric constant of Bag ;Srg3TiO5 ceramics. Further,
Qi et al. [16] found that the positive temperature coefficient resistivity (PTCR) effect in
BaTiOj3-based ceramics was improved by B,Os vapor doping. However, the effects of B,O;
addition on phase transition and electrical properties such as dielectric, ferroelectric, and
piezoelectric properties of BTS ceramics have not been widely investigated. It is expected
that the electrical properties of BTS ceramics should be improved by B,Oj; doping.
Therefore, the present work was aimed at studying the effects of B,O3 on the properties of
BTS ceramics. BTS ceramics of the composition Ba(Tiy¢Sng )O3 were doped with B,O;
and prepared by a solid state reaction to investigate their electrical properties.

2. Experimental

Ceramics of Ba(Tiy¢Sng )O3 were prepared via the conventional method. Ba(Tip ¢Sng 1)O3
powder was produced by the mixed-oxide technique using reagent grade BaCO;3, SnO»,
and TiO,. The starting powders were then mixed and ball-milled in isopropanol for 24 h
using zirconia grinding media. After mixing, the slurry was dried, sieved and calcined for
2h at 1300°C. B,O5; powder, equivalent to 1.0, 2.0, and 3.0 wt.%, was then blended to
calcined Ba(Tip9Sng ;)O3 powder. The mixed powders, with the addition of polyvinyl
alcohol as an organic binder, were then ball-milled in isopropanol for 24 h. This slurry was
dried at 150°C and sieved to form a fine powder which was pressed at 100 MPa into 15 mm
diameter pellets. The pellets were then sintered at 1350°C for 4 h with a heating/cooling
rate of 5°Cmin~" after binder burnout at 500°C for 1 h. Phase formation of the sintered
samples was checked using a Bruker D8 Advance diffractometer with a Cu-Ka source.
The sintered ceramics were also crushed into powders for an X-ray diffraction (XRD)
experiment. The dielectric properties and phase transition behaviors were studied at
frequencies of 1-500 kHz in the temperature range from —20°C to 100°C using a dielectric
measurement system consisting of a HP 4276A LCZ meter and a furnace tube.
Polarization was also measured as a function of electric field, using a Sawyer—Tower
circuit. Finally, the piezoelectric coefficients (d33) were measured using a PM-3001 ds3
piezometer. Before the ¢33 measurement was performed, the samples were left for 24 h after

poling at 1.5kVem™'.

3. Results and discussion
3.1. Phase formation and densification

The XRD patterns for the sintered ceramic powders containing B,O3 up to 3.0 wt.% are
shown in Figure 1(a). The XRD results reveal that the main phase of the samples has a
perovskite structure. However, a single-phase perovskite was observed for unmodified and
1.0 wt.% samples and small amounts of BaTi4O¢ and BaTisO;; were found in the 2.0 wt.%
sample. In the case of higher B,O3 concentrations (3.0 wt.%), another phase of Ba,TigO,q
occurred. These results indicate that increased B,O3 addition promoted the formation of
secondary phases which may in turn produce a change in composition of the samples.
Wang et al. [17] reported that Ba,TigO,y could be formed by adding B,O; in a mixture
phase of BaTisO9 and BaTisO;;. In the present work, the higher B,O5 addition may help
the BaTi;Oy and BaTisO;; components (occurred in the 2.0 wt.% sample) transform to
Ba,TiyO»y, which presented the 3.0 wt.% sample.

From Figure 1(a), the shift in the XRD peak position with increasing B,O3 addition
indicates a change in lattice parameter. Variation in cell dimensions with B,O3 addition
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Figure 1. (a) XRD patterns at room temperature of Ba(TiyoSng ;)O3 ceramics as a function of B,O3
content, (b) Variation of lattice parameter as a function of B,O3 content.

was calculated using an equivalent cubic cell parameter (Figure 1(a)) corresponding to the
unit cell volume as a pseudo-cubic [10,18]. A plot of the lattice parameter as a function of
B,O; addition is shown in Figure 1(b). An increase in lattice parameter with increasing
B,O; addition was observed. This implies a lattice distortion in the modified samples.
The sintered density values of the samples for various B>O; content are shown
in Figure 2. The density increases from 5.231gem ™ for the unmodified sample
to 5.681 gem ™ for the 2.0 wt.% sample then decreased to 5.380 gcm ™ for the 3.0 wt.%
sample. It is known that B,O; can be melted at a low temperature (~450°C). Therefore,
the B,O; may have formed a liquid phase at a relative low temperature, which promoted
sintering [17]. However, it is believed that solid-state sintering becomes dominant and
assists the densification at a high temperature. In this work, the optimized amount of B,O3
addition for obtaining an optimum density is 2.0 wt.%. An overdoping of B>O3 (3.0 wt.%)
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Figure 2. Density and porosity of sintered samples as a function of B,O3 content.
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Figure 3. Dielectric constant versus temperature for Ba(TipoSng ;)O3 ceramics with differing
amounts of B,O3 contents.

may have caused a higher porosity due to the formation of the another phase. A similar
result was reported in a previous work [19].

3.2. Dielectric properties

Figure 3 shows the dielectric constant and dielectric loss of the samples as a function of
temperature. The dielectric data reveals that B,O5 addition has a significant effect on the
dielectric constant. The values of the dielectric constant at the dielectric peak (g, max) as a
function of B,O3 content are shown in Figure 4. The maximum value of &, nax of 13,900
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Figure 4. Transition temperature (7},) and maximum dielectric constant (&, max) Of the ceramics as a
function of B,O5 content.

Table 1. Electrical properties of B,O3 doped Ba(TiyoSny )O3 ceramics.

Amount

of B203 5), P,. EC d33

(Wt~ 0/0) &r,room tan 5room €r.max tan (Smax (o C) (HC sz) (kV Cm) ( pC Nil)
0.0 4400 0.085 7500 0.045 15.8 1.1138 0.271 104

1.0 8400 0.069 13,800 0.035 16.1 1.6600 0.383 107

2.0 13,800 0.123 13,900 0.115 14.0 1.6968 0.542 Break down
3.0 7700 0.155 8300 0.178 28.1 0.9448 0.568 Break down

was recorded for the 2.0 wt.% sample, which is ~46% higher than that of the undoped
sample. The temperature dependences of the dielectric constant in the samples depict a
frequency dispersion of the dielectric peak. For the unmodified sample, weak frequency
dispersion behavior was observed. However, an enhancement of frequency dependence of
the dielectric constant was found for higher B,O5; contents. The frequency dependence of
higher doped samples (2-3 wt.% samples) is also stronger than that in [9] for the same
composition. This implies that ferroelectric relaxor behavior was enhanced. It should
be noted that the value of the dielectric constant for the 1.0 wt.% sample was found to be
close to the value obtained for the 2.0 wt.% sample, which is unexpected because the
2.0 wt.% sample has the maximum density. This result may be due to the existence of a
second phase in the 2.0 wt.% sample which deteriorated the dielectric constant. For higher
B,O; concentrations (3.0 wt.%), the sample presented a lower dielectric constant, which
may be due to the presence of another phase and higher porosity.

Values of the dielectric loss (tand) of undoped and doped ceramics are shown in
Table 1. The tané at room temperature (denote as tand.oom) and at &,,ax (denote as
tan 8,,.x) has a trend to increase with B,Os3 content. However, high tan 8,,om, and tan &,,.x
(>0.1) was observed for 2.0 and 3.0wt.% sample, implying that these samples have
lower resistivity.
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3.3. Phase transition studies

The transition temperature (7,) at the dielectric maximum peak of the dielectric curve
(&rmax) as a function of B,O5 concentration is shown in Figure 4. The T, at the dielectric
peak was observed to decrease linearly from 41°C for the unmodified sample to 18°C
for the 3.0 wt.% sample. This result indicates that the T}, of this system can be controlled
by the addition of B,Os5. In this work, lattice distortion and compositional variation may
be the major reasons for this behavior. It was suggested from the literature that B ions can
act as interstitial ions in BaTiOj lattice due to their very small ionic radius which can cause
a lattice distortion [16]. Although the structure of Ba(Tig9Sng 1)O5 in this work is complex
compared to BaTiO5 and it has a symmetry close to cubic, it is believed that some B ions
can be incorporated into lattices. The incorporation of B ions may produce lattice
distortion and defects at A sites in the samples [16]. Furthermore, a second-phase
formation in the sample may cause the compositional variation. These changes may also
have produced a difference in local transition temperatures, resulting in the shift of
T [20]. It has been suggested that the paraelectric side of the permittivity curve, having
diffuse phase transition, can be written as [21]

€rmax ex (T - Tm)2
& p 282

where ¢, ., 18 maximum value of the relative permittivity at transition temperature
(T=Ty); &, is the dielectric constant of sample; and §, is diffuseness parameter of the
transition. The value of §, can be calculated from In(e, max/€,) versus (T — T.,)* curve [22].
This value is valid for the range of (&, max/€,) < 1.5, as clarified by Pilgrim et al. [21].
The values of parameter §, for various B,O5 contents are listed in Table 1. The parameter
8, was laid between 14.0 and 28.1 K. The lower value of §, was observed in the 2.0 wt.%
sample, indicating that 2.0 wt.% B,O3 addition promoted a sharper phase transition in the
Ba(Tig ¢Sng )O3 system.

3.4. Ferroelectric and piezoelectric properties

In the present work, the ferroelectric properties of the ceramics were measured using a
Sawyer—Tower circuit at room temperature. The hysteresis loops (P—E) for various B,O;
contents are shown in Figure 5. All samples showed a slim ferroelectric hysteresis loop.
Ferroelectric properties including the saturated polarization (P,), and coercive field (E,)
are listed in Table 1. A slight change in the ferroelectric properties was observed for the
1.0-2.0 wt.% samples. For the 3.0 wt.% sample, the hysteresis loop became more slanted
with a lower P, value. The existence of a ferroelectric hysteresis loop above the transition
temperature (~18°C) for the 3.0 wt.% sample, indicates a relaxor behavior which confirms
the dielectric result [23]. It should be noted that higher B,O; samples showed an
unsaturated hysteresis loop. Previous work suggested that [24-25] the unsaturated
hysteresis loop could be related to a high leakage current. To check this possibility, the
leakage current densities of the samples were measured. A plot of leakage current
density as a function of applied voltage and annealing time is displayed in Figure 6.
Higher leakage current densities were observed for longer annealed samples, as
expected. This result is thus confirmed that the high B,O; content samples have lower
resistivity. Therefore, samples with 2.0 and 3.0wt.% B,O; exhibited lower dielectric
strengths. These samples can easily break down in the poling process. However, the ds;
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Figure 5. Dependence of the polarization versus electric field (P—E) loop on the B,O; dopant
concentration.
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values were measured to be 104 and 107 pC N~ for the undoped and 1.0 wt.% samples,
respectively (Table 1).

4. Conclusions

In the present work, we demonstrated that B,O5 has significant effects on the electrical
properties and phase transition behavior of Ba(Tig¢Sng )O3 ceramics. The density and
dielectric constant were enhanced by adding B,O3 up to 2.0 wt.%. This dielectric result
indicates that high B,Os; content produced a reduction in the FE-PE transition
temperatures. In addition, B,O5 addition enhanced the ferroelectric relaxor behavior in
the ceramics.
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Method for fabrication and properties of nanoporous hydroxyapatite (HA) ceramic were described in the
present work. The nanoporous hydroxyapatite was derived from nano hydroxyapatite powder and poly-
vinyl alcohol (as a pore former). The HA nanopowder was obtained from vibro-milling for 4 h. The nano-
porous ceramics were sintered at 1200 °C. Properties of the nanoporous ceramics were investigated using

various methods. Average porosity of the final product was found to be 64.6 + 1.4%. Open and intercon-
nected pores were obtained with an average pore size less than 100 nm, confirming the nanoporous
structure of this ceramic. A high bending strength of 14.7 + 3.2 MPa for the nanoporous ceramic, shows
significant promise as a potential bone repairing material.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

For many years, bioceramics, especially hydroxyapatite (HA)
have shown significant promise in the biomedical industry as a
material to improve the quality of human life. Hydroxyapatite,
Ca;o(PO4)s(OH),, is a bioceramic with excellent biocompatibility
and bioactivity with the human body [1-4] which makes it a mate-
rial of considerable interest for medical applications. In addition to
structural applications, porous HA ceramics can be used as a plat-
form for controlled drug delivery systems, such as in the delivery of
anti-tumor agents and antibodies for the treatment of osteomyel-
ilis [4]. To optimize HA material porosity for drug delivery, the con-
trol of the three-dimensional (3-D) pore structure is of critical
importance [5]. Such an optimized pore structure could enhance
the possibility of tissue in-growth of natural bone, and offer greater
drug-loaded regions with a large surface to volume ratio [4,5].
However, HA porous ceramics have traditionally exhibited poor
mechanical performance, which has restricted their use in many
applications [1-3]. Recently, it was found that nanocrystalline HA
offers an approach to overcome some of the limitations of conven-
tional HA materials. Nanostructured HA materials can improve sin-
terability and densification due to their greater surface area, which
could improve fracture toughness and other critical mechanical
properties [1-3]. Consequently nano HA ceramics are expected to
have a better bioactivity than that of coarser HA crystals [2].

In the present work, a nanoporous HA ceramic was fabricated
from the mixed powders of natural bovine bone and polyvinyl

* Corresponding author. Tel.: +66 53 943376; fax: +66 53 357512.
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alcohol (PVA). To obtain the nanopowder, a vibro-milling method
was used in the fabrication process. Properties including porosity,
phase, microstructures and bending strength of the samples were
investigated and reported.

2. Materials and methods

The hydroxyapatite powder under study here was derived
from natural bovine bone by a sequence of thermal processes.
The fresh bones were cut into small pieces and well cleaned to re-
move macroscopic adhering impurities. The bone samples were
then boiled in distilled water for 8 h to simplify the removal of
the bone marrow and tendons. After that the bone was deprote-
inized by continued boiling in water. The boiling treated bone
samples were then dried overnight at 200 °C. The deproteinized
bone was further calcined at 800 °C for 3 h to sterilize the sam-
ples so that no prions or disease-causing agents could contami-
nate the samples. The resulting product was crushed into small
pieces and milled in a ball mill pot for 24 h. The bone powder
was mixed with polyvinyl alcohol (PVA) of 40 wt.% and ball
milled in ethanol for 24 h. To obtain the HA nanopowder, the
mixture was then milled by a vibro-milling method for 4 h. The
obtained powder was pressed into a disc shape with an uniaxial
pressing machine. To obtain the best condition for sintering,
many sintering conditions were examined. The densities of the
sintered samples were measured by the Archimedes method
using distilled water as the fluid medium. X-ray diffraction anal-
ysis (XRD) was also performed to study the phase formation of
the samples. Bending strength was investigated using a ball-on-
ring test [6] and the microstructure of the sample was examined
using a scanning electron microscopy (SEM).
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3. Results and discussions

The XRD pattern of the powder obtained after vibro-milling is
shown in Fig. 1. A standard HA phase was observed which corre-
sponds to that of the standard JCPDS File No. 9432. No impurity
in the powder was detected by XRD, confirming the purity of this
prepared HA powder within the limitation of the XRD method.
Comparing the generated materials with a calcined powder
(Fig. 1), there are no obvious changes in structure and phase com-
position. However, drop in XRD intensity peaks indicates that the
vibro-milling process produced a smaller HA particle size.

Fig. 2 shows a SEM micrograph of the HA nanoparticles after vi-
bro-milling at 4 h. It can clearly be seen that the hydroxyapatite
powder is composed of a nanorod-like shape with diameter less
than 100 nm. HA ceramics were fabricated using this HA nanopow-
der. Various sintering temperatures ranging from 1150 to 1300 °C
were used. Fig. 3 shows the XRD patterns of the HA ceramics from
various sintering temperatures. The XRD results reveal that the
main phase of these ceramics is HA. However, beta-tricalcium
phosphate (B-TCP) was observed in all samples. In addition, al-
pha-tricalcium phosphate (a-TCP) was found in the sample sin-
tered at 1300 °C. The existence of o-TCP and B-TCP are due to a
gradual loss of the radical OH™ in the structure when HA is heated
in air to above 800 °C [7]. This process called dehydroxylation is an
irreversible process. It has been also suggested that during heating,
HA materials tend to lose H,0 above the critical point [7]. The den-
sities of samples sintered at various sintering temperatures are
listed in Table 1. The ceramics sintered at 1200 °C and 1250 °C
showed a maximum density of 3.01 gm/cm?>.

The bending strength of the ceramics was determined using a
ball-on-ring tester [6]. The strength was calculated via the

equation;
C3F(1+v) [(1—v) 22 - a
pier el e B +2In <B> +1 1)

where ¢ is the strength in MPa; F the breaking load in Newton; v the
Poisson ratio; a the radius of the support; R the radius of the sam-
ples; t the thickness of the sample; and b is the t/3. The values for
the bending strength of the samples sintered at various sintering
temperatures are listed in Table 1. A sharp increase in the sample
strength was observed at sintering temperatures of 1150-1200 °C,
and strength values were found to decrease as the temperature
was increased above this range. A maximum bending strength of

4 h Vibro-milling

WU,

|
e LJUJ [ cmonespoe As-calcined powder

Intensity (a.u.)

10 20 30 40 50 60 70 80 90
20 (degrees)

Fig. 1. XRD patterns of as-calcined and nano HA powders.

Intensity (a.u.)

20 (degrees)

Fig. 3. X-ray diffraction patterns of various HA ceramics sintered at 1150-1300 °C.

Table 1
Density and bending strength of the ceramics sintered at various sintering
temperatures.

Sintering temperature (°C)  Bulk density (g/cm®) Bending strength (MPa)

1150 2.32+0.01 45.6+4.6
1200 3.01£0.01 88.6 £3.0
1250 3.01+£0.01 55.5+2.8
1300 2.97+0.01 364+3.6

88.6 MPa was observed in the sample sintered at 1200 °C. The
improvement in bending strength might be due to the formation
of nanorod structures in the matrix of the ceramics as seen in
Fig. 4. The mechanism for the nanorod formation is unclear, but
the results indicate that nanorod reinforcement may attribute to
the increase in strength. For higher sintering temperatures, the
reduction of strength may be caused by the increased formation
of B-TCP and a-TCP as observed by XRD [8-10].

In order to fabricate nanoporous hydroxyapatite ceramics,
40 wt.% of PVA was added into the HA powder and then milled
with a vibro-milling machine. The mixed powder was then pressed
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Fig. 5. SEM micrographs of fracture surfaces of nanoporous HA ceramics. Inset
shows at high magnification.

into a disc shape and sintered at standard atmospheric pressure.
The sintering temperature of 1200 °C was selected because this
condition produced the optimum ceramics properties, as described
in the previous section. Fig. 5 shows the SEM micrographs of these
porous ceramics. These ceramics were permeated with a matrix of
interconnected pores. The SEM image at higher magnifications
illustrate that the porous structure looks quite strong and crack
free (Fig. 5b). The average pore size were found to be less than
~100 nm. The porosity was determined to be 64.6 + 1.4% which
confirmed the high porosity of the sample. Using a ball-on-ring
test, the bending strength value of the sample was found to be
14.7 £ 3.2 MPa. This value is high enough for easy handing and

shaping of porous samples for implantation as well as having a de-
cent load bearing capacity after surgery [11]. It has been proposed
that the nanoporous structure of some biomaterials could enhance
cell adhesion, proliferation and differentiation [1,2,12]. Therefore,
our nanoporous ceramic having the optimum strength could have
a high potential to support bone tissue in-growth upon implanta-
tion in the future and to improved load bearing properties.

4. Conclusions

In this work, we demonstrate a method to fabricate the nano-
porous ceramics derived from nano HA powder and PVA. The nano
HA power was obtained from natural bovine bone after being sub-
jected to vibro-milling for 4 h. The optimized sintering tempera-
ture of 1200 °C was found to best generate dense HA ceramics.
This sintering temperature was then used to fabricate nanoporous
HA ceramics for further study. These nanoporous HA ceramics
showed an interconnected nanopous structure with pore sizes less
than 100 nm. A high bending strength of ~15 MPa was obtained.
This nanoporous ceramic has a potential for using in many areas
of medical applications.
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Single-phase cubic Ba(Fe,Nb)o 505 (BFN) powder was synthesized by solid-state reaction at 900, 1000,
1100, 1200 °C for 4 h in air. X-ray diffraction indicated that the BFN oxide mixture calcined at 1200 °C
crystallizes to the pure cubic perovskite phase. The crystallite size of the BFN increases slightly with
increasing temperature, while the lattice strain progressively decreases. BFN ceramics were produced

from this powder by sintering at 1350-1400 °C for 4 h in air. Samples prepared under these conditions
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achieved up to 97.4% of the theoretical density. The temperature dependence of their dielectric constant
and loss tangent, measured at difference frequencies, shows an increase in the dielectric constant with
sintering temperature and measurement frequency which is probably due to disorder on the B site ion
of the perovskite. The Mdssbauer spectra of these sintered BFN ceramics suggests the presence of a super-

structure on the B-cation sublattice.
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1. Introduction

Perovskite - type ceramics ABOs; are widely used in the
electronics industry. Of these materials, the complex perovskites
A(BB;)O3, are particularly attractive for applications such as
microwave frequency resonators, capacitors or various types of
detectors. The high value of the dielectric constant of perovskites
over a very wide temperature interval is due to disorder in the dis-
tribution of the B-site ions in the perovskite unit cell. This may lead
to composition fluctuations and, as a consequence, to different lo-
cal Curie temperatures in the different regions of the ceramic [1].
High values of the dielectric constant (&) over a wide temperature
range have recently been reported by Yokosuka [2], Tezuka et al.
[3], Raevskite et al. [1], and Saha and Sinha [4,5] in ceramic sam-
ples of the ternary perovskite Ba(Fe,Nb)y 503 (BFN). Some of these
workers have assumed that BFN is a relaxor ferroelectric, but the
phenomenon of its dielectric behavior is not clearly understood.
In general, BFN ceramics require very high sintering temperatures
to achieve satisfactory density and high dielectric constant. Sinter-
ing at about 1350-1400 °C produces materials with a dielectric
constant (&) of 30,000. This study focuses on the solid-state prep-
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aration of BFN ceramics, with particular reference to the effect of
the calcination and sintering conditions on the dielectric behavior
and physical properties of the ceramic, with the aim of achieving
optimal properties at moderate processing temperatures.

2. Experimental

Barium iron niobate (Ba(FeNb)ys03: BFN) was synthesized by
solid-state reaction of appropriate mixtures of barium carbonate,
BaCOs (Fluka, 99.0% purity), iron oxide, Fe,O3; (Riedel — deHaén,
99.0% purity) and niobium oxide, Nb,Os (Aldrich, 99.9% purity).
The powders were milled together in ethanol for 24 h in a polyeth-
ylene container with zirconia balls, dried at 120 °C and calcined at
temperatures ranging from 900 to 1200 °C, with a dwell time of 4 h
and a heating/cooling rate of 5 °C/min. The thermal reactions of
these powder mixtures were investigated by thermogravimetry
and differential thermal analysis, using a heating rate of 10 °C/
min in air from room temperature to 1250 °C. The calcined pow-
ders were subsequently examined at room temperature by X-ray
diffraction using Cu Ko radiation (XRD; Siemens D500/D501) to
identify the phase composition of each calcined sample. The pow-
der produced under the optimum calcining conditions was pressed
into discs using polyvinyl alcohol as a binder and sintered at vari-
ous temperatures from 1250 to 1400 °C, with a dwell time of 4 h at



994 S. Eitssayeam et al./Current Applied Physics 9 (2009) 993-996

a heating and cooling rate of 5 °C/min. The densities of the sintered
discs were determined using the Archimedes principle. The sin-
tered samples were polished to obtain plane and parallel surfaces
and silver paste electrodes were applied for the purpose of the
dielectric measurements which were made at 1KHz to 1 MHz
and temperatures of —50 to 300 °C using a precision impedance
analyzer (Agilent 4294A). The room temperature Mdssbauer spec-
tra of the powdered sintered samples were recorded using a con-
ventional —microcomputer-controlled spectrometer in the
sinusoidal mode. The 3’Co/Rh source had a maximum activity of
1.85 GBq and the isomer shifts are quoted with respect to the mid-
point of the magnetic spectrum of natural iron. The spectra were
fitted to Lorentzian lineshapes using the commercially available
fitting program NORMOS written by R.A. Brand (distributed by
Wissenschaftliche Elektronik GmbH, Germany).

3. Results and discussion

TGA and DTA curves of the BFN precursor mixture are shown in
Fig. 1. The solid-state reactions in this precursor are marked by two
distinct weight losses, one above ~600 °C and the other above
1000 °C. In the temperature range from room temperature to
~600 °C, the sample shows a small broad exothermic DTA peak
at 524 °C, attributed to the decomposition of the organic species
from the milling process and the carbonate reactant. The calculated
loss of CO, corresponds well with the weight loss indicated by the
TGA curve. The endothermic peak at 814 °C corresponds to the
transition of a-Fe;03 to B-Fe O3 as reported by Cahn and Lifshin
[6]. The exothermic peak at ~1000 °C arises from the solid-state
reaction between barium oxide, iron oxide and niobium oxide. An-
other small exothermic peak at ~1200 °C probably corresponds to
a phase transition.

The X-ray diffraction (XRD) patterns of the calcined powders
(Fig. 2) indicate that the formation of pure cubic Ba(FeNb)y 503
(BFN) begins at about 900 °C and is complete at about 1200 °C
(ICSD file number 52835 [7]), consistent with the DTA peak at
1200 °C (Fig. 1). Therefore, the optimum calcination temperature
of 1200 °C was chosen to subsequently produce BFN powder in this
work in order to confirm the complete reaction and high purity.
The cubic cell parameter (a) of this compound is 4.080 A, in the
space group Pm3m. Our results are in agreement with Rama
et al. [8] and Tezaka et al. [3] who also prepared this compound
by solid-state reaction. However, Saha and Sinha [4] deduced a
monoclinic-type BFN structure by using a standard computer pro-
gram (POWD) analysis. Based on the DTA and XRD data we con-
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Fig. 1. DTA and TGA curves of the BFN precursor.
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Fig. 2. XRD patterns of calcined BFN powder.

clude that over a wide range of calcination conditions, pure BFN
can be formed by a solid-state mixed oxide synthetic route. The
present results suggest that the optimal calcination conditions
for producing single-phase BFN are 1200 °C for 4 h with heating/
cooling rates of 5 °C/min.

The crystallite size and lattice strain of powder were also esti-
mated from the XRD profiles. The crystallite size thus measured
is the size of coherently diffracting domains and is not necessarily
the same as the size of the polycrystalline aggregates. The crystal-
lite size was estimated from the Scherrer formula [9]:

0.894
~Bcoso (1)

where B is the broadening of diffraction line (in radians), t is the
diameter of the crystal particle, 6 is the maximum intensity peak
angle and 4 is the wavelength of the X-rays used. The lattice strain,
defined as the change in length per unit length, is determined as the
change in the d spacing of the strained sample by comparison with
the unstrained state. The relationship between the strain (¢) and the
line broadening g is defined as [10]:

B
€= Ztano (2)

where f is the integral breadth of line profile (8=A/Imax A is the
peak area and I;,,x is the maximum height of the peak). The calcu-
lated crystallite sizes and lattice strain of the powders produced un-
der different calcination conditions are shown in Table 1. In general,
the crystallite size of the BFN powder increases slightly with
increasing temperature, while the lattice strain progressively de-
creases, in good agreement with Tunkasiri and Lewis [11]. The
strain in the diffracting planes originates from microstresses caused
by structural imperfections which may be related to the grain size
[12]. At lower temperatures the kinetic energy is not sufficient to
decompose the powder, whereas at high temperatures the kinetic
and chemical driving forces increase sufficiently to promote diffu-
sional processes and influence the reaction kinetics, reducing the
imperfections in the crystal [13].

Table 1
Effect of calcination temperature on the variation of crystallite size and strain of BFN
powder.

Calcination Temperature (°C) Crystallite size (nm) Lattice strain (%)

900 62 1.13
1000 83 0.55
1100 97 0.44
1200 105 0.38
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The densities of the BFN ceramics increase with sintering tem-
perature, these are 4.6, 4.8, 6.1 and 6.2 g/cm? for sintering at 1250,
1300, 1350 and 1400 °C, respectively, the maximum density being
recorded for a sample sintered at 1400 °C (6.2 g/cm>, or 94.7% of
the theoretical density (reported in ICSD) [7]). It is known that
the relative density is the most important factor for a dielectric
material since the dielectric constants are in good correlation with
relative density, hence the highly dense samples sintered at 1350
and 1400 °C were selected for the dielectric property measure-
ments, made as a function of temperature from —50 to 300 °C at
different frequencies. The variation of dielectric constant and
dielectric loss with temperature is shown in Figs. 3 and 4. Both
dielectric constant (¢;) and dielectric loss (tan ) were found to de-
crease for a given frequency. There are two possible explanations
for the systematic increase in dielectric constant with sintering
temperature. One possibility is that it is due to increased conduc-
tivity in the samples, suggested by Ananta and Thomas [14] to re-
sult from the presence of Fe?* in sintered BFN ceramics. The
concentration of such species is known to be highly sensitive to
the sintering temperature, increasing with increasing temperature
[15]. It is known that the co-existence of Fe?* and Fe3* on equiva-
lent crystallographic sites can give rise to an electron-hopping con-
duction mechanism, which, owing to its finite hopping (or jump)
probability, tends to come into effect at lower frequencies. An
alternative explanation is related to disorder in the B site cations,
as suggested by Majumder et al. [16] to occur in complex perovsk-
ites. In A(B;By)O3-type perovskites such as Pb(Feg_ngofg)O3. the
Fe*3(B,) and Nb*>(By) ions randomly occupy the octahedral B sites
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Fig. 3. Dielectric constant of BFN ceramics at various frequencies.
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Fig. 4. Comparison of the 1 KHz dielectric properties of BFN ceramics sintered at
1350 °C and 1400 °C.

surrounded by O~2 anions. Due to the presence of larger Fe™>(B;)
cations, a larger “rattling space” is available for the relatively smal-
ler Nb*>(By;) cations. When an oscillating ac signal is applied to
such disordered systems, the smaller By, cations (with a large rat-
tling space) can readily move without distorting the oxygen frame-
work. In an ordered perovskite, a comparatively smaller rattling
space is available for B site cations. Therefore a larger dielectric
constant is expected in disordered complex perovskites such as
PFN compared with ordered perovskites (e.g., PbTiOs3).

To attempt to distinguish between these two possible explana-
tions, the room temperature Mossbauer spectra were determined
of the present BFN ceramics sintered at 1350 and 1400 °C
(Fig. 5). The spectra of BFN prepared at both temperatures can be
fitted to two quadrupole doublets with isomer shifts (6) and quad-
rupole splitting (AEq) values shown in Table 2. In both sintered
samples, the occupancy of the site corresponding to the wider-
spaced doublet 2, as determined from the fitted peak area, is con-
siderably less than the site occupancy of doublet 1, and decreases
slightly with increased sintering temperature (24.3% and 22.7% in
the samples sintered at 1350 °C and 1400 °C, respectively). The iso-
mer shift values for both doublets in both samples are similar, fall-
ing in the range for high-spin ferric iron [17]. However, these
values also overlap with the values for low-spin ferrous ion,
making it impossible to distinguish between these two valency
states on the basis of isomer shifts alone. The doublets of site 1
with quadrupole splitting values in the range 0.43-0.45 mm/s fall
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Fig. 5. Mossbauer spectra of (a) BFN sintered 1350 °C and (b) BFN sintered 1400 °C
at 293 K.

Table 2
Mossbauer hyperfine parameters of BFN samples.

Sample Isomer shift (5), Quadrupole splitting (AEg),
mm s’ mm s’

BFN sintered at 1350 °C

Doublet site 1 0.312 0.462

Doublet site 2 0.306 0.803

BFN sintered at 1400 °C

Doublet site 1 0.316 0.487

Doublet site 2 0.301 0.865

within the range for high-spin ferric iron in an octahedral configu-
ration, and are assigned as such. The doublets of site 2, with
slightly wider separation fall within the range of high-spin ferric
iron, but the possibility that they arise from low-spin ferrous iron
cannot be ruled out on the basis of their quadrupole splitting, since
the parameters of these two species also overlap to some extent.
However, the decrease in the concentration of sites corresponding
to doublet 2 with increasing sintering temperature is contrary to
the reported behavior of Fe?*, which increases in concentration

with increasing sintering temperature [15]. It is therefore more
likely that both doublets arise from high-spin ferric iron, since
the nearest and next-nearest neighbors are the same in both sam-
ples, explaining the similarity of the isomer shifts of each site. The
differences in the quadrupole splitting values could arise from dif-
ferences in the site occupation of the nearest and next-nearest
neighbor sites, possibly related to the presence of a superstructure
on the B-cation sublattice.

4. Conclusions

BaFey sNbg 503 ceramics were prepared by solid-state reaction,
producing single-phase cubic BaFeysNbgsO3 powders when cal-
cined at 1200 °C. The sintering temperature affects the density
and dielectric properties of BaFey sNbg 503, densities 94.7% of theo-
retical being achieved upon sintering at 1400 °C. The plot of dielec-
tric constant as a function of temperature exhibits a broad curve
with the highest value of dielectric constant (¢;). The increase of
dielectric constant with sintering temperature and frequency is
likely to be due to increased conductivity in the samples. The
Mossbauer spectra of these sintered BFN ceramics suggest that
the behavior of the dielectric properties with temperature is not
due to the presence of Fe?*,
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Abstract

Phase formation study in lead-free piezoelectric ceramics based on lanthanum doped bismuth sodium titanate (Big4g7;Nag4g71-
Lag 172 TiO3:BNLT) and zirconium doped barium titanate (BaZrggsTig9s03:BZT), has been carried out in the system of
(1—x)BNLT-xBZT where x = 0.0-1.0, by two-step mixed oxide method. It was observed that the addition of BZT in the BNLT ceramics
developed the dielectric and piezoelectric properties of the ceramics with the optimum piezoelectric constant (d33) and dielectric constant
(&) at room temperature of about 138 pC/N and 1651, respectively, from the 0.2 BNLT to 0.8 BZT ceramic sample. The Curie temper-
ature (7¢) of this ceramic was found at 295 °C which is 195 °C higher than that of pure BZT ceramics, promising the use of this ceramic

in a higher range of temperature.
© 2008 Elsevier B.V. All rights reserved.

PACS: 77.22.ch; 77.65.Bn; 77.84.Bw; 61.05.cp

Keywords: BNLT; BZT; Lead-free piezoelectric ceramic; Two step mixed-oxide method

1. Introduction

The most widely used piezoelectric materials are lead-
based ceramics due to their superior piezoelectric proper-
ties, but they are not environmental friendly for their lead
oxide toxicity. Recently, lead-free materials are increas-
ingly desired, especially in consumer products such as cars
and sound generators. Thus, it is necessary and urgent to
search for the lead-free piezoelectric ceramics with excellent
properties, which should be comparable with those found
in the lead-based ceramics.

Bismuth sodium titanate (BNT) is one of the most
important lead-free piezoelectric materials to replace the
widely used lead-based perovskite materials, because of
the free control of sintering atmosphere and the lack of

* Corresponding author. Tel.: +66 81 884 1859; fax: +66 53 357 512.
E-mail address.: kpengpat@gmail.com (K. Pengpat).

1567-1739/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.cap.2008.04.004

lead pollution during the preparation process of BNT.
However, the electrical properties of the BNT ceramic
are quite poor. To improve its properties, several solid
solutions of BNT based materials, such as BNT-BaTiOs,
have been extensively studied [1-4]. Another way to
improve the electrical properties of BNT is the addition
of a modifier element by cation, such as K" and La*"
etc. Herabut and Safari [5] reported the effect of La addi-
tive on piezoelectric properties of (Bigs Nags)i-1.s5xLlax
TiO:BNLT ceramics. They found that the dielectric
constant (¢;) and piezoelectric constant (d33) increased up
to 550 and 91 pC/N, respectively, when the La doping con-
tent was only about 1.72%.

Due to the excellent dielectric properties of barium tita-
nate (BT), the BT ceramics are generally used as high
dielectric capacitors. Moreover, studies have been focusing
on the temperature dependence of the dielectric constant
and the nature of phase transition, but piezoelectric behav-
ior was scarcely observed. Yu et al. [6] have reported that
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Zr-doped BaTiOj3 (BZT) ceramics with 5% Zr content
showed fairly satisfactory piezoelectric response, with the
piezoelectric constant value of 236 pC/N at room tempera-
ture. The large temperature dependence of BZT ceramics,
combined with the low Curie temperature, however, limits
their practical applications as the piezoelectric devices [7].
To overcome this problem, the new system such as BNT
(1—x)(BiypNa;»)TiO3—xBa(Ti,Zr)O; by Peng et al. [8]
was investigated. They reported that the highest piezoelec-
tric response, with the maximum piezoelectric constant of
about 147 pC/N with higher Curie temperature than that
of the BZT ceramics, was successfully obtained from the
(1—x)BNT-xBZT ceramic where x = 0.09.

In this work, the fabrication of the ceramics from
(1—x)Big 4871 Nag 4871Lag.017:TiO3 (BNLT)-xBaZr os.
Tip9503 (BZT) system, where x was varied between 0.0
and 1.0 mole, has been carried out, in order to study phase
evolution of the entire system of BNLT-BZT ceramics and
find out the optimum conditions for obtaining the ceramics
with improved electrical properties.

2. Experimental

High purity (purity > 99.0%) powders of bismuth oxide
(B1,03), sodium carbonate (Na,CO3), lanthanum oxide
(Lay03), titanium dioxide (TiO,), barium carbonate
(BaCO3) and zirconium dioxide (ZrO,) were used as start-
ing materials for producing the ceramics from
(1—=x)(Big.4871Nag.4g71Lag.0172TiO3)-x(BaZr 05 Tig.0903)
system where x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0 mole. The
batch compositions of BNLT and BZT were weighed and
mixed by ball-milling method for 24 h. Then both mixtures
of BNLT and BZT were dried and calcined separately at
900 °C and 1250 °C for 2 h, respectively. Both calcined
powders were then mixed with respect to the above formula
by ball-milling method for 24 h with ethanol as a milling
media.

After drying and sieving the mixtures, the BNLT-BZT
batches of different compositions were made into pellets
of 10 mm in diameter using uniaxial pressing in stainless
steel mold. The pellets were subsequently sintered between
1075 °C and 1500 °C in an electric furnace and air atmo-
sphere under controlled heating and cooling rate of 5 °C/
min with soaking time for 4h. X-ray diffractometer
(XRD, Siemens D500) and scanning electron microscope
(SEM, JEOL JSM5910LV) were used to evaluate the crys-
tal structure and to observe the microstructures of the sin-
tered ceramics, respectively. The mean linear intercept was
used to determine grain size of the ceramics and the bulk
densities of the sintered samples were measured by Archi-
medes method using distilled water as a medium.

The two circular surfaces of the sintered ceramics were
polished and coated with silver paste as electrodes for elec-
trical contact. The room temperature dielectric constant
(¢;) and dielectric loss (tand) of ceramics were measured
at various frequencies from 1 to 100 kHz using an LCZ
meter (HP4276 A). Temperature dependence of dielectric

constant and dielectric loss (tand) of selected sample were
observed in order to determine the Curie temperature
(Tc) at 1 kHz by using LCR meter (HIOKI13532-50). To
measure piezoelectric charge constant (d33) and ferroelec-
tric hysteresis loops, the prepared ceramic samples were
polarized in silicone oil bath at 50 °C under 4.0 KV/mm
for 15 min and the samples were aged at room temperature
for 24 h after poling. After that the piezoelectric measure-
ments were performed using a piezoelectric-ds3-meter
(Model 8000, Penne baker). Finally, the measurements of
ferroelectric hysteresis loops were conducted at room tem-
perature by using a ferroelectric tester (Radiant Technolo-
gies Inc.) at 20 kV/cm.

3. Results and discussion

The X-ray diffraction study was performed in order to
study phase formation of the lead-free piezoelectric ceramics
based on BNLT-BZT prepared by two-step mixed oxide
method. The X-ray results of (1—x)BNLT-xBZT ceramics
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Fig. 1. XRD patterns of sintered BNLT-BZT ceramics.
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Fig. 2. XRD patterns of sintered BNLT-BZT ceramics in the 260 range
between 43° and 48°.
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Fig. 3. SEM micrographs of (1—x)BNLT-xBZT ceramics where x = (a) 0, (b) 0.2, (c) 0.4, (d) 0.6, (e) 0.8 and (f) 1.0.

where x was varied from 0.0 to 1.0 are shown in Fig. 1. The
peak shift started to appear in XRD patterns of the ceramics
where x > 0.2, indicating the changes in lattice parameter of
these ceramics compared with the pure BNLT phase. A sin-
gle phase perovskite could be obtained in this system with
rhombohedral, tetragonal symmetry or mixing of both sym-
metries in each X-ray diffraction pattern at various BZT
content which can be distinguished by the splitting of
XRD peak at 20 range between 43° and 48° as shown in
Fig. 2. The structural symmetry of BNLT (x = 0.0) sample
is rhombohedral which is corresponding to the single peak
at about 47° in its XRD pattern. A splitting of (002) and
(200) peak started to appear at x =0.2, indicating the
tetragonality of the ceramic. This tetragonality of the
BNLT-BZT ceramics was found to increase with increasing
BZT content. As the minimum amount of BZT added in this
study equals to x = 0.2, therefore, the morphotropic phase
boundary (MPB) composition was not revealed. As from
the previous study in BNT-BZT system [8], the MPB cera-
mic was found at 9% BZT addition. Thus, the future work
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Fig. 4. The comparison between grain size and dielectric constant as a
function of BZT content.

in our (1—x)BNLT-xBZT system will concentrate closely
to the expected MPB region of around x =0.1.
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Fig. 5. Temperature dependence of dielectric constant BNLT-BZT ceramics.

The SEM micrographs of BNLT-BZT ceramics were = the BNLT-BZT ceramics are densely sintered with the den-
obtained in Fig. 3. The SEM observation confirms that  sity value ranging from 5.74 to 5.80 g/cm®. No abnormal
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grain was observed in the samples, indicating an absence of
pyrochlore formation. The microstructures in SEM micro-
graphs of the ceramics are thus consistent with the XRD
results. It can be clearly seen that the amount of BZT addi-
tions has no significant change in shape in the BNLT-BZT
ceramics. However, microstructural analysis also revealed
that BZT additions produced a notable decrease in grain
size. Average values of grain size, as measured by the linear
intercept method, decreased from ~7 pm for the 0.0BZT or
the pure BNLT sample to ~1 pm for 0.8 BZT sample. The
plot of grain size as a function of BZT content is shown in
Fig. 4. The reduction in grain size may be due to the differ-
ence in ionic radius and valency of A-site cations of Bi*"
(131 pm) and Ba*>" (156 pm) which plays an important role
in grain growth mechanism, as beyond the solubility limit
of BZT, it may be accumulated at the grain boundary
which would result in the inhibition of grain growth. This
result agreed pretty well with the work done by Pengpat
et al. [9] and Eitssayeam et al. [10], who found the similar
result in the BNLT-BaTiO3 system and PbZr( 5,Tig 4503~
BaFe( sNbg 503, respectively. From the plot of dielectric
constant at room temperature as a function of BZT con-
tent, it can be clearly seen that the dielectric constant
increased dramatically when BZT was added to the BNLT
ceramics from 675 (x=0) to 1571 (x=0.2). Further
increase in BZT content from x = 0.2 to 0.8 has, however,
affected insignificantly on the dielectric constant as well as
grain size of the BZT added ceramics (Fig. 4). Thus, the
tetragonality seems to play an important role in enhancing
the dielectric constant of the BZT added ceramics which is
consistent with the XRD result as the structure of the
BNLT ceramic is rhombohedral.

Temperature dependence on dielectric constant is shown
in Fig. 5. For x = 0 sample (pure BNLT), the temperature
dependences of dielectric constant depict a strong fre-
quency dependence of the dielectric peak at 7= Ty, (T,
the temperature of dielectric maximum). BNLT is ferro-
electric (FE) with a rhombohedral structure at room tem-
perature. The rhombohedral phase transforms to a
ferroelectric (FE) tetragonal at the temperature (75), which
occurs at ~180 °C and the transforms of the tetragonal to
the paraelectric (PE) cubic phase occurs at 340 °C [11]. In
the present BNLT samples, the measured 7> and T}, values
were ~176 and 345 °C, respectively. The maximum dielec-
tric constant at 7,,, of BNLT was found to be 2200 and this
value is close to the result in the literature. The similar tran-
sition was reported by Yu et al. [6] who observed the 7, at
50 °C in the Ba(Ti;_,Zr,)O3 where x = 0.05. For x = 0.2—
0.8 samples, the dielectric-temperature curves showed a
board dielectric peaks as well as the transition temperature
at T, exhibited an unclear phase transformation especially
at high frequency. However, the optimum of the maximum
dielectric constant at 7T, of 3600 was observed at the
x=0.2 sample. In the present work, we prepared
(1—x)BNLT-xBZT by mixing BNLT and BZT together
before sintering. Therefore, it is believed that a microscopic
compositional fluctuation might occur in the BNLT-BZT

ceramics, especially in the x = 0.2 sample. This may cause
the evidence of unclear phase transition and broadening
dielectric-temperature curves, indicating relaxor behavior
of these ceramics. This is agreed pretty well with other pre-
vious works. [11-13] For x = 1.0 sample (pure BZT sam-
ple), the two clear phase transitions was observed again
at 51 and 110 °C, which may be corresponding to antiferro-
electric (AFE) orthorhombic phase transforms to a ferro-
electric (FE) tetragonal phase transition and a
ferroelectric (FE) tetragonal transforms to a paraelectric
(PE) cubic phase transition, respectively [8]. Sharp dielec-
tric peak with dielectric constant of 6500 was observed at
110 °C for the FE to PE transformation in the BZT sample.
In addition, weak frequency dependence of the dielectric
curve was also observed in this sample. It can be noticed
that the dielectric curves of the BZT added samples
(x =0.2-0.6) show unusual behavior where the dielectric
constant at high frequency of 100 kHz was larger than that
of lower frequency in the high temperature region. The
similar result was also found in the work done by Tian
et al. [14], who studied the dielectric behavior of their
BNT-BZT ceramic sample. It is also observed in the dielec-
tric loss versus frequency curves of those ceramics (figures
not shown) that the dielectric loss increases dramatically at
100 kHz, comparing to that of lower frequency, causing the
increase in dielectric constant of the ceramics as described
above. One of the possible reasons may be due to the per-
turbation of thermal motion of ionic or molecular dipoles,
leading to an abnormal change in conduction mechanism
at this frequency of 100 kHz. It is worth further study in
the electrical phenomena of these ceramics by an imped-
ance spectroscopy. Fig. 6 shows the dielectric loss (tand)
versus temperature of all ceramic samples. It can be seen
that tan o values of the BZT added samples are lower than
that of the pure BNLT (0.0BZT) sample especially when
the temperature are higher than their 7. This may be
caused by the change in their structures from the FE tetrag-
onal phase to AFE orthorhombic phase.
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Fig. 6. Temperature dependence of dielectric loss of BNLT-BZT
ceramics.
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In order to study the ferroelectric properties, measure-
ments of polarization hysteresis were performed at room
temperature using a Sawyer—Tower circuit. The results
are shown in Fig. 7. For x = 0.0-0.8, slim hysteresis loops
with small remanent polarization (P,) were observed.
Among those ceramic samples, the x = 0.2 sample has a
good ferroelectric property with high P, value of about
10 pC/em? and E, = 13 kV/cm. This may be resulted from
a good homogeneity of the solid solution between BNLT
and BZT at this composition. For x = 1.0 sample (the pure
BZT), its hysteresis loop exhibits a nearly square with a lit-
tle bit slant. The values of P, and E. for x = 1.0 sample are
approximately 10 pC/cm? and 13 kV/cm, respectively. The
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result indicates that the best piezoelectric properties should
be observed in this composition.

Fig. 8 shows the changes in the piezoelectric constant
(d33) as a function of the BZT content. The ds;3 coefficient
of this BNLT-BZT system was found to be in the range
of 79-224 pC/N. As expected, the highest d33 of 224 pC/
N was observed in the x = 1.0 sample due to its excellent
ferroelectric property as mentioned above. For x = 0.0—
0.8 sample, the highest ds; coefficient of 159 pC/N was
observed in x = 0.8 samples, but it also has quite low T,
(127 °C) as summarized in Table 1. The sample with
x = 0.2, however, exhibits the optimum properties with
high T,, of about 295°C and acceptable ds; value of
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Fig. 7. Ferroelectric hysteresis loops of the BNLT-BZT ceramics at various BZT contents.
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Table 1
Density, piezoelectric and dielectric properties of BNLT-BZT ceramics
Sample 0 ds3 & at tano T
(g/cm3) (pC/N) 1 kHZ* (°C)
1.OBNLT 5.77 98 675 0.04 345
0.8BNLT-0.2BZT 5.79 138 1571 0.08 295
0.6BNLT-0.4BZT 5.76 79 1422 0.09 131
0.4BNLT-0.6BZT 5.74 23 1679 0.10 112
0.2BNLT-0.8BZT 5.78 159 1651 0.04 127
1.0BZT 5.80 224 1227 0.03 100
BNLT [5] - 91 550 0.04 345
BNT-BT [4] - 125 580 0.01 288
BNT-BZT [8] 5.82 147 881 0.03 244
BNLT-BT [11] 5.86 130 1060 0.05 275

% At room temperature.

138 pC/N. It can also be seen from Table 1 that BZT addi-
tion has improved the dielectric and piezoelectric proper-
ties of the ceramics comparing to the pure BNLT
ceramics. [5] The more the BZT added, the lower the T,
value could be obtained as the pure BZT ceramic has a
low T, of about 100 °C. To retain a high Ty, value with
acceptable d33 and dielectric constant, the x = 0.2 sample
is, therefore, considered to be the optimum composition
in this study. Comparing to other systems of BNT-BT
[4], BNT-BZT [8] and BNLT-BT [15], the x = 0.2 sample
offers better dielectric constant and higher 77, value. More-
over, it also has board dielectric peak, promising the wider
temperature range for using in electronic applications.

4. Conclusions

The BNLT-BZT ceramics have been prepared by two-
step mixed oxide method. The pure BNLT and BZT pow-
ders were produced with calcination temperature of 900
and 1250 °C, respectively. Both powders of various
amounts of BZT from 0 to 100 mol.% were then pressed
and sintered to form the dense ceramics with the density
value ranging from 5.74 to 5.80 g/cm®. After electrical
characterization had been employed to the selected ceram-
ics, it was found that the addition of BZT developed the
piezoelectric and dielectric properties of (1—x)BNLT-
xBZT ceramics with the optimum condition of x =0.2
where piezoelectric coefficient (ds3), dielectric constant at
room temperature under 1kHz and Curie temperature
are of about 138 pC/N, 1571 and 295 °C, respectively.
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In this research, the effect of sodium potassium niobate, (Nag5Kos)NbO3 (NKN) particle
size on the dielectric properties of 0-3 non lead based piezoelectric cement based composites
were investigated. NKN of various particle sizes (75, 225 and 450 pum) were used at 50% by
volume to produce the composites. Dielectric properties at various frequencies (0.1-20 kHz)
were investigated. The results showed that the dielectric values of NKN-PC composites in-
creased with increasing NKN particle size where ¢, at 1 kHz are 158.60 and 191.21 for
composites with 75 um and 450 um NKN particle size respectively. The dielectric loss (tand)
was found to reduce with increasing NKN particle size and the tan § value was lowest at 0.39
for composite with 450 um NKN particle size.

Keywords: NKN; Composites; Particle size; Dielectric Properties.

1. INTRODUCTION

Nowadays, the piezoelectric materials are widely used for capacitors and
various application such as lead zirconate titanate (PZT) as it has excellent di-
electric constant (¢, ) and piezoelectric coefficient (ds3) [1-4]. Cement based
composites consisting of PZT have been developed for applications where
the composites can be inserted into concrete structures to detect loading after
they were fabricated [5—11]. Moreover, the use of such piezoelectric-cement

*Corresponding author. E-mail: arnon @chiangmai.ac.th
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based composite would provide an advantage in the matching of structural
concrete compared to other piezoelectric composites. However, lead ox-
ide from processing of lead-based piezoelectric materials has high toxic
and used of the lead-based materials has caused lead pollution and cru-
cial environmental problems. Therefore, lead-free piezoelectric materials
received attention from environmental protection. Recently, sodium potas-
sium niobate, NaKNbO3; (NKN) have begun to attract attention because of
high piezoelectric coefficient (ds3) [12]. Dielectric measurements were first
reported by Mathias and Remeika [13]. In addition, dielectric constant of
Nag 5Ko5NbOj3 is 218.87 at 1 kHz and low dielectric loss by Kuldeep Singh
et al. [14]. In this research, NKN-PC composite material was produced from
sodium potassium niobate, Nay s Ko sNbO3; (NKN) with Portland cement of
normal type (PC), commonly known as ordinary Portland cement to form
0-3 connectivity NKN-PC composites. The dielectric properties of the new
composite material of lead-free piezoelectric materials, NKN, made with
Portland cement were then investigated.

2. EXPERIMENTAL

Nag 5K sNbO3 (NKN) ceramic of different median particle size (75 um,
225 pm and 450 pum) were used. These NKN ceramic particles were then
mixed with normal Portland cement (The American Society for Testing and
Materials Type I cement) to produce 0-3 connectivity NKN-PC composite
of 50:50 by volume using a hydraulic press to form disk samples of 15 mm
diameter and 2 mm thickness. Thereafter, the composites were placed for
curing at 60°C and 98 % relative humidity for 3 days before measurements.
For measurement of the dielectric properties, silver paste electrodes were
formed at the two surfaces of disk-shaped specimens. An impedance meter
(Hewlett Packard 4194A) was use to obtain the capacitance and the dis-
sipation factor (tand) of the composites at room temperature and at very
frequency. The relative dielectric constant (g,) was the calculated from the
following equation:

Ct
& = —
8()A

Where C is the sample capacitance, ¢ is the thickness, & is the permittivity
of free space constant (8.854 x 10'> Fm~!), and A is the electron area.
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3. RESULTS AND DISCUSSION

The effect of NKN-PC composites on the dielectric constant (g,) is plotted
against the NKN particle size in Fig. 1 (a) where the effect of NKN particle
size on the dielectric constant can be seen. The dielectric constant of the
composites can be seen to increase with increasing NKN particle size and
that the dielectric constant was highest at 191.21 of 450 um NKN particle
size at 1 kHz.

Measured dielectric loss (tan§) results of composites showing the effect
of NKN particle size can be seen in Fig. 1 (b). The dielectric loss (tand) was
found to reduce with increasing NKN particle size and the tan § value at
1 kHz was lowest at 0.39 for composite at 450 wm NKN particle size.

At varying frequency, the effect of NKN-PC composites on the dielectric
constant (e,) is shown against the frequency in Fig. 2 (a) where the effect
of frequency on the dielectric constant can be seen. The dielectric constant
of the composites can be seen to reduce with increasing frequency where
0.1 kHz and 20 kHz with dielectric constant = 452.31 and 94.24 for compos-
ites at 450 um NKN particle size. In addition, the dielectric loss (tand) was
found to reduce with increasing frequency where 0.1 kHz and 20 kHz with
dielectric loss = 0.60 and 0.20 for composites at 450 um NKN particle size.
Moreover, the dielectric constant of the composites decrease sharply with
increasing frequency and with an increasing frequency, some polarization,
especially interfacial polarizations cannot follow the change of the electric
field due to lengthy time for the construction of space charge polarization.
The result, dielectric constants are lower at high frequency [15].

Furthermore, from the above results, high dielectric constant (¢,) and
low dielectric loss (tand) of 0-3 NKN-Portland cement composites were
obtained with a particle size of NKN as large as 450 um using the method
described.

4. CONCLUSIONS

The results showed that the dielectric properties of 0-3 NKN-Portland ce-
ment composites reduced with increasing frequency. The dielectric constant
(e,) was found to increase with increasing NKN particle size. Moreover,
particle size of NKN ceramic as large as 450 um can be produced and it
gave the highest dielectric values (¢, = 191.21). The dielectric loss (tand)
was found to reduce with increasing NKN particle size and the tan § value
was lowest at 0.39 for composite at 450 um NKN particle size. At varying
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frequency, the dielectric constant and dielectric loss of the composites was
found to reduce with increasing frequency.
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Transparent glasses in the (100-x)LiNbO5-xSiO, system where 20 <x <35, were produced by conventional
melt-quenching technique. The quenched samples were amorphous as proved by X-ray diffraction (XRD)
technique. Annealing of the quenched samples at temperatures ranging from 580 to 975 °C resulted in the
precipitation of lithium niobate nano-crystals. Scanning electron microscopy (SEM) showed the presence of
randomly oriented LiNbO3; nano-crystals dispersed in a continuous glass matrix. The relative dielectric
constant (&) was in the range of 80 to 180 and increased with increasing LiNbOs; concentration. The glass
ceramic samples annealed at temperatures up to 600 °C are fully transparent.

© 2009 Published by Elsevier B.V.

1. Introduction

In the past few years, the preparation of numerous ferroelectric
materials by glass crystallization has been described in the literature
[1-4]. This method has been applied for various ferroelectric crystals,
such as BaTiOs, PbTiOs, NaNbOs, LiTaO3 and LiNbOs. This method is
simple, cheap and potentially suitable for multifunctional devices
[5,6]. The starting point of the route is the preparation of a glass by a
melting procedure. In order to obtain glass formation, besides the
constituents of the ferroelectric phase, also glass forming oxides have
to be added. Lithium niobate (LiNbOs) is a very important and
interesting ferroelectric material for applications in optics and
electronics, such as electro-optical, acusto-optical, piezoelectric and
nonlinear optical devices [7-9]. It has a very high Curie temperature
(T.=1140-1210 °C), good ferroelectric properties and it is still
ferroelectric at room temperature [10]. LiINbO3 has poor glass forming
ability and hence in order to obtain a glassy material, it is usually
required to add a glass former. In previous works, SiO, concentrations
>35 mol% were added to LiNbO3; composition in order to promote the
glass formation [4,11]. In the present study, SiO, was chosen and the
respective SiO, concentrations were in the range of 20 to 35 mol% and
hence smaller than in previous reports. Furthermore, other inter-
mediate oxide such as Al,O3; was not added. The smaller concentra-
tions of SiO, should lead to a larger quantity of the ferroelectric phase
and hence to larger dielectric constants. In order to obtain transparent
glass-ceramics, the crystallites of the ferroelectric phase should be

* Corresponding author. Tel.: +49 3641 948501; fax: +49 3641 948502.
E-mail address: ccr@rz.uni-jena.de (C. Riissel).

0167-577X/$ - see front matter © 2009 Published by Elsevier B.V.
doi:10.1016/j.matlet.2009.01.082

much smaller than the wavelength of the visible light (<200 nm) and
the crystal size distribution should be narrow.

2. Experimental procedure

Glasses with the composition (100-x)LiNbO3-xSiO, where
20<x < 35 were melted from reagent grade LiNbO; and SiO, in a
batch quantity of 30 g at temperatures in the range from 1300-1350 °C
in a platinum crucible using an electric furnace. The melts were
quenched by pouring onto a brass mould and immediately pressed
with another brass plate to obtain 1.5-2.0 mm thick glass sheets.
Subsequently the glass samples were placed into a furnace preheated
to 550 °C kept for 1 h and then slowly cooled down using a rate of
1 K-min~ " In the following, these samples are denoted as
“quenched”. The quenched samples were annealed at different
temperatures ranging from 580 to 975 °C (kept for 1 h) using heating
and cooling rates of 10 K-min ™~ . The ground powders of the quenched
and annealed samples were investigated by X-ray powder diffraction,
using CuKa radiation (XRD; Siemens D5000, Germany). The crystal-
lite size was estimated using the Scherrer Eq. (1) [12,13],

ok
" Bcosh

(1)

where L is the mean diameter of a crystal, k is a geometry factor
(0.94), A is the wavelength used (1.5406 A), 3 is a full width at half
maximum (FWHM) and 6 is the Bragg angle. The quenched and
annealed samples were characterized using scanning electron micro-
scopy (SEM; Zeiss DSM 940 A, Germany). The capacitances of the
quenched and annealed samples (1-2 mm thick and 10 mm in
diameter) were measured using impedance spectroscopy (IM5d
Zahner Elektrik, Kronach, Germany) at temperatures in the range
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Fig. 1. XRD patterns of the quenched and annealed samples at 600, 650, 700 and 975 °C
for 1 h with 30 mol % SiO,, ¢ LiNbOs, O SiO, (cristobalite).

from 30 to 150 °C. The amplitude used was 50 mV. The relative
dielectric constant (¢&;) was then calculated from the geometry of the
sample and the capacitance [14].

3. Results and discussion

The quenched samples were transparent without any visible
inclusions. The XRD patterns of all quenched samples (not shown)
confirm their amorphous nature. XRD patterns of a sample with the
composition x=30 are shown in Fig. 1 for various annealing
temperatures. The XRD lines observed could be attributed to crystal-
line lithium niobate and indexed to LiNbO3 (JCPDS file No. 20-0631)
which lattice parameters are a=b=>5.1494 A, c=13.862 A. After
annealing at 975 °C, additional small intensity lines due to cristobalite
(SiOy; JCPDS file No. 82-0512) were observed. The width of the XRD-
lines decreased with increasing annealing temperature (not shown).
The corresponding crystallite size calculated using Scherrer Equation
is shown in Table 1. After annealing at a temperature of 975 °C, the line
broadening is too small to enable the calculation of mean crystallite
sizes with acceptable errors. In this case the crystals are larger than
50 nm.

Fig. 2 shows SEM-micrographs of a sample with x=30 after
annealing at temperatures of 600, 700 and 975 °C for 1 h. The LiNbO3
crystals show bright appearance because they possess a larger mean

Table 1
Mean crystallite sizes (calculated by Eq. (1)) of samples annealed at 600, 650, 700 and
975 °C for 1 h with 20, 25, 30 and 35 mol% SiO,

Si0, Mean crystallite sizes (in nm) of annealed samples
concentration 600 °C 650 °C 700 °C 975 °C
in mol%

20 15 20 35 42
25 14 23 37 43
30 17 26 42 >50
35 25 47 48 >50

Fig. 2. SEM micrographs of annealed samples at 600, 700 and 975 °C for 1 h with 30 mol
% Si0,.
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Fig. 3. Variation of the relative dielectric constant (&) as a function of frequency with
30 mol% SiO.
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Fig. 4. The images of the quenched and annealed samples at 580, 600, 650, 700 and 975 °C for 1 h with 30 mol% SiO,.

atomic weight than the SiO,-rich phase. Fig. 2 shows a micrograph of a
sample annealed at 600 °C. A minor quantity of small crystals with
sizes of approximately 30 nm is seen. After annealing at a temperature
of 700 °C, a number of much larger crystals with the average size of
50 nm are observed. Annealing of the sample at 975 °C leads to the
growth of crystals with sizes in the range of 200 to 300 nm. The crystal
sizes are in agreement with those calculated from XRD-line
broadening.

The variation of the relative dielectric constant (&;) as a function of
frequency (f) for the samples with x=30 is depicted in Fig. 3 for
various temperatures. The &, values of the samples annealed at 600,
650, 700 and 975 °C for 1 h were larger than those of the quenched
samples. The relative dielectric constants increased with increasing
annealing temperature and with increasing frequency, the &, values
decreased. For the sample with x = 30, the values of the tané (6 =1loss
angle) at 100 kHz were 0.12 and 0.063 after annealing at 600 and
700 °C, respectively.

Fig. 4 shows images of the quenched sample and of annealed
samples with x =30. The quenched sample and samples annealed at
580 and 600 °C are transparent. Samples annealed at 700 °C and
975 °C are opaque due to the occurrence of larger crystals. For visible
light (400 to 800 nm in wavelength), samples possessing crystals
larger than 200 nm should show light scattering and hence the
respective samples should be opaque [15,16]. Transparent samples
showed crystals <200 nm. The effect of temperature on the mean
size of the crystals was surprisingly small: for example in the sample
with 20 mol% SiO,: the size are 15 and 42 nm after annealing at 600
and 975 °C, respectively, giving rise to all transparent glass ceramics in
this composition. During crystallization of LiNbOs, the residual glassy
phase is enriched in SiO,, therefore their viscosities should increase
during the course of the crystallization. In analogy to previous reports
on the crystallization of CaF, [17] from silicate glasses, this should lead
to a diffusion barrier around the crystals which hinders crystal growth
as well as Ostwald ripening.

4. Conclusions

Annealing of glasses in the (100-x)LiNbO3-xSiO, system (with
20 <x <35) at temperatures up to 600 °C led to transparent samples

containing ferroelectric LiNbOs5 crystals. Annealing at 650 °C resulted
in samples showing slightly light scattering while samples annealed at
>700 °C are opaque. The mean sizes of the LiNbO5 crystals are in the
range of 13 to 50 nm and increased with annealing temperature and
SiO, concentration of the sample. The relative dielectric constants
were in the range of 75 to 190. They increased with increasing
annealing temperature and decreasing frequency. For the first time,
transparent LiNbO3 glass-ceramics with SiO,-concentrations as small
as 20 mol% were prepared.
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niobate.

Various samples with the compositions (100 — x)LiNbO53-xSiO, (with x=10, 20, 25, 30, 35, 40, 50 and
60) were prepared by conventional melting technique. Samples with 20 < x < 35 were transparent, while
products with x=10 or x >40 were at least partly opaque under the conditions supplied. TEM-micrographs
of replicas gave evidence on phase separation in these glasses. At SiO,-concentrations >30 mol%, the
formed structures consist of SiO,-rich droplets in a LiNbO3-rich matrix phase. The size of the structures
increases with increasing SiO,-concentration. At an SiO,-concentration of 50 mol%, the droplets are as
large as 450 nm. During thermal treatment, the LiNbO3-rich matrix phase crystallizes and forms lithium

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Lithium niobate is a very interesting ferroelectric material for
applications in optics and electronics. Among these applications,
electro-optical, acusto-optical and non-linear optical as well as
ferroelectric, especially piezoelectric properties are to be men-
tioned [1-4]. Lithium niobate has a very high Curie temperature
(T.=1140°C) and hence can also be applied as ferroelectrics at ele-
vated temperatures [5,6].

Lithium niobate ceramics can be produced by conventional
sintering techniques, however, also single crystals can be pre-
pared by the Czochralski method [7]. Besides, in the past few
years, the crystallization of lithium niobate glass—ceramics from
LizO/szOs/SiOz, LizO/szOs/SiOz/Aleg, LizO/szOs/TEOz and
Li,O/Nb,05/B, 05 glasses has been reported in the literature [8-12].
Niobium oxide is a conditional glass former and hence, pure LiNbO3
glasses can only be produced by rapid quenching of a melt, e.g.
by using twin roller techniques [4,13]. In order to obtain glasses
using cooling rates convenient in glass technology, it is necessary
to add network-forming oxides, such as B, 03 or SiO, [8]. In order to
obtain durable materials, the crystallization from borate glasses is
less advantageous, because the residual glassy matrix has a poor
corrosion resistance. In the literature, the glass formation after
addition of >50mol% SiO, has for example been reported in Ref.
[9]. Usually, the procedure is as follows: First a homogeneous glass

* Corresponding author. Tel.: +49 3641 948500; fax: +49 3641 948502.
E-mail address: ccr@rz.uni-jena.de (C. Riissel).

0254-0584/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.matchemphys.2008.08.070

is melted and in a second preparation step it is thermally treated
which results in the crystallization of the ferroelectric phase. By
analogy, also the crystallization of other ferroelectric phases such
as langasite (LazGasSiOq4) or BaTiO3 has been reported in the liter-
ature especially for cheap multifunctional devices [14,15]. If using
smaller SiO, additions, the cooled samples were no longer trans-
parent. Lithium niobate-based glasses with SiO,-concentrations
>50mol% have been studied with respect to their glass formation
and crystallization behaviour. Here also the preparation of oriented
glass—ceramics by surface crystallization [16] or electrochemically
induced nucleation has been reported [17]. Using this technique,
an orientation along the crystallographic c-axis, i.e. the polar axis
can be achieved.

This paper reports on a fundamental study on glass formation,
phase separation and crystallization in glasses with the compo-
sitions (100 — x)LiNbO3-xSiO, where x is in the range from 10 to
60.

2. Experimental procedure

Glasses in the system (100 —x)LiNbO5-xSiO, with x=10, 20, 25, 30, 35, 40,
50 and 60 were prepared from reagent grade LiNbO3; and SiO, by conventional
melting technique. First, LINbO3 was prepared by thermal treatment of equimo-
lar quantities of Li;CO3 and Nb,Os within a solid state reaction at 800°C for 2 h
in air. Then, the glasses were melted in a platinum crucible in batches of 30g
at 1300-1400°C kept for 1h. The melts were quenched by pouring them onto a
brass mould and pressing another brass plate onto the melt for avoiding crystal-
lization. The samples obtained were 1-2 mm thick. Subsequently all the samples
were given to a furnace preheated to 550°C kept for 1h to reduce thermal stresses
and then slowly cooled to room temperature using a rate of 1Kmin~'. These
samples in the following are denoted as “quenched”. Subsequently, the quenched
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samples were annealed at 700°C for 1h using a heating and cooling rate of
10Kmin—'.

The melted samples were characterized by differential thermal analysis (DTA-
50; Shimadzu, Germany) using a heating rate of 10Kmin~'. The density was
measured by Archimedean principle with distilled water as immersion liquid. The
quenched samples as well as thermally treated samples were characterized by X-ray
diffraction using Cu Ka radiation (XRD; Siemens D 5000, Germany). The microstruc-
tures of the annealed samples were characterized by scanning electron microscopy
(SEM; Zeiss DSM 940 A, Germany); the respective samples were ground and pol-
ished and subsequently coated with gold. The micrographs were obtained using a
backscatter electron detector (BSE). The quenched samples were further investi-
gated by transmission electron microscopy (TEM; Hitachi H 8100, Japan) using an
acceleration voltage of 200 kV. The following replica technique was used: the sam-
ples were fractured in vacuum and coated with a thin Pt-Ir-C layer. After treatment
with acid, the film was removed from the surface and studied by TEM (for a detailed
description see [18]). The replica film shows only the topography of the fractured
surface and is not affected by the etching procedure.

3. Results

The products obtained after quenching the melt as described
in the Section 2 were opaque in the case of an SiO,-concentration
of 10 mol%. Samples with 20-35 mol% SiO, were transparent and
yellowish colored, the sample with 40 mol% SiO, exhibited some
transparent and some opaque regions, while glasses with larger
SiO,-concentrations were opaque again. A transparent sample with
an SiO,-concentration of 30 mol% is shown in Fig. 1.

Fig. 2 shows XRD-patterns of quenched samples of all com-
positions studied. The sample with 10 mol% SiO, shows distinct
XRD-lines all attributable to crystalline LiNbO5 (JCPDS nr. 20-0631).
Samples with 20 and 25 mol% SiO, showed lines of marginal inten-
sities also due to LiNbOs; while the sample with 60 mol% SiO,
shows low intensity lines (see 26 =22°) caused by cristobalite. The
XRD-patterns of all other samples did not show distinct lines of
larger intensity and exhibited an appearance typing for glasses.

Fig. 3 shows DTA-profiles of quenched samples with 20, 25, 30,
35, 40, 50 and 60 mol% SiO,. Whereas T is 557 °C for the sam-
ple with the smallest SiO,-concentration (20 mol%), it is larger at
higher SiO,-concentrations. In the range from 654 to 699 °C, a first
exothermic peak is observed (T¢;) and at temperatures of around
1150 °C an endothermic reaction is seen.

Fig. 4 shows T and the temperature of the first exothermic peak;
Tcr both plotted against the SiO,-concentration. The crystallization
temperature increases from 654 to 699 °C for the samples with 20
and 35 mol% SiO,, respectively. At higher SiO,-concentrations, T¢;

SR &

Fig. 1. Image (minor scale =1 mm) of a glassy sample with an SiO,-concentration of
30 mol%.
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Fig. 2. XRD-patterns of quenched samples with SiO,-concentrations of 20, 25, 30,
35, 40, 50 and 60 mol%.

is around 680 °C and, within the limits of error, does not depend on
the SiO,-concentration.

Fig. 5 shows XRD-patterns of samples annealed at 700°C for
1 h. All the samples exhibit distinct lines due to crystalline lithium
niobate (JCPDS nr. 20-0631). Hence at the temperature supplied
all glasses crystallized and no other phase than lithium niobate
was formed. In comparison to Fig. 1, graph x=10, the XRD-lines
are notably broadened.

Table 1 shows the densities of quenched samples from 10 to
60 mol% SiO, and thermally treated samples from 20 to 35 mol%
SiO, with the compositions (100 — x)LiNbO3-xSiO,. The densities
decrease with increasing SiO,-concentrations.

Fig. 6 shows TEM-micrographs of samples with 20, 25, 30, 35,
40 and 50 mol% SiO,. All micrographs possess the same magnifica-
tions. The sample with 20 mol% SiO, shows some heterogeneity
with sizes in the range of 30-50 nm. The sample with 25 mol%

Table 1
The densities of quenched and annealed samples with the compositions
(100 — x)LiNbO3-xSi0,

SiO,-concentration (x)  Density (gcm—3)

Quenched samples  Annealed samples at 700°C for 1h

10 4.263 + 0.007 -

20 3.977 £+ 0.002 4.233+£0.007
25 3.899 + 0.007 4.102+0.003
30 3.834 £ 0.001 3.949+0.004
35 3.750 + 0.009 3.862 +0.007
40 3.664 + 0.008

50 3.451 + 0.002

60 3.224 £ 0.004
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Fig. 3. DTA-profiles of quenched samples with SiO,-concentrations of 20, 25, 30,
35, 40, 50 and 60 mol%.

SiO,, is notably more homogeneous. The size of the heterogeneities
is below 30nm. In the sample with 30 mol% SiO,, the hetero-
geneities are larger again (approximately 150 nm). In the sample
with 35mol%, the structures observed exhibit a size of around
250nm and appears as elongated droplets, while in the sample
with 40 mol% SiO,, they are as large as 350 nm. In the sample with
50 mol% SiO,, the sizes of the heterogeneous structures are around
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Fig. 4. The glass transition temperature, Ty and the temperature of the first crys-
tallization peak as a function of the SiO,-concentration (error in the temperatures
+10K).
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Fig. 5. XRD-patterns of samples with SiO,-concentrations of 20, 25, 30, 35, 40, 50
and 60 mol% annealed at 700°C for 1h.

450 nm. In the case of samples with 40 and 50 mol% SiO,, the het-
erogeneities possess a droplet shape.

Fig. 7 shows SEM-micrographs of samples with 40, 45, 50 and
60 mol% SiO, all annealed at 700°C for 1h. Here, a phase of dark
appearance which exhibit an almost spherical shape and a matrix
phase of light appearance are seen. In the case of the samples with
45 and 60 mol% SiO,, the size of the spherical crystals is in the
range from 400 to 1000 nm, while it is 1-3 pm for the sample with
50 mol% SiO,.

4. Discussion

The system LiNbO3-SiO, exhibits a fairly broad glass form-
ing range [9]. An SiO,-concentration of 20 mol% is large enough
to obtain transparent light yellowish and nearly amorphous
samples. It is interesting to note that the color observed is sim-
ilar to LiNbO3 single crystals prepared by Czochralski method
[19]. At an SiO,-concentration of only 10mol%, and the cooling
rates supplied, spontaneous crystallization of LiNbO3 occurred.
An SiO,-concentration of 20 mol%, under the cooling conditions
applied, however, was large enough to provide transparent and
mainly amorphous samples, which, however, exhibit a hetero-
geneous microstructure as shown by TEM (see Fig. 6). The
heterogeneities were 30-50 nm large. The sample with 25 mol%
SiO, showed the smallest heterogeneities with sizes below 30 nm.
Then, with increasing SiO,-concentration, the size of the struc-
tures observed in the TEM-micrographs increased again. Todorovic
and Radonjic [9] already reported on phase separation in the
Li;O-Nb,05-Si0,-Al,03 glass system. In a glass with an SiO;-
concentration of 37.2 and an Al,03-concentration of 5.4 mol%,
droplets with diameters in the range from 20 to 50 nm were formed
during annealing at 610°C for 10 min. Also these samples were
reported to be transparent.
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Fig. 6. TEM-micrographs of replicas; samples with 20, 25, 30, 35, 40 and 50 mol% SiO5.

Samples with an SiO,-concentration of 40 mol% show light scat-
tering and are opaque. Since the XRD-patterns of the quenched
samples do not show lines of large intensities, the light scattering
is caused by phase separation. As shown in the TEM-micrographs
(see Fig. 6), droplets with a size of 350 nm are observed. In principle,
all glassy samples which exhibit phase separation with structures
larger than 100 nm, are usually opaque (see also Ref. [20]). In the
case of the samples with 40 and 50 mol% SiO-, the droplet shape of
the heterogeneities also gives evidence for phase separation. Dur-
ing the course of the phase separation process, supposedly LiNbO3-
and SiO,-rich phases are formed.

The effect of the SiO,-concentration on the glass transition tem-
perature is fairly small; within the range from 20 to 35 mol% SiO,.
The glass transition temperature, Ty increases less than 20K. It
should be noted that the increase in the crystallization temperature
is more pronounced, it increases from 654 to 690 °C, while increas-
ing the SiO,-concentration from 20 to 30 mol%. A further increase
leads to more pronounced phase separation and the crystallization
temperature remains approximately constant (690 °C + 10K).

Atafirst glance, it is surprising that the glass transition tempera-
ture does not notably depend on the SiO,-concentration. However,
in the phase-separated structure, two phases, a LiNbO3-rich matrix
phase and an SiO,-rich droplet phase are formed. The compo-
sitions of these two phases should not depend so much on the
SiO,-concentration. With increasing SiO,-concentration, mainly

the quantity of the SiO,-rich phase should increase. Without the
occurrence of phase separation, the glass transition temperature
should steadily increase with the SiO,-concentration. By contrast
in the TeO,/LiNbO3-system, Shankar and Varma [12] reported that
T, increases with decreasing TeO,-concentration. These glasses are
not phase-separated and the melting point of TeO, is 730°C, i.e.
much lower than that of SiO, (1723 °C).

During annealing of the samples, crystallization of lithium nio-
bate occurs. Other phases, such as LiNb3Og were not observed (see
e.g. Refs. [11,21]). Kim et al. [4] studied glasses in the LiNbO3/SiO;-
system; however, they quenched the melts by using a twin roller
technique. They reported the occurrence of two exothermic peaks
in the DTA-profiles which are attributed to crystallization of LINbO3
and LigSi; O7, respectively.

In the SEM-micrographs of annealed samples (see Fig. 7); spher-
ical structures of dark appearance as well as a matrix phase of light
appearance are observed. The size of the spherical structures is
approximately the same as that of the droplet phase as shown in
Fig. 6. The phase of dark appearance is the SiO,-rich phase because
this phase possesses the smaller mean atomic weight in compar-
ison to the LiNbO3-rich phase. Then, the droplet phase shown in
Fig. 6 should also be the SiO,-rich phase. During thermal treatment
at 700°C, the matrix phase crystallizes and forms lithium niobate.

In principle, phase separation in glass forming melts is a
well-known phenomenon. It might occur above the liquidus tem-
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Fig. 7. SEM-micrographs (BSE detector) of polished samples annealed at 700 °C for 1 h with 40, 45, 50 and 60 mol% SiO5.

perature, for example in the MgO-SiO,, Ca0O-SiO, and PbO-SiO,
[22] systems. Aliquid of a composition within such a miscibility gap,
during cooling usually shows phase separation and subsequently
sedimentation and finally two glassy layers with different compo-
sitions are observed. Systems exhibiting metastable liquid-liquid
phase separation (below the liquidus temperature), such as the
systems BaO-SiO, [23] or Na,0-B,03-Si0, [24] widely enable to
tailor the microstructure, for example the sizes of droplets or inter-
penetrating structures by annealing. Here, the phase separation
process is much slower, because of the higher viscosities of the
respective liquids. These effects have intensively been studied since
the pioneer investigations of Porai-Koshits [25] and Vogel [26]. A
phase-separated droplet structure is a good prerequisite for a sub-
sequent crystallization process. In many cases, the crystal formed
from the droplet phase has a size comparable to that of the droplet.

This facilitates to tailor the final size of the crystallites. For exam-
ple in the case of apatite glass—ceramics [27], droplets enriched in
Cao and P,0s5 are formed which during annealing are transferred
to crystalline apatite. In the present case, however, the droplet
phase, whichis enriched in silica does not crystallize during anneal-
ing. However, the matrix phase is crystallizing and forms lithium
niobate. This leads to a microstructure which is composed by a
continuous ferroelectric phase with embedded SiO, droplets and
is supposed to possess favourable dielectric properties. Usually,
a droplet structure is considered as a binodal structure, while an
interpenetrating microstructure is supposed as spinodal. It should,
however, be mentioned that the structure may change during the
course of the cooling process and hence, the attribution of a cer-
tain structure to binodal or spinodal is never completely clear. In
our case, the structures in the case of an SiO,-concentration >40%
is that of droplets and hence supposedly binodal, while for an
Si0,-concentration of 35%, the structure might be interpenetrating

and hence probably spinodal. The miscibility gap hence seems to
process a maximum near 35% SiO,. At smaller SiO,-concentration
again a droplet structure is formed.

It should be noted that in all previous studies on the LiNbO3/SiO,
system, the SiO,-concentrations were much larger than in the
present study.

5. Conclusions

Glasses with the compositions (100 —x)LiNbO3-xSiO, (with
x=10, 20, 25, 30, 35, 40, 50 and 60) were transparent for 20 <x <35
while glasses with x=10 or x>40 were at least partly opaque
under the conditions supplied. As shown by TEM-micrographs
from replicas phase separation occurred and SiO,-rich droplets in
a LiNbO3-rich matrix phase were formed. The size of the droplets
increased with increasing SiO;-concentration. During thermal
treatment at 700 °C, the LiNbOs-rich matrix phase crystallized and
formed rhombohedral lithium niobate.
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The solid solution 0.8PbZrg s52Tip4803-0.2BaFey sNby 503 (P8B2) ceramic was pre-
pared by the mixed oxide method. The aim of this work is to focus on the ferroelectric
and pyroelectric properties of the ceramic. The phase formation behavior was studied
using X-ray diffraction (XRD) methods. The ferroelectric properties were measured by
a Sawyer-Tower circuit. Particularly, we measured the dielectric and pyroelectric prop-
erties by an automatic corrected data with Hewlett-Packard LCZ meter in the environ-
mental chamber. The optimum conditions for fabrication of 0.8PZT-0.2BFN ceramics
were found at 1100°C for calcination and 1200°C for sintering temperature. From the
hysteresis loop measurement, the remanent polarization (P,) and coercive field were
21 uClem?and 6.4 kVicm, respectively. The phase transition temperatures (T..) obtained
by pyroelectric measurements are in good agreement with the values obtained from the
dielectric study.

Keywords Ferroelectric properties; Pyroelectric properties; PZT

PACS numbers: 77.65.-j; 77.70.+a; 77.84.Dy

1. Introduction

Piezoelectricity is the ability of certain crystalline materials to develop an electric charge
proportional to a mechanical stress. It was discovered by J. and P. Curie in 1880 [1, 2]. It
was realized that materials showing this phenomenon must also show the converse effect,
a geometric strain (deformation) proportional to an applied voltage. Among all of these
materials, lead zirconate titanate (PZT) has been most extensively used in piezoelectric
applications. These ceramics have high values for the piezoelectric charge coefficient (ds3),
electromechanical coupling coefficient (k) and dielectric constant (g,) [3]. They also have
low dielectric loss. Modifications of the PZT ceramics, the effects of dopants and preparation
method had been studied to find out the optimum condition for PZT ceramics applications.
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Due to the rapid development of functional ceramics, many kinds of piezoelectric ma-
terials have been employed for ceramic actuators to find out the advantages of fast response,
high generating force, and low power consumption. BaFe( sNby 503 is also another inter-
esting perovskite compound which possesses a considerably high dielectric constant. This
work then aimed at developing the dielectric and piezoelectric properties of PZT by adding
BFN. For this purpose, we first prepared the PZT-BFN ceramics by the conventional mixed
oxide method to find out the suitable condition for actuator applications. In earlier work [4],
(1-x)PbZr( 55 Tip.4303 — xBaFe sNbysO3 (x = 0.1, 0.2, 0.3, 0.4 and 0.5) ceramic system
was investigated. It was reported that the (1-x)PZT-xBFN ceramic of x = 0.2 has inter-
esting dielectric and piezoelectric properties. Therefore, in this study we have emphasized
the composition of x = 0.2 on (1-x)PZT-xBFN ceramic system. The phase evolution of
the samples was investigated by an x-ray diffractometer. The pyroelectric, ferroelectric and
dielectric properties of PZT-BFN ceramics were determined.

2. Experimental

The 0.8PZT-0.2BFN ceramics used in this study are prepared from powders using the con-
ventional mixed-oxide method. The 0.8PbZr( s, Tip 4s03—0.2BaFe( sNby 503 powders were
first prepared by mixing the starting materials of PbO, ZrO,, TiO,, BaCOs3, Fe,03 and
Nb,Os powders in the desired ratio. These powders were ball-milled for 24 h in polyethy-
lene container with zirconia balls. Ethanol was used as a milling medium. After drying,
the mixed powders were then calcined at 800-1100°C for 2 h with heating and cooling
rate of 5°C/min. Subsequently, the most appropriate calcined samples were pressed into
disc shape and sintered at various temperatures ranging from 1150 to 1300°C. The samples
were heated for 2 h with constant heating and cooling rates of 5°C/min. The densities of
the sintered ceramics were measured by the Archimedes method. The phase formations of
the calcined powders were studied by an X-ray diffractometer (Philips Model PW 1729).
The diffractometer was operated at the voltage and current of 30 kV and 40 mA respec-
tively. Monochromatic Cokyradiation of wavelength 1.78901 A was used throughout the
measurement. The dielectric measurements were carried out on the automated systems.
The system consists of a precision impedance analyzer (Agilent 4294A), an environmental
chamber (Delta 9023), and a desktop computer. This system was capable of making di-
electric measurements in the frequency range from 1 kHz to 1 MHz and temperature range
from room temperature to 300°C. Prior to measurement, the surfaces of the samples were
polished with 1 um Al,O3 powders and electroded by silver paste. The P-E hysteresis loops
were measured using a Sawyer-Tower circuit at temperature between room temperature and
155°C. The temperature dependence of pyroelectric coefficient was determined by direct
measurement method.

3. Result and Discussion

Powder XRD patterns of the calcined powders are given in Fig. 1. The XRD results of
calcined 0.8PZT-0.2BFN powders show that the perovskite structure of PZT started to
form at 800°C and more pronounced at higher calcining temperature. The pyrochlore phase
was not observed by this method. The XRD phase analysis was based on the JCPDS file No
33-784 [5] for PZT and ICSD No.43622 [6] for BFN. The powder calcined at 1100°C was
employed to prepare ceramic samples. The density results show that the density depends
on the sintering temperatures, varying from 5.95, 6.94, 7.50 and 7.33 g/cm? for the samples
sintered at 1150, 1200, 1250 and 1300°C, respectively.



06:51 1 April 2009

[Chiang Mai University Library] At:

Downloaded By:

118/[314] S. Eitssayeam et al.

(101)
(110)

112)
(211)

p— 8 §§ g8

1200°c £ 2 I 3 =<
s A &
| A
= |eo’c A T
i A
z |lo0cC A MmN
: N A
3 o
E [%00°C e

800°C ’i\‘

BFN 1

S R

15 20 25 30 35 40 45 50 55 60

Figure 1. XRD patterns of 0.8PZT-0.2BFN powder at various calcination temperatures.

The temperature dependence of dielectric constant at various frequencies is illustrated
in Fig. 2. It was clearly shown that the dielectric constant depends on temperature, but no
significant change on the dielectric loss was observed in the temperature range 50-220°C.
The Curie temperature of the ceramic is 200°C lower than that of pure PZT (390°C). The
dielecric constant at room temperature measured at 1 KHz was 3270 and increased up
to 7620 at the curie point. The maximum value of dielectric constant and dielectric loss
slightly decreased with increasing frequency. The sample displays a normal ferroelectric
behavior, based on the Curie—Weiss law. Thus, the characteristics of the phase transition of

8000 1.2 -3

(a)

(b)

Increase frequency

Dielectric Constant (&)

log(1/e = Ve 5,)

s
-
Dielectric Loss (tan 5)

T T T T r T T r . . r
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Temperature (°C) 1og(T - Tryax)

Figure 2. (a) Temperature and frequency dependence of dielectric constant and dielectric loss of
0.8PZT-0.2BFN ceramics and (b) plots of log((1/¢) — (1/&,,)) vs. log(T — T,,) for 0.8PZT-0.2BFN

ceramics.
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Figure 3. P-E hysteresis loops of 0.8PZT-0.2BFN ceramics at various temperatures.

this ceramic can be explained in term of a generalized empirical equation of the type:

L_1T, T—T,\" .
ra[*( A )] M

where &, is maximum permittivity, y and A are the index showing the roundness and a
parameter indicating the temperature width of the peak of the dielectric constant, respec-
tively. For 0.8PZT-0.2BFN composition, y can be estimated from the slope of the dielectric
data and A can be calculated from the intercept of the dielectric data as shown in Fig. 2(b).
The y and A values are 1.734 and 91, respectively. The y value is normally equal to 2 for
relaxor, but the y value in this work was less than 2 [7].

The ferroelectric behaviour was also investigated by the hyteresis loop measurement.
Fig. 3 shows the polarization vs. electric field (P — E) hysteresis loops of various tempera-
tures. It can be seen that the higher temperature the thinner of hysteresis loop was obtained.
P, were found to be 21, 22, 12 and 7 [,LC/CI’I]2 with coercive fields were 6.4, 5.6, 2.3 and 2.2
kV/cm for measurement at 50, 100, 150 and 200°C, respectively. The value of P, at room
temperature of 0.8PZT-0.2BFN is slightly higher than that reported in the previous work
[8].

Figure 4 shows the variation of pyroelectric coefficient, p;, with temperature for
0.8PZT-0.2BFN samples. The value of p; was found to be 0.72 nC/cm? K at 60°C. This
curve shows continuous increase in p; with the increase in temperature up to the transi-
tion temperature with a maximum value of 3.2 nC/cm? K at 200°C. It is clearly seen from
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Figure 4. Variation of pyroelectric coefficient (p;) with temperatures of 0.8PZT-0.2BFN ceramics.

Fig. 2(a) and Fig. 4 that the phase transition temperatures (7,) obtained by pyroelectric
measurement is in good agreement with the values obtained from the dielectric study.

4. Conclusion

In this work the solid solution 0.8PbZr 5, Tig4303—0.2BaFey sNbg sO3 ceramic was pre-
pared by the mixed oxide method. The 0.8PZT-0.2BFN ceramics of optimum properties
were fabricated by using 1100°C and 1200°C for calcination and sintering temperatures re-
spectively. The XRD patterns present single phase of perovskite structure without pyrochlore
phase. The dielectric properties of the ceramics depend on temperature and frequency to a
certain extent. However, the dielectric constants were found to slightly decrease with the
temperature and frequency. The phase transition temperature (7, ) decreased to 200°C, lower
than that of pure PZT (390°C) and this value is in good agreement with that obtained from
pyroelectric measurement. The typical ferroelectric behavior of the sample was confirmed
by its hyteresis loop and based on the Curie—Weiss law.
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Abstract

The near morphotropic phase boundary (MPB) of lead-free piezoelectric ceramics based on bismuth sodium lanthanum titanate
(Big 487Nag 487Lag017T105:BNLT) and barium titanate (BaTiO5:BT) was carefully investigated by a modified two step mixed-oxide
method. In this case the BNLT and BT powders were produced separately using calcination temperatures of 900 °C and 1200 °C, respec-
tively. After that they were mixed with the desired compositions of (1 — x)BNLT-xBT, where x = 0.00, 0.02, 0.04, 0.06, 0.08, and 0.10.
Then the powders were pressed and subsequently sintered at various temperatures to obtain the maximum density under each condition.
It was found that the BT addition has a significant effect on grain growth inhibition of the BNLT-BT ceramics and this in turn gave rise
to an enhancement in dielectric constant (¢,) of the corresponding ceramics. The piezoelectric coefficient (d33) was also improved greatly
to about 130 pC/N in the 0.96BNLT-0.04BT ceramic sample sintered at 1125 °C. This offered an opportunity to obtain a good candidate

for replacing the lead-based piezoelectrics.
© 2007 Elsevier B.V. All rights reserved.

PACS: 77.65.Bn; 71.45.Gm; 61.05.cp; 68.37.Hk

Keywords: BNLT; BT; Lead-free piezoelectric ceramic; Two step mixed-oxide method

1. Introduction

In the past few decades, extensive studies have been car-
ried out in order to find replacements for lead-based piezo-
electric materials, such as (Pb, Zr)TiO3 (PZT), PbTiO; (PT)
and Pb(Mg,3Nb,/3)O; (PMN), because of environmental
concern. One of the most studied compounds is ferroelec-
tric bismuth sodium titanate (BigsNag 5)TiO; (BNT), dis-
covered by Smolenskii et al. [l1]. It has interesting
electrical properties (good dielectric constant (g.) and
acceptable piezoelectric coefficient (d33)). Its crystal struc-
ture is rhombohedral with strongly ferroelectric behavior.
The Curie temperature 7T is about 320 °C, remanent polar-

* Corresponding author.
E-mail address. kpengpat@gmail.com (K. Pengpat).

1567-1739/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.cap.2007.10.010

ization P, = 38 pC/cm? and coercive field E, = 73 kV/cm.
Another phase transition occurs at about 200 °C (T7,)
which is believed to be the transition from ferroelectric
rhombohedral to antiferroelectric tetragonal, which is fur-
ther changed to the paraclectric cubic phase at 7, [2,3]. It is
normally found that the ¢~T7 curve at the T, of this mate-
rial has a high degree of broadness, indicating relaxor-type
ferroelectric behavior.

However, the Bi ion is highly volatile at high tempera-
ture above 1130 °C during sintering, making this material
difficult to pole due to its high conductivity [4]. The solu-
tion to this problem has been found by many researchers
who were able to modify the BNT crystal by the substitu-
tion of other A- and B-site cations, such as in
(Bi0V5Na0.5)(1,1_5x)LaxTiO3: BNLT [5], BNT*BaTIO:),
[6], BNT-KNbO; (KN) [7], and BNT-Ba(Ti, Zr)O3 [8]
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solid-solution ceramic systems. The piezoelectric properties
of these ceramics were significantly improved. Recently,
another interesting system was reported by Pengpat et al.
[9] who combined two ideas, (1) the rare earth additive of
La®" suggested by Herabut and Safari [5], and (2) a solid
solution of BNT-BT suggested by Takenaka et al. [6],
in order to produce a new system  of
(1 — y)(BigsNag 5)1—1.5x)La,TiO3 (BNLT)-yBaTiO3 (BT),
where x =0.017 and y =0, 0.06, 0.1, 0.15, 0.2. They found
that a maximum d33 of about 112 pC/N could be achieved
with the composition of y = 0.15 which is not the morpho-
tropic phase boundary (MPB) composition (y=0.1)
reported in this work. Moreover, this MPB composition
is different from that of the (1 — x)BNT-xBT system of
Takenaka et al. whose MPB was observed at about
x =10.06. This may be due to different homogeneity of
the samples prepared using different preparation methods.
Moreover, the series of compositions of varying BT con-
tent (y) from (1 — »)BNLT—yBT is not complete enough
to determine the exact MPB of this system, making it diffi-
cult to compare the results to those of the previous works.

In this work, the (1 — x)BNLT-xBT system has been
further investigated by conventional methods, where the
range of x values was chosen near the MPB of BNT-BT
system (about 6 mol% BT) and 1.7 mol% La*" doped
BNT which is the optimum composition of the BNLT sys-
tem. The physical, dielectric and piezoelectric properties of
the BNLT-BT ceramics were investigated. The microstruc-
tures of the ceramics in this system were also examined.
The results were compared to those of the previous works.

2. Experimental procedure

High purity (purity > 99.0%) powders of bismuth oxide
(B1,03), sodium carbonate (Na,COs), lanthanum oxide
(Lay03), titanium oxide (TiO,) and barium carbonate
(BaCO;) were used as starting materials for producing
(1 — X)(Bi0.4g7Nao_487La0.017Ti03)—X(BaTiO3), where x =
0.0, 0.02, 0.04, 0.06, 0.08 and 1.0. The batch compositions
of BNLT and BT were weighed and mixed by ball-milling
for 24 h. Then both mixtures of BNLT and BT composi-
tions were dried and calcined at 900 °C and 1200 °C,
respectively, which are the optimum calcination tempera-
tures for producing highly pure powders of both phases.
Both powders were then mixed corresponding to the above
formula by ball-milling for 24 h with acetone as the disper-
sion media. After drying and sieving the mixtures, the
obtained powder was made into pellets of 15 mm in diam-
eter by uniaxial pressing in a stainless steel die. The pellets
were sintered between 1050 °C and 1150 °C in an electric
furnace in an air atmosphere under controlled heating
and cooling rates of 5°C/min with 2 h dwell time. The
phase identification and density of the sintered ceramic
samples was investigated using X-ray diffraction (XRD:
Siemen D-500) and Archimedes’ method, respectively.
Scanning electron microscopy (SEM: JSM-6335F) was
used to observe the microstructures of the ceramics. The

grain sizes of each sample were measured by the mean lin-
ear intercept. The two parallel surfaces of the sintered
ceramics were polished and coated with silver paste as elec-
trodes for electrical contact. To measure the relevant elec-
trical properties, the prepared ceramic samples were poled
in a silicone oil bath at 50 °C at 3.0 KV/mm for 15 min.
The samples were then left at room temperature for 24 h
after poling, and the piezoelectric measurements were mea-
sured using a piezoelectric-ds3-meter (Model 8000, Penne-
baker). The dielectric constant (g,.) of all ceramic samples
was measured at various frequencies from 1 kHz, 10 kHz
and 100 kHz and their temperature vs ¢, curves were also
measured using an LCZ-meter (Model 4276A, Hewlett
Packard).

3. Results and discussion

The XRD patterns of the dense ceramics from BNLT—
BT system are shown in Fig. 1. It can be seen that all the
peaks in the XRD pattern of the BNLBTO ceramic corre-
spond to the BNT phase of the JCPDS file No. 34-0360
with rhombohedral structure. The addition of BT phase
of x = 0.04 resulted in a splitting of the 200 peak into
two peaks of (002) and (200) reflections. This splitting is
obvious at x = 0.06 and can be clearly seen in the extended
XRD patterns of the corresponding ceramics at 20 between
44° and 48° (Fig. 2). This indicates the change in crystal
structure from rhombohedral to tetragonal symmetry of
these ceramics and the MPB of this system is found to lie
between x =0.04 and x = 0.06, where the rhombohedral
and tetragonal symmetries coexist, with more BT added,
more of the tetragonal phase could be detected in the
XRD patterns of the BNLBT ceramics. From the previous
work, it was reported that the MPB of the (1 — x)BNT-
xBT system was at x = 0.06 [6]. In this work, La** doping
of the BNT-BT has, however, shown no significant effect
on the MPB as we found our MPB in the similar region
of x between 0.4 and 0.6. This may be attributed to the dif-
ference between the ionic radius of La** ion (130 pm) and

Intensity (counts)

BT-JCPDS-83-1880

T T
| BNT-JCPDS-36-0340

20 30 40 50 60 70 80
20

Fig. 1. X-ray diffraction patterns of (1 — x)BNLT-xBT ceramics, where
x =0.0-0.10.
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Fig. 2. X-ray diffraction patterns of (1 — x)BNLT-xBT ceramics at 26
between 44° and 48°.

Bi*" ion (131 pm) being so small (about 0.8%) and both
ions also having the same valency.

The microstructural analysis of all ceramics has been
carried out and the SEM micrographs of the as-formed sur-
faces are illustrated in Fig. 3. All have a dense structure
with low porosity. The small addition of BT, however,
inhibited grain growth dramatically, as can be seen from
the average grain size (Table 1) which was reduced from
410 £0.46 pm for pure BNLT (Fig. 3(a)) to about
1.86 £0.19 um for the 2mol% BT added sample
(Fig. 3b). This may be attributed to the large difference
between ionic radius of Ba*" (156 pm) and Bi*" (131 pm)
and the possibility that Ba>" aggregates and forms second-
ary phases on a very small scale at the grain boundaries.
This may prevent grain boundary movement during the
sintering process [10]. However, increasing the amount of
BT from 0.04 to 0.10 had no significant effect on the grain
size and shape of the ceramics as can be seen in Fig. 3c—{.

The experimental on dielectric measurements at room
temperature for various BT contents are graphically pre-
sented in Fig. 4. It can be clearly seen that ¢, increases with

(e) x = 0.08

(Hx=0.10

Fig. 3. SEM micrographs of (a) BNT and (1 — x)BNLT-xBT ceramics, where (b) x = 0.02 to (f) x = 0.10.
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Table 1
The values of density, grain size, dielectric constant (&) and piezoelectric
coefficient (ds3) at room temperature of (I — x)BNLT-xBT samples

Samples Density Grain size &, ds3
(gfem?) (pm) (Troomiwis)  (PC/N)
BNLT 5.854+0.02 4.10+046 780 72
0.98BNLT-0.02BT 5.86+0.03 1.86+0.19 863 118
0.96BNLT-0.04BT 5.86+0.01 1.69+0.16 1060 125
0.94BNLT-0.06BT 5.85+0.01 1.57+0.19 1547 52
0.92BNLT-0.08BT 5.84+0.01 1.554+0.23 1598 24
0.90BNLT-0.10BT 5.84+0.01 147+0.15 1615 25

increasing BT (x) and reaches a maximum at x = 0.06. Fur-
ther addition of BT gradually increases ¢, up to x =0.10.
Initially, the considerable increase in ¢, values from
x = 0.02 (rhombohedral structure) to x = 0.06 (rhombohe-
dral + tetragonal structures) may be mainly due to the
presence of tetragonal phase coexisting in the MPB compo-
sitions, but above this point the grain size and density may
play a more important role in controlling the ¢, values of
these ceramics, since the density values and grain size of
the BNLT-BT samples changes slightly with increasing
BT as shown in Table 1. This trend was observed at all fre-
quencies. The dielectric loss (tand) was found to increase
slightly up to x = 0.04, above which it increases monoton-
ically with increasing BT content. This can be related to the
density, which was found to decrease, indicating greater
porosity, when the BT content is greater than x = 0.04.
The temperature dependence of the dielectric constant
for all the BNLT-BT ceramics is shown in Fig. 5. A reduc-
tion of T, was observed for the BT-containing samples,
which is expected because the BT ceramic has a lower value
of T, (~130 °C compared with that of BNLT, ~340 °C).
This result is consistent with the previous work [6]. The
tano value of all BT-containing samples is found to be
lower than that of the pure BNLT sample, leading to the
lower conductivity of these BNLT-BT ceramics at higher
temperature (>90 °C). The important mechanism of ionic

¢ MPB !
1800 ; L 0.14
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Fig. 4. The dielectric constant (¢.) and loss tangent (tand) at room
temperature vs BT content (x) in the (1 — x)BNLT-xBT system.
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Fig. 5. Variation of dielectric constant (¢,.) and loss tangent (tand) with
temperature for (1 — x)BNLT-xBT ceramics at 1 kHz.

conductivity in these ceramics is the movement of ions
which are the current carriers. It has been long known that
the alkali ion is a good current carrier in ceramics; there-
fore, this ion plays an important role in the conductivity
of the BNLT ceramics, since the Na™ ions in BNLT move
easily upon heating, resulting in the increase in conductiv-
ity with increasing temperature. In BT doping ceramics, the
large Ba®" (156 pm) ions are substituted into the A-sites of
the BNLT, which possibly blocks the passage of the Na™
current carriers, causing a reduction of conductivity in
the BNLT-BT ceramics which gradually increases upon
heating. When the temperature is further increased above
T., the conductivity or (tand) is found to increase dramat-
ically, as a result of the structural change from tetragonal
to cubic at the Curie temperature.

The piezoelectric coefficient (d33) values were measured
by a ds3 meter. Table 2 shows that BT content reaches a
limit in enhancing the d;; value at x = 0.04 at which the
maximum ds; value is about 130 pC/N. After that,
the increase in tetragonal phase lowers the ds; value of
the ceramics, reducing it to as low as 32 pC/N in the
x =0.10 sample. This may be attributed to the decrease
in density of the high BT content samples.

Table 2 shows the important properties of the BNLT,
and BNLT-BT samples prepared in this work, compared
to previous results. It is clearly seen that the BT phase
has a significant effect in enhancing the d3; of BNLT
ceramics. In this work, the maximum ds; value was about

Table 2

The values of dielectric constant (¢,), loss tangent (tand) and piezoelectric
coefficient (d33) at room temperature of selected samples compared to the
literature values

Samples

BNLT (this work)
0.96BNLT-0.04BT
(this work)
BNLT [5]
0.94BNT-0.06BT [3]

& (Troom)

730 (1 kHz)
1000 (10 kHz)

tan o (Troom) d33 (pC/N)

0.05(1kHz) 72
0.04 (10kHz) 130

550 (1 kHz)
950 (10 kHz)

0.04 (1 kHz) 91
001 (10kHz) 125
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130 pC/N  at the MPB composition of x=0.04
(0.96BNLT-0.04BT), which is slightly higher than for the
BNT-BT system (about 125 pC/N) [3].

4. Conclusions

The dielectric and piezoelectric properties of
(1 — x)BNLT-xBT ceramics were determined. The piezo-
electric coefficient (d33) can be improved to a value of about
130 pC/N in the 0.96BNLT-0.04BT ceramic sample. The
dielectric constant (&) of the BNLT-BT ceramics was
enhanced by the addition of BT content, while at the same
time, their 7, was lowered. Moreover, BT doping helped to
reduce the dielectric loss (tand) of the ceramics at high
temperature.
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In this work, the preparation of sodium potassium niobate (Nag 5sK¢ 5)NbO3z (NKN) ceramics
were carried out by the conventional method. The effect of calcination temperatures, dwell time
and heating rate on phase formation was investigated. Earlier work reported that to achieve the
density of NKN ceramic over 95% of its theoretical density is rather difficult. In this work,
firing conditions and heating and cooling rates were carefully varied to fabricate the NKN
ceramics. X-ray diffraction (XRD) techniques were used to investigate the phase evolution of
the calcined powders and sintered bodies. Microstructures of sintered pellets were studied by
the scanning electron microscopic (SEM) techniques. Dielectric and ferroelectric properties
were also investigated and reported.

Keywords: dielectric properties; piezoelectric properties; perovskite; lead-free materials

INTRODUCTION

Lead free sodium potassium niobate (Nag s Ko s)NbO3 (NKN) ceramics show
interesting properties such as high electromechanical coupling coefficient,
high piezoelectric properties with perovskite structure and considerably high
dielectric constant. It has a high Curie temperature (7, ~ 420°C), where the
transformation of the ferroelectric phase to paraelectric phase occurs [1-6].
This composition has been reported as the morphotropic phase boundary,
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where the crystal structure of NKN possesses the orthorhombic symmetry
at room temperature [11-13].

Earlier work revealed that high density ceramic was rather difficult to
obtain via the conventional mixed-oxide route. An alternative solution is
the hot pressing and spark plasma sintering (SPS) methods. Although these
methods yield high densities and better properties compared of that ob-
tained via the conventional mixed-oxide method, however, they were found
unappropriate for using in mass production [7].

In the present study, fabrication of NKN ceramics via the conventional
mixed-oxide method was carried out. Firing conditions were carefully con-
trolled in order to obtain high density. The phase evolution of the calcined
powder and sintered samples were investigated by an X-ray diffractome-
ter and a simultaneous thermal analysis (STA). The microstructure of the
NKN ceramics was examined by the scanning electron microscopic (SEM)
technique. Measurement of the dielectric properties, electromechanical cou-
pling coefficient (k) and piezoelectric coefficient (d33) were carried out in
the frequency range from 1 kHz — 10 MHz at room temperature.

EXPERIMENTAL PROCEDURE

Sodium potassium niobate (Nag 5K .5s)NbO3; (NKN) ceramics were prepared
from the powders by using the conventional mixed-oxide method. The NKN
powder was first prepared by mixing the starting materials, reagent grade
NaCOj; (Riedel-de Haén, extra pure), K, CO3 (Sigma-Aldrich, puriss >99%)
and Nb,Os (Sigma-Aldrich, puriss >99.9%), in the desired mole ratio.
The starting materials were dried at 100°C for 24 h to remove absorbed
moisture. The stoichiometric amounts of starting powders were weighed
and transferred to 250 ml plastic jar, which was previously filled with 7 mm
diameter zirconia grinding balls. They were ball milled at 385 rpm for 24 h
using acetone as a milling medium. After milling, the slurry was dried and
kept in an oven at 100°C.

Calcination profile was programmed based on results of the simultaneous
thermal analyzer (STA 449C, Neztsch), using a heating rate of 1.7°C/min
from 30 up to 1300°C. The mixtures were calcined at two calcination con-
ditions in an alumina crucible. The firing temperatures were 700°C and
800°C denoted as NKN-700 and NKN-800 respectively, kept at that tem-
perature for 2 h with heating rate of 100°C/h and cooling rate of 300°C/h in
air atmosphere, to choose the optimum calcination temperature. The phase
observation of calcined powders were studied by an X-ray diffractometer



08:51 25 May 2011

[Chiang Mai University Library] At:

Downloaded By:

(Nag 5K¢.s)NbO3 Ceramics 121

(JDX-3530, JEOL) to identify the phase formation and optimum calcina-
tion conditions for preparation of NKN powder. The pellets with 20 mm
in diameter were uniaxially pressed at 1 ton and sintered at temperature
ranging from 1000 to 1200°C for 1 and 2 h with a heating rate of 100°C/h
and cooling rate of 300°C/h in the air atmosphere. Densities were measured
by Archimede’s technique. The grain size of each sample was determined
by the mean linear intercept. Differential scanning calorimetry (DSC 822°,
Mettler Toledo) was employed to study the phase transformation of ceramic
powder at a heating rate of 10°C/min. The pellets were polished and elec-
troded with the silver paste. The dielectric constant (g;), dissipation factor
(tand) and electromechanical coupling coefficient (k) at the room temper-
ature were measured at the frequency of 1, 10, 100 kHz and 1, 10 MHz
using 4194 A Impedance Grain/Phase analyzer (Hewlett Packard). The P-E
hysteresis loops were investigated using a ferroelectric testing unit (RT66A,
Radiant Technologies Inc.). The piezoelectric coefficients (ds3) were also
measured using piezometer system.

RESULTS AND DISCUSSION

The STA analysis of a mixed oxide powder in stoichometric proportion of
(Nag 5Ko.s)NbO3 is given in Fig. 1. The TGA curve showing overall weight
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Figure 1. STA curves for (NaysKos)NbO; mixed oxide powder.
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loss was equal to 12.8% from room temperature to 1150°C. It shows a 1.98%
weight loss between 30 to 220°C. In the same temperature range, the DTA
curve shows two endothermic peaks positioned at around 80 and 175°C,
which are associated to the decomposition of water during the thermal de-
composition of the precursor. According to TGA curve, the highest weight
loss is around 10%, occurring between 220 to 650°C. These losses were
correlated with the endothermic peak at 620°C, in accordance with DTA
curve, which can be related to the elimination of CO and CO, molecules
originated from the decomposition of an oxalate group. The crystallization
of sodium potassium niobate was observed for the temperature above 650°C
in the TGA curve, indicating that no decomposition above this temperature
occurs. These STA data were used to define the range of calcination and
sintering temperatures. The XRD patterns of calcined powders are shown in
Fig. 2. After calcination at 700°C (NKN-700), the major Bragg peaks cor-
responding to the single perovskite phase of orthorhombic structure without
second phase was detected by this method. The increase of calcination tem-
perature leads to the increase of the intensity of the diffraction peak. Splitting
of some peaks becomes more pronounced at 800°C, indicating the increase
of its crystallinity.

The pellets of NKN ceramic produced from the powder calcined at 700
and 800°C, were sintered at 1150°C for 1 h, which based on results of

(b)NKN-800
J\k )\

Intensity (a.u.)
——

L AT

T ¥ T J T d T -
20 30 40 50 60

2-theta (deg.)

Figure 2. XRD patterns of NKN calcined powder (a) Calcined 700°C (b) Calcined
800°C.
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TABLE I Dielectric properties of NKN ceramics

1 kHz 10 kHz 100 kHz 1 MHz 10 MHz

&y tang &y tang &y tang &y tang &y tang

NKN-700 446 0.0610 296 0.0265 241 0.0179 133 0.0217 81 0.0688
NKN-800 489 0.0521 327 0.0236 281 0.0934 264 0.0984 211 0.0539

STA. The density of the NKN ceramic is increased with increasing calcine
temperature. The optimum density of NKN is about 97.17% of the the-
oretical density (4.17 g/cm?) for NKN-800. The microstructures of NKN
ceramic surface are shown in Fig. 3. The average grain size of rectangular
grain of NKN-800 is about 8.5 um which larger than NKN-700 is about
10.8 um (Fig. 3a) as generally expected. DSC analysis was performed and
shown in Fig. 4. The DSC curve of all NKN ceramics reveals two peaks,
which correspond to the respective phase transitions. The NKN ceramic is
orthorhombic at room temperature and it transition to tetragonal phase at
around 190°C and from tetragonal to cubic phase at around 410°C which is
the Curie temperature. This is close to the work obtained from Jaeger and
Egerton [8] which form that T, of NKN was about 420°C.

The dielectric properties of NKN in the frequency range from 1 kHz —
10 MHz at room temperature are shown in Table I. The &;, tand, k, and d33
values obtained at 1 kHz are in the same order with that of the air sintered
and hot pressed of NKN [8], PZT [14] and BNT [15] as tabulated in Table II.
In order to characterize the ferroelectricity, P-E hysteresis loops of NKN ce-
ramics are plotted in Fig. 5, at room temperature. The remanent polarization
P, is 11.20 1C/cm? and the coercive electric field E, is 6.94 kV/cm can also
be obtained from NKN-800 ceramics.

TABLE II Comparison of dielectric constant and piezoelectric properties of NKN,
NKN-700, NKN-800, BNT and PZT ceramics

Air-sintered Air-sintered Air-sintered Hot-pressed Air-sintered
Property NKN-700 NKN-800  NKN [8] NKN [8] BNT[15] PZT-4[14]

%TD 96.89 97.17 94.24 98.89 — —

&r (1kHz) 446 489 290 420 310 1400
tan$ (1kHz) 0.061 0.052 — — 0.013 0.053
ds3 (pC/N) 96 98 80 160 66 225

kp 0.40 0.42 0.36 0.45 — 0.054
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(b)
Figure 3. SEM micrographs of NKN ceramics (a) NKN-700 (b) NKN-800.



