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Table 3

EDX analysis on doubly sintered PMN ceramics derived from a corundum B-site precursor route.

Dielectric properties (1 kHz)
Columbite-route

Sintering temperatures (T3 [T3) { 'C) and dwell timie of each step (h)

Corundum-route

1275, 2 {Ref. [20])

1025/1100, 2 (Ref. [14])

1025/1000, 1

1050/1025, 1 (this work)

1075/1025, 1

Erasic 18,268 9,500 15,372 18,313 19,023
Tandys ¢ 0.01 0.001 0.001 0.004 0,009
Thia -9 —10 175 -163 15
Ermix 24,003 13910 20,708 23,823 24,291

tan Smax 0.20 0.12 o 0.12 0.14
Diffusivity (y) c - 1.79 1.66 1.67

indication of close to completely disordered relaxor behavior in the
ceramics sintered by this route.

Here, the effect of two-stage sintering on phase formation,
microstructure and diciectric properties of the PMN ceramics
derived from a corundum B-site precursor route was investi-
gated and compared with both the normal and the two-stage
sintered columbite-routes. The different microstructural character-
istics, density and amount of secondary phase present in sintered
PMN ceramics strongly influence the dielectric properties of these
materials, leading to superior electrical behavior in two-stage
sintered corundum-route PMN sample. In comparison to the nor-
mal sintering method, although a disadvantage of the proposed
two-stage sintering method is a greater time requirement, the sig-
nificant reduction in firing temperature is a possible development,
particularly with regard to the drive towards electrodes of lower
cost for electronic products [1,2,26]. In general, these PMN ceram-
ics exhibit complex microstructures which are a result of variation

(a) 30000
— 10231 100°C
e 1050/1025°C
25000 === 1075/1025°C |
£ 20000 1
]
E
g
S 15000 -
=1
<
a
= 10000
(=1
5000
0 - T
=100 =50 0 50 100
Temperature (°C)
(hy 020

0.15

Dielectric loss

0.05

0.00

-100 =30 0 50 100
Temperature ('C)

Fig. 4. Variation with temperature of: (a) dielectric constant and (b) dielectric loss
at 1 kHz for PMN ceramics doubly sintered at various conditians.

49

2.5

1025/1000 °C
-+ 105011025 °C
- 1075/1025 °C

(Ermax/Ex)-1

0.0 T T T

0 5000 10000 15000
(T-Ta)

20000

Fig. 5. Dependence of (&;max/&r) — 1 with (T— Timax )? for PMN ceramics doubly sin-
tered at various conditions.

in grain size, shape and orientation, variation in chemical homo-
geneity and densification, and the presence of additional minor
phase, pores and (micro) cracks. These factors, which are strongly
influence by the sintering conditions, have an important effect on
the dielectric properties. Furthermore, the PMN ceramics showed
a comparable perovskite yield, maximum density, and dielectric
properties to those obtained by the partial oxalate [36], or even
better than those fabricated by the sol-gel [11], the freeze-drying
[41], and the citrate-gel [42] methods.

4. Conclusion

This work demonstrated that, under suitable processing con-
ditions, the properties of the PMN ceramics derived from a
combination between the corundum B-site precursor and the two-
stage sintering methods are equivalent to (or even better than)
those obtained from a well-known columbite route (either a nor-
mal or a two-stage sinterings). It has been found that the two-stage

sintering can effectively suppress the grain growth in perovskite
PMN.
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Ceramic nanocemposties of zinc oxtde (Zn Q) nanowhiskers in lead fitanate (PEIIO; or
PT) mairie were successfully fabricated by a pressureless sintering technique. Phase
Jormation, denstfication, microstructure and dielectric properties of the composties
were investigated as o function of Zn0 content. [t has been found that a densification
of the ceramic nano composites fabricated in this work was significantly enhanced, as
compared to the comventional PT ceramics Moreover, the high dielectric constant,
which v higher than that of the monolithie FT ceramicy, was found tn the PT/Zn0
CEFAMIC ALAOCOMPOSTISS,

Keywords Lead titanate; perovskite; nanocomposites; dielectric properties

1. Introduction

Recently, ceramic nanocomposites in which nanosized phases were dispersed within the
matrix grains and/or at the grain boundaries have emerged as a novel approach of improv-
ing material properties [1-6]. In order to improve the dielectric properties of ferroelectric
ceramics, nanocomposites consisting of two or more materials with different macroscopic
properties are more attractive than their single-phase counterparts due to the improve ment
in both the physical and mechanical properties. However, most nanocomposites studied
are derived from a combination of piezoelectric ceramics and polymers [7, 8]. Few studies
have reported on ferroelectric matrixfmetal nanodispersoid [9] and non-ferroeleciric ma-
trix/ferroelectric nanodispersoid [6] composite systems. Little work has been undergone on
the preparation of piezeelectricity/semiconductor PZT/Zn0 composites [10, 11] with high
dielectric permittivity. It has been found that the presence of large amounts of semiconduc-
tor nanosized ZnO particles in the PZT matrix ceramics canresultin a significantly increase
of dielectric properties. Interestingly, no work on PT/ZnC composites (or nanocomposites)
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ever been reported so far. Thus, in this work, small amount ZnC nanowhiskers (0.1-1.0
wit%) reinforced PT ceramics are fabricated by conventional sintering technique. The effects
of Zn© nanowhiskers addition on microstructure and dielectric properties of the composites
have been discussed.

2. Experimental

The PT/Zn0 ceramic nanocomposites were prepared by using the conventional solid-state
reaction and subsequent pressureless sintering process. The starting materials were PT
powders (average particle size ~0.3-2 pm) and ZnO nanowhiskers (average diameter
~04-2 pm and ~12-36 pm in length), as shown in Fig. 1. Characteristic properties
of starting materials and detail of these fabrication procedures were already described
elsewhere [12, 13]. Briefly, different amounts (0.1-1.0 wt%) of ZnO nanowhiskers were
ultrasonically dispersed in ethanol for 10 min before vibro-mixing with the PT powders.
The powder mixtures were form into pellet by adding 3 wi% polyvinyl alcohol (PVA)
binder, prior to pressing in a uniaxial press at 100 MPa. Each pellet was placed in a closed

(b)

Figure 1. SEM micrographs of the starting materials: {a) PT powders and (b) ZnO nanowhiskers.
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alumina crucible with an atmosphere powder of identical chemical composition [14]. The
PVA binder was burnt out at 550°C with heating rate of 10°C/min and sintered at 1200°C for
2 h with heating/cooling rates of 1°C/min order to avoid the sample damage after sintering
[14, 15].

Dengities of the samples were determined by the Archimedes method. Phase analy-
sis was performed on X-ray diffraction (XRD) (Siemens-D500). The tetragonality factor
of the samples was calculated from the XRD patterns [L5]. The microstructural develop-
ment was characterized using a scanning electron microscopy (SEM) (JEOL JSM-840A).
The grain sizes of the samples were measured by employing the linear intercept method
[14, 15]. The dielectric measurement of the flat polished samples was performed with the
LCR meter (HIOKT 3532-50) at 1 MHz and temperature range from 150 to 550°C as a
decrease in temperature. The samples were coated with silver paste electrode which was
fired on both sides of the samples at 550°C for 1 h.

3. Results and Discussion

As shown in Fig. 2, in general, no measurable change in 4-spacing for samples containing
different ZnC content was observed. All the XRD peaks were identified as teiragonal
PbTiO;, which could be matched with JCPDS file no. 6-452 [16], in agreement with
other works [3-6]. The diffraction peaks of ZnO in the nanocomposites were not intense
possibly because its amount was less than the XRD detection limits (~5 wt% [12, 15]). As
listed in Table 1, the density values increased slightly with increasing the content of ZnO
nanowhiskers and the values of all nanocomposite samples are higher than those observed
in monolithic PT ceramics. It indicates the effect of ZnO nanowhiskers addition on the
sinterability of PT ceramics. By comparison with conventional monolithic PT ceramics,
lower values of tetragonality factor are found in all composite cases, indicating lower
internal stress in these nanocomposites consistent with other similar systems [3, 6]. One
explanation for the decrease in tetragonality of the PT/ZnO could be the incorporation

Zn0 nanowhiskers,h A h e A

s
) (d)
£
w
5 (c)
=
(®)
. (a)
. | | | JCPDS file no. 6-452 : PbTIO,
[l i i 1
¥ T T
20 30 40 50 60

20 (degrees)

Figure 2. XRD patterns of PT ceramic-nanocomposites reinforced with ZnO nanowhiskers: (a)0.0,
(b) 0.1, {c)0.5 and (d) 1 wt%.
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Figure 3. SEM micrographs of PT ceramic-nanocomposites reinforced with ZnO nanowhiskers: (a)
0.0, (0.1, () 0.5 and (d) 1 wt%.

of Zn ions into the PT lattice during sintering, as the case in the other systems [17].
More interestingly, all samples have not been broken into small pieces after experienced
the sintering process or once subjected to a cycle of high temperature measurement of
dielectric properties.

Microstructural examination of the monolithic PT ceramics and PT/ZnO composites
sintered at 1200°C for 2 h are displayed in Fig. 3. The grain structure of monolithic PT
ceramics showed spherical shape and poor packing. On the other hand, microstructures
of PT/ZnC nanocomposites were uniform equiaxed with good grain-packing as shown
in Fig. 3 (b)-(d). These microstructures are typical of a solid-state sintering mechanism
with the “intergranular” structural model of ceramic nanocomposites proposed by Niihara
et al. [1]. The average grain sizes were found to decrease significantly with the content
of ZnQ. It seems that the ZnO nanowhiskers dispersed in the PT matrix control grain
boundary movement and limit the grain growth of the PT matrix as earlier observed in other
similar systems [3, 4]. In comparison with the typical monolithic PT [14, 15], almost clean
microstructure with highly uniform, dense, angular grain-packing and more homogenous
are observed. Furthermore, it should be noted that the average grain size of all PT/Zn0
nanocomposites is less than the critical value of 3 pem [14] and gives rise to a volumetric
percentage enough to buffer the anisotropic stress caused by the phase transition [15]. The
reduced grain size of the composites is considered to be responsible for the improvement
of their mechanical properties [18].

Figure 4 shows the variations of dielectric constant and dielectric loss at 1 MHz
with ZnO contents at various temperatures. The ferroelectric-paraelectric phase transition
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Figure 4. Variation with temperature of (a) dielectric constant and (b) dielectric loss at 1 MHz of PT
ceramic-nanocomposites reinforced with ZnO nanowhiskers at various contents.

temperature (T-) is also listed in Table 1. Generally, they all behave as typical normal
ferrcelectric materials [3, 4]. Similar trend in dielectric values at T was also observed. Tt
is evident that the addition of 0.1%wt ZnC to PT leads to drastic increase in the dielectric
constant maximum, The dielectric constant of the composites then decreases with further
Zn0 additions up to 1.0%wt but still higher than those of the monolithic PT ceramics
which could be attributed to the effects of ZnO content, as earlier proposed in the PZT/Zn0
systems [10, 11], in associated with a decrease in porogity. It can be said that the ZnO phase
showed a chemical reaction with ferroelectric phase when the composites were sintered
at high temperature. Another possible reason is that the presence of large amounts of
semiconductor ZnO nanowhisker in the ferroelectric PT matrix ceramics can result in a
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significant increase of dielectric properties, By comparison with our earlier work on the
PT/SiCnanocomposites system [6], the dielectric properties were decreased with increasing
the amount of SiC which is non-ferroelectric phase. On the other hand, semiconducting
Zn0O in electric materials could improve electrical properties. Moreover, it is seen that with
the increase of ZnO content, the peak of T¢ shifted towards lower temperatures (Table 1
and Fig. 4) which could be due to a relaxation of transformation-induced internal stress by
the ZnO whiskers randomly dispersed in the PT matrix [10].

The results obtained in this work suggest that these PT/ZnO composites exhibit com-
plex microstructures which are inherently heterogeneous. The heterogeneity is a result of
variation in grain size, whiskers length and orientation, variation in chemical homogeneity;
and the presence and distribution of additional phase and pores. These factors have an
important effect on the dielectric properties of the materials.

4. Conclusions

Perovskite ferroelectric lead titanate ceramic-nanocomposites embedded with semicon-
ductor ZnO nanowhiskers can be successfully fabricated by using a simple, inexpensive
solid-state reaction under pressureless sintering method. Compared with the conventional
moenolithic PT ceramics, addition of ZnO nanowhiskers was found to enhance densification,
mechanical and dielectric properties of PT-based ceramics significantly.
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nanowhiskers. Phase formation, densification, microstructure and dielectric properties of the compos-
ites were investigated as a function of the content of ZnO nanowhiskers. Densification behavior of the
ceramic nanocomposites was significantly enhanced, as compared to pure PhTiO; ceramics. Moreover,
the dielectric constant of the composites was higher than thar of the pure PhTIO: ceramics.

@ 2010 Elsevier BV, All rights reserved.

1. Introduction

Dense perovskite lead titanate (PbTi0s or PT) based ceram-
ics are known to exhibit excellent dielectric, piezoelectric and
pyroelectric properties for use in electronic and electro-optic
devices at high temperatures and high frequencies [1]. However,
it is well known that pure PT ceramics are difficull to obtain
because they break up into powders when they are cooled down
through the Curie point, due to the large distortion of the tetrag-
onal phase at room temperature (which is characterized by a cfa
ratio of ~1.06) [2.3]. Therefore, dielectric properties of PT ceram
ies are only available for porous and doped samples. Also, such
samples usually have very high conductivity at elevated temper
atures.

The concept of a functionally graded material has been
used rto overcome the mechanical problems. Piezoelectric
ceramicfceramic  functionally graded materials have been
studied in order to reduce the stress concentration in the
actuators [4.5]. However, problems still exist with the ther-
mal expansion mismatch. Several approaches rto improve
the mechanical strength of the composites by incorporating
polymers, metals, fibers or whiskers have been investigated
[6-10].
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In an attempt to improve the dielectric properties of ferroelec-
tric ceramics, ceramic nanocomposites consisting of two or more
components with different macroscopic properties have shown
promise due to the improvement in both physical and mechani
cal properties. In the past few years, additional attempts have been
carried out by the addition of oxide particles such as Zr0; and MgO
[11-13]. Moreover, piezoelectric nanocomposites embedded with
Zn0 whiskers, such as PZT{Zn0 composites, have been prepared
through a normal sintering process in air. The composites not only
retained good piezoelectric properties, but also exhibited excellent
and significantly improved mechanical properties. A few studies
have been conducted on ferroelectric matrix/metal nanodisper-
soid [ 14] and non-ferroelectric matrix/ferroelectric nanodispersoid
[15]. PT ceramic-based composites have recently been developed
to improve the mechanical and dielectric properties [16,17]. Sil-
icon carbide (SiC) nanofibers and PT nanopowders have been
employed as the reinforcement in the composites because of their
ability to resist crack growth [18]. However, the addition of SiC
nanofibers leads to reduced dielectric constant. Zn0 has received
much attention as a reinforced composite material due to its
high-temperature strength and excellent chemical stability [19].
No work on PT{Zn0 cemposites has yet been reported. In this
paper, PT ceramics doped with Zn0 nanowhiskers [0.1-5.0 wit%)
were fabricated by a conventional solid-state reaction method.
Effects of the ZnO nanowhiskers on the microstructure and
dielectric properties of the composites were studied and dis
cussed.
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Tahle 1
Physical properties of PT/Zn0 composites sintered at 1200+C for 2 h.

R. Wongmaneerung et al. / Journal of Atoys and Compounds 509 (2011) 3547-3552

Zn0 nanowhisker (wri) Perowskite phaset (3) Tetragonality {cfa) Relative density (%) Grain sizeb (mean) (pm)

1} 100,00 1.063 a4 20.0-65.0(36)

1 100,00 1.061 a6 D5-1.7 (08)

0.5 100,00 1.061 a8 03-1.3(0.7)

1.0 100,00 1060 9% 0.3-1.0(0.7)

30 98,56 1.061 a7 05-2.2(16)

50 9523 1060 o8 07-3.7(2.0)

* The estimated precision of the perovskite phase is +0.1%

" The estimated precision of the grain size is + 1020
2. Experimental Table 2

Dielectric properties of PT{Zn0 composites measured at 1M
FT/Zn0 ceramic nanocomposites were prp]lired using the conventional solid IR - . 5 i :

e e, e \g_ process. Commerdially Znd nanowhisker [wi%) Tc (=) 215 Landzga Epmic tan S
available powders of PhO (Fluk.! »99.9% purity) and Ti0; (Aldrich, »99.9% purity} 0o 482 243 002 7680 1.07
were used as raw materials o produce PT powders. Composites were made with 0.1 4G5 350 006 11406 080
the synthesized PT powders (average particle size ~1-5 pum) and Zn0 nanowhiskers 04 R ) 415 001 11050 1.40
[20] {average diameter ~0.4-2 pm and ~12-36 pm length), as shown in Fig. 1. Dif- 1.0 478 400 009 9606 1.18

ferent amounts {0 1-50wtk) of Zn) iskers were ul ically disp d in
ethanol for 10min before vibro-mixing with the PT powders. The powder mixtures
were formed into pellets by adding 3wt polyvinyl alcohol (PVA) binder, prior to
pressing in a uniaxial press at 100 MPa. For sintering, the pellets were placed ina
closed alumina crucible with an atmosphere powder of identical chemical compo
sition [16.17]. The PVA binder was bumt out at 550°C. Samples were sintered at
1200+C for 2 h at heatmg,'cooilrm rates of 5 *Cfmin.

Densities of the i were by the A methisd,
Phase analysis was performed by X-ray diffraction (XRD) { Siemens -D500). Tetrago-
nality Factors of the ceramic nanocomposites were calculated from the XRD pattems
[21]. Microstructures of the samples were characterized using a scanning electron
microscope (SEM ) (JEOLJSM-8404), Grain sizes of the sintered ceramics were mea-
sured by employing the linear intercept methad. In order to evaluate dielectric

Fig. 1. SEM micrographs of {a) PT powders and (b} Zn0 nanowhiskers,
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properties, dense ceramic nanocomposites were polished o form flat and paral-
lel faces. The samples were coated with silver paste electrode which was fired on
both sides of the samples at 550°C for 1 e Dielectric measurement of th
ceramics was performed with an LCR meter (HIDKT 3532-50) All meas
were conducted over a frequency range from 1 to 5MHz and a temperature range
from550°C o 25°C

3. Results and discussion

XRD patterns of monolithic PT and the PT/Zn0 ceramic
nanocomposites with 0.1, 0.5, 1.0, 3.0 and 5.0 wt% Zn0 are shown
in Fg. 2. In general, perovskite as a major PT phase is observ-
able in all samples. No measurable change in d-spacing for the
samples containing different Zn0O contents was observed. All the
peaks are ascribed to tetragonal PhTiO; (JCPDS file no. 6-452) [22].
Diffraction peaks of Zn0 in the nanocomposites are not detectable
probably becauseits amount was less than the XRD detection limits.
However, when the content of Zn0 nanowhiskers was more than
3.0wt%, a considerable amount of Zn;TiOy () [23] was formed.
This indicates that an evident chemical reaction occurred between
PT and Zn0 nanowhiskers. In the case of PZT/Zn0 nanocomposites
[ 13], it was showr that ZnO nanowhiskers were chernically inert to
PZT at 1100 +C, In this work, Zn0 nanowhiskers might act as a sin-

Ak
o 5wt Znid 'H\ » \ M, PN

PTG\ NSV
|~ 120 \\_..._)\_,—J\_NM
Mi’_ﬂ‘ N NCL SR Rl O T B |
AMJLL_/U&MJV\_

15, WO« SO . W '\__ o _}"\___M_,-"\_a"'-._
I | | JCPDS file no. 6-452 : PRTIO, |
. I : :

40

¥ ZngTiOy

o) A

e

I.lbﬂ-m £nl)

Intensity (a.u.)

30 30 60

26 (degrees)

Fig. 2. XRD patterns of monolithic PT and PT/Zn0 ceramics sintered at 1200°C for
2h
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tering aid so that samples with high Zn0O contents (3.0 and 5.0wt%)
could be sintered at temperatures lower than 1200 °C. The presence
of the secondary phase could be attributed to the high sintering
temperature and a small degree of lead losses [24]. Moreover, by
comparing these results with our previous work [17], it is found
that SiC nanofibers are chemically inert to PT at identical sintering
conditions.

Densities and tetragonality factors of the samples are listed in
Table 1. The density values increased slightly with increasing con
tent of ZnQ nanowhiskers, from 0 to 0.5 wr®. Higher content of Zn0
did not lead to further increase in density., Furthermore, the forma-
tion of oxygen vacancies due to Zn?' jon substitution in perovskite
structureis considered to be another reason for the sintering behav-
ior of PT/Zn0 nanocomposites [25]. Thus, the assumption that

Fig. 3. Natural (i) and fractured (i) surfaces of (a) monolithic PT and PT/Z00 ceramics with (b) 01w, (o) 05w, (d) 1wk, (e) 3w and (1) Swik ol Znd,
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Fig. 3. ( Contintued ).

oxygen vacancies accelerated mass transfer and densification -
which was observed in other systems [26,27] — was valid in this
system. This indicates that Zn0O improved the sinterability of T
ceramics, Compared to pure PT ceramics, the composites have a
smaller tetragonality factor, indicating a lower internal stress in
these nanocomposites [ 16,17]. These data were estimated through
the Cohen method [28]. One explanation for the decreasein tetrag-
onality of the PT{Zn0 could be the incorporation of Zn ions into the
PT lattice during sintering [29]. Moreover, the results indicated that
the addition of Zn?* inte the PT phase slightly reduced the lattice
dimensions.

Microstructural features - natural (i) and fractured (ii) surfaces
—of pure PT ceramics and PT/Zn0 composites are displayed in Fig. 3.
Pure PT ceramics have spherical grains and poor packing. In con-
trast, PT{Zn0 nanocomposites possess equiaxed grains with good
grain-packing. The average grain sizes were found to decrease sig-
nificantly with increasing content of Zn0 up to 3.0wt%. It seems
that ZnO nanowhiskers controlled grain boundary movement and
limited grain growth of the PT matrix [17,29]. The samples with 3.0
and 5.0wt% ZnO - Fig. 3 e(i) and fi)- show clearly abnormal grain
growth. These are important quantitative aspects of liquid-phase
sintered microstructures. Moreover, in the sample with 5.0wt%
Zn0, a pronounced second phase is segregated at the grain bound-
aries, as shown in Fig. 3 f{i). The presence of these (second-phase)
layers could be attributed to a liquid-phase formation during rhe
sintering. Also, this same behavior can be noticed in other ceramic
systerns [30,31]. Thus, it can be concluded that #n0 acted as a sin-
tering aid.

Generally, the fracture mode of samples with 0.1-1.0 wt$ Zn0
nanowhiskers was found to be predominantly of an intergranular-
type, similar to that of monolithic PT ceramics because clear grain
boundaries can be observed. In contrast [32,33], almast clean
microstructures with highly uniform, dense, angular grain-packing
are observed. Onthe other hand, with increasing Zn0O content (more
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than 3.0wt#), the samples have two grain size ranges, as shown in
Fig. 3 e(ii} and [ii). Movernent of atoms is driven by differences in
curvature berween the particles in contact, probably because the
particles have irregular shapes caused by milling [34]. Moreover,
it is possible that the mass transport between several aggregated
particles and the high anisotropy in the grain boundary energies
induced the formation of compact polyhedral and irregular grains
[34]. This indicates that two mechanisms are involved during sin-
tering, Furthermore, it should be noted that the average grain sizes
ol all the PT{Zn0 nanocomposites are smaller than the critical value
of 3 wm [32,35), which gives rise to a volumetric percentage ade-
quate to buffer the anisotropic stress caused by the phase transition
[1]. The reduced grain size of the composites is considered to be
responsible for the improvement of their mechanical properties
[35,36].

Fig. 4 shows variations of dielectric constant and dielectric loss
of the sampleswith different Zn0 contents at various temperatures,
as measured at 1 MHz, Dielectric constant () and dielectric loss
(tand) values al room temperature, and lerroelectric—paraelectric
phase transition temperatures (T¢) of the samples are listed in
Table 2. Generally they all behave as typical, normal ferroelectric
materials [1]. A similar trend in dielectric values at Ty was also
observed. From Fig. 4 bii), it is evident that the addition of 0.1 wi®
Zn0 to PT leads to a drastic increase in dielectric constant. The
dielectric constant of the composites then decreases slightly with
further Zn0 addition up to 1.0wt#, However, the dielectric con-
stant for all 'TfZn0O composites appears to be higher than for pure
PT ceramics. The higher dielectric constant of samples with small
amounts of ZnO could be attributed mainly to the decrease in poros-
ity. Moreover, it can he seen thar with increasing Zn0 content, T¢
shifted towards lower temperatures. The shift of the phase trans-
formation remperature in these I'T{Zn0 composites might be due ro
a relaxation of transformation-induced internal stress by the Zn0
nanowhiskers dispersed in the FT matrix.
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Fig. 4. Variation with temperature of () dielectric constant and (b) dielectric oss at 1 MHz of FT/Zn0 ceramics with different Zn0 contents.

4. Conclusions

PBTiO5[Zn0 cetamic composites can be fabricated using a sim-
ple and inexpensive solid-state reaction method. The materials had
a tetragonal phase for all compositions, Moreover, the addition of
Zn0 nanowhiskers was found to significantly enhance densifica
tion, mechanical and dielectric properties of PT-based ceramics.
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Abstract. Perovskite relaxor ferroelectric PMN ceramics, Pb (Mg sNbas0;3), have been fabricated
using a two-stage process employing a corundum-type Mg,Nb,Oy as a key precursor. The 100%
perovskite PMN ceramics was revealed by X-ray diffraction analysis. The SEM image of the PMN
ceramic shows irregular shape PMN grains on the porous surface. The surface chemical composition
of the PMN ceramics could be characterized by X-ray photoelectron microscopy technique. The XPS
results indicate most of the elements consist of more than one chemical species. The important of
XPS studies here can reveal small amount of species which could not detected by XRD.

Introduction

Ceramics based on the relaxor ferroelectric lead magnesium niobate, Pb(Mg,sNby;3)O0s, (PMN)
perovskite are widely employed in microelectronics as multilayer capacitors, actuators, and
components that operate via the induced piezoelectric effect [1-3]. Applications involving these
materials vary with their mechanical, electrical, and piezoelectric properties, which depend on the
composition and the nature of the defects in the sample. Several studies have focused on the cystal
structure [4], microstructure [5], and electrical properties [6] of this material. Even though the
previous study of the surface characteristics of the PMN ceramics prepared by columbite B-site
precursor has been reported [7], the study of the surface characteristics of the PMN ceramics derived
from corundum B-site precursor has not been studied. Thus, the aim of this work is to characterize
phase composition, morphology and chemical composition of PMN ceramics especially at the
surfaces by using a combination of several techniques including XRD, SEM, and XPS, respectively.

Experimental

Perovskite relaxor ferroelectric ceramics with general formula Pb(Mg,sNb,)O; were fabricated by a
similar methodology of B-site precursor mixed-oxide synthetic route, as reported earlier [8].
Corundum-type MgyNb>Oy powders were first prepared by using magnesium oxide (MgO) and
niobium oxide (NbyOs), (Aldrich, 99% purity) as raw materials [9]. Pure phase of MgyNb,Oy was
then mixed with PbO via a rapid vibro-milling technique for 30 min in isopropanol, the mixtures were
calcined at 950 °C for 1 h with heating/cooling rates of 30°C/min to generate PMN powders [10].
Ceramic fabrication was carried out by adding 3 wt% polyvinyl alcohol (PVA) binder. prior to
pressing as pellets in a uniaxial die press. Green PMN pellets were placed inside double alumina
crucibles and sintered in air at 1250 °C for 2 h with heating/cooling rates of 30°C/min. Phase
formation, microstructure, and chemical composition of the sintered PMN ceramics were examined

All rights reserved. No part of contents ofmia;japer may be reproduced or transmitted in any form or by any means without the written permission of TTP,
warw tp net. (ID: 202 28 248 44-04/02/11 03:23:22)
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by using X-ray diffraction (XRD; Philips PW 1729 diffractometer), scanning electron microscopy
(SEM: JEOL JSM-840A) and a PHI 5700 X-ray photoelectron spectrometer (XPS) equipped with
PHI 04091 neutralizer, respectively.

Results and Discussion

X-ray diffraction pattern of the corundum-route PMN ceramic is given in Fig. |, indicating the
formation of a pure Pb(Mg,sNb;3)O5 perovskite phase, which could be matched with JCPDS file no.
81-861, in agreement with previous works [5,8]. As-fired surface SEM micrograph of this
corundum-route PMN ceramic is also shown in Fig. 2. In general, SEM micrograph of as-fired
structure of this PMN ceramic shows highly porous and heterogeneous microstructure consisting of
flaky and irregular-shaped grains. The PMN grains are different in shape with significant variation in
size ranging from ~1-10 um. It is believed that this high degree porosity could be attributed mainly to
the effect of PbO volatilization particularly at the surface during high sintering temperature process.
in agreement with literatures [5,8]. The surface morphology of this corundum-route PMN ceramic is
significantly different from those of the typical columbite-route PMN ceramics [10].
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= JCPDF file no. 81-86: Pb(Mg, Nb, ;)0

20 30 40 50 60
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Fig. 1 Computerized JCPDS data-matching confirms the formation of cubic PMN phase in the
corundum-route PMN ceramic,

Fig. 2 SEM micrograph of as-fired surface of the corundum-route PMN ceramics
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Fig. 3 The XPS spectra (a) Pb 4f, (b) Mg 2s. (¢) Nb 3d, and (d) O 1s lines of the corundum-route PMN
ceramics.

Wide energy range of XPS spectrum of the PMN ceramics shows all elementary compositions of
the compound (data not shown). Fig. 3 shows the narrow-scan XPS spectra of Pb, Mg, Nb, and O core
level, respectively. The XPS spectrum of Pb 45 of PMN (Fig. 3a) reveals a shoulder peak. This Pb
417> peak can be deconvoluted into two components. The first peak at ~138.2 eV can be assigned to
Pb’" in the perovskite structure [11.12]. while the second peak at ~136.8 eV might due to Pb’ which
general found on the surface of ferroelectric samples reported in the literatures [13.14]. The Mg 2s
peak of PMN (Fig. 3b) appear a broad and shouder peak indicating more than one components of Mg
species presented in the samples. The Nb 3d peaks of the PMN caramic (Fig. 3¢) are also broad and
asymmetry peaks. Those peaks can be deconvolution into two components. The first component of at
~206.8 eV corresponds to Nb in the perovskite structure [7,15]. The second component at lower
binding energy might attribute to unreacted Nb>Os which reported by Singh et al. [16], or Nb** which
generated by the reduction of Nb’* caused by sputtering process. We here still could not identify
exactly the component at lower binding energy. however, the XPS studies here can indicate small
amount components which could not be detected by XRD. The narrow-scan of O Is core level
spectrum of the PMN ceramic in Fig. 3d shows a broad peak indicating more than one species of
oxygen presented in the sample. The oxygen peak might be deconvoluted to several components
~527.3 eV.~529.2 eV, ~530.8 eV and ~532.1 eV. The peak at ~529.2 eV usually assigned to oxygen
in the perovskite lattice [17-20]. The other peak appears might be attributed to absorbed oxygen
species as suggested by Xu e al. [21]
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Summary

For the first time, the chemical composition of the perovskite relaxor ferroelectric PMN ceramics
derived from a corundum B-site precursor route was investigated by using a combination of XRD,
SEM and XPS techniques. Even though the XRD result indicates a pure perovskite phase, by using
the XPS and SEM analysis reveals other components presented in the surface of the PMN ceramics.
Our study here show that a single technique of XRD could not provide fully chemical information of
the PMN ceramics.

Acknowledgements

This work was financially supported by the Thailand Research Fund (TRF), the Commission on
Higher Education (CHE), and Chiang Mai University.

References

[1] A.J. Moulson and J. M. Herbert: Electroceramics: (Wiley, Chichester, 2003).

[2] G. H. Haertling: J. Am. Ceram. Soc. Vol. 82 (1999), p. 797.

[3] E.F. Alberta and A. S. Bhalla: J. Phys, Chem. Solids Vol. 63 (2002), p. 1759.

[4] E. Husson, L. Abello and A. Morell: Mater. Res. Vol 25(1990), p. 539.

[5] S. Ananta and N.W. Thomas: J. Eur. Ceram. Soc. Vol. 19 (1999), p. 2917.

[6] R. Yimnirun, S. Ananta and P, Laoratanakul: J. Eur, Ceram. Soc. Vol. 25 (2005), p. 3235.

[7]1 S. M. Gupta, A, R. Kulkarni, M. Vedpathak and S. K. Kulkarni: Mater. Sci. Eng., B Vol. B39
(1996), p. 34.

[8] R. Wongmaneerung, R. Yimnirun and S. Ananta: J. Alloys Compd. Vol. 477 (2009), p. 805.
[9] S. Ananta: Mater. Lett. Vol. 58 (2004), p. 2834,

[10]R. Wongmaneerung, T. Sarakonsri, R. Yimnirun and S. Ananta: Mater. Sci. Eng. B Vol. 132
(2006), p. 292.

[TT]L. Srisombat, O. Khamman, R. Yimnirun, S. Ananta and T.R. Lee: Chiang Mai J. Sci. Vol. 36
(2009), p.69.

[12] A. Molak, E. Talik, M. Kruczek, M. Paluch, A. Ratuszna and Z. Ujma: Mater. Sci. Eng., B
Vol. 128 (2006), p. 16,

[13] V.R. Mastelaro, P.N. Lisbao-Filho, P.P. Neves, W.H. Schreiner, P.A.P. Nascente and J. A.
Eiras: J. Electron. Spectrosc. Relat. Phenom. Vol. 156-158 (2007), p. 476.

[14] S. Bhaskar, S.B. Majunder and E.R. Katiyar: J. Am. Ceram. Soc. Vol. 87 (2004), p.384.

[15]L. Srisombat, O. Khamman, R. Yimmirun, S. Ananta and T.R. Lee: Key Eng. Mater. Vol.
421-422 (2010), p. 415.

[16]P. Singh, B.J. Brandenburg, C.P. Sebastian, D. Kumar and O. Parkash: Mater. Res. Bull. Vol. 42
(2008), p. 2078.

[17]Q.N. Pham, C. Bohnke and O. Bohnke: Surf. Sci. Vol. 572 (2004), p. 375.

[18]Z. Xia, Q. Li and M. Cheng: Cryst. Res. Technol. Vol. 42 (2007), p. 511.

[19]C. R. Cho: Cryst. Res. Technol. Vol. 35 (2000), p. 77.

[20]C. J. Lu, A X, Kuang and G. Y. Huang: J.Appl. Phys. Vol, 80 (1996), p. 202.

[21]1Q. Xu, D. Huang, W. Chen, H. Wang, Bi Wang and R. Yuan: Appl. Surf. Sci. Vol. 228 (2004), p
110.

68



2. manuscript N1la9ad9215815 Journal of materials processing technology

Microstructure and dielectric properties of two-stage sintered PMN-PT
ceramics prepared by corundum route

R. Wongmaneerung®’, R. Yimnirun®, S. Ananta
®Faculty of Science, Maejo University, Chiang Mai 50290, Thailand

®School of Physics, Institute of Science, Suranaree University of Technology, Nakhon
Ratchasima 30000, Thailand

‘Department of Physics and Materials Science, Faculty of Science, Chiang Mai University,
Chiang Mai 50200, Thailand

ABSTRACT

A two-stage sintering technique, which began with an initial heating at lower
temperature and followed by higher temperature sintering, was employed in the production
of PMN-PT ceramics prepared by a corundum route. Effects of designed sintering
conditions on phase formation, microstructure and dielectric properties of the samples
were characterized via X-ray diffraction (XRD), scanning electron microscope (SEM) and
dielectric measurement, respectively. The types of phase present are found to depend upon
sintering conditions. The grains are similar in shape. Micrograph shows a few pores at
triple points. In addition, it is seen that the PMN-PT samples also have an intergranular
fracture mechanism. In connection with the dielectric properties, a dependence of the
dielectric constant and dielectric loss on sintering scheme is observed. Moreover, this work
demonstrated that under suitable two-stage sintering schemes, perovskite PMN-PT
ceramics can be successfully achieved with better dielectric properties than those of
ceramics from a conventional method.

Keywords: Lead magnesium niobate-lead titanate; perovskite; two-stage sintering;
dielectric properties

1. Introduction

In relaxor ferroelectrics, such as several perovskite-type compounds, lead
magnesium niobate (PMN), lead strontium titanate (PST) and lead zinc niobate (PZN)
attract considerable interest owing to rich diversity of their physical properties and
possible applications in various technological schemes (Moulson and Herbert, 2003 and
Uchino, 2000). One of the difficulties with most composition containing lead and niobate
is a tendency of the formation of pyrochlore-type rather than perovskite-type structures
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with lower relative permittivity values (Moulson and Herbert, 2003). The addition of lead
titanate (PT) helps to improve the yield of perovskite phase. Moreover, these compositions
exhibit excellent machinability and high dielectric properties and have been applied in area
such as multilayer capacitors and electrostrictive actuators (Cross, 1996 and Guha, 2003).

From the point of view of these applications, the ideal materials would provide a
high dielectric constant over the operational temperature range. The main problem to the
commercial exploitation of lead-based perovskite arises from processing difficulties,
corresponding to PbO vapor during sintering and low density. Swartz et al., 1984 as well
as Guha et al., 1988, Wongmaneerung et al., 2008 have been made to enhance processing
techniques to develop materials with properties approaching application requirement.
Besides using these methods, the modified sintering technique is one way to help improve
ceramic densification. This technique is a complicated process of microstructure evolution,
with the main outcome being porosity elimination. In practice, sintering is a crucial stage
which can significantly affect the densification and the dielectric properties of the ceramics
more strongly than the choice of reaction precursors. Moreover, in past years, only a few
works on the preparation of PMN powders by using a corundum Mg4sNb,Og precursor have
been reported. Joy and Sreedhar (1997) reported that for the synthesis of the relaxor type
PMN, MgsNb,QOg is a better precursor than the columbite MgNb,Og presented by Swartz et
al. (1984) to get rid of the unwanted pyrochlore phase from the final perovskite.

According to Wongmaneerung et al. (2009), a combination between the B-site
precursor and the two-stage sintering technique has been proposed to achieve densification
of PMN ceramics. Furthermore, this method has been successfully applied in production of
lead titanate (Wongmaneerung et al., 2009). However, no work has been done on the
investigation of the use of two-stage sintering PMN-PT ceramic. Therefore, in the present
study, a two-stage sintering method has been attempted to fabricate the relaxor perovskite
PMN-PT ceramics. The influence of doubly sintering conditions on phase formation,
microstructure and dielectric properties of the ceramics is investigated.

2. Experimental procedure

The (1-X)PMN-xPT powders with x = 0.1-0.5 were prepared using the corundum
precursor route, and their processing details were described by Wongmaneerung et al.
(2007, 2009). In the mixing, the calculated relevant proportions of constituents were
weighed, suspended in ethanol, and intimately mixed in a ball-mill with grinding media.
After drying, the (1-x)PMN-XxPT powders were obtained at 850 °C for 2 h. After re-milling,
ceramic fabrication was achieved by adding 3 wt% polyvinyl alcohol (PVA) binder and
sample pellets were obtained by uniaxial pressing and the binder was burned out at 500 °C
for 1 h prior to sintering. The green bodies were sintered in a sealed system. The samples
were surrounded with PbTiOj3 to reduce loss of volatile components. Two sets of the first
sintering temperature (T1) were assigned for the two-stage sintering case: 1100 and 1150
°C for 2 h. The second sintering temperature (T) at 1200 °C for 2 h was carried out for
each case.
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The phase structures for all samples were examined by an XRD, using Cu Ka
radiation. The densities of all samples were determined using the Archimedes’ method.
Weight loss of all sintered samples was measured from the weight change (Aw) with
respect to the original weight (w,) before sintering. The as-sintered and fracture surfaces of
sintered pellets were determined by SEM analysis. Dielectric measurement was operated
on an automated system, composed of a HP4824A Precision LCR meter, a Delta 9023
automated temperature-controlling box and computer automated control program. Five
frequencies (1 Hz, 1 kHz, 10 kHz, 100 kHz and 1 MHz) were selected to measure the
dielectric constant and loss and the temperature ranges were -50 to 200 °C.

3. Results and discussion

To ensure the quality of the perovskite phase, the (1-x)PMN-xPT samples were X-
rayed to check the relative amount of perovskite formed. Fig. 1(a) and (b) show the XRD
profiles of compositions with x = 0.1-0.5 sintered at 1100/1200 °C and 1150/1200 °C,
respectively and reveal that no pyrochlore phase exists. The {111} and {200} reflection
lines were found to become broader or split with PT increasing, indicating that a phase
transition occurs. Moreover, a careful observation showed only a pseudo-cubic symmetry
at low PT concentration, in agreement with Suh et al. (2002) as well as Fengbing et al.
(2004). By comparison to PMN-PT ceramics sintered at 1150/1200 °C, the XRD patterns
of these samples were found to split at lower PT value as shown in Fig. 1(a) and (b). One
possible reason could be due to the higher first temperature (T; = 1150 °C) leading to peak
splitting. This is probably because the energy is high enough to make the reaction between
PMN and PT and induce the PT phase into PMN phase more easily than using low first
temperature. The XRD results clearly show that, in general, the different sintering
conditions used for preparing PMN-PT ceramics gave rise to a different phase formation in
this material.

Table 1 also presents the relative density, weight loss and grain size data of the
two-stage sintered PMN-PT samples compared with conventional case that was completed
by Wongmaneerung et al. (2009). The two-stage sintered PMN-PT densification was
found to increase with first firing temperature and PT concentration, which could be due to
lower melting point of PT compared to PMN (Udomporn, 2004). Density values between
7.62 and 7.94 g/cm® were obtained after sintering at 1100/1200 °C and 1150/1200 °C,
respectively. Weight losses of all PMN-PT ceramics during sintering procedure can be
thought of as a measure of the degree of PbO volatilization. This was analyzed by
recording the weight before and after sintering procedure. In general, the weight loss
increases with sintering temperature. Furthermore, in Table 1, it can be seen that grain
sizes of PMN-PT ceramics sintered with two-stage sintering method are slightly larger
than those obtained in conventional sintering technique. This observation shows that the
energy from two-stage sintering temperature was used for accelerate the grain growth
which is different from Wang et al. (2006).

As sintered and fracture surface SEM micrographs of 0.9PMN-0.1PT and 0.7PMN-
0.3PT samples doubly sintered with different schemes are shown in Fig. 2 and 3,
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respectively. Cleary, the free surface microstructure of these samples is significantly
different from those of the normal sintering (Wongmaneerung, 2009). From Fig. 2a(i), it
can be noted that the microstructure consists of small matrix grains of about 0.3 um and
abnormally growth grains of about 3.7 um. In this respect, it has occurred at T, of about
1100 °C due to the resultant acceleration in material transfer as observed by Matsuo and
Sasaki (1971), Lee et al. (2000). Other possible reason is small matrix grains can be
inhibited by the presence of second phase inclusion (Lee and Rainforth, 1994) such as
MgO-rich phase as shown in Fig. 2a(ii). Therefore, grain growth is suppressed during the
sintering process similar to the results observed by Wongmaneerung, 2009. According to
Chung et al. (2002), Seo and Yoon (2005), it is possible that small amount of MgO is
dissolved in the PbO-rich liquid or PMIN-PT at high firing temperature, and its segregation
at the grain-liquid interface and grain boundary may have made their step energies finite
and hence made them sufficiently singular to cause abnormal grain growth. It was
recognized that the XRD data alone could neither confirm nor rule out the presence of
MgO because the high intensity XRD peak of MgO at d200 = 2.106 A is almost
overlapped by the perovskite PMN peak at d200 = 2.03 A (Guha, 1999). However, to
answer this question, the TEM technique can be used to examine the crystallographic
orientation of the grain. When the 0.9PMN-0.1PT powder compact was sintered at
1150/1200 °C (Fig. 2b(i) and (ii)), the fine matrix grains were completely replaced by a
new set of abnormally grown coarse grains. It can be seen that a high degree of porous
surface is occurred and can be explained by PbO vaporization at high temperature.
However, there is no presence of pores in fracture surface (Fig. 2b(ii)). Furthermore, Fig. 2
a(ii) and b(ii) show the fracture surface of 0.9PMN-0.1PT sintered at 1100/1200 °C and
1150/1200 °C, respectively. It can be seen that the form of small dark spherical particles
(MgO phase) is randomly distributed in the solid solution matrix. The presence of MgO
phase indicates their poor homogeneity due to the limitation of a mixed oxide processing.
MgO inclusions correspond to dark particles, which can be found on the surfaces of some
PMN-PT grains as shown in Fig. 3. Their corresponding EDX spectra are given in Fig. 4.
It is to be noted that the characteristic morphology of MgO dispersed in PMN grains is
consistent with previous work by Guha [23]. According to TEM observation by Goo et al.
(1986), MgO tends to be segregated in the PMN grains as submicrometer inclusions and
this segregation leads to a shortage of MgO on the whole, a situation liable to affect the
formation of pyrochlore phase. By comparison between 0.9PMN-0.1PT and 0.7PMN-
0.3PT samples sintered at the same temperature, the fracture mode of 0.9PMN-0.1PT
ceramics is an intergranular because the clear grain boundaries can be observed. On the
other hand, with increasing PT content, the grain boundary in the fracture surface became
obscure as shown in Fig. 3 a(ii) and b(ii), and the fracture changed from intergranular to
transgranular surface. The experimental work carried out here suggests that complex
perovskite (1-x)PMN-xPT ceramics with a high degree of grain packing microstructures
can be achieved by sintering powders derived from the B-site (MgsNb,Og) precursor
method.

Dielectric properties of 0.9PMN-0.1PT and 0.7PMN-0.3PT ceramics doubly
sintered at various conditions were measured at frequencies between 100 Hz and 1 MHz in
the temperature from -50 to 200 °C as shown in Fig. 5 and 6, respectively. In general, the
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typical relaxor behavior (Moulson, 2003) with the characteristics dispersive frequency
dependence of the dielectric maxima has been observed in 0.9PMN-0.1PT. The values of
maxima dielectric constant (gmax) with different frequencies at T = Ty, for all samples were
shown in Table 2, where Ty, is the character temperature when & reaches maximum. Fig.
5(a) and (b) shows a comparison of the dielectric of 0.9PMN-0.1PT ceramics two-stage
sintered at 1100/1200 °C and 1150/1200 °C. It is easily found that the maxima dielectric
constant versus temperature plots increase noticeably with increase in the first sintering
temperature. Similar trend is also observed for T, and tand,. Moreover, the maximum of
the dielectric constant decreases with increasing frequency, while that of the dielectric loss
increases. Unlike the normal ferroelectric, the dielectric behavior of 0.9PMN-0.1PT
ceramics cannot be described by the Curie-Weiss law equation. Further increase in PT
concentration lead to more observable normal ferroelectric behavior because PT is
intrinsically a normal ferroelectric according to Park and Shrout (1997). More
interestingly, the 0.9PMN-0.1PT sample sintered at 1100/1200 °C showed one broad peak,
whereas the 0.9PMN-0.1PT sample sintered at 1150/1200 °C had two peaks. One peak, at
30 °C, was stronger in intensity, and originated from the pure 0.9PMN-0.1PT solid
solution grain core; the second, at 50 °C, caused by the chemical heterogeneity in the grain
shell and gradient regions as the same results was observed by Park and Kim (1997).
Furthermore, this behavior can be cause by the two-stage sintering mechanism. Even
though exact mechanism of the dielectric behavior observed here is not well established
and was not clearly observed by SEM to support the core-shell concept. In future work,
HRTEM and Synchrotron techniques should be used to determine exact structure. For
instance, the dielectric properties of 0.7PMN-0.3PT ceramics sintered at 1100/1200 °C and
1150/1200 °C (as displayed in Fig. 6(a) and (b)) exhibit a mixture of both normal and
relaxor characteristics, in which the transition temperature is not shifted as much as for
0.9PMN-0.1PT samples. According to Noheda et al. (2002), Politova et al. (2003), it
should be noted that 0.7PMN-0.3PT ceramic is close to MPB of the PMN-PT system.
Therefore, its structural symmetry is a mixture of pseudo-cubic and tetragonal. More
interestingly, it can be seen that there is a small broadening peak occurring at room
temperature in 0.7PMN-0.3PT samples sintered at both case. Shrout et al. (1990) attributed
similar dielectric anomalies to the rhombohedral to tetragonal phase transition in sample of
lower Ti composition (30-35% PT) and a slight curvature in the MPB. Since the densities
of the two ceramics are slightly different, this indicates that density could be the
controlling factor for such observation. Besides higher density, the presence of MgO is one
reason to enhancement of the dielectric constant of PMN-PT ceramics, as also observed by
Lu and Lee (1995).

4. Conclusions

The potential of a combination between the B-site precursor and the two-stage
sintering technique has been proposed to achieve dense and pure perovskite PMN-PT
relaxor ceramics. They possess very high dielectric constants and fundamental dielectric
properties which can be greatly varied by composition and sintering condition. This work
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demonstrated that two-stage sintering can effectively suppress the grain growth in PMN-
PT system.
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Table 1 Physical properties of (1-x)PMN-xPT ceramics from two-stage sintering
conditions.

Table 2 Dielectric properties of (1-x)PMN-xPT ceramics.

List of Figure Captions

Fig. 1 XRD patterns of (1-x)PMN-xPT ceramics sintered at (a) 1100/1200 °C and (b)
1150/1200 °C.

Fig. 2 SEM micrographs of 0.9PMN-0.1PT ceramics sintered at (a) 1100/1200 °C and (b)
1150/1200 °C.

Fig. 3 SEM micrographs of 0.7PMN-0.3PT ceramics sintered at (a) 1100/1200 °C and (b)
1150/1200 °C.

Fig. 4 Representative EDX spectra obtained from the dark particles (arrowed in Fig. 3a
(i1)) exist on the fracture of 0.9PMN-0.1PT grains (some spectra indexed as Au come from
coated electrode).

Fig. 5 Temperature and frequency dependences of dielectric properties of 0.9PMN-0.1PT
ceramics sintered at (a) 1100/1200 °C and (b) 1150/1200 °C.

Fig. 6 Temperature and frequency dependences of dielectric properties of 0.7PMN-0.3PT
ceramics sintered at (a) 1100/1200 °C and (b) 1150/1200 °C.
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Table 1

TJT, Composition Density® Weight loss® Grain-size®

(°C for 2 h) (x) (glem’) (%) (Hm)

1100/1200 0.1 7.62 8.54 0.31-3.73

0.2 7.66 8.32 0.42-3.80

0.3 7.84 8.41 0.45-3.82

04 7.81 8.65 0.53-3.98

05 7.86 8.60 0.55-4.12

1150/1200 0.1 7.79 9.63 0.73-4.01

0.2 7.73 9.55 0.96-4.01

0.3 7.85 9.62 1.46-4.12

04 7.90 9.43 1.55-5.76

05 7.94 9.48 3.01-8.32

1240 [13] 0.1 7.98 12.75 0.42-3.66

0.2 7.94 12.54 0.44-3.02

0.3 7.86 12.23 0.41-2.80

1220 [13] 0.4 7.83 12.37 0.41-3.45

0.5 7.78 12.46 0.48-3.72

*The estimated precision of the density is + 0.05 g/cm®

*The estimated precision of the weight loss is + 0.1%.

“The estimated precision of the grain size is+0.05 m

Table 2
T.T, Composition Tm Dielectric Properties®
(°C for 2 h) (x) (°C) Er max tan Smax
1100/1200 0.1 26.2 14750 0.08
0.3 160 12380 0.18
1150/1200 0.1 30 23245 0.06
0.3 162 18745 0.08

aMeasured at 25 °C and 1 kHz
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EFFECT OF ZINC OXIDE NANOWIRES ADDITION ON PHASE
FORMATION, MICROSTRUCTURE AND DIELECTRIC PROPERTIES OF
LEAD TITANATE CERAMICS

R. Wongmaneerung”’, R. Y imnirun” and S. Ananta®
"Maejo University. Chiang Mai. Thailand 50290
®Chiang Mai University, Chiang Mai, Thailand 50200

Perovskite ferroclectric lead titanate (PbTiO; or PT) based ceramics which
exhibit excellent dielectric, piezoelectric and pyroelectric properties have been widely
employed in sensor, transducer and actuator applications, especially for devices
working at high temperature and high frequency conditions [1-3]. However, pure and
dense PT ceramic is regarded to be one of the most difficult lead-based perovskite
ferroelectrics to produce especially via a simple solid-state reaction method [2.3]. To
overcome such problems, a modified particle packing or composite techniques has
been investigated. Recently. it was found that the presence of large amounts of
semiconductor nanosized ZnQ particles in the PZT matrix ceramics can result in a
significantly increase of dielectric properties. Therefore. in this work. nanosized ZnO
was chosen as semiconducting phase since it showed a negligible reaction with
ferroelectric phase when the composites were sintered at high temperature.

Nanosized zinc oxide/lead titanate (ZnO/PT) ceramic matrix nanocomposites
have been studied. Under an appropriate sintering condition, ZnO/PT ceramic
nanocomposites were successfully fabricated by a pressureless sintering technique.
Dependence of the dielectric properties of the ZnO/PT on frequency and temperature
was determined. It has been found that a densification of the ceramic nanocomposites
fabricated in this work was significantly enhanced, as compared to the conventional
PT ceramics. Moreover, the high dielectric constant, which is higher than that of pure
PT ceramics, was tound in the ZnQ/PT ceramic nanocomposites. The results showed
that the addition of nanosized “nO had an obvious influence on the dielectric
properties of the ZnO/PT ceramic nanocomposites.

Keywords: 1.ead titanate: zinc oxide; dielectric properties; nanocomposites
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Microstructure and dielectric properties of ZnO/PT ceramic nanocomposites
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Abstract: Ceramic nanocomposites of zine oxide (ZnQ) nanowhiskers in lead titanate
(PbTiO; or PT) matrix were successfully fabricated by a pressureless sintering technique.
Phase formation, densification. microstructure and dielectric properties of the composites
were investigated as a function of ZnO content. It has been found that a densification of the
ceramic nanocomposites fabricated in this work was significantly enhanced, as compared to
the conventional P ceramics, Moreover, the high dielectric constant, which is higher than
that of the monolithic PT ceramics. was found in the PT/ZnO ceramic nanocomposites.

Introduction: Dense perovskite lead titanate (PbTiO; or PT) based ceramics which exhibit
many of the desirable dielectric. piezoelectric and pyroelectric properties for use in electronic
and electro-optic devices at high temperature and high frequency [1-2]. However, it is well
known today that PT ceramies, if at all pure and dense, break up into a powder when they are
cooled through the Curie point due to large distortion of the tetragonal phase at room
temperature which is characterized by the ratio between the lattice parameter (¢/a. ~1.06 [3]).
To overcome such problems, several techniques have been introduced. One approach is to try
to modify it with small amounts of additives [4] but the results do not necessarily illuminate
the properties of the pure substance, which is of interest in its own right. Furthermore,
utilizing nanopowders, employing spark-plasma sintering and carrying out appropriated

36™ Congress on Science and Technology of Thailand 1
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Two-Stage Sintering Technique for Ferroelectric
PMN-PT Ceramic Fabrication

gmancerung "_, R. Vimnirun . S. Ananta”
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- ract

Simtering 15 a complicaled process of microstructure evolution, with the main outcome being porosity

~“~tion [1-3]. This process is a thermal treatment for bonding particles into a coherent, predeminantly solid

© ure via mass transport. The bonding leads to improved strength and a lower system encrgy [4]. The onset
wecelerated grain growth depends on the microstructure; & uniform size and shape distribution of pores and

- postpones accelerated grain growth [5]. Such collapse resulls in a substantial decrcase in pore pinning,

- triggers accelerated grain growth [6.7]. The prevailing sintering paradigm is to mitigatc this undesirable

~yme by suppressing grain boundary mobility, The aim is to maintain pore-grain boundary contact during

- growth so that pore breakaway never occurs.
1 ead magnesium niobate-lead titanate ((1-x)PMN-xPT) has attracled a growing fundamental and practical
st because of their excellent diclectric, piczoclectric and clectrostriction propertics which are useful in
__ronic devices. For high performance it is cssential that the material be of the perovskite erystalline phase

3 no pyrochlore phasc. In the processing of perovskite PMN-PT, the formation of an unwanted pyrochlore

© <> und high density has long been recognized as @ major problem. In our previous work, a two-stage
- ring lechnigue has been succeed to achieve the purification and densification of PMN ceramic. Howcever, 50
== no work has been done on the investigation of the two-stage sintering PMN-PT ceramics.

Therclore, in this study. effects of two-stage sintering on phasc formation, microstructure and diclectric
sroperties of PMN-PT ceramics were investigated via XRD, SEM and dicleetric measurement. Pure and dense
~rovskite ceramies of PMN-PT have been successfully fabricated by using a two-stage sintcring technique. In
seneral, the grains arc similar in shape. Micrograph shows a fow pores at triple points. In addition, it 1s secn that
S PMN-PT samples also have an intergranular fracture mechanism, indicating that the grain boundarics are
—echanically weaker than the grains. Morcover, {his work demonstrated that under suitable two-stage sintering
_temes, dense and pure perovskite PMN-PT ceramics can be successfully achicved with betier diclectric
sropertics than thosc of ceramics from a conventional methods.
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