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Abstract

Project Code: MRG5280031

Project Title: Effects of Two-Stage Sintering on Phase Formation, Microstructure and Dielectric
Properties of Ferroelectric Ceramics Lead Magnesium Niobate-Lead Titanate

Prepared by a Corundum Route
Investigators: Dr. Rewadee Wongmaneerung
Materials Science Program, Faculty of Science, Maejo University
Assistant Professor Dr. Rattikorn Yimnirun
School of Physics, Institute of Science, Suranaree University of Technology
Associate Professor Dr. Supon Ananta
Department of Physics and Materials Science, Faculty of Science,
Chiang Mai University
E-mail Address: re_nok@yahoo.com

Project Period: March 15, 2009 to March 14, 2011

In this study, effects of two-stage sintering on phase formation, microstructure and dielectric
properties of ferroelectric ceramics lead magnesium niobate-lead titanate prepared by a corundum route
have been investigated. First, lead magnesium niobate ceramics are fabricated by using B-site
precursor method where both MgNb,O; and Mg,Nb,O, are employed as magnesium niobate
precursors. Effects of B-site precursors on phase formation, densification, microstructure and
dielectric properties of lead magnesium niobate ceramics are characterized by X-ray diffraction
(XRD), scanning electron microscopy (SEM) and dielectric measurements, respectively. In the
second part, lead magnesium niobate-lead titanate ceramics derived from a corundum-route lead
magnesium niobate and lead titanate powders have been fabricated by two different sintering
techniques: single-stage (or normal) and two-stage sintering. Effects of designed sintering
conditions on phase formation, microstructure and dielectric properties of the ceramics are
determined. The potentiality of a two-stage sintering technique as a simple ceramic fabrication
method to obtain pure perovskite and highly dense lead magnesium niobate-lead titanate ceramics

is demonstrated.

Keyword: Lead magnesium niobate-lead titanate, two-stage sintering, dielectric properties
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Lead magnesium niobate, Fb(Mg;3Nbyj; )03 or PMN, ceramics were fabricated by using B-site precursor
method where both MgNb2Og and MzyNb2Os were employed as magnesium niobate precursors. It has
been found that under suitable sintering condition highly dense and pure Pbh{Mg,;:Nbz;: )03 ceramics
can be successfully achieved in both processing routes. In addition, pure perovskite Pb{Mg;1Nby;3 )03

ceramic with slightly higher dielectric constant can be produced at lower sintering temperature by using

a corundum-roure.
Keywards:

Lead magnesium niobate
Perovskite

Relaxor

B-cite precursor
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1. Introduction

Lead magnesium niobate, Pb{Mg;;3Nby;3)03 or PMN, is one
of the most widely investigated perovskite relaxor ferroelectric
materials, which has been extensively studied because of its high
dielectric constant and electrostrictive coefficient [1-4]. The excel-
lent properties make it a prornising material for capacitor, actuator
and transducer applications [5-7]. As is well-known, in the prepa-
ration of PMN via the conventional solid-state reaction using PbO,
MO and NhyOQy [8,9], significant amount of the pyrochlore-type
phases with relatively low dielectric constant are inevirably formed
with PMN and these phases significantly degrade the overall elec-
trical properties of the products. In order to avoid the formation of
pyrochlores, several methods have been introduced [10-13]. So far,
the columbite method [12,13], in which prefabricated MgNb4Og is
reacted with an appropriate proportion of PbQ, has been widely
accepted as one of the promising methods for the preparation
of phase-pure PMN-based materials. To date, only a few work
[10,11] on the preparation of PMN powders by using a corun
dum MgzyNby Oy precursor have been reported. Moreover, elfects
of MggNb;Oq precursor on phase formation, microstructure and
dielectric properties of PMN ceramics has not been adequately
characterized. Thus, in the present study, the PMN ceramics were
fabricated by using both MgNb»Os and Mg4Nb;0q as precursor.

* Corresponding author. Tel.: 166 81 8554973,
Eqnail adedress: re_nok@yahoo.com (R Wongmaneerung ).
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Their dielectric properties with respect to temperature and fre-
quency were examined, compared and explained on the basis of
their final composition, densification, and microstructural devel
opment.

2. Experimental

PMN powders were synthesized by employing two different B-site precur-
sors (Le. columbite-route versus commdum-route) mixed oxide syntheric e,
as reported earlier [12,13] Starting precursors were as follows: PO (JCPDS file
no. #1-1941), Mg0 (periclase; |CPDS file no. 71-1176) and Nb;Og (JCPDS file no.
80-2493) (Aldrich, 99% puriry). These three axide powders exhibited an average
particle size in the range of 3.0-5.0 pm. First, two intermediate phases of magne
sium niobate: MgNb2Os and Mg4Nb; Og were separately prepared by the solid-state
reaction method previously reported | 14-16]. The appropriate amount of PbO was
then added to the MgNb;Og and MgyNb; Og, and vibro-milled in isopropanol alco-
holfor 1 h. Columbite- and corundum-route mixtures were then calcined at 900 and
Q50~C, respectively, for 11 with hearing/cosling rates of 30=Clmin [ 15].

Green pellets were pressed into disks and sintered at various temperatures
between 1100 and 1290-C. Densities of the sintered pellets were determined by
using rthe Archimedes principles. Room temperarure X-ray diffraction (XRI}; Philips
FW 1728 diffractometer ) was used to identify the phases formed and optimum sin
tering condition. The relative amounts of perovskite and pyrochlore phases were
determined from XRD patterns of the samples by measuring the major peak inten-
sities for the perovskite and pyrochlore phases. The following qualitative equation
[ 12| was used.

#Perovskite = 100 = Jp—a (1)
tper + ke

Here, [ refers to the intensity of the perovskite (110) peak and I, refers to the

intensity of the pyrochlore (22 2) peak.

The microstructural  development was  examined by scanming  electron
microscopy (SEM; JEOL [SM-840A ). Average grain size of the sintered ceramics was
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Fig. 1. XRD parterns of the columbite-route PMN ceramics sintered at various tem-
peratures,

estimated by using a linear intercept method [17]. in which the linear intercept
lengthis determined by laying a series of uniformly distributed testlines on the pla-
nar section and counting the number of times the grain boundaries are intercepted.
In this work, five samples from each processing condition were used in determining
the average grain size and the standard deviation of the grain size was estimated
as +0L05 pm. For the dielectric measurement, ceramic surfaces were parallel pol-
ished and sputtered with gold. Dielectric characterization was performed witha LCR
meter (HP-4284A, Hewlett-Packard ) in conjunction with an environmental chamber
(9023, Delta Design). A heating rate of 3°C/min was used during the measurement.

3. Results and discussion

The X-ray diffraction patterns of columbite- and corundum
route PMN ceramics sintered at various termperatures are given
in Figs. 1 and 2, respectively. As shown in Fig. 1, the strongest
reflections in the majority of the XRD patterns indicate the for
mation of PMN phase, which could be matched with |JCPDS file
no. 81-861 [18], in agreement with other works [16,19]. To a
first approximation, this phase has a pseudo-cubic perovskite
type structure with cell parameter a=404.41 pm in space group
Pm3m (no. 221). However, some additional reflections (marked
by @), which correlate with a pyrochlore phase of composition
Pbqg3Mgo20Nby 710539 (JCPDS file no. 33-769 [20]) are found in
XRD patterns of columbite-route PMN samples sintered at low sin-
tering temperatures (1150-1250°C). This phase has orthorhombic
structure with cell parameter a=105.9 pm in space group Fd3m
(no. 227)[21]. As shown in Fig. 2, XRD patterns of corundum-route
PMN ceramics which sintered above 1100°C show 100% perovskite

- o MgNb: Oy
=
ll - i
g || 3 g & [
~  Hoo°C li ] ) 1\ g N\
4]

|

o 1 \ f\
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Fig. 2. XRD patterns of the corundum-route PMN ceramics sintered at various tem
peratures,

phase and could be matched with JCPDS file no. §1-861 [18], sim
ilar to PMN phase occurs in columbite-route, It should be noted
that no evidence of pyrochlore phases such as PbaNb;07, PbyNb;0g
and PbsNbgOys has been found here whereas these phases were
found in other works [22,23]. However, some additional reflections
(marked by ), which correlate with Mg4Nb;04 phase are found
in XRD patterns of PMN sample sintered at 1100°C. This observa-
tion indicates that Mg4Nb; g was formed at this low temperature
at which the complete reaction between PbO and Mg4Nb;0g could
not occur, This is likely due to the poor reactivity of the solid-state
reaction method commonly found in the mixed oxide perovskite
compounds.

For the purpose of estimating the concentration of pyrochlore
phase present, Eq. (1) has been applied to the obtained diffraction
patterns, as givenin Table 1. It can be noticed that pure PMN ceram-
ics can be produced at the lower optimized sintering temperature
by using corundum precursor, Moreover, the dense PMN ceramics
can be formed by using both B-site precursors. Based on the XRD
data obtained here, it may be concluded that the optimal sintering
temmperature for the production of columbite- and corundum-
route PMN ceramic is 1275°C for 4h with heating/cooling rates
of 10°Cfmin, and 1250°C for 2h with heatingfcooling rates of
10°C{min, respectively.

The densification data of all samples are shown in Table 1. 1t is
observed that the density of about 93-95% and 89-92% of the the-
oretical value can be achieved for columbite- and corundum-route
PMN ceramics, respectively. Density increases as sintering temper-
ature increases. Further, increase in the sintering temperature up
to 1300°C caused to the decrease in density values. This may be
attributed to the loss of lead oxide at high sintering temperatures,

Table 1

Phase and densification characteristics of columbite- and cor route PMN ceramics from various sintering conditions.

Preparation route Sintering temperature (*C) Perovskite phase* (%) Pyrochlore phase! (%) Relative density” (%)

Columbite 1150 96.76 324 96.48
1200 96.72 328 96.85
1225 96.10 390 96.1
1250 97.37 263 9524
1275 100.00 0.00 95.37
1290 100.00 0.00 93.64

Corundum 1100 100.00 0,00 §9.32
1150 100.00 0.00 90.83
1200 100.00 0.00 91.76
1250 100.00 0.00 92.14

* The estimated precision of the perovskite and pyrichlorephase is +0.1%.
b The estimated precision of the density is £0.1%,
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Fig. 3. SEM micrographs of (a) as-sintered and (b) fracture surfaces for columbite-route PMN ceramics, (¢) as-sintered and (d) fracture surfaces for corundum-route PMN

ceramics with maximum bulk density.

which is similar to the results found in other Pb-based perovskite
systems [24,25].

Microstructural development was investigated by scanning
electron microscopy. Itee and [racture surface micrographs of
columbite- and corundum-route PMN ceramics with maximum
bulk density are compared in Fig. 3. In general, typical PMN
microstructure consisting of highly dense grain-packing and round
microstructural is observed in both samples and in good agreement
with previous works [26,27]. Moreover, the grain sizes are in the
range ol 2-12 pm and 0.8-2.3 pum for columbite- and corundum-
route PMN ceramics, respectively. In columbite-route sample, it is
seen that a few facet grain is observed on the surface. By employ-
ing the combination of SEM/EDX techniques, more information is
obtained as shown in Table 2 and Fig. 4 (a). EDX analysis of the
facet grains (marked as “(2)”) indicated the chemical composition
of Pbg(MgNbyp)032 or Pbygs(Mgo.a7Nbso6)010. although the con-
centration is too low for XRD detection, consistent with earlier work
[28]. It is, therefore, intriguing to note the advantage of a combi-
nation between SEM and EDX techniques, which lies in its ability
to reveal microstructural features often missed by the XRD diffrac-
tion method which requires at least 5wt of the component [29].
It should be noted that in this sample, no unreacted MgO and PbO

Table 2

Chemical compositions of both PMN ceramics from EDX analyzer.

EDX positions Composition (at¥) Possible phase

Mg (K) Nb (L) Pb (M)

(1) 1613 33.34 5052 Pb3{MgNb2)09
(2) 717 58.41 34.76 Pbs(MgNb )05,
(3) 17.06 2833 54.62 Pb3(MgNb2)09
(4) 100.00 - - Mg0

40

liquid phase has been found on the grain boundary [22,26,30]. This
phase is mainly observed between perovskite grains (marked as
“(1)"). It should be noted here that EDX is now the most commonly
used elemental analysis available within the SEM technique. This

(a)

Counts

Energy (keV)

(b) Me

Counts

Mx

0 1 2 3 4 5 6 7 8 9 1

Energy (keV)

Fig. 4. EDX analysis of (a) the pyrochlore phase and (b) the Mg0 phase from both
PMN ceramics (some spectra indexed as Au come from coated electrode),
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Tahle 3

Comparison of &, and grain size of FMN ceramics obtained by various methods,

Sample from Lejeune and Boilot [8] Liou et al. [45] Han and Kim [ 46] This work This work
Processing Mixed oxide with MgC0; Simplified columbite Mixed cxide with Mg{NO; ), Columbite Corundum
Calcination temperature/time 800/2h 1100/3 h 950/2h 900/1h 950{1h
Sintering temperature/time 900/2h 1250/2h 900/2h 1275/4h 1250/2h
Relative density 96.0% 93.6% 95.6% 95.4% 921%
Ermax 15400 17060 na. 12984 16566
Grain size {jum) na 71 2-4 2-12 08-2.3

technigue offers a means of rapidly evaluating the elemental con
stituents of a sample; major constituents (10 wt% or more}) can be
indicated in 10s and a 100-s accumulation is often sufficient for
identification of minor elements (on the order of 1 wtf). Inaddition
to rapid qualitative analysis, accurate quantitative analysis can also
be achieved with EDX technique. However, there are techniques
for microanalysis of inorganic materials. One of these techniques
is electron probe microanalyzer (EPMA). The EPMA’s usefulness is
compositional information, using characteristic X-ray lines, with
a spatial resolution on the order of 1 m can be obtained from a
sample. The EPMA technique will be used for analysis of the PMN
samples and the results will be presented in the future. Nonethe-
less, for the purpose of comparison, the EDX results obtained in this
study are used for preliminary analysis.

For corundum-route PMN sample, the as-sintered ceramic
( Fig. 3 (c)) shows few apparent open pores at grain boundaries and
triple points; but cracks and microcracks are not observed. These
could be caused by Mg0O inclusions (the dark area) present at triple
points. It seemns that the grain boundary movement is depressed by
the MgO phase; hence the open pores were formed. Furthermore,
the dark areas are determined by SEM{EDX to be MgO inclusions
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{marked as “(4)” in the microstructure in Fig. 4 (b)) neighbouring
the parent PMN phase (marked as “(3)") as shown in Table 2, sim-
ilar to the inclusions observed in a series of non-stoichiometric
PMN compositions as reported earlier [31]. Furthermore, there
were the MgO inclusions previously observed by Goo et al. [32]
in a stoichiometric PMN doped with excess Mg0. It is believed to
be another cause for the lower density values in corundum-route
PMN ceramic compared to columbite-route. Similar finding was
also reported in SiC reinforced PZT ceramics [33]. Moreover, the
microstructure in Ag. 3 (¢) displays few small grains. EDX analysis
indicated the chemical composition of Pb(Mg;3Nby3)0s. Itis evi-
dent that the coarsening of big grains over small grains is through
a process coherent with a solid-state sintering mechanism. Micro-
graphs of fracture surface (Fig. 3 (b) and (d)) show highly dense
microstructures consisting of equiaxed grains in agreement with
other researchers [26,27,34). The PMN ceramics also have an inter-
granular fracture mechanism, indicating that the grain boundaries
are mechanically weaker than the grains [35].

In order to evaluate the dielectric properties, both columbite-
and corundum-route PMN ceramics with the maximum bulk den
sity were measured at frequencies between 1 and 100kHz in the

025

Dielectric loss

Temperature (°C)

(d)

014

—_— |

sasases 100K |
012 —_

010
0.08

0.06

Dielectric loss

0.04

0.02

Temperature (°C)

Fig. 5. Temperature dependence of (a) dielectric constant (¢, ) and (b) dielectric loss { tan ) for the columbite-route PMN ceramic, (c) dielectric constant (2, }and (d) dielectric

loss (tana) for the corundum-route PMN ceramic,
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Table 4
Dielectric properties of PMN ceramics.

Preparation route Frequency (kHz) Trawe (*C) ATrax (7€) (1-100 kHz) Ermax AN Frnax Diffusivity (1) Diffuseness parameter ()
Columbite 1 -10.6 13.05 12960.7 012 1.98 42.03
10 =52 12458.9 014 1.97 39.58
100 25 11855.7 0.19 1.92 3728
Corundum 1 -156 1145 16566.5 0.07 1.79 35.64
10 —10.0 16042.0 0.08 1.76 35.28
100 -4.1 15406.5 0.1 173 32.73
temperature range from =50 to +50°C as shown in Fig. 5. In gen- 3.0
eral, the typical relaxor behavior [36,37] with the characteristic Columbite-route
dispersive lrequency dependence of the dielectric maxima has been 2 5- Sorueny soue
observed in both PMN samples. The dielectric constant (&) and
dielectric loss (tan &) are compared in Fig. 5. The maximum dielec- 20

tric constant reached 12984 and 16566 at 1 kHz, the temperatures
for £rmax are —10°Cand —15C for columbite- and corundum-route
samples, respectively, which are close to previously published val
ues [26,38,39]. It can be noticed that the presence of MgO phase
may slightly shift the temperature of £ymax. Characteristics of var-
ious PMN obtained by different methods in this work and those
reported in other works are compared in Table 3. By comparison to
columbite-route PMN ceramic, &ymax of corundum-route ceramic is
slightly higher. It should be noted that the presence of MgO resulted
in an enhancement of the dielectric constant of PMN ceramics. This
was originallyattributed to the elimination of the pyrochlore phase
[39], in agreement with the XRD results. Moreover, it should be
noted that anincrease of dielectric constant could be acombination
of various effects; i.e. (i) phase present, (ii) density/porosity of the
sample and (iii) grain size. Here it is observed that smaller grainsize
leads to an enhanced the dielectric constant. There are two other
interesting features in this study. Firstly, the sample containing a
small amount of MgO phase shows a high dielectric constant with
similar results reported by Wang and Schulze | 38]. The second fea-
ture is seen in Table 1, eg. while the density of corundum-route
PMN sample is low compared to columbite-route sample, the sam-
ple still exhibits all the characteristics of a relaxor materials.

Unlike the normal ferroelectrics, the dielectric behavior of PMN
ceramics cannot be described by the Curie-Weiss law equation.
Their behaviors tally well with the law 1/e o (T — Ty, ). The dielectric
constant can be written in the form [40]:

11 @y
e m = Dol (2)
Here y is the expression of the degree of dielectric relaxation in the
relaxor ferroelectric materials and & is diffuseness parameter and
gives an estimation of the relaxor characteristic of the transition.
Fig. 6 shows dependencies of the (smfe) -1 versus (T—Tm)?,
with determined values of the two diffuseness parameters () and
4). The diffuseness exponent for columbite-route sintered PMN
ceramic is y =198 (Table 4), which is higher than reported value
of 1.64 [41] but is very close to 2.0 [42]. Moreover, the diffuse-
ness exponent tends to decrease while the frequency increases. By
comparison, the diffuseness exponent for corundum-route sintered
PMN ceramic is much smaller than those observed in columbite-
route sample. It may be caused by the presence of MgO. The
Mg0O inclusions might affect the low-frequency contributions to
the dielectric constant. This interaction would be modeled by &
in Eq. (2) as shown in Table 4 and would suggest that the MgO
phase could slightly decrease the diffuseness of the phase transi-
tion, in agreement with previous report [38]. Furthermore, for a
perovskite ferroelectric, it can be established that the diffuseness
could be caused by grain size dependence [43,44]. Therefore, this
effect can partly be the cause of the increase of diffuseness exponent
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Fig. 6. Dependence of (ermuer)— 1 with (T— T for {a) columbite- and (b)
corundum-route PMN ceramics,

in columbite-route PMMN ceramic. Finally, it should be noted that the
dielectric constant is increased with decreasing grain size. The fac
tor leading to this result is probably the variation in the stress to
which the grains are subjected as they cool through the Curie point.
Moreover, the columbite-route PMN ceramic containing a small
amount of pyrochlore phase (Pby g3Mgg 2aNby 7105.39) shows a low
dielectric constant. This observation is clearly a result of the para
electric pyrochlore phase with a low dielectric constant at room
temperature of 130; hence reducing the dielectric properties of the
columbite-route PMN ceramic sample.

4, Conclusion

Results indicate that using different magnesium niobate precur-
sors to produce PMN ceramics greatly influences phase formation,
microstructure and dielectric properties of the resulting products.
It has been concluded that the single-phase perovskite PMN ceram
ics can be successfully formed by employing either columbite- or
corundum-route precursor method under optimized sintering tem
peratures. Between the two B-site precursor methods, it is seen
that lower optimized sintering temperature for the production of
pure PMN ceramics can be obtained by using corundum-route,
whereas the large obtainable grain size was found in the columbite-
route PMN ceramics. Moreover, the presence of MgO phase in the
microstructures of corundum-route PMN ceramics may lead to the
pyrochlore elimination and results in enhancement of the dielectric
properties.
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1. Introduction

Relaxor perovskite ferroelectric lead magnesium niobate,
Pb{Mgy;3Nby/3 )03 (PMN), -based-ceramics are widely employed
for electronic applications such as multilayer capacitors, elec-
trostrictive actuators and components working by induced
piezoelectric effect [1,2]. Principal role in the properties of the
niobates plays intrinsic cationic substitution which form addi-
tional anharmonic electron-phonon interaction [3] determining
the principal electronic and optical properties. However, the main
hindrance to the utilization of these PMN-based materials in elec-
tronic device applications has been the lack of simple, reproducible
fabrication technique for dense and pure perovskite phase |4-G.
Moreover, it would also be highly desirable for these materials
to be fired at relatively low temperatures, permitting the use
of low-cost electrode materials, e.g. copper or nickel [1,2]. It is
well-known that the fabrication of PMN via a solid-state reac-
tion methaod is complicated by the formation of an undesired
lead-niobate-based pyrochlore phases during the final stage of
reaction between mixed oxides and the high volatility of lead
oxide [5-8]. Several approaches have been introduced to mini
mize the pyrochlore phases and improve the reproducibility of their

* Corresponding author. Tel.: +66 53 943376; fax: 166 53 943445,
E-mail address: suponananta@yahoo.com (5. Ananta ).
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dielectric properties [9-12]. These involve modification of solid
state or wet chemical methods, but most of them leave 3-5wit?%
pyrochlore phase in the sintered products [7,8]. In connection with
this, a “columbite” method [8] where MgNb;0; is formed first,
followed by its reaction with PbO to form the perovskite PMN,
has become one of the most effective solid-state reaction method
which has been widely employed to produce PMN since 1982 [8].
Alternatively, different kinds of precursor such as PhzNbyOg [13]
or "corundum™ MggNbyOg [14] have been introduced instead of
MgNb; 0. Amongst all the approaches reported so far, most atten-
tion has been concentrated on the powder processing, whereas
investigation of modified sintering techniques for the production
of PMN ceramics has not been widely carried out [15]. In practice,
sintering is a crucial stage which can significantly affect the den
sification and the dielectric properties of the PMN ceramics more
strongly than the choice of reaction precursors.

Inour previous work [15], a combination between the columbite
B-site precursor and the two-stage sintering techniques has been
proposed to achieve the densification of PMN ceramic bodies with-
oul significant grain growth. However, so far, no work has been
done on the investigation of the two-stage sintering PMN ceram
ics derived from a corundum B-site precursor route, Therefore, in
this work, an attempt has been made to fabricate and characterize
the relaxor perovskite PMN ceramics by employing a combination
of the corundum precursor and the two-stage sintering methods.
The influence of doubly sintering condition on phase formation,
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microstructure and dielectric properties of the PMN ceramics is
investigated.

2. Materials and methods

The starting materials were commercially available oxide powders of PbO, MgO
and NbzO5 (Aldrich, 99% purity) with an average particle size of 3-5 pm. Acorundum
B-site precursor route | 16] employing intermediate phase of Mgy Nby Og was adopted
for the preparation of PMN powders. In this method, Mg0 and Nby Os were reacted at
1050 € for 4 h with heating/cooling rates of 10 Cmin ' to form MgaNbz 0y [17.18],
prior to reaction with Ph0 at 950 € for 1h with heating/cooling rates of 30 € min~!
| 16]. All powders were prepared by using a simple mixed oxide method via a rapid-
vibro milling technigue for 30 min with corundum media in isopropyl alcohal, as
detail described in our previous works [ 17-19). Ceramic fabrication was achieved by
adding 3wt polyvinyl alcohol {PVA) binder, prior to pressing as pellets in a pseudo-
uniaxial die press, Each pellet was placed ift an alumina crucible together with an
atmosphere powder of idenrical chemical composition. Afrer the binder burn out
at 500 C for 1h, sintering was carried out with a dwell time of 1h at each step,
with constant heatingfcooling rates of 20 Cmin- ' applied. Three sets of the first
sintering temperature (Ty ) were designed for the two-stage sintering case: 1025,
1050 and 1075 C. Variation of the second sintering temperature {T; ) between 450
and 1025 € was carried out for each case.

Densities of the final sintered products were measured by using the Archimedes
principle. Sintered ceramics were examined by room-temperature X-ray diffrac-
tion (Siemen D-500 diffractometer) using Cu Ko radiation to identify the phase
furmed. The microstructural development was characterized using a scanning elec-
tron microscopy (JEOL JSM-840A). Mean grain size of the sintered ceramics was
subsequently estimated by employing the linear intercept method [20]. In order to
evaluate the diclectric properties, dense ceramics were polished to form flat, parallel
faces and then coated with gold electrodes, The dielectric properties were measured
at various frequencies using a LCR meter (HIOKI 3532-50), on cooling through the
transition range (=50 to 100 C)with arate of 3 Cmin~'.

3. Results and discussion

X-ray diffraction patterns of the PMN ceramics doubly sintered
at various conditions are displayed in Fig. 1, indicating the for-
mation of both perovskite and impurity phases in each case. The
results indicated that a single phase of perovskite PMN (yield of
100% within the limitations of the XRD technique) is found at only
three sets of sintering conditions: i.e. at 1025/1000 C,1050/1025 C
and 1075/1025 C. The strongest reflections in the majority of all
XRD traces indicate the formation of the Pb(Mg;;;Nby3)05 per-
ovskite phase, which could be matched with JCPDS file no. 81-861,
inagreementwithotherworks[21,22]. Toa first approximation, this
major phase has a cubic phase in space group Pm3m (no. 221) with
cell parameter a=404.41 pm [23]. For other doubly sintering con-
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Fig. 1. XRD patterns of PMN ceramics doubly sintered at various conditions.
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ditions, additional weak reflections of the pyrochlore-type phase
previously observed in normal sintered PMN case |20] are found to
co-exist along with the perovskite PMN. It should be attributed to
many factors, including the poor mixing of the employed powders
derived from the mechanical milling technique and the PbO evapo-
ration [21,22]. Whilst it is possible to obtain better mixing through
planetary- or jet-milling method [1], these mechanical millings
can lead to seriously higher contaminations (which in turn lead
to another problem of getting rid of all of them). Hence, one has
to balance between these two factors in each case. In addition, as
suggested in the literature [24], the PbO evaporation could also be
determined by measuring weigh loss by assuming that the PbO is
the only evaporating component in the system, which in most case
is still incorrect.

Nonetheless, this minor phase could be correlated with
pyrochlore phase of composition Pby gg(Mgg 24Nb 1 75)065 (marked
by v), and could be matched with JCPDS file no. 82-388 [25].
This phase has a pyrochlore-type structure with a cubic unit cell
a=10.60A, space group Fd3m (no. 227). Moreover, no evidence
of ather pyrochlore phases such as PbyNbyO5, PbyNbgOq3, and
Pbyg3Nby 71 Mgy 29030 has been observed here whereas these
phases were found in other works [5,8,15). By comparison with
other processing routes, it is found that only one set of double-
sintering condition was found to produce a single phase perovskite
PMN (at 1025/1100 C) in the two-stage sintered columbite-route
PMN [15] whilst a minimum temperature of up to 1225 C is
required for the normal sintered columbite-route PMN ceramics
[21]. This observation indicates that the MggNb,0q precursor is
a better precursor to get rid of the unwanted pyrochlore phase,
probably due to the better chemical reactivity between PbO and
Mg‘thEOQ.

In order to evaluate the relative amounts of perovskite and
pyrochlore phases in each doubly sintering condition, the follow-
ing approximation was employed, as in the earlier PMN and PFN
studies [15]:

b 100

perovskite phase(wt%) = o]
ptim

Here I, and Iy refer to the intensities of the (110) perovskite
and (222) minor phase peaks, respectively, these being the most
intense reflections in the XRD patterns of both phases. For the pur-
poses of estimating the concentration of minor phase present, Eq.
(1) has been applied to the diffraction patterns obtained (Table 1).
Table 1 also presents the relative density and grain size data of
the two-stage sintered PMN samples compared with conventional
case [21]. Generally, it is evident that as the sintering tempera-
ture increases, the density of almost all the samples increases.
The two-stage sintered corundum-route PMN ceramics reaches a
maximum density of ~97% at 1075/1025 C, each for 1h (normal
sintered columbite-route PMN samples exhibit equivalent densi-
fication after sintered at 1275 C for 2h [21]). On the other hand,
two-stage sintered columbite-route PMN ceramics exhibit less den-
sification and a sintering scheme of 1125/1100 C, each for 2h,
is required to reach a densification level of ~91% [15]. Moreover,
it can be seen that the relative density of the two-stage sin-
tered corundum-route PMN ceramics increases from 85 to 97%
with increasing sintering temperature, whilst grain size changes
only slightly (about 2.1-2.9um). This is probably because the
two stage sintering proceeds in a “frozen” microstructure and has
the effect on grain growth. Hence, the kinetics are sufficient for
reaching fairly high density, whilst providing the benefitof suppres-
sion grain growth [26,27]. The physical characteristics of various
two-stage sintered PMN samples obtained by different B-site pre-
cursors are also compared in Table 1. Apart from employing shorter
dwell time and faster heating/cooling rates, it can be noticed that
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Table 1
Physical properties of PMN ceramics doubly sintered atvarious conditions.

N () Ty (*C) Perovskite phase® (wt¥) Relative density® (%) Grain size range (mean)® {pm)
1025 950 835 80 11-2.9(2.0)

1025 975 92.0 91 1.1-3.0(2.0)

1025 1000 100 94 12-3.0(2.1)

1025 1025 964 % 1.0-2.9(1.9)

1050 950 87.1 85 1.2-2.8(2.0)

1050 975 89.1 a9 13-30(22)

1050 1000 824 94 1.3-3.0(2.2)

1050 1025 100 96 14-32(2.3)

1075 950 84.3 a3 1.5-3.4(2.5)

1075 975 886 94 15-38(2.7)

1075 1000 9.0 9% 1.6-40(28)

1075 1025 100 a7 16-42(2.9)

1025 1100 100 91 2.0-7.0(4.5) (Ref. [ 14])
1275 . 100 96 3.2-15,6 (9.4) (Ref. [20])

# The estimated precision of the perovskite phases is £ 1%
b The estimated precision of the density is + 1%,
¢ The estimated precision of the grain size is £10%,

optimized sintering temperature andfor dwell time of the two
stage sintered corundum-route PMN ceramics in this work is lower
than the normal sintering [21] and equivalent to the two-stage sin
tered columbite-route PMN ceramics [15]. This observation could
be attributed mainly to the effectiveness of a combination between
the two-stage sintering and the corundum B-site precursor meth
ods.

As-fired and fracture surface SEM micrographs of corundum-
route PMN samples doubly sintered with different schemes are
shown in Fig. 2(i) and (ii), respectively. Clearly, the free surface
microstructure of the two-stage sintered corundum-route PMN
ceramics is significantly different from those of the normal and
the two-stage sintered columbite-route PMN sample [ 15,21] which
exhibits highly dense microstructure with abnormal grains of size
around ~3-4 pum due to the recrystallization during firing and vari
ation of stoichiometric compositions [28]. Their grain sizes are
in the range of 1-4 pm which is significantly lower than those
observed inthe normal and the two-stage sintered columbite-route
PMN ceramics (Table 1) [15,21]. Moreover, with careful obser-
vation (Fg. 2(i)), it can be found that PMN grains in two-stage
sintered sample also exhibit whisker-like shape, similar to the
results observed by Chaisan et al. [29]. With sizes of ~300-500nm
in length and ~60-100nm in width, these whiskers are seen o
distribute and coat on the grains (only at the surfaces). By using
an energy dispersive X-ray (EDX) analysis, the chemical compo-
sition of these whiskers is identified as Pb(Mgg 33Nbg 67 )05. Even
though exact mechanism of the microstructure observed here is not
well established, but it should be noted that the various features
of microstructure in PMN ceramics depend on the grain growth
rate in the different planes [30]. However, the sintered process
and growth environment also play an important role in the for
mation of microstructures [31]. In this work, the occurrence of a
typical abnormal grain growth commonly found in the PMN-based
systems [32-35] is observed and is likely to be caused by atom
attachment to surface or boundary steps either produced by two-
dimensional nucleation and lateral growth mechanism or existing
at screw dislocations or the coalescence of grains and the conse-
quent formation of grain boundaries with re-entrant edges [34,35].
MgO inclusion may act as asintering inhibitor because of grain size.
Therefore, grain growth is suppressed during the sintering process.
It is possible that small amount of MgO are dissolved in the PhO-
rich liguid or PMN at high firing temperatures, and its segregation
at the grain-liquid interface and grain boundary may have made
their step energies finite and hence made them sufficiently singu-
lar to cause these abnormal grain growth, as found in the PMN-PT
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systemn [32,33]. However, in this work grain boundaries inside these
abnormal grains were not clearly observed by SEM. To answer this
question, the crystallographic orientation of the grains should be
examined further by using other techniques such as TEM or electron
backscattered diffraction.

In general, SEM micrographs of fracture surfaces (Fig. 2(ii))
shows highly dense microstructures consisting of equiaxed grains,
in agreement with other workers [6,15,21]. The grains are similar
in shape, with significant variation in size (0.2-3.5 pm). Moreover,
micrograph shows a lew pores at triple points. Minor phases can
be found in these micrographs, in particular at the grain bound-
aries and at the triple point junctions. These phases could be clearly
distinguished from the microstructure features of the perovskite
parent phase, in term of brightness (too bright and too dark). EDX
analysis (Table 2) shows the chemical composition of the minor
phases, neighbouring the parent PMN phase (marked as “1"), to be
Pb{MggsMNb19)0g.35 (bright area; marked as “2") in contrast to the
KRD result (Fig. 1), and Mg0O (dark area; marked as “3"), although
the concentration is too low for detection by X-ray, in consistent
with earlier work [16]. In addition, it is seen that the PMN sam
ples also have an intergranular fracture mechanism, indicating that
the grain boundaries are mechanically weaker than the grains [31],
similar to the results previously observed in the two-stage sintered
columbite-route PMN ceramics [15].

The dielectric properties of PMN ceramics doubly sintered at
various conditions were measured at frequencies between 100 Hz
and 100kHz in the temperature range from —120 to +100°C as
shown in Fig. 3. In general, the typical relaxor behavior [1,2] with
thecharacteristic dispersive lrequency dependence of the dielectric
maxima has been observed in all samples. Fig. 4(a) and (b) shows
a comparison of the dielectric properties at 1 kHz of PMN ceramics
doubly sintered at various conditions. It is clear that the maxima
in the dielectric constant versus temperature plots increase notice-
ably with increase in the sintering temperature. Similar trend is
also observed for Tl £y may) and tan dp,a. The dielectric properties

Table 2
Dielectric properties (at 1kHz) of PMN ceramics doubly sintered at various
conditions.

EDX positions Composition (at) Possible phase

Fb (M) Mg (K) Nb(L)
1 5083 17.05 32.12 Ph{Mg; 53Nbg 7 )05
2 281 16.97 5482 Pb{Mgy gNbya)0g 35
3 - 100 - MgO
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ey

(c-ii)

Fig. 2. SEM micrographs of as-fired (i) and fracture surfaces (i} of PMN ceramics doubly sintered at (a) 1025/1000°C, (b) 1050/1025 =C and (¢} 10751025 =C, for constant

dwell time of 1 h at each stage.

at room temperature also show the same dependency on sinter-
ing temperature, i.e. both £;35-c and tan §;5.¢ increase. Hence, it
can be stated that the magnitude of bath dielectric constant and
dielectric loss in PMN ceramics depend considerably upon the heat
treatment conditions. As also listed in Table 3, all doubly sintered
PMN samples exhibit the maximum dielectric constant of about
20,708-24,291 at 1 kHz with temperature of maximum dielectric
constant, T #rmax ), of about —15 to —18 °C, in good agreement with
other researchers [5-10]. As listed in Table 2, it can be noticed
that the presence of MgO phase may slightly shift the tempera-
ture of eymax. In addition, since the grain size of all the doubly
sintered corundum-route PMN ceramics are not significantly differ-
ent (ranging from 2.1 to 2.9 pm, as listed in Table 1), the difference
in dielectric properties should be attributed to the difference in
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density, which increases from 94 to 97% with increasing sintering
temperature (as listed in Table 1). The statement that the den-
sity plays a crucial role in controlling the dielectric properties is
further supported when comparing the dielectric properties of
the doubly sintered corundum-route PMN ceramics with those
of the normal sintered and doubly sintered columbite-route PMN
ceramics, as listed in Table 3. Here, one can clearly see that the
dielectric constant values (both £, 75 ¢ and £r.max ) in doubly sintered
corundum-route PMN ceramics are very close to those observed in
the normal sintered PMN [36]. It should be noted that these ceram-
ics have very different grain size (2.9 and 9.4 jum, respectively, as
listed in Table 1), but similar density values, i.e. 96-97%. On the
other hand, as listed in Tables 1 and 3, the dielectric constants
of the doubly sintered columbite-route and corundum-route PMN
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Fig. 3. Variation with temperature of: (i) dielectric constant (e;) and (ii) dielectric loss (tan ) for PMN ceramics doubly sintered at: (a) 1025/1000+C, (b) 1050/1025*C and

(€) 1075/1025 °C, for constant dwell time of 1 h at each stage.

ceramics with very different density (91 and 97%, respectively) are
significantly different, even though they have similar average grain
size. This clearly indicates that density, not the average grain size,
could be the controlling factor for such ebservation [37]. It should
be noted that the presence of MgO results in an enhancement of
the dielectric constant of PMN ceramics, as also observed by Lu and
Lee |38]. This was originally attributed to the elimination of the
pyrochlore phase, consistent with the XRD results,
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The degree of broadening or diffuseness in the observed dielec
tric variation could be estimated with the diffusivity (1) using the
expression (£rmax/€r) — 1 versus (T — Tmax )2 The value of y can vary
from1 to 2, for completely disordered relaxor ferroelectrics [39,40].
The plots in Fig. 5 show that the variation is very linear. The mean
value of y is extracted from those plots by fitting a linear equa
tion. The values of y for all doubly sintered corundum-route PMN
samples are generally very similar (varying between 1.66 and 1.79),



