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Abstract

BisFey sNb; 509 ceramics have attracted much attention due to its interesting dielectric and magnetic properties. However, the BizFeg sNb; 509
ceramics prepared by the conventional solid state reaction method have a maximum density of about 60% of the theoretical density. Decomposition
at temperatures higher than 850 °C precluded the preparation of a more highly dense sample. In the present research, dense ferroelectric
BizFeq sNb; 509 ceramics with a density of more than 97% of the theoretical one were prepared by spark plasma sintering. XRD data shows that

BisFeq sNb; sO9 has an orthorhombic Aurivillius-type structure.
© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Multiferroic materials which simultaneously exhibit at least
two ferroic orders (ferroelectric, ferromagnetic, or ferroelastic)
have attracted considerable attention due to their interesting
physics and exciting potential for applications in multi-
functional devices [1-3]. However, multiferroic single phase
compounds are rare due to the mutual exclusive of the
ferroelectric ordering and magnetic ordering [4-6]. In recent
years, several Aurivillius-type layered phases such as
Bi8F64Ti3024, Bi5F€Ti3015 and Bi6Fe2Ti3018, which contain
a regular stacking of [Bi,0,]** slabs and perovskite-like
[A,_1B,03,.1]>~ blocks, n[BOg] octahedra in thickness [7],
have been reported to display simultaneous electrical and
magnetic ordering [8,9]. For example, dynamic magneto-
electric (ME) measurement of Aurivillius-type compound
BigFe,TizO,4 at room temperature and at 77 K exhibited a non-
linear output signal [8].

In the system of Bi,O3;—Fe,O3;—Nb,0s5, a new ternary phase
BisFeq sNb; 509 was observed [10,11]. This oxide adopted an
Aurivillius-type structure with non-centrosymmetric space
group symmetry A2;am, where the [(Fe, Nb)Og] octahedra
exhibited tilting and distortion to accommodate the bonding
requirement of the Bi cations located in the perovskite double
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layers [11]. So analogous to other Aurivillius-type compounds
exhibit ferroelectricity, BiszFeysNb;sOy has a ferroelectric
phase transition near 250 °C. On the other hand, the magnetic
measurement indicated it have non-Curie—Weiss-type behavior
between 6 and 300 K.

However, BisFey sNb; 509 began to decompose at tempera-
tures above 850 °C, which made it very difficult to prepare
dense ceramics for electrical and magnetic measurements.
Lufaso et al. [11] indicated that the pellet density of
BisFe( sNb; sO9 ceramic sintered at 850 °C for 550 h by solid
state reaction method was only 60% of the theoretical density.
So preparation of dense BiszFeysNb; sO9 ceramic with single
phase is of great important and interesting.

Recently, spark plasma sintering (SPS) has been used
widely as a low temperature and rapid sintering method in the
past decade [12,13]. SPS is a process that uses microscopic
electrical discharge between particles under pressure.
Ceramics can be sintered to high densities by SPS at
relatively low temperatures (several hundreds of degrees
Celsius lower than that of conventional sintering) for very
short time (typically a few minutes). SPS has been widely
investigated to prepare metastable phase ceramics, compo-
sites, nanostructure ceramics, transparent ceramics, and so on
[14-16]. With the merit of low sintering temperature, SPS
seems to be a promising process for the preparation of dense
BisFey sNb; 509 ceramic with single phase because a
sintering temperature lower than the decomposition tempera-
ture can be expected for SPS.
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In this paper, the preparation of BizFeq sNb; sOg ceramics by
SPS was investigated. The density and microstructures of
BisFey sNb; sOg prepared by SPS were compared with that of the
sample prepared by the conventional solid state reaction method.

2. Experimental procedures

High purity Fe,O; (99%), Bi,O; (99.9%) and Nb,Os
(99.9%) were used as raw materials. Stoichiometric mixture of
the raw powders with nominal composition of BizFey sNb; 509
were grounded in distilled water for 24 h in a ball mill with
ZrO, balls. The grounded powders were dried and calcined at
800 °C for 2 h. After re-grinding, the calcined powders were
placed in a graphite die and spark plasma sintered at 700 °C and
800 °C for 5 min under in a vacuum of 6 Pa with an SPS
apparatus (SPS-1050, SPS Systex Inc., Kanagawa, Japan),
respectively. During the period of heating and soaking, a
pressure of 30 MPa was applied to the sample. After sintered,
the samples were heat treated at 700 °C for 2 h.

For comparison, BisFeysNb; 509 ceramics were also
prepared by solid state reaction method. The calcined powders
were pressed into cylindrical compacts of 12 mm in diameter and
1-2 mm in thickness under a pressure of 98 MPa with the
addition of 5 vol% polyvinyl alcohol as binders. These compacts
were then sintered at the temperatures of 800-900 °C for 3 h.

Densities of the sintered samples were measured by the
dimensional method for the polished samples. The crystalline
phases were characterized by powder X-ray diffraction
(RIGAKU D/max 2550 PC, Rigaku Co., Tokyo, Japan) with
CuKa radiation. The microstructures of the samples were
evaluated with scanning electron microscopy (JSM-5610LYV,
JEOL, Tokyo, Japan).

3. Results and discussion

The relative densities of the BiszFeqsNb; 509 ceramics
sintered by the conventional solid state reaction method and
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Fig. 1. Densities of BizFe,sNb; 509 ceramics prepared by conventional sold
state reaction method and spark plasma sintering.
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Fig. 2. Shrinkage curve and sample’s temperature as a function of sintering
time in spark plasma sintering of BizFe( sNb; sO9 ceramics.

the spark plasma sintering process were shown as a function
of sintering temperature in Fig. 1. For the samples prepared by
the conventional solid state reaction method, the bulk density
increased with increasing sintering temperature to 850 °C and
then decreased. The relative density of samples sintered at
850 °C was about 97% (the theoretical density of
BisFeo sNb, 5Oy was 8.257 x 10° kg/m®). This is different
from the result reported by Lufaso et al. [11]. It may be
because we applied a second grinding, longer grinding time
(24 h) and a high forming pressure during solid state reaction
preparation, which may make a contribution to higher density.
On the other hand, the density of BisFeq sNb; sOg ceramics
sintered by SPS at a low temperature of 700 °C for 5 min
under a pressure of 30 MPa was 97% of the theoretical
density, and increased to 98.2% when the sample was spark
plasma sintered at 800 °C.

Fig. 2 shows the sintering behavior of the BisFey sNb; 509
ceramic spark plasma sintered at 700 °C for 5 min. Small
thermal expansion was observed with increasing the tempera-
ture from room temperature to about 500 °C. The shrinkage
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Fig. 3. X-ray diffraction pattern of Bi;Fe, sNb; 509 powders calcined at 800 °C
for 2 h.
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Fig. 4. X-ray diffraction pattern of the Bi;Fe( sNb; sOy ceramic spark plasma
sintered at 700 °C for 5 min and than heat treated at 700 °C for 2 h. The inset
shows the splitting of the (3 15)/(135) reflections near 56° 26, which is
indicative of orthorhombic symmetry.

initiated at about 480 °C, and increased rapidly as the
temperature increased from 480 °C to 600 °C. The shrinkage
stopped when the temperature increased over 650 °C,
suggesting that the densification almost completed at tempera-
tures below 700 °C. Compared with the density results of
samples prepared by the conventional sintering method, the
densification temperature of SPS was about 150 °C lower than
that of the conventional sintering method. This can be attributed

to the microscopic electric discharge between particles and the
application of mechanical pressure during the SPS process.

Fig. 3 shows the powder X-ray diffraction pattern of the
BisFe( sNb; sO9 powders calcined at 800 °C for 2 h. The
JCPDS file No. 39-0233 reported for Bi3TiNbOy [16] was used
to index the structure of BisFey sNb; sOg because the ionic radii
of Fe®* and Nb>* are similar and the crystal structure of these
two compounds were very similar. All the peaks were indexed
to be an orthorhombic Aurivillius-type structure and no
secondary phase was observed. The powder X-ray diffraction
pattern of the BisFeg sNb; 509 ceramics sintered at 700 °C for
5 min and heat treated at the same temperature for 2 h are
shown in Fig. 4. The BizFeqnsNb; 509 ceramics are well
crystallized and were identified as a single phase with
agreement of the JCPDS file No. 39-0233. The inset to
Fig. 2 shows the splitting of the 3 1 5/1 3 5 reflections near 56°
20, indicative of orthorhombic symmetry. So, the dense
BisFeg sNb; sOg ceramics in a single orthorhombic phase were
obtained by SPS at 700 °C for 5 min and heat treated at 700 °C
for 2 h.

Fig. 5(a) and (b) shows the SEM micrographs on the fracture
surfaces of the BisFey sNb; sOy ceramics prepared by the SPS
process, while Fig. 5(c) and (d) shows the micrographs of
samples prepared by the conventional sintering method.
Compared with the spark plasma-sintered sample, the sample
prepared by the conventional method showed considerable
pores and larger but inhomogeneous grains. In addition, some
needle-like grains were observed in the micrographs, indicating
small amount of the secondary phase in the sample prepared by
the conventional sintering method.

Fig. 5. SEM micrographs of the fracture surfaces of BizFeq sNb; 509 ceramic (a), (b) spark plasma sintered at 700 °C for 5 min and heat treated at 700 °C for 2 h; (c)

and (d) conventional sintered at 800 °C for 3 h.
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4. Conclusions

Synthesis of BisFeysNb; 509 ceramics in a single orthor-
hombic phase by spark plasma sintering was investigated.
Dense BisFeq sNb; 509 ceramics with a relative density of over
97% have been spark plasma sintered at 700 °C for 5 min and
then heat treated at 700 °C for 2 h. Compared with the ceramics
prepared by solid state reaction method, the ceramics prepared
by SPS at lower temperatures have a more homogeneous and
denser microstructure, which indicates SPS is a promising
process for preparing hard-to-sinter ceramics.
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