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Abstract 
 
Nano-powders of BaTiO3, SrTiO3, Ba0.6Sr0.4TiO3, a mixture of the 
composition (BaTiO3)0.6(SrTiO3)0.4 with particle sizes in the range of 60 
to 80 nm, and Bi4Ti3O12 with an average particle size of 100 nm were 
consolidated by spark plasma sintering (SPS). The kinetics of reaction, 
densification and grain growth were studied. An experimental procedure 
is outlined that allows the determination of a “kinetic window” within 
which dense nano-sized compacts can be prepared. It is shown that the 
sintering behaviour of the five powders varies somewhat, but is generally 
speaking fairly similar. However, the types of grain growth behaviour of 
these powders are quite different, exemplified by the observation that the 
kinetic window for the (BaTiO3)0.6(SrTiO3)0.4 mixture is 125 oC, ~75 oC 
for Bi4Ti3O12,  ~25oC for BaTiO3 and SrTiO3, while it is hard to observe 
an apparent kinetic window for obtaining nano-sized compacts of 
Ba0.6Sr0.4TiO3. During the densification of the (BaTiO3)0.6(SrTiO3)0.4 
mixture the reaction 0.6BaTiO3+0.4SrTiO3 → Ba0.6Sr0.4TiO3 takes place, 
and this reaction is suggested to have a self-pinning effect on the grain 
growth, which in turn explains why this powder has a large kinetic 
window. Notably, SPS offers a unique opportunity to more preciously 
investigate and monitor the sintering kinetics of nano-powders, and it 
allows preparation of ceramics with tailored microstructures.  
 
   The dielectric properties of selected samples of (Ba, Sr)TiO3 ceramics 
have been studied. The results are correlated with the microstructural 
features of these samples, e.g. to the grain sizes present in the compacts. 
The ceramic with nano-sized microstructure exhibits a diffuse transition 
in permittivity and reduced dielectric losses in the vicinity of the Curie 
temperature, whereas the more coarse-grained compacts exhibit normal 
dielectric properties in the ferroelectric region. 
 
   The morphology evolution, with increasing sintering temperature, of 
bismuth layer-structured ferroelectric ceramics such as Bi4Ti3O12 (BIT) 
and CaBi2Nb2O9 (CBNO) was investigated. The subsequent isothermal 
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sintering experiments revealed that the nano-sized particles of the BIT 
precursor powder grew into elongated plate-like grains within a few 
minutes, via a dynamic ripening mechanism. 
 
   A new processing strategy for obtaining highly textured ceramics is 
described. It is based on a directional dynamic ripening mechanism 
induced by superplastic deformation. The new strategy makes it possible 
to produce a textured microstructure within minutes, and it allows 
production of textured ferroelectric ceramics with tailored morphology 
and improved physical properties.  
 
   The ferroelectric, dielectric, and piezoelectric properties of the textured 
bismuth layer-structured ferroelectric ceramics have been studied, and it 
was revealed that all textured samples exhibited anisotropic properties 
and improved performance. The highly textured Bi4Ti3O12 ceramic 
exhibited ferroelectric properties equal to or better than those of 
corresponding single crystals, and much better than those previously 
reported for grain-orientated Bi4Ti3O12 ceramics. Textured CaBi2Nb2O9 
ceramics exhibited a very high Curie temperature, d33-values nearly three 
times larger than those of conventionally sintered materials, and a high 
thermal depoling temperature indicating that it is a very promising 
material for high-temperature piezoelectric applications. 
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1   Introduction 
 

1.1 Ferroelectric ceramics  
 
1.1.1 Ferroelectrics 
 
The term ferroelectrics refers to materials with spontaneous dipoles that 
undergo reversible changes of polar direction when exposed to an 
external electrical field with a strength less than the dielectric breakdown 
field of the material itself. Thus, three conditions can be discerned to 
classify a material as a ferroelectric: (i) the existence of spontaneous 
polarization; (ii) possibility to reorient the polarization; (iii) the capacity 
of the material to maintain a remnant polarization after being polarized, 
i.e. upon the removal of the external electrical field. Based on their 
crystal structures, four types of ferroelectric material groups can be 
identified, namely: (i) the tungsten-bronze group; (ii) the perovskite 
group; (iii) the pyrochlore group; (iv) the bismuth layer-structured oxides 
(1). Barium titanate, (BaTiO3) and lead zirconate titanate (PZT), both 
having perovskite related structures, have so far dominated the basic and 
applied research fields of ferroelectric ceramics. The use of PZT ceramics 
is environmentally unfavourable due to their high lead content (2), and 
compounds belonging to the fourth group have recently been suggested 
as lead-free alternatives for ferroelectric ceramics for use at elevated 
temperatures.   
 
   The interest in ferroelectric ceramics was born in the early 1940s when 
the high dielectric constant of barium titanate ceramics was recognized. 
Since then, these ceramics have been the heart and soul of several 
multibillion-dollar industries, e.g. industries producing high-dielectric-
constant capacitors, piezoelectric transducers, positive-temperature-
coefficient devices, electro-optic light valves, and ferroelectric thin-film 
memories (1, 3, 4). 
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1.1.2 Ferroelectric properties 
 
Ferroelectric properties are usually low-temperature properties. The 
increase of thermal motion at high temperature tends to randomize the 
atomic displacements that give rise to the ferroelectric properties. The 
temperature at which breakdown occurs is defined as the ferroelectric 
Curie Temperature (TC) (5). Upon cooling, the ferroelectric material 
undergoes a phase transition at TC and a non-centrosymmetric 
(ferroelectric) structure is formed from a centrosymmetric (paraelectric) 
one, as exemplified by the temperature dependence of the permittivity of 
a BaTiO3 ceramic shown in Fig.1-1. As mentioned above, the 
ferroelectric phase transition is associated with small displacements of the 
ions from their centrosymmetric positions, or by similar ordering 
processes that create a net dipole in the material.  
 

 
Fig.1-1 Temperature dependence of the permittivity of a BaTiO3 ceramic (6). 
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Fig. 1-2 The hysteresis loops of single crystals of Bi4Ti3O12 (7). 

 
When one increases the voltage applied across a dielectric substance, an 
increase of the induced polarization, P, occurs. The polarization observed 
on increasing the voltage is not reproduced when the voltage is 
decreased, implying that the polarization versus voltage curve exhibits a 
hysteresis loop such as that shown in Fig.1-2. Ferroelectrics thus exhibit a 
spontaneous polarization (Ps), and a remnant polarization (Pr). The 
spontaneous polarization Ps (µC/cm2) of the ferroelectric is characterized 
by the net dipole moment density in comparison with the paraelectric 
state (8). 
 
   The ferroelectricity of ceramics is fundamentally associated with their 
domain structures and domain motions (9). When an external electric field 
is applied to a ferroelectric, the switching of the adjacent domains of 
dipoles along the direction of the applied external field is referred to as 
domain reorientation or switching. Domain walls exist between domains 
with different polarization orientation. In general, 90° (strain-induced) 
and 180° (not strain-induced) domains exist in tetragonal materials, 
whereas strain-induced entities of 71°, 109° and 180° domains are 
dominant in rhombohedral materials. Macroscopic changes in dimensions 
occur when strain-induced domains are switched (4, 8). 
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    In general, ferroelectric ceramics are characterized by their remnant 
polarization, dielectric and piezoelectric properties. The application of an 
electric field across a dielectric leads to a polarization of charge, although 
long-range motion of ions or electrons should not occur. For 
ferroelectrics such a polarization does not decrease to zero after removing 
the electric field, implying the presence of a residual polarization. 
Dielectric properties can be defined from the behaviour of the material in 
a parallel-plate capacitor:  

Ae
dC

×
×

=
0

ε  

where ε is the dielectric constant or relative permittivity, e0 is the 
permittivity of free space, 8.854 ×  10-12 F m-1, C is the capacitance, and 
A and d are the area and distance between the plates of the capacitor. ε  
depends on the degree of polarization and/or charge displacement that 
can occur in the ferroelectrics (5). Under the action of an applied 
mechanical stress, piezoelectric crystals polarize and develop electrical 
charges on opposite crystal faces. In principle, two effects are thus 
operative in piezoelectric ceramics: (i) the direct effect (designated as a 
generator) is identified as the electric charge (polarization) generated 
from a mechanical stress; (ii) the inverse effect (designated as a motor) is 
associated with the mechanical movement generated by the application of 
an electric field (1). The polarization, P, and stress, σ, are related to the 
piezoelectric coefficient, d, by (5)   

σdP =  
where d (often denoted d33) thus is the piezoelectric coefficient (1) . The 
direct and inverse effects of piezoelectricity are illustrated in Fig.1-3. 
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Fig.1-3 Direct and inverse effects of piezoelectricity (d33) (10). The figure shows that d33 

relates to the generation (direct effect) of a polarization response (Pr) parallel to the 
direction of the mechanically applied stress (σ), where Q3 means charges. U3 represents 

the elongation of the sample when an external voltage (field) E3 is applied. 

 
 

1.2 (Ba, Sr)TiO3 ferroelectric ceramics  
 
1.2.1 Structure 
 
BaTiO3 has the perovskite (ABO3) structure, and its unit cell is shown in 
Fig.1-4.  The structure consists of a corner-linked network of oxygen 
octahedra, with Ti4+ ions occupying the B sites within the octahedral cage 
and the Ba2+ ions are located at the interstitial A positions created by the 
linked Ti4+– oxygen octahedra (1, 11, 12).  

 
Fig.1-4 Unit cell of BaTiO3. 
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Fig.1-5 Structural modifications and associated phase transition temperatures of BaTiO3. 

 
The structural modifications and associated phase transition temperatures 
of BaTiO3 are illustrated in Fig.1-5. The symmetry of BaTiO3 changes 
from rhombohedral to orthorhombic to tetragonal to cubic with increasing 
temperature (12-15). The cubic phase has the space group Pm-3m and a unit 
cell parameter of 4.0340 Å(16), while the space group of the tetragonal 
phase is P4 mm with lattice parameters a = 3.9945 and c = 4.0335 Å (12) . 
The phase transition from orthorhombic to tetragonal occurs at -5oC, and 
the tetragonal phase changes to cubic at 127 oC (6, 12-15).   
 
   Many ions, e.g. Sr2+ and Pb2+, can substitute for the Ba2+ ions, giving 
rise to modifications of the lattice parameters and phase transition 
temperatures of Ba1-x (Sr/Pb)xTiO3 

(2). Fig.1-6 reveals a tendency of the 
lattice shrinking with the doping of Sr2+ in Ba1-xSrxTiO3. Thus at room 
temperature the tetragonal phase remains stable when x < 0.4, while for 
x  > 0.4 the cubic phase is stable, implying that TC is shifted towards 
lower temperatures with increasing doping levels. 
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Fig.1-6 Unit cell parameters of Ba1-xSrxTiO3 plotted versus x. 

 
 

 

  
Polarization Up Polarization Down 

Fig.1-7 Two out of the six possible polarization states produced by 
displacement of the central cation. 
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Fig.1-8 A SEM micrograph of the domain structure of BaTiO3 (17). 

 
In BaTiO3 the polarization is ascribed to the displacement of the central 
Ti4+ ions, as shown in Fig.1-7, where displacement of Ti4+ ions along the 
c axis in the tetragonal unit cell is illustrated. Other possible displacement 
directions could be along a or b axes in the orthorhombic structure. The 
views of “polarization up” and “polarization down” (representing 180° 
polarization reversal) seen in Fig.1-7 thus represent two of the six 
possible polarization directions. Domains are formed during the 
paraelectric–ferroelectric phase transition of BaTiO3 ceramics to relax the 
stresses induced by the phase transformation. Often, BaTiO3 ceramics 
have two types of domains: (i) herringbone 90° domains (ii) and square 
180° domains, as illustrated in Fig.1-8 (9).  
 
1.2.2 Ferroelectric properties and applications 
 
BaTiO3 is well known for its remarkable dielectric properties, with 
permittivity values larger than 4000 in the vicinity of TC (127oC) (6). 
Normally, ferroelectric materials have high specific electrical resistivity 

(>10
13
Ω·cm) (1), d33-values (piezoelectric constant) around 180 (pC/N) (18), 

and the hysteresis loops exhibit almost linear parts (1). (Ba, Sr)TiO3 
ceramics were the first piezoelectric ceramic transducers ever developed, 
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and (Ba, Sr)TiO3 ceramics have been widely used in recent years as 
capacitors, thermostats and electro-optic devices (1, 19).  
 
 

1.3 Bismuth layer-structured ferroelectric ceramics  
 
1.3.1 Structures  
 
The family of bismuth layer-structured compounds with perovskite 
related structures are known as Aurivillius phases. The general formula of 
these phases is (Bi2O2)2+(Am-1BmO3m+1)2-, where A is a mono-, di- or 
trivalent element (alone or in combination) with cuboctahedral 
coordination, B is a transition element octahedrally coordinated to six 
oxygen ions, and m is the number of layers of octahedra in the perovskite 
slab. The m value can vary from 1 to 6 (20). The structures of most of 
Aurivillus phases, except for Bi4Ti3O12, have orthorhombic symmetry (21). 
The crystal structure of Bi4Ti3O12, which is the most carefully 
investigated compound in this family, is characterized by the occurrence 
of pseudo-perovskite layers (Am-1BmO3m+1)2- stacked between (Bi2O2)2+ 
layers as shown in Fig.1-9 (22).  Bi3+ is located on the A-site and Ti4+ on B-
site in the perovskite subcell, and m is equal to 3. The tetragonal 
paraelectric phase of Bi4Ti3O12 transforms into the monoclinic 
ferroelectric phase with the space group of P1a1 at 675 oC (21). This phase 
transformation results in a number of different non-180o domains, which 
can be displaced by an external field and thus contribute to the 
piezoelectric performance of the material (23). 
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Fig. 1-9 Crystal structure of Bi4Ti3O12. 

 
1.3.2 Ferroelectric properties and application  
 
Many compounds in the family of Aurivillius phases exhibit high Curie 
temperatures. Due to their layered structure feature, the crystals of this 
family of compounds have highly anisotropic properties (24, 25). The 
polarization occurs along the a-b plane (26) and the electrical conductivity 
is also higher along this plane (27). Calculations have shown that the 
polarization of Bi4Ti3O12 along the a axis (28µC/cm2) is much higher than 
that along the c axis (5µC/cm2) (26, 28), whereas the polarization along the 
b axis is suppressed due to the presence of glide planes perpendicular to 
this axis according to powder XRD research (28). Typical ferroelectric data 
of Bi4Ti3O12 are given in Fig.1-10 and Fig.1-2 (7, 23, 29).  
 
   Bismuth layer-structured ferroelectrics have been proposed for high-
temperature piezoelectric applications and as high temperature sensors in 
automotive, aerospace, and power generating devices, as well as in 
connection with chemical and materials processing (30). Recently, 
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compounds of this type have been suggested as candidate materials for 
non-volatile ferroelectric random-access memories (FeRAMs) (4, 31-33). 

 

 
 

Fig. 1-10 Temperature dependence of the permittivity of a single crystal of Bi4Ti3O12 and 
of a polycrystalline sample (29).  

 
 

1.4 Relation between microstructural features and 
ferroelectric properties  

 
1.4.1 Grain size  
 
It has been verified that the permittivity of BaTiO3 based ferroelectric 
ceramics strongly depends on the grain size. Previous work is 
summarized in Fig.1-11 (17, 34, 35). Commonly achieved experiences 
include:  

(i) The permittivity of ceramics containing grains larger than 10 
µm is almost grain size independent, e.g. the coarse-grained 
(20 ~ 50 µm) ceramics of pure BaTiO3 show permittivity 
values in the range 1500~2000 at room temperature (34).  
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(ii) When the grain size is reduced to a few micrometers, the 
permittivity at room temperature increases notably (17). 

(iii) The highest values of permittivity at room temperature were 
observed in ceramics with an average grain size of 0.7~1 µm 
(34). 

(iv) Decreasing the grain size even further yields an almost 
temperature independent permittivity (17, 34, 36, 37). 

0,1 1 10 100
0

1000

2000

3000

4000

5000

6000

a (µm) 

 measured at 25oC
 measured at 70oC

ε r

 
Fig. 1-11 Dielectric constants of BaTiO3 ceramics measured at 25 and 70 oC, plotted 

versus the average diameter of the grains (a) expressed in µm (34). 

 
The grain size dependence of the permittivity of BaTiO3 based ceramics 
is strongly related to their domain structures. The equilibrium width of 
90° domains is almost constant when the grains are larger than 10 µm, 
while it narrows when the size of grains is decreased (34). In other words, 
the observation that the room temperature permittivity has a pronounced 
maximum at a grain size of 0.7~1 µm is attributed to an increase of 
domain wall mobility (34). It has been suggested that the reduction of 
permittivity with further decreasing grain size possibly results from 
atomic (dipolar) structural changes (17, 34, 38). It is also possible that such 
reduction is due to the presence of large amounts of defects 
(ferroelectrically dead layers) at the grain boundaries in nano-sized 
ferroelectric compacts (37, 39).  
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   It is well established that coarse-grained ceramics with an average grain 
size of 10~50 µm can be produced by conventional sintering methods, 
e.g. pressureless sintering (PLS) (34, 40). Fine-grained BaTiO3 ceramics, i.e. 
compacts with grain sizes in the range 1~10 µm, can be preferably 
obtained by the hot isostatic pressing (HIP) and hot pressing (HP) 
processes (41-44). The real challenge is, however, to prepare truly nano-
sized bulk ceramics. In this context, it has been reported that nano-sized 
dense (Ba, Sr)TiO3 ceramics can be prepared by cold isostatic pressing 
followed by hot-pressing (34), and by Spark Plasma Sintering (SPS) (36, 37, 

45, 46). In particular, SPS has been recognized as a versatile tool that 
provides unique possibilities to engineer the sintering kinetics so as to 
yield microstructures with tailored grain sizes. 
 
1.4.2 Grain orientation and texturing 
 
Polycrystalline ceramics often exhibit isotropic physical properties even 
if the individual grains that constitute the compact are anisotropic, 
because the grains usually are randomly orientated with respect to their 
crystallographic symmetry. The layered crystal structural feature of 
bismuth layer-structured ceramics promotes preferential growth of grains 
in directions perpendicular to the stacking axis of the layers, yielding 
crystals with plate-shaped habits (28). It has been demonstrated that 
ceramics with grain-orientated microstructures exhibit anisotropic 
properties. 
 
   The aim of aligning anisotropic grains in ceramics is to mimic the 
properties of anisotropic single-crystal components, and two approaches 
have been implemented to produce textured or grain-orientated 
microstructures: (i) Preparation of powders preferably with 
needle/platelet morphology and aligning the grains via a shear flow 
process followed by pressure-less sintering and/or hot-forming processes 
for extended periods of time at high temperatures, to allow the growth of 
aligned grains according to the Ostwald ripening mechanism (47-49) ; (ii) In 
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order to improve the grain alignment even further, a small number of 
well-developed large (2-5 µm) needles/platelets are added as grain 
growth templates (50, 51) . However, with these established techniques few 
have succeeded to align grains smaller than a few micrometers (49, 50, 52).  
 
1.4.3 Inhomogeneous compositions and non-equilibrium 

processing   
 
(Ba, Sr)TiO3 ferroelectrics exhibiting a flat temperature dependence of 
high permittivity around room temperature are desirable for applications 
such as capacitors (1). It has been demonstrated that compositionally 
graded (Ba, Sr)TiO3 materials can yield an expanded ferroelectric-
paraelectric transition temperature range.  
 
   The ferroelectric properties of ferroelectric ceramics are also strongly 
related to the composition. Thus, it has been reported that BaxSr1-xTiO3 
capacitors composed of phases with different x-values have several 
temperature dependent dielectric peaks, or an almost flat temperature 
dependence of high permittivity (53, 54). Pb(Zr0.53Ti0.47)O3 of the 
morphotropic boundary composition, i.e. containing both the                         
rhombohedral and tetragonal phases, show the highest piezoelectric d33 

constants, dielectric constants and electromechanical coupling factors (8).  
 

Structural/compositional inhomogeneities can be obtained on different 
length scales: at an atomic level, i.e. materials containing different 
structural entities; at a micron-sized level, i.e. materials containing core-
shell structured grains; at a macro-sized level, i.e. laminated materials 
gradients formed by, for instance, casting suspensions of different 
compositions/grain sizes. 

 
It has been verified that an appropriate lamination of the selected 

components having various phase transition temperatures could yield a 
desirable flat temperature permittivity profile. Thus, laminated Ba(Zr1-

xTix)O3 ceramics with x values varying from one end to the other of a 
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cylindrical pellet have been prepared and found to yield a flat temperature 
dependence of permittivity in the range of 20-120oC (55, 56).  

 
Recently, the possibility of achieving materials with structural/ 

compositional inhomogeneities has been extended by the use of new 
sintering processes such as SPS technique. In this context, it has been 
reported that dense (Ba, Sr)TiO3 ceramics containing several pre-
designed phase compositions can be prepared by spark plasma sintering 
(54). 
 
1.4.4 Internal stress and strain engineering  
 
It is well known that strains have a profound influence on the 
ferroelectric properties of ceramics. The existence of internal residual 
stress in fine-grained ferroelectric ceramics, which is generated by the 
absence of 90o twinning within the grains, gives rise to an increase of the 
permittivity as the ceramic cools below the Curie temperature (57). For 
example, fine-grained BaTiO3 ceramics have a very high permittivity of 
~4000 at room temperature (34, 35, 57, 58). Recently, novel ferroelectric 
properties have been achieved in (Ba, Sr)TiO3 ferroelectric thin films by 
introducing pre-designed strains into their structures, yielding an increase 
of the ferroelectric transition temperature (TC) up to nearly 500oC, and 
achieving a remnant polarization approximately 250% higher than that 
observed for BaTiO3 single crystals (59, 60). However, one should be aware 
that very high strains give rise to crack formation (19, 61). On the other 
hand, the low permittivity of BaTiO3 bulk ceramics consisting of truly 
nano-sized grains has partly been ascribed to strain, as discussed above 
(17, 38, 39). 
 

An important issue is to modify the performance of ferroelectrics by 
strain engineering. In connection with phase transitions, strains are 
introduced in ferroelectric compacts, and to the extent that the compacts 
contain phases of different structures or phases of the same structure but 
different compositions, strains are introduced due to the mismatch of the 
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thermal expansion coefficients. These types of strain can all be 
engineered. In the case of BaTiO3 based ceramics, the formation of 
compositional core–shell grain structures during sintering through a 
dissolution-precipitation process has been used to introduce strains in 
fully dense compacts (53, 62-64).  Recently, it has also been demonstrated 
that strains can be introduced into thin films of BaTiO3 by growing these 
thin films on single-crystal substrates that have lattice parameters 
somewhat different from those of BaTiO3, e.g. GdScO3, DyScO3 (59, 60). 
 
 

1.5 Spark Plasma Sintering (SPS) 
 
1.5.1 SPS equipment 
 
Spark Plasma Sintering (abbreviated SPS) is a comparatively new 
sintering process that was developed from the mid-1980s to the early 
1990s and currently attracts growing attention among productions 
engineers as well as materials researchers (65). The basic configuration of 
an SPS unit is shown in Fig.1-12. It consists of a uniaxial pressure device, 
in which the water-cooled punches serve also as electrodes, a water-
cooled reaction chamber that can be evacuated, a pulsed DC generator, 
and a position- and temperature-regulating system. 
 

 
Fig. 1-12 Basic configuration of a typical SPS set-up (66). 
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1.5.2 Features of SPS  
 
SPS resembles the hot pressing (HP) process in several respects, i.e. the 
precursor powder (green body) is loaded in a die, and a uniaxial pressure 
is applied during the sintering process. However, instead of using an 
external heat source, a pulsed direct current is allowed to pass through the 
electrically conducting pressure die and, in appropriate cases, also 
through the sample. This implies that the die also acts as a heat source 
and that the sample is heated from both outside and inside.  
 

Due to the high conductivity of the pressure dies, low voltages (max. 15 
V) and strong currents (max. 5500A) are used in our set-up (Dr. Sinter 
2050 SPS). The use of pulsed direct current also implies that the samples 
are exposed to a pulsed electric field during the sintering process. The 
process inventors originally claimed that the pulses generate spark 
discharges and even that plasma is created between the powder particles, 
which explains why the process is named spark plasma sintering. 
However, today most researchers do not believe in the occurrence of 
plasma, and the presence of sparks is still under debate. 

 
Sintering temperatures up 2200oC can be used in the SPS unit, but in 

the high-temperature region we can not prepare samples with diameters 
larger than 20 mm, due to current limitation: larger dies require stronger 
currents than small ones. In most cases the temperature was measured 
with a thermocouple inserted into the graphite die, but for sintering 
temperatures exceeding 1000oC the temperature was recorded by an 
optical pyrometer focused on the surface of the die. Temperature and 
temperature distribution plays a very important role in the SPS process, 
and it is accordingly discussed in some detail below.  

 
One of the advantages of the SPS set-up is that we can apply a much 

higher uniaxial pressure than that possible in most HP units. A maximum 
sintering pressure of 200 KN can be applied in our unit.  
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A unique feature of the SPS process is the possibility of using very fast 
heating rates (up to 600oC min-1) and very short holding times (minutes) 
still obtaining fully dense sample. Again the maximum heating rate that 
one can use depends on the size of the pressure dies, i.e. it is difficult to 
use heating rates higher than 200oC min-1 for a die with an inner diameter 
of 50 mm, whereas it is possible to use a heating rate of 600oC min-1 for a 
die with an inner diameter of 12 mm. However, too fast heating rates will 
strongly affect the temperature distribution (see below). In this study 
heating rates in the range of 50-200oC min-1 have been used. 

 
The pulses have a duration of 3.3 ms, and a pulse sequence consisting 

of twelve pulses followed by a period of 6.6 ms of zero current (12:2) 
was used in this study. Such an on/off pulse sequence is shown in Fig.1-
13. The on/off pulse sequence can be adjusted from 99:1 to 1:9.  
 

 
Figure 1-13 The on/off pulsed sequence used in this study. 

 
Thus, the consolidation rate in SPS is greatly enhanced, and the sintering 
temperature can be a few hundred degrees lower than that typically used 
in conventional sintering processes such as HP. Four factors that 
contribute to the enhanced densification rate can be discerned: (i) the use 
of rapid heating and cooling rates; (ii) the rapid transfer of heat because 
the die itself acts as a heating element; (iii) the application of a 
mechanical pressure exceeding that used in the conventional hot-pressing 
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process; (iv) the use of a pulsed DC current to heat the sample, implying 
that samples are also exposed to a pulsed electric field during sintering.   
 
1.5.3 Temperature distribution 
 
It has been a very hot topic to study the temperature distribution in the 
SPS samples and dies. The temperature distribution is strongly dependent 
on parameters such as size and shape of the pressure die and associated 
punches, their thermal and electrical conductivities, the pressure and 
heating rate used, the contact resistance between the punches and the die, 
the electrical and thermal properties and size of the sample to be 
compacted, etc.  
 

In most modelling experiments it is assumed that the geometry of the 
die is centric with an appropriate size ratio between dies and punches, and 
it is assumed that the thermal and electrical conductivities of the die and 
punches are homogenous, so as to avoid a temperature gradient within the 
sample region. According to our experience, the temperature distribution 
in a small die is more homogeneous than in a large die, i.e. we can easily 
obtain fully homogeneous, transparent nano-sized hydroxyapatite ceramic 
plates with a diameter of 12 mm and a thickness of 2-3 mm, whereas it is 
very difficult to sinter fully transparent plates with a diameter of 30 mm 
and the same thickness. The experimental experience we have suggests 
that the temperature in the central part of large die is lower than in the 
vicinity of the die walls. Recently, we have also found that the contact 
resistance between the punches and the die is of great importance. Higher 
contact resistance results in an inhomogeneous temperature distribution. 

 
It has also been verified that the electrical properties of the specimens 

have an important influence on the temperature distributions inside the 
graphite die as well as in the specimens. Thus, in a non-conducting 
sample (Y-doped ZrO2) one has observed larger thermal gradients than in 
the case of an electrically conductive sample (TiN) (67), indicating that the 
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temperature distribution within the non-conducting sample is not as 
homogeneous as within a conducting sample. 

 
According to our experience, the temperature distribution in thin 

samples is also better than in thicker ones, especially in the high-
temperature region (T > 1000oC). However, in the low temperature 
region (T  < 1000oC), the temperature distribution within thick samples 
(4-6 mm) is quite homogeneous, especially for samples having diameters 
in the range of 8-12 mm, and when low heating rates are used (20-40oC 
min-1). 

 
Experiments and models have shown that high heating rates also 

strongly affect the temperature distribution, especially when non-
conducting materials are compacted. A high heating rate (> 100oC min-1) 
implies that the final temperature overshoots the pre-set, typically by 25-
75oC depending on the size of the die. Larger dies yield higher overshoot, 
smaller ones lower. An example is that the temperature overshoot is 
approximately 50oC when applying the heating rate of 100oC min-1 for a 
die with outer and inner diameters of 35 mm and 15 mm, respectively (68). 
A more homogeneous temperature distribution is obtained within a 
minute or two, depending on the size of the sample (die). Anyhow, the 
temperature gradient associated with the use of high heating rates in 
combination with short dwell times can give rise to non-uniform 
microstructures, and accordingly inhomogeneous mechanical properties 
(67). The problem with temperature overshoot can be avoided by changing 
the heating rate from high to low some 50oC below the preset maximum 
temperature. Doing so, the temperature distribution at the preset 
temperature will be much more homogeneous, while the dwell time will 
be approximately half a minute longer than preset one.  

 
The holding time also influences the temperature distribution within 

samples. Experiments verified that increasing holding times yield a more 
homogeneous temperature distribution within the sample, especially for 
non-conduction materials. Here the thermal conductivity of the sample 
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plays an important role. In this connection it can be noted that the thermal 
conductivity varies strongly with the density of the sample.  

 
The mechanical pressure also affects the temperature distribution 

within samples. Experiments showed that a lower pressure yielded a more 
homogeneous temperature distribution within the sample, especially for 
non-conducting materials.  

 
In general, the presence of a temperature distribution (gradient) within 

the sample promotes the thermal diffusion processes, i.e. it promotes 
densification, sintering and grain growth processes. It goes without 
saying that the presence of temperature gradients also can give rise to 
non-uniform microstructures. Thus, densification experiments with nano-
sized SrTiO3 powders have proved that fully densified nano- structured 
SrTiO3 ceramics are obtained using a heating rate of a 100oC min-1. 
However, when a heating rate of 200oC min-1 was applied the obtained 
ceramics exhibited inhomogeneous microstructures containing abnormal 
micro-sized grains embedded in micron sized ones, i.e. a wider 
temperature distribution (steeper gradient) in combination with an 
increased temperature overshoot yields inhomogeneous microstructures. 

 
In most of my densification experiments I have used a graphite die with 

inner and outer diameters of 12 and 40 mm, respectively, and a height of 
60 mm, a heating rate of 100 oC min-1, a pressure of 50 MPa, and similar 
amounts of powders in order to obtain comparable sintering curves.  
 
1.5.4 Temperature difference 
 
It is established that the temperature at the surface of the pressure die is 
lower than that within the sample. This implies that the recorded 
(measured) temperature is lower than the “experimental” (actual) 
temperature. Fig.1-14 illustrates the position of seven temperature sensors 
used in an early work (69). The surface temperature is normally recorded 
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by an optical pyrometer while the other positions are normally furnished 
with thermocouples.  
 

 
 

Fig. 1-14 Schematic description of the positions of seven temperature sensors. The 1, 2, 3 
die positions, the centre position, border position and bottom position are normally 

furnished with thermocouples, while the temperature at the surface-position is normally 
recorded with an optical pyrometer focused onto the surface position (adopted from 

reference (69)). 

 
In one experiment, a die with inner and outer diameters of 10 and 40 mm, 
respectively, and a height of 60 mm was used. The dies were filled with 
titanium and alumina powders, respectively, for the purpose of yielding 
fully dense tablets with a diameter of 10 mm and a height of 10 mm. A 
pressure of 37.5 MPa was used, and a square pulsed current with an 
on/off pattern of 1:1 and a pulse-discharge time and -cut time of 100 ms 
was used to heat the samples. The temperatures were recorded at the 
centre and the 1-3 die positions (see Fig. 1-14). In the case of titanium no 
temperature difference was recorded up to 1000oC (recorded at centre 
position), but when the temperature reached to 1300oC (recorded at centre 
position) in the alumina compact, the temperature at this position was 
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slightly lower than that of the 1-3 die positions; no temperature difference 
between the 1-3 positions was discerned, however (69). The experimental 
conditions used in this study are quite different from those used in my 
experiments, implying that these findings are difficult to compare 
adequately.  
 

In another experiment the temperature at the bottom position was 
compared with that of the surface position, see Fig.1-14, using the same 
SPS unit as ours, and applying a pulse sequence of 12:2, a pressure of 50 
MPa and a heating rate of 200oC min-1. In this case a die with an inner 
diameter of 19 mm, an outer one of 45 mm, and a height of 38 mm was 
used. Alumina was used, and the final height of the fully dense tablet was 
3 mm. The temperature at the surface of the pressure die was monitored 
by the optical pyrometer, while the one at the bottom position was 
monitored by a thermocouple. At low temperatures (around 600oC, the 
lower limit for our optical pyrometer), the difference between at bottom 
position and surface position was negligible, but with increasing 
temperature the difference increased, and the temperature at the bottom 
position was about 150oC higher than that of the surface position at 
1350oC (recorded at the surface position) (70, 71).  

 
In another SPS experiment the temperature difference between the 

border and centre position was studied, using the same SPS unit as ours 
(72). Graphite dies with inner and outer diameters of 40 mm and 90 mm, 
respectively, and a height of 60 mm were filled with TiB2 and BN 
powders, and the samples were sintered using a heating rate of 170oC 
min-1. The temperature difference increased with increasing temperature, 
and at 1700oC (recorded at the border position) the temperature at this 
position was 450oC higher than that of the centre position (72). This 
suggests that large samples in combination with high heating rates yield 
large temperature differences.  

 
In another experiment, the temperature difference between surface and 

sample interior was determined by melting silicon and lithium silicate 
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powder. In this case a die with inner and outer diameters of 19 and 44.6 
mm, respectively, and a height of 38.1 mm was used. A heating rate of 
15oC min-1 and a pressure of 15MPa were applied, using a pulse on/off 
pattern of 12:2. The experimental temperatures (surface) were monitored 
up to 1100oC via a K-type platinum thermocouple attached to the die 
surface, while a single-colour pyrometer was used for higher 
temperatures. The result was that the actual temperature exceeded the 
“experimental” (surface) temperature, and that the difference increased 
considerably from 65oC at 650oC (focus on the surface position), 170oC at 
1030oC (focus on the surface position) to 240oC at 1180oC (focus on the 
surface position) (73). In the same article, Zavaliangos et al. state that the 
temperature difference between the surface position and the centre 
position in electrically conducting materials, e.g. graphite, is about 10-
15% less than in non-conductive materials, e.g. alumina (73). 

 
The temperature distribution at a fixed temperature has also been 

studied by modelling calculations. The theoretical analysis of the 
temperature distribution was based on Fourier’s law and Ohm’s laws. 
These calculations show that the heat transfer between the graphite parts 
and the samples depends on the presence of contact resistances and the 
properties of sample, i.e. whether the sample is a good electrical and/or 
thermal conductor. Accordingly, the calculated temperature distribution 
for good conductors such as titanium is different from that of non-
conductors, e.g. alumina and zirconia (67, 69, 70, 73). Including a 
consideration of the influence of thermal and electrical contact 
resistances, the temperature distribution calculated by modelling matches 
the results obtained by experiment much better than without considering 
the contact resistances (67, 73).  

 
Dr. Salamon in our group has also estimated the temperature difference 

between the centre of the sample and the surface of the die. The die 
surface temperatures were recorded with an optical pyrometer focused on 
the surface of a graphite die with inner and outer diameters of 15 mm and 
35 mm, respectively, and a height of 30 mm. The sample consisted of two 
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pre-sintered BN-Si3N4 plates with a small cavity in the middle. Gold, 
silver and platinum wires were placed in this cavity. The samples were 
heated to temperatures in the range 900-1700oC using a heating rate of 
100oC min-1, a mechanical pressure of 50 MPa and a holding time of 3 
min. The melting temperatures of these metals were used as fixed points. 
The outcome of these experiments were as follows: During the heating 
part of the experiment the temperature at the centre is estimated to be 120 
degrees higher than at the surface of the die, and 60 degrees higher under 
isothermal heat treatment conditions (68).  These results are similar to 
previous findings by Anselmi-Tamburini, U et al. (70, 71).  

 
Generally speaking, both experimental findings and calculations seem 

to indicate that the temperature difference between the surface of the die 
and the sample interior is comparatively small at low temperatures, 
whereas the difference increases with increasing temperature. At high 
temperatures (> 1100oC), the temperatures at the border position or 
bottom position (see Fig 1-14) are higher than at the surface position, and 
also higher than at the centre position. However, the values of those 
temperature differences vary depending on the size and shape of the die 
and punches, the thermal and electrical properties of the material to be 
sintered, and if the die is or is not properly thermal isolated, etc. Also, 
using a graphite blanket wrap on the die surface during SPS high 
temperature sintering can efficiently diminish temperature differences.  
Thus, the calculated temperature difference could not always match with 
the experimental results. 
 
1.5.5 SPS parameter effects 
 
During an SPS process the temperature is always of great importance, 
whether the studies concern densification and/or sintering rates, grain 
growth, plastic deformation and/or solid-state reactions, since all these 
processes are thermally activated. 
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At temperatures below an onset temperature (Ton), it is very difficult to 
obtain fully dense ceramic samples, even if one applies longer holding 
times or high pressures. The effect of the holding time for the 
densification process is positive at temperatures exceeding Ton. The grain 
growth rate is substantially much higher at temperatures above a certain 
critical temperature (Tg) than at T < Tg  (46).  

 
It is well known that the application of mechanical pressure promotes 

the removal of pores and enhances diffusion, implying that increasing 
pressures may enhance the densification process. At temperatures above 
Ton, the effect of the pressure for the densification process is efficient, 
whereas at < Ton this effect is negligible (36, 45, 46, 71). 

 
The effect of different pulse patterns has not been studied extensively. 

It has, however, been reported that increasing the on/off ratio yielded 
smaller grain sizes above Tg but not below Tg, and that the densification 
rate curve is shifted towards higher temperatures as the pulse on/off ratio 
is increased (46, 71, 74).  

 
It has been suggested that enhanced densification efficiency in the SPS 

process can in part be explained by the application of a pulsed electric 
field. The grain-boundary diffusion and grain-boundary migration 
processes should thus be enhanced by the presence of a pulsed electric 
field (46). It has been shown that sintering in the presence of a liquid phase 
is greatly enhanced by a pulsed electric field, and so is the deformation 
processes at elevated temperatures. Sialon samples are thus 
superplastically deformed around 1500oC at a rate of ~10-3 s-1 in the SPS 
unit, while identical experiments in a HP set-up yielded compressive 
strain rates on the order of 10-5 s-1 at several hundreds degrees higher 
temperatures (46, 75).  
 
1.5.6 Applications  
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SPS has been successfully applied to preparing many kinds of materials, 
e.g. advanced alloy materials, functional graded materials (FGM), fine-
grained ceramics, amorphous materials, target materials, thermoelectric 
materials, nano-composites (46, 65, 76-82). More recently, SPS has been used 
more extensively to sinter ferroelectric ceramics (36, 37, 40, 45, 54, 83-85).  
 

SPS can also be applied for investigation of the sintering kinetics and 
for rapid densification of various materials paired with minimized grain 
growth (36, 45, 76, 79-82, 86-88). By controlling the sintering kinetics, tailored 
microstructures can thus be produced, and accordingly materials with 
tailored properties.  
 
 

1.6 Aim of this thesis: Nano and Grain Orientated 
Ferroelectric Ceramics Produced by SPS  

 
The main work of this thesis has been focused on fabrication of nano and 
grain orientated ferroelectric ceramics by SPS, and also their ferroelectric 
properties.  
 
1.6.1 Controlling grain size and morphology  
 
One of the main purposes of the present work is controlling the grain 
size, from nano to micro, and the grain morphology of ferroelectric 
ceramics. We have carried out spark plasma sintering of five nano-sized 
powders, namely Bi4Ti3O12, BaTiO3, SrTiO3, Ba0.6Sr0.4TiO3, and a powder 
mixture of BaTiO3 and SrTiO3 having a Ba/Sr mole ratio of 6/4. The 
latter mixture is used to study the influence of the solid-state reaction that 
leads to the formation of Ba0.6Sr0.4TiO3 on the kinetics of densification 
and grain growth. The aim is to outline a procedure that allows us to 
define a “kinetic window” within which it is possible to densify nano-
powders of these compounds into fully dense compacts containing grains 
of almost the same size as the staring powders.  
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1.6.2 Achieving 2-D structures  
 
Another purpose of this work is to establish a new advanced processing 
route to effectively achieving anisotropic 2-D structures with tailored 
grain morphology by SPS, i.e. producing grain-aligned lead-free 
ferroelectric ceramics with improved performance properties. This work 
was initially motivated by the idea of rationally combining our two recent 
findings that: (i) Rapid anisotropic grain growth occurs above the onset 
temperature (Tg) of grain growth when high heating rates are applied, via 
a dynamic ripening mechanism (76); (ii) Nano-ceramics can easily undergo 
rapid superplastic deformation in the presence of a pulsed electrical 
current/field (75).  
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2 Experimental procedure 
 

2.1 Starting powders   
 
Commercially available monophasic nano-crystalline powders of BaTiO3 
(abbreviated BT below), SrTiO3 (ST), Ba0.6Sr0.4TiO3 (BST64) produced 
by TPL Inc., Albuquerque, NM, USA, were used in this study. The 
particle sizes of the powders are ca. 60~80 nm. The starting powders 
were used as received. A powder mixture of BT and ST with a Ba/Sr 
mole ratio of 6/4 was produced by ball milling for 24 h, using zirconia 
balls and 2-propanol as milling media. The mixed powder was dried at 
40°C. This powder mixture is abbreviated MBST64 below (54). 
 

The nanocrystalline Bi4Ti3O12 (abbreviated BIT below) powder was 
prepared by a hydrolysis technique. Bi(NO3)3⋅5H2O and Ti(OC4H9)4 were 
used as starting materials. Powders calcined at 600°C proved to be well 
crystallized single-phase with a BET surface area of 12 m2/g and an 
average particle size of 100 nm (52).  

 
The CaBi2Nb2O9 (CBNO) powder was prepared by heat treatment of 

appropriate mixtures of Bi2O3 (99.975%), CaCO3 (99%), Nb2O5 (99.9%) 
at 950oC for 4 h (40). The grain size of the resulting powder was in the 
range of 0.7 to 1 µm.  
 
 

2.2 Spark plasma sintering 
 
2.2.1 Sintering 
 
Samples of 12 mm in diameter and 2 mm in thickness were prepared in 
vacuum under a uniaxial mechanical pressure of 50 MPa. In some cases a 
pressure of 75 MPa or 100 MPa was applied to insure densification at the 
lowest sintering temperatures. The pressure was applied at room 
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temperature and held constant until the end of the sintering cycle. The 
peak current and the voltage reached in the present cases are ca. 2000 A 
and 4 V, respectively. In most cases the temperature was measured with a 
thermocouple inserted into the graphite die at a position 2 mm from 
surface into the die along Y axis (see Fig.1-14), but when the sintering 
temperature exceeded 1000oC the temperature was recorded by an optical 
pyrometer focused on the surface of the die. The set-up is provided with a 
dilatometer for recording the shrinkage and shrinkage rate, and these data 
were stored on a computer. The following parameters were also recorded: 
temperature, pressure, current and voltage. The linear shrinkage and 
shrinkage rate discussed below are defined as -∆L/L0 and -d(∆L/ L0)/dt, 
respectively, with L0 being the thickness of the sample at room 
temperature with pressure applied. The ∆L-values were corrected for the 
contribution related to the expansion of the die. Since the mass and 
diameter of the sample are constant during the SPS process, the linear 
shrinkage defined above is also a measure of the volume shrinkage. 
 

Initially the sintering behaviour of each kind of powder in the SPS unit 
was tested by consolidating a sample of 12 mm in diameter and 5 mm in 
thickness, using a heating rate of 100 oC min-1 and a pressure of 50 MPa, 
in order to determine the onset temperature of densification (Ton) and the 
temperature at which the sample had achieved its final density (Tfin). 
Thereafter, a series of samples were prepared by selecting isothermal 
sintering temperatures (Tiso) within the temperature interval that ranges 
from slightly below Ton to well above Tfin, in order to investigate the 
evolution of microstructure with temperature and to find out the 
temperature where substantial grain growth occurs. The cooling rate from 
Tfin down to 500oC was approximately 350oC min-1. 
 
2.2.2 Superplastic deformation 
 
Compressive deformation tests were performed in the SPS apparatus. 
Fully dense cylindrical compacts of Bi-based ceramics containing 
equiaxed nano-sized grains were prepared by SPS. Such a compact, 
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having a diameter of 12 mm and a height of ∼6 mm, was loaded into a 
graphite die having an inner diameter of 20 mm. This die was heated at a 
rate of 100oC min-1 under a constant uniaxial compressive load that 
corresponded to an initial compressive stress of 40 MPa, applied via the 
punches of the graphite die, implying that the compressive stress level 
was decreased to 20 MPa at 50% strain. The compressive deformation 
strain and stain rate discussed below are defined as -∆Ld/ L0, and -d(∆Ld/ 
L0)/dt, respectively, where ∆Ld and L0 represent the shrinkage of sample 
height and the original height of the sample before deformation, 
respectively. Both of the ∆Ld and L0 values were corrected for the 
contribution related to the expansion of the die.  
 

All sintered and deformed samples were annealed in a muffle furnace in 
air in the temperature range 650-1000oC for 200-300 min to remove the 
surface graphite and ensure full oxidation before any further 
characterization.  
 
 

2.3 Characterization 
 
The bulk densities were measured according to Archimedes’ principle. 
The microstructures of the samples were evaluated from micrographs of 
fractured or thermally etched surfaces, recorded in a scanning electron 
microscope (SEM; Model 880, JEOL, Tokyo, Japan). The average grain 
sizes were determined by an image analysis program (Image tool, 
UTHSCSA) through investigating more than 100 grains in SEM images. 
Selected samples were also examined by transmission electron 
microscopy (TEM). The crystalline phases were characterized by X-ray 
powder diffraction (XRD) studies, using a focusing Guinier-Hägg camera 
with CuKαl radiation and silicon as an internal standard. Additional X-ray 
powder diffraction data were collected on a STOE SCADIP powder 
diffractometer (CuKαl radiation, Ge monochromator) equipped with a 
linear PSD detector, using a rotating sample in symmetric transmission 
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mode. The unit cell parameters were calculated with the program TREOR 
(89). The refinement was made using GSAS and 109 reflections for d ≥ 

1.46 Å. The Lotgering orientation factor 
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and P0 for a random-orientation powder pattern was calculated using 
intensities for 120 reflections with 2θ ≤ 69.5°. The preferred orientation 
was modelled in the refinement by the March-(Dollase) function (90), 
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where A is the angle between the preferred orientation axis, (00l), and the 
reflection vector.  
 

The dielectric properties were measured at different frequencies, using 
a HP 4194A impedance analyzer within the temperature range –70 to 
70°C, and using an Agilent 4284A LCR meter in the high-temperature 
region, e.g. from room temperature to 1100°C. Ag was used as electrode 
material. The piezoelectric constant (d33) was measured by a quasi-static 
d33 meter (ZJ-3B, CAS). The ferroelectric polarization hysteresis loops 
were recorded by a ferroelectric hysteresis measurement unit (NPL, UK). 
The thermal depoling experiments were conducted by annealing poled 
samples for 2 h at various temperatures up to 1000oC and then 
performing the d33 measurements at room temperature. 



 33

3 The control of grain size and morphology 
 

3.1 Shrinkage and densification process 
 
3.1.1 Sintering kinetics 
 
The normalized shrinkage of the BaTiO3 (BT), SrTiO3 (ST), Bi4Ti3O12 

(BIT) and CaBi2Nb2O9 (CBNO) samples are plotted versus temperature in 

Fig.3-1. The densification process of all samples progresses very rapidly. 

Once activated, the densification is completed within 2 min within a very 

narrow temperature interval ranging from 650oC to 950oC. The nano-

structured Bi4Ti3O12 (BIT) powder shows a very low densification onset 

temperature (Ton) with a maximum shrinkage rate of 8.9x10-3 s-1 at 790oC. 

Although Ton of this powder is as low as 625oC, the main part of the 

densification does not occur until above 750oC. The nano-powders of 

BaTiO3 (BT), SrTiO3 (ST), the BaTiO3/SrTiO3 powder mixture 

(MBST64) and the Ba0.6Sr0.4TiO3 powder (BST64) exhibit higher Ton and 

similar values of maximum shrinkage rate, e.g. 1.2x10-2 s-1 at 930oC, 

5.6x10-3 s-1 at 890oC, 9.7x10-3 s-1 at 940oC and 6.3x10-3 s-1 at 910oC, 

respectively. The densification curves of these powders are similar, and 

the main part of the densification occurs at T > 800oC, although Ton 

values are as low as 625oC (BT), 750oC (ST), 700oC (MBST64) and 

700oC (BST64), respectively. The nano-sized powder of BIT shows a 

lower densification onset temperature (~625oC) and higher maximum 

shrinkage rate (8.9x10-3 s-1 at 790oC) than the micron-sized powder of 

CBNO (~825oC and 4.5x10-3 s-1 at 950oC, respectively).  

 
3.1.2 Densification 
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A pressure of 50 MPa and a holding time of only 2 min was used in the 
isothermal densification experiments, and these experiments revealed that 
densities higher than 95% could be achieved at T ≥ 900oC for the BIT 
powder, and at T ≥ 925oC for the ST, BST64 and MBST64 powders. The 
ST powder can be compacted to a similar level of density by prolonging 
the heating time at 900oC and using a pressure of 100 MPa, but using the 
same sintering parameters did not yield any improvement of the density 
for the BST64 powder. BIT samples with densities equal to or exceeding 
97% TD were obtained at T > 850oC using a pressure of 50 MPa and zero 
holding time, while for the samples prepared at 800 ≤ T ≤ 850oC a 
pressure of 75 MPa and a holding time of 3 min was used, and finally, 
dense BIT samples could be prepared at 775oC using a pressure of 100 
MPa and a holding time of only 3 minutes. CBNO compacts with 
densities of 95% TD or more can be prepared at T ≥ 925oC using a 
pressure of 100 MPa and a holding time of 3 min. 
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Fig. 3-1 Normalized shrinkage of BaTiO3 (BT) and SrTiO3 (ST) (a) and Bi4Ti3O12 (BIT) 
and CaBi2Nb2O9 (CBNO) (b) plotted versus temperature. A heating rate of 100oC/min and 

a pressure of 50 MPa were used. 

 
 

3.2 Grain growth and microstructure evolution 
 
3.2.1 Ferroelectric ceramics based on (Ba, Sr)TiO3  
 
The microstructures of ST compacts densified at different temperatures 
are shown in Fig.3-2. The ST compact prepared at 900oC contains 
homogeneous nano-sized grains of similar size as the starting powder, 
and distinctly bimodal microstructures are formed in samples prepared at 
925 and 950oC, i.e. the microstructures contain large grains as well as 
fine ones, while large equi-axed grains are formed at 1000oC. This 
suggests that the onset temperature for grain growth, Tg, is ~925oC. The 
temperature dependence of the microstructures of the BT, BST64 and 
MBST64 exhibit the same trend but with different onset temperatures for 
grain growth, see below.  
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Fig. 3-2 SEM micrographs of ST samples sintered at (a) 900oC, (b) 925oC, (c) 950oC, (d) 

1000oC. A holding time of 2 min and a pressure of 50 MPa were used at T ≥ 925oC, 
whereas a pressure of 100 MPa was used at 900 oC. 

 
3.2.2 Bismuth layer-structured ferroelectric ceramics 
 
The microstructures of the BIT compounds are given in Fig.3-3. It is 
obvious that the grain growth mechanism is different in comparison with 
the (Ba, Sr)TiO3 materials discussed above. Nano-sized grains are thus 
found in samples prepared below 850oC (Tg), while elongated plate-like 
grains are formed at high temperatures, and no bimodal features can be 
discerned.  
 

The microstructure of the CBNO compact prepared at 925oC reveals the 
presence of small platelet grains of the same size as in the starting 
powder, while the same grain growth trend at higher temperatures as seen 
for BIT is observed, see below. 
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Fig. 3-3 SEM micrographs of BIT samples sintered at (a) 800oC, (b) 850oC, (c) 950oC, (d) 
1000oC, using zero holding time and a pressure of 50 MPa for samples prepared at 

T ≥ 850oC, while for the samples prepared below 850oC a pressure of 75 MPa, and a 
holding time of 3 min were used. 

 
 

3.3  Phase evolution 
 
The XRD profiles around the {200} peak of samples of BST64 and 
MBST64 compositions sintered at different temperatures and of the 
starting powders are shown in Fig.3-4. The BST64 sample patterns can 
all be refined with cubic symmetry. The MBST64 samples prepared at 
925oC or below are composed of two phases, however, whereas patterns 
of samples prepared above this temperature can basically be refined with 
cubic symmetry. 
 

The X-ray studies verify that all of the BT, ST and BIT samples are 
monophasic, including the BIT ceramics sintered at 1000oC. All ST 
sample patterns can be refined with cubic symmetry, but BT samples 
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prepared above Tg are tetragonal, while the X-ray powder patterns of the 
nano-sized ones, i.e. the ones prepared below Tg, contain peaks that are 
heavily broadened, but they all seem to have cubic symmetry. The origin 
of the broad peaks in the X-ray pattern of the MBST64 sample prepared 
at 900oC might in part be ascribed to the presence of various cubic phases 
with slightly different chemical compositions. 
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(b) 
Fig. 3-4 X-ray diffraction patterns of the starting powders of BST64 and MBST64 and 

of samples sintered at different temperatures: (a) BST64, (b) MBST64. 

 
 

3.4 Kinetics 
 
3.4.1 Grain growth and kinetic windows  
 
The grain sizes and density data obtained at the various densification 
temperatures, Tiso, are plotted versus Tiso in Fig.3-5, and a “kinetic 
window” is revealed within which full densification is achieved paired 
with a very limited grain growth. It is evident that the investigated 
powders can be differentiated into four groups: (i) The BST64 powder 
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does not have any apparent kinetic window; (ii) The BT and ST powders 
have a narrow kinetic window of ~25oC; (iii) The BIT powder has a 
kinetic window of ~75oC; (iv) The MBST64 powder mixture has a broad 
kinetic window of ~125oC. 
 

Below a certain critical temperature, Tg, the grain growth progresses 
very slowly, but above Tg the grain growth takes place dramatically fast. 
Thus, homogeneous nano-grained microstructures (see Fig.3-2.a and 
Fig.3-3.a) are observed in samples prepared below Tg for both (Ba, 
Sr)TiO3 ceramics and BIT ferroelectrics, while distinct bimodal 
microstructures (see Fig.3-2.d) are formed in (Ba, Sr)TiO3 samples 
prepared above Tg, i.e. the microstructures of the latter contain large 
grains that are embedded in a matrix composed of fine ones. The BT, ST, 
and BST64 powders have a Tg value of 925oC, while corresponding value 
for the MBST64 powder is 1050oC. It can be noted that the grains larger 
than 10 µm are observed in samples prepared above Tg, and they grew 
from a size of ~200 nm to ~10 µm within 1-2 min.  

 
When the BIT samples were sintered at temperatures above Tg 

(> 850oC), the nano-sized particles with an average length of 0.15 µm 
grew to elongated plate-like grains with an average length of 2.58 µm 
along the a-b direction, while the grain growth along c direction was 
much more restricted, i.e. the average thickness increased from 0.15 µm 
to 0.52 µm (see Fig. 3-3.d), yielding a microstructure containing almost 
randomly orientated elongated platelet grains that formed via a dynamic 
ripening mechanism (76). The microstructure of the CBNO compact 
prepared at 925oC reveals the presence of equiaxed grains of similar size 
(~1 micron) as in the starting material, see below (Fig. 4-4.c). The 
microstructures of samples prepared above 925oC showed these compacts 
to consist mostly of randomly orientated plate-shaped grains, but the 
length-to-width ratios of the latter are substantially less than those 
observed in the BIT compacts. Some large equiaxed grains could also be 
found. 
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Fig. 3-5 Relative densities and grain sizes plotted versus sintering temperature (Tiso).  
The kinetic windows within which fully dense nano-sized ceramics were obtained are 

marked.  (a) BIT, (b) BT and ST; (c) BST64 and MBST64 
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The fact that we are able to define a kinetic window within which it is 
possible to densify nano-sized powders paired with a very limited grain 
growth opens up new possibilities for optimizing microstructures. 
 
3.4.2 Self-pinning effect 
 
It can thus be noted that the MBST64 powder exhibits a kinetic window 
as broad as 125oC, while that of the BST64 powder is almost non-
existent. The densification of the former powder is accompanied with a 
solid-state reaction, i.e. BaTiO3 and SrTiO3 react to form Ba0.6Sr0.4TiO3 
during the compaction. Apparently, the ongoing solid-state reaction 
retards the grain growth. It is well known that the grain growth process 
can be retarded by addition of second phase in connection with the 
sintering of ceramics. The added particles have a pinning effect on the 
grain growth process. In our case, and in analogy with the pinning effect, 
the ongoing reaction gives rise to a self-pinning effect on the grain 
growth process. This mechanism could potentially be applied for 
preparation of other types of ceramics with nano-grained microstructures.  
 
3.4.3 Thermal activation 
 
As shown in Figs.3-1 to 3-4, the densification and grain growth 
mechanisms are clearly thermally activated, and the maximum in the 
shrinkage rate curve occurs at a relative density of ~ 0.8, which is in good 
agreement with previous findings from pressureless sintering (PLS) and 
hot-pressing (HP) experiments (91-94). It is commonly observed that rapid 
grain growth takes place during the final stage of sintering micron-sized 
powders. However, in the case of nano-sized powders it seems that the 
grain growth takes place also in the beginning of the sintering process (93, 

95). In the nano-sized porous green bodies the grain growth seems initially 
to be driven by surface diffusion, but when the relative density has 
reached a value around 0.8, the particle/grain growth of nano particles is 
mainly driven by the size difference between particles/grains present, 
which apparently also is a thermally activated process, and this process is 
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activated at a lower temperature in the case of nano-sized particles than 
the grain growth process of micron-sized particles (96).  
 
 

3.5 Ferroelectric properties 
 
3.5.1 Ferroelectric properties of (Ba, Sr)TiO3 ceramics 
 
The temperature dependence of the dielectric constant and loss tangent of 
MBST64 and BST64 compacts recorded at a frequency of 10 kHz are 
shown in Fig.3-6. The samples prepared above Tg, having bimodal 
microstructures similar to those depicted in Fig.3-2, exhibit a maximum 
in the permittivity around the Curie temperature (∼0oC). The Curie 
temperature observed here is in agreement with previous findings for 
BST ceramics of the same composition but prepared by conventional 
pressureless sintering (97). The sample prepared below Tg possessing a 
nano-sized microstructure exhibited low permittivity values, and the 
permittivity is almost independent of temperature, indicating that the 
transition in permittivity is very diffuse, and the dielectric losses in the 
ferroelectric region decrease. The abnormally high temperature 
dependence of the dielectric loss (dissipation) of the BST64 sample 
consolidated at 900oC is ascribed to its low density, while the temperature 
dependence of the dielectric loss of the other samples is less evident, see 
Fig. 3-6.b.  
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Fig. 3-6 Temperature dependence of the dielectric constants (εr) (a) and loss tangents (D) 
(b) at 10 KHz of the BST64 and MBST64 samples having nano-sized microstructures 

(BST64 (900oC), MBST64 (950oC)) and micron-sized microstructures (BST64 (950oC), 
MBST64 (1100oC)). 

 
It has been well established that grain size has a profound influence on 
the dielectric properties of ferroelectric ceramics through the interaction 
of domain structures and grain boundaries; i.e. nano-sized ferroelectric 
compacts exhibit lower permittivity values than micron-sized compacts 
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of the same composition. This is in agreement with the findings that the 
MBST64 and BST64 compacts prepared below Tg exhibit substantially 
lower permittivity values than the ones prepared above Tg, especially 
around the Curie temperature where the contribution of domain walls to 
the permittivity is high (17, 34). As the temperature dependences of the 
permittivity of the BST64 and MBST64 ceramics prepared below Tg are 
very similar, this suggests that it is unlikely that the diffuse phase 
transition occurring in both samples originates from local compositional 
fluctuation in MBST64. The origin of the decrease of permittivity with 
the decrease of grain size has been explored in connection with the recent 
successes in preparing dielectric film and bulk ceramics with truly nano-
sized grain structures (37, 39, 98). The present work provides additional 
experimental data to the on-going debate concerning the contribution of 
distorted (“dead”) grain boundary layers to the total permittivity (37, 39). 
 

The dielectric losses are less dependent on grain size. As can be seen 
from Fig.3-6.b, the MBST64 ceramic consolidated at 950oC exhibits 
dielectric loss tangent (dissipation) < 0.02 within the whole temperature 
range (from –70 to 70oC), whereas a decline of dielectric loss slightly 
below the Curie temperature is observed for the MBST64 compact 
consolidated at 1100oC. This decline of dielectric loss originates mainly 
from the domain wall motion in large grains (99).  
 
3.5.2 Ferroelectric properties of nano-sized Bi4Ti3O12 

ceramics  
 
The temperature dependence of the dielectric constant and loss tangent of 
the nano-structured BIT sample, depicted in Fig. 3-3.a, and measured at 1 
MHz, is given in Fig.3-7. The sample exhibits a normal ferroelectric 
temperature dependence of the dielectric constant and loss tangent with a 
Curie temperature of ∼675oC. The Curie temperature is in good 
agreement with previous findings (7, 100). The nano-sized sample exhibited 
slightly lower dielectric constant values compared with micro-sized BIT 
samples (7, 30, 101). It has been reported that it is difficult to polarize pure 
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BIT ceramics because of their high conductivity (100). We were able to 
polarize this material at 190oC using a DC field of 4.2 KV/mm for 5 min, 
and we obtained a piezoelectric constant (d33) of 6.0 pC/N. The room 
temperature P-E hysteresis loop of the nano-structured BIT ceramic at 1 
Hz is given in Fig.3-8. Saturation polarization was never reached, and a 
comparatively low remnant polarization (Pr) value (2.5µC/cm2) was 
obtained.  
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Fig. 3-7 Temperature dependence of the dielectric constants (εr) and loss tangents (D) of a 

nano-structured BIT ceramic. The data are recorded at a frequency of 1MHz. 
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Fig. 3-8. P-E hysteresis loop of a nano-structured BIT ceramic. The data are recorded at a 

frequency of 1 Hz. 
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4 Achieving 2-D type microstructure  
 
4.1 Superplastic deformation yielding textured 

microstructures 
 
4.1.1 Superplastic deformation kinetics 
 
The pre-forms for the deformation experiments were prepared by SPS as 
described above. Thus a fully dense cylindrical sample with a diameter of 
12 mm and a height of ∼6 mm was placed into a die with 20 mm inner 
diameter, and heated at a rate of 100 oC min-1 in vacuum to the preset 
deformation temperature (1000oC ~ 1150oC). A constant uniaxial load 
corresponding to an initial compressive stress of 40 MPa was applied 
either at room temperature or when reaching the preset temperature. 
Holding times of 5 min were applied.  
 

The normalized compressive deformation strain curves of the BIT and 
CBNO samples are plotted versus temperature in Fig.4-1. The 
superplastic deformation process of the BIT sample started at 760oC, and 
that of the CBNO sample was activated at 920oC. A strain of ∼57% for 
the BIT sample was achieved within a short period of time (1 min), and 
the maximum strain rate reached at ∼840oC was as high as 1.1x10-2 s-1. A 
strain of ∼67% was obtained for the CBNO sample, with a maximum 
strain rate of 1.3×10-2 s-1 at 1020oC. To the best of our knowledge, a 
compressive strain rate as high as 10-2 s-1 has not previously been 
observed in connection with deformation of oxide ceramics, although 
great efforts have been made during the last two decades to improve the 
ductility of ceramic materials. 

 
Isothermal deformation compressive strain curves of BIT samples 

recorded at different temperatures are plotted versus time in Fig.4-2. In 
these cases the pressure was applied when the preset temperature had 
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been reached. It is evident that both the compressive strain and strain rate 
increased with increasing deformation temperature. 
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Fig.4-1 Normalized compressive deformation strain curves of the BIT and CBNO samples 
plotted versus temperature. The curves were recorded using a heating rate of 100oC/min 

and an initial stress of 40 MPa. 
 

 
Fig.4-2 Normalized compressive deformation strain curves of BIT samples deformed at 

different temperatures, plotted versus time. A load corresponding to an initial compressive 
stress of 40 MPa was applied at the preset temperature. 
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Isothermal deformation strain experiments on a series of BIT samples 
with different microstructures, i.e. exhibiting the nano-sized, sub-micron 
sized and micron-sized structures depicted in Fig.3-3.a, b, and c, have 
also been performed. The deformation experiments were carried out at 
850oC and, as above, the pressure was applied when the preset 
temperature had been reached. The recorded strain data are plotted versus 
time in Fig.4-3. The deformation strain of the nano-sized sample is 
obviously higher than that of the sub-micron sized one, and substantially 
higher than that of the micron sized one. 
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Fig.4-3 Isothermal deformation strain curves of a series BIT compacts with (a) nano-
sized, (b) submicron-sized, and (c) micro-sized microstructures, deformed at 850oC. The 

curves were recorded using an initial stress of 40 MPa. 

 
4.1.2 Textured microstructures 
 
Scanning electron micrographs of polished and thermally etched surfaces 
of BIT and CBNO samples, recorded before and after superplastic 
deformation, are shown in Fig.4-4. The micrographs of the deformed 
samples are recorded perpendicular to the shear flow direction. It clearly 
appears that the well facetted, thin elongated grains are fairly randomly 
orientated parallel to the shear flow direction, whereas they pile up in the 
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perpendicular direction, yielding a compact with a 2-D microstructure. 
Comparing the microstructures of the CBNO and BIT samples, it is 
apparent that the degree of grain alignment in the CBNO ceramic is less 
pronounced, i.e. the possibility to obtain highly grain-orientated 
microstructures containing grains with high aspect ratios is limited by the 
fact that the compact to be deformed contains micron-sized grains. 
 

 
 

Fig.4-4 SEM micrographs of polished and thermally etched surfaces of the BIT and 
CBNO samples before and after deformation. The latter are recorded perpendicular to the 
shear flow direction, (a) BIT before deformation, (b) BIT after deformation, (c) CBNO 

before deformation, and (d) CBNO after deformation. 
 
Scanning electron micrographs of BIT samples, recorded after 
superplastic deformation at 900 and 1000oC are shown in Fig. 4-5. The 
micrograph of the deformed sample is recorded parallel and 
perpendicular to the shear flow direction. The densities of the ceramics 
after deformation are 97% and 92% TD, respectively. It is clearly seen 
that both of them have textured 2-D microstructures, and that the sample 
deformed at 900oC exhibits smaller grains (∼1 µm) than the one prepared 
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at 1000oC. It is clear from this figure that the aspect ratio of the resulting 
grains varies with the temperature.  
 

 
(1) 

(2) 
 
Fig.4-5. SEM micrographs of polished and thermally etched surfaces of the textured BIT 

samples recorded parallel (a) and perpendicular (b) to the shear flow direction. The 
samples were deformed at (1) 900oC using a holding time of 5 min; (2) 1000oC using a 
holding time of 10 minutes. In these experiments an initial stress of 40 MPa was used. 

 

4.2 X-ray studies of textured samples 
 
Fig. 4-6 shows X-ray diffraction (XRD) patterns of the surfaces of BIT 
and CBNO samples parallel to the shear flow direction. The X-ray 
powder patterns reveal the presence of monophasic materials. The XRD 
patterns exhibit strong (00l) diffraction peaks verifying the highly 
textured feature of the samples, in agreement with the microstructural 
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studies described above. A Lotgering orientation factor of 99% was found 
for the textured BIT sample, and that of the CBNO sample was 70%. 
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Fig.4-6 X-ray diffraction (XRD) patterns of the surfaces of the deformed BIT and CBNO 
samples, recorded parallel to the shear flow direction. Notice the strong (00l) diffraction 

peaks indicating preferred grain-alignment. 

 

4.3 Superplastic deformation induced directional 
dynamic ripening 

 
The main features of the isothermal deformation experiments using pre-
densified compacts can be summarized as follows:  

(i) The deformation of equiaxed nano-sized pre-densified 
compacts of BIT proceeds very fast, i.e. compressive strain 
rates of the order of 10-2 s-1 can easily be achieved, and the 
deformation is associated with a transportation of BIT-
species as the nano-sized compact is transformed into an 
almost 100% grain aligned compact containing elongated 
platelet grains with aspect ratios exceeding 10;  

(ii) The aspect ratio of the BIT grains can be tailored by selecting 
the temperature for the isothermal deformation experiment;  
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(iii) The deformation of pre-densified compacts of BIT 
containing sub-micron sized equiaxed grains proceeds less 
fast than the deformation of the nano-sized compacts. The 
deformation of pre-densified compacts of BIT containing 
randomly orientated elongated platelet grains is very much 
retarded; 

(iv) The deformation of the micron-sized compacts of CBNO also 
proceeds rapidly, but the aspect ratios of the formed grains 
and the resulting degree of grain alignment are much smaller 
than for the BIT samples; 

(v) Apparently, a favourable interaction occurs between 
superplastic deformation and grain growth, i.e. the 
superplastic deformation process induces a directional 
dynamic ripening mechanism that yields anisotropic grains. 
Grain growth induced strain hardening, which normally acts 
as an obstacle to further deformation, is obviously minimized 
by the fact that the growth of grains occurs preferentially 
parallel to the shear flow direction. 

 
Thus, the mechanism behind such a rapid grain growth and grain 
alignment process has been termed by us: superplastic deformation 
induced directional dynamic ripening. 
 
 

4.4 Ferroelectric properties 
 
4.4.1 Ferroelectric properties of textured Bi4Ti3O12 

ceramics 
 
The temperature dependence curves of the dielectric constant and loss 
tangent of the BIT sample with the anisotropic microstructure shown in 
Fig.4-4.b are given in Fig.4-7, measured at 1 MHz. First of all, the 
dielectric constant values parallel (a/b direction, curve [//]) and 
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perpendicular (c direction, curve [⊥]) to the shear flow direction are 
comparable to the corresponding single-crystal data, and are much higher 
than those previously reported for any grain-orientated stoichiometric 
BIT ceramics (7). Although it has been reported that it is difficult to 
polarize a pure BIT ceramic because of its high conductivity (100), we 
polarized our material in the a/b direction at 175oC using a DC field of 
1.9 KV/mm for 5 min, and we obtained a piezoelectric constant (d33) of 
11.4 pC/N. The corresponding d33 value in the c direction, using a DC 
field of 5.7 KV/mm for 5 min, is 0.4 pC/N, which again verifies the 
anisotropic microstructure of this sample. The thermal depoling 
experiments revealed that the d33 value of 11.4 pC/N in a/b direction was 
retained up to 676oC, the Curie temperature of the material, and then 
disappeared.  
 

0 100 200 300 400 500 600 700

400

800

1200

1600

2000

[⊥]

[//]

Temperature (oC)

ε r

 
(a) 



 55

0 100 200 300 400 500 600 700
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

[⊥]

[//]

D

Temperature (oC)
 

(b) 
Fig. 4-7 Dielectric properties of the textured BIT ceramic: (a) the temperature dependence 

of the dielectric constants (εr) and (b) the temperature dependence of the loss tangents 
(D). Measurements were performed parallel [//] and perpendicular [⊥] to the shear flow 

direction, using a frequency of 1 MHz. 
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Fig. 4-8. P-E hysteresis loops of the textured BIT ceramic measured parallel [//] and 

perpendicular [⊥] to the shear flow direction. The measurements were performed at room 
temperature, using a frequency of 1 Hz. 
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The polarization hysteresis loops of the grain-orientated sample, 
determined at room temperature at a frequency of 1 Hz, are given in Fig. 
4-8. The loops are strongly anisotropic, with much higher remnant 
polarization, Pr, in the a/b direction than in the c direction. The 
spontaneous polarization Ps in the a/b direction is 27µC/cm2, which is 
consistent with the corresponding calculated data for a single crystal in 
the direction (28). 
 

We ascribe the improved anisotropic dielectric and piezoelectric 
properties described above to the perfect alignment and refinement of the 
anisotropic grains. The former promotes the rotation of the spontaneous 
polarization as it does in similar type of materials developed by any 
already established grain-alignment techniques, while the latter increases 
the domain wall density by forming small elongated grains (29), verifying 
the pronounced benefit gained by applying our new processing strategy. 
The width of the 90o domains present along the a-b direction in this 
sample with grain size of ~0.4x1.3x4 micron3 is thus below 1 µm, 
compared to 8.5 µm in a millimetre-sized single crystal (101). 
 
4.4.2 Ferroelectric properties of textured CaBi2Nb2O9 

ceramics 
 
Fig.4-9 shows the P-E hysteresis loops for the textured CaBi2Nb2O9 
(CBNO) sample having the microstructure depicted in Fig.4-4.d The 
remnant polarization Pr, parallel to the shear flow direction, Pr [//], is 
much higher than that perpendicular to the shear flow direction, Pr [⊥]. 
Due to the thickness of the sample (0.10~0.15 mm) and experimental 
restrictions (maximum voltage equal to 4 kV), it was not possible to 
obtain saturated P-E hysteresis loops, but the CBNO sample seems to 
have a high value of the coercive field (Ec). Similar problems have 
previously been noted for high Tc Bi3NbTiO9 ceramics (102). The average 
piezoelectric constant d33 values of the CBNO samples were 19.5±0.3 
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([//]) and 0.2±0.1 ([⊥]), and these values are nearly three times as high as 
those of conventionally sintered materials (40). 
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Fig. 4-9 P-E hysteresis loops of textured CBNO ceramics, recorded at room temperature 
using a frequency of 10 Hz. [//]: Parallel to the shear flow direction; [⊥]: Perpendicular to 

the shear flow direction. 

 
Fig. 4-10 shows the temperature dependence of the dielectric constant 
and loss of CBNO at 1 MHz. The Curie point of the samples both parallel 
([//]) and perpendicular ([⊥]) to the shear flow direction is 943±2oC, 
which is very close to that of conventionally sintered CBNO ceramics 
(940±2oC) (40). The dielectric constant and loss of the samples are higher 
parallel to (εr [//]) than perpendicular to (εr [⊥]) the shear flow direction, 
in agreement with our findings for textured BIT ceramics, see above.  
 

The thermal depoling behaviour of textured CBNO samples parallel to 
[//] the shear flow direction is shown in Fig.4-11, where the piezoelectric 
constant, d33, of the annealed samples is plotted against the annealing 
temperature. All samples annealed up to 800oC exhibited the same d33 
value, which rapidly drops above 900°C. 
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Fig. 4-10 Temperature dependence of dielectric constant and loss for textured CBNO 

ceramics, using a frquency of 1 MHz. [//]: Parallel to the shear flow direction; [⊥]: 
Perpendicular to the shear flow direction. 
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Fig. 4-11 Piezoelectric constant, d33, of annealed samples plotted versus the annealing 

temperature for textured CBNO ceramics. The data are recorded parallel to the shear flow 
direction. 
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5 Summary 
 
The sintering behaviour of nano-powders, such as Bi4Ti3O12 (BIT) with 
an average particle size of 100 nm, BaTiO3 (BT), SrTiO3 (ST), 
Ba0.6Sr0.4TiO3 (BST64), and a mixture of the composition 
(BaTiO3)0.6(SrTiO3)0.4 (MBST64), all with particle sizes in the range of 
60 to 80 nm, have been studied by spark plasma sintering (SPS). It was 
verified that both densification and grain growth are thermally sensitive 
in all nano-powders. The temperature region where the densification 
mechanism is activated is lower than that where grain growth occurs, 
which allows us to produce ceramics with tailored microstructures, e.g. 
ceramics of BIT, ST, BST and MBST with microstructures ranging from 
nano-sized to micron-sized, via those that exhibit distinct bimodal 
features.  
 

Using the sintering procedure outlined above, we have been able to 
establish a “kinetic window” within which it is possible to prepare dense 
samples having nano-sized microstructures. The sintering behaviour of all 
the nano-sized powders is fairly similar, whereas the widths of the kinetic 
window are different. Thus, the mixture of the composition MBST64 
exhibits a window as broad as 125oC, while the window of the nano-
powder of the same composition Ba0.6Sr0.4TiO3 is reduced to one single 
temperature. The densification of the former powder is accompanied by a 
solid-state reaction, and this reaction is suggested to have a self-pinning 
effect on the grain growth. 

 
The evolution, with increasing sintering temperature, of the 

microstructure in bismuth layer-structured ferroelectrics such as 
Bi4Ti3O12 (BIT) and CaBi2Nb2O9 (CBNO) has been investigated, and it is 
shown that the nano-sized particles in the precursor powder transform 
into elongated plate-like (along the a/b direction) grains, whereas no 
evident grain growth occurs along the c direction when the sintering 
temperature exceeds Tg. Thus, a microstructure containing elongated 
platelet grains is formed via a dynamic ripening mechanism. 
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It is demonstrated that the superplastic deformation induced directional 
dynamic ripening is a very effective grain alignment process. This new 
process makes it possible to produce a textured microstructure within 
minutes by using pre-densified nano-sized BIT ceramics or micro-sized 
CBNO ceramics. We have recorded compressive strain rates of the order 
10-2 s-1, which is approximately ten times faster than the fastest rates 
achieved by any other established technique. The combination of 
effective grain alignment and grain refinement opens up new possibilities 
for developing anisotropic ceramics with unique and/or improved 
performance, and the processing concept described here should, in 
principle, have broad applicability to the production of a wide range of 
ceramics with a 2-D type of tailored microstructure consisting of 
anisotropic grains.  

 
It has been well established that the ferroelectricity of ferroelectric 

ceramics is profoundly influenced by their microstructural features, such 
as: grain size, grain morphology and texture. It is verified that nano-
structured BST ceramics exhibit a diffuse transition in permittivity and 
reduced dielectric losses, whereas the dielectric constant of BST ceramics 
containing micron sized grains or a mixture of nano-sized and micron-
sized grains exhibits normal permittivity values in the ferroelectric 
region. It was found that the textured bismuth-based ceramic 
ferroelectrics, obtained by the superplastic deformation induced 
directional dynamic ripening process, exhibit highly anisotropic 
ferroelectric properties, i.e. substantially better ferroelectric properties 
than those of “conventional” grain-orientated BIT ceramics, and equal to 
or better than corresponding single-crystal properties. Textured CBNO 
exhibits a combination of high Tc, stable d33 and high thermal depoling 
temperature, indicating that is a very promising candidate for high-
temperature piezoelectric applications. 
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6 Future work 
 
Some suggestions for future interesting investigations are listed below:  
 
I will still focus on developing tailored microstructure in ferroelectric 
ceramics, introducing and applying our new non-equilibrium assembling 
concept and using this concept to tailor microstructures. Accordingly I 
will mix two sub-micron sized Ba1-xSrxTiO3 powders with different x 
values and SPS them to full density. By selecting appropriate sintering 
parameters the heat treatment will be interrupted before monophasic 
samples, i.e. samples with one single x value, are formed; and the 
ferroelectric properties of the resulting compacts will be investigated.  
 

Furthermore, I will use the same concept to prepare other ferroelectric 
compounds or compositions in order to extend the understanding and 
application of this new sintering process. 

 
Mechanical pressure plays an important role also in fabrication of nano-

structured ferroelectric ceramics by SPS. I will investigate the influence 
of pressure on the microstructure of ceramics, in order to obtain more 
ferroelectric ceramics with controlled grain size and morphology by 
applying suitable pressures.  
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