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bstract

he spark plasma sintering (SPS) behaviour of nano-sized Bi4Ti3O12 (BIT) and micron-sized CaBi2Nb2O9 (CBNO) powders is described. The
ensification process of both powders is very rapid, i.e. the densification occurs within a very narrow time interval (2–3 min using a heating rate
f 100 ◦C min−1 and a pressure of 50 MPa). The BIT powder exhibits a lower densification onset temperature (∼650 ◦C) and higher maximum
hrinkage rate (8.9 × 10−3 s−1 at 780 ◦C) than that of the CBNO powder (∼825 ◦C and 4.5 × 10−3 s−1 at 950 ◦C). Isothermal compaction studies
evealed that fully dense nano-sized BIT compacts could be obtained within the temperature region 750 ◦C < Tiso < 850 ◦C while for Tiso > 850 ◦C
ompacts containing elongated platelet grains are formed. A new preparation route to produce highly textured compacts is described in detail.
ppropriate pre-forms are prepared by spark plasma sintering (SPS) and these fully dense compacts are subject to superplastic deformation in the
PS unit to achieve a total compressive strain of ∼60%. This strain was achieved within a period of 1.5 min and with a maximum strain rates of

.1 × 10−2 s−1 achieved at ∼840 ◦C and 1.3 × 10−2 s−1 at 1020 ◦C for the BIT and CBNO compacts, respectively. The X-ray studies showed that
he Lotgering orientation factors of grains in the deformed BIT and CBNO compacts are 99% and 70%. The formation of highly textured compacts
s suggested to be governed by a superplastic deformation-induced directional dynamic ripening mechanism.

2005 Elsevier Ltd. All rights reserved.
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. Introduction

Bismuth-layer structured ferroelectrics (BLSF) belongs to
large family of layered compounds with perovskite related

tructures, known as Aurivillius phases. Many compounds in
his family exhibit a high Curie temperature (TC). They are
ead-free, and have been proposed for high temperature piezo-
lectric and sensing applications.1,2 The general formula of the
urivillius phases is (Bi2O2)2+(Am−1BmO3m+1)2−, where A is
mono-, di- or trivalent element (or a combination of them)
ith cub-octahedral coordination; B is an octahedral coordinated

ransition metal; and m represent the number of octahedral layers

n the perovskite slab. Bi4Ti3O12 exhibit a monoclinic symmetry
ith m = 3 while the symmetry of CaBi2Nb2O9 is orthorhombic
ith m = 2.

∗ Corresponding author. Tel.: +46 8 162388; fax: +46 8 152187.
E-mail address: shen@inorg.su.se (Z. Shen).
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Due to the layered structure features, the single crystals of
urivillus phases exhibit highly anisotropic properties.3,4 Poly-

rystalline ceramic materials based on them exhibit, however,
ften isotropic physical properties as the grains usually are ran-
omly oriented. In order to improve the physical properties tex-
ured, e.g. grain-oriented, microstructures of Bi-layer structured
erroelectric ceramics have been produced via: (i) preparation
f powders with needle/platelet morphology and aligning them
ia a shear flow process and allowing them to grow into aligned
rains, via the Ostwald ripening mechanism, by heat treatment at
levated temperatures5,6; (ii) In order to improve the grain align-
ent even further a small part of well-developed large (2–5 �m)

eedles/platelets are added as grain growth templates.7,8 An
ncrease of the initial size of the templates promotes increas-
ng the degree of grain alignment, however, slows down both

he densification rate and the grain alignment, implying an
nfavourable prolongation of the processing time.

In a recent article we outlined a new processing concept to
roduce highly textured compacts of Bi4Ti3O12 and made an
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xtended evaluation of properties, mainly the dielectric ones, of
he textured samples.9 Here we present a more detailed study
n this topic: (i) studies of the sintering behaviour of nano-sized
i4Ti3O12 and micron-sized CaBi2Nb2O9 powders; (ii) prepa-

ation of appropriate pre-forms by spark plasma sintering (SPS)
nd subject them for superplastic deformation in the SPS unit;
iii) studies of the evolution of the microstructure of obtained
ompacts as function of the sintering and deformation conditions
pplied; (iv) a discussion of the obtained data with reference to
he underlying mechanisms that yield highly textured ceramics.

. Experimental procedure

.1. Starting powders

The nano-sized Bi4Ti3O12 (abbreviated BIT below) powder
as prepared from Bi(NO3)3·5H2O and Ti(OC4H9)4 using a
ydrolysis technique. The resulting product was heat treated at
00 ◦C for half an hour yielding a monophasic well-crystallized
i4Ti3O12 powder with a BET surface area of 12 m2 g−1 and
n average particle size of 100 nm.10 Subsequent X-ray and
EM/TEM studies did not reveal the presence of any secondary
hases.

The CaBi2Nb2O9 (CBNO) powders were obtained by cal-
ination of appropriate amounts of Bi2O3 (ALFA, 99.975%),
aCO3 (ALDRICH, 99%) and Nb2O5 (ALFA 99.9%) at 950 ◦C

or 4 h as described by Yan et al. The grain size of the resulting
owder was in the range of 0.7–1 �m.11

.2. Sintering and superplastic deformation

The precursor powders were compacted in vacuum in a spark
lasma sintering (SPS) apparatus, Dr. Sinter 2050 (Sumitomo
oal Mining Co. Ltd., Japan). The precursors powders were

oaded in cylindrical graphite dies with an inner diameter of
2 mm and heated to the final sintering temperature using a
eating rate of 100 ◦C min−1 and a uniaxial pressure of 50 MPa.
ressures of 75 or 100 MPa were used at the lowest sintering

emperatures in order to ensure full densification. In the tem-
erature range T < 1000 ◦C the temperature was measured and
egulated by a thermal couple, that was inserted into the die while
or T ≥ 1000 ◦C the temperature was measured and regulated
y an optical pyrometer focused on the surface of the die. The
inear shrinkage and shrinkage rate discussed below are defined
s −�L/L0 and d(−�L/L0)/dt, respectively, with L0 being the
hickness of the sample at room temperature with pressure
pplied. The �L-values were corrected for the contribution of
hermal expansion of the die. Since the mass and diameter of the
ample are constant during SPS processing, the linear shrinkage
efined above also represents the volume shrinkage, and can
hus be converted to density values. Fully dense cylindrical
ompacts with a diameter of 12 mm and a height of 5–7 mm of
IT were prepared at 800 ◦C using a pressure of 75 MPa and a

olding time of 5 min, and these compacts contained equi-axed
ano-sized BIT grains and corresponding CBNO compacts
containing micron-sized grains) were prepared at 925 ◦C using

pressure of 100 MPa and a holding time of 3 min. These

i
9
p
a
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ompacts were placed in a pressure die with inner diameter
f 20 mm, and the BIT and CBNO compacts were heated in
acuum to 1000 and 1150 ◦C, respectively, using a heating rate
f 100 ◦C min−1. A constant uniaxial load that corresponded
o an initial compressive stress of 40 MPa was applied at room
emperature or at the preset temperature. The compressive
eformation strain is defined as −�Ld/L0, where �Ld and
0 represent the shrinkage of sample height and the original
eight of the sample before deformation, respectively. Both
f the �Ld and L0 values were corrected for the contribution
elated to the expansion of the die. The strain rate is defined as
(−�Ld/L0)/dt.

.3. Characterization

The densities were measured according to Archimedes’
rinciple. The microstructures of the prepared samples were
ecorded in scanning electron microscopes (JEOL 880 and JSM
300). Thermal etched surfaces were depicted and the grain size
as determined by using an image analysis program (Image tool,
THSCSA) through investigating more than 100 grains. The
-ray diffraction patterns were recorded both in a Guiner–Hägg

amera and a STOE diffractometer. The Lotgering orientation
actor f = ((p − p0)/(1 − p0)) with p = (∑

I001/
∑

Ihkl

)
and p0

or a random orientation powder patter was calculated using
ntensities for 120 reflections at 2θ ≤ 69◦. The preferred orien-
ation was in the refinement modelled by the March-(Dollase)
unction,12

ph =
(

R2
0 cos2A + sin2A

R0

)−3/2

here A is the angle between the preferred orientation axis (0 0 l)
nd the reflection vector.

. Results

.1. Sintering behaviour of Bi4Ti3O12 and CaBi2Nb2O9

The sintering behaviour of the Bi4Ti3O12 (BIT) and
aBi2Nb2O9 (CBNO) samples has been investigated using
heating rate of 100 ◦C min−1 and a pressure of 50 MPa.

he normalized shrinkage of the samples is plotted versus
he temperature in Fig. 1. The densification process of both
owders progresses very rapidly, i.e. the densification occurs
ithin a very narrow temperature interval ranging from ∼650 to
850 ◦C for the BIT powder and from ∼825 to ∼1000 ◦C for the
BNO powder. The nano-sized powder of BIT shows a lower
ensification onset temperature (∼650 ◦C) and higher maximum
hrinkage rate, 8.9 × 10−3 s−1 at 780 ◦C, than the micron-sized
owder of CBNO (∼825 ◦C and 4.5 × 10−3 s−1 at 950 ◦C,
espectively).

The nano-sized BIT powder has been isothermally densified

n temperature interval of 750–1000 ◦C. Densities larger than
7% of theoretical value (TD) were achieved for samples pre-
ared in the temperature region from 775 to 850 ◦C by using
pressure of 75 MPa and applying a holding time of 3 min,



J. Liu et al. / Journal of the European Ceramic Society 26 (2006) 3233–3239 3235

F
a
o

w
a
p
T
fi
“
a
w
e
e
g
i
g
w

Fig. 3. Relative densities and grain sizes of BIT samples plotted vs. sintering
temperature. The kinetic windows within which fully dense nano-sized ceramics
were obtained are marked. Above Tg, the grains elongated platelet grains were
r
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ig. 1. Normalized shrinkage plotted vs. the temperature for Bi4Ti3O12 (BIT)
nd CaBi2Nb2O9 (CBNO) using a heating rate of 100 ◦C min−1 and a pressure
f 50 MPa.

hile for samples prepared at T > 850 ◦C a pressure of 50 MPa
nd no holding time was used. The microstructures of sam-
les compacted at different temperatures are shown in Fig. 2.
he obtained grain sizes and density data at the various densi-
cation temperatures, Tiso, plotted versus Tiso in Fig. 3 and a
kinetic window” is revealed within which full densification is
chieved pared with a very limited grain growth. The kinetic
indow is as broad as 75 ◦C ranging from 775 to 850 ◦C while

longated grains are very rapidly formed at the temperatures
xceeding 850 ◦C, thus constitutes the onset temperature (Tg) of

rain growth. Equi-axed grains of the size 150 nm are thus found
n samples prepared at 800 ◦C (see Fig. 2a) while at 1000 ◦C
rains with an average length of 2.6 �m along ab direction and
ith an average width and thickness of 0.52 �m is formed (see

9
g
w
f

ig. 2. SEM micrographs of BIT samples sintered at: (a) 800 ◦C, (b) 850 ◦C, (c) 950
sed for samples prepared at T > 850 ◦C, while for the samples prepared at T ≤ 850 ◦C
apidly formed. The grain growth along ab direction is much faster than that
long c direction.

ig. 2d). The length and width (thickness) of the grains increase
ith increasing sintering temperature as seen in Fig. 2.
CBNO compacts with densities of 95% TD or more can be

repared at T ≥ 925 ◦C using a pressure of 100 MPa and 3 min
olding time. The microstructure of the CBNO compact pre-
ared 925 ◦C reveals the presence of small platelet grains as
he starting powder. SEM studies of samples prepared above
25 ◦C revealed that these compacts consisted mostly of large

rains with substantial smaller length to width ratios comparing
ith those observed in the BIT compacts, i.e. of similar size and

orm as those depicted in Fig. 7.

◦C, and (d) 1000 ◦C. A uniaxial pressure of 50 MPa and no holding time was
a pressure of 75 MPa, a holding time of 3 min was used.



3236 J. Liu et al. / Journal of the European Ceramic Society 26 (2006) 3233–3239

F
p
c

3
m

v
s
a
1
B

s
t
w
t
d

p
s
i
t
p
r
m
t
s

3

p
s
(
e
fl
d
a
l

s

Fig. 5. Normalized compressive deformation strain (a) and deformation strain
rate (b) of the BIT sample deformed at different temperatures plotted vs. time.
A
p

a
T
i
orientation factor of 99% was recorded for the textured BIT
sample while the one for the CBNO sample was 70%.
ig. 4. Normalized compressive deformation strain of the BIT and CBNO sam-
les plotted vs. temperature. A heating rate of 100 ◦C min−1 and a constant load
orresponding to an initial compressive stress of 40 MPa was used.

.2. Superplastic deformation yielding textured
icrostructures

Fig. 4 reveals the compressive deformation strains plotted
ersus temperature. The deformation process of BIT sample
tarted at ∼760 ◦C, while that of the CBNO sample is activated
t ∼920 ◦C. The recorded maximum compressive strain rate is
.1 × 10−2 s−1 at ∼840 ◦C, and 1.3 × 10−2 s−1 at 1020 ◦C for
IT and CBNO, respectively.

The deformation compressive strain and strain rate of BIT
amples isothermally recorded at different temperatures are plot-
ed versus time in Fig. 5. In these cases the pressure is applied
hen the preset temperature is reached. It is evident that both

he compressive strain and strain rate increased with increasing
eformation temperature.

Isothermal deformation experiments of a series of BIT sam-
les with different microstructures, i.e. exhibiting the nano-
ized, sub-micron-sized and micron-sized structures depicted
n Fig. 2a, b, and c, have also been performed. The deforma-
ion experiments were carried out at 850 ◦C, and as above the
ressure is applied when the preset temperature is reached. The
ecorded strain data are plotted versus time in Fig. 6. The defor-
ation strain of the nano-sized sample is obviously higher than

he sub-micron-sized one and substantial higher than the micron-
ized one.

.3. SEM and X-ray diffraction studies

Scanning electron micrographs of the samples after super-
lastic deformation, viewed parallel and perpendicular to the
hear flow direction are shown in Fig. 7. It is clearly shown that:
i) in the BIT samples the formed grains are thin, well facetted,
longated and fairly randomly orientated parallel to the shear
ow direction, whereas they pile up themselves in the perpen-
icular direction, yielding compacts with 2D microstructures;

nd (ii) in the CBNO sample the degree of grain alignment is
ess pronounced.

X-ray diffraction patterns of the surfaces of BIT and CBNO
amples parallel to the shear flow direction are shown in Fig. 8

F
s
v
u

load corresponding to an initial compressive stress of 40 MPa was used at the
reset temperature.

nd no reflections foreign to the parent compounds are found.
he XRD patterns exhibited strong (0 0 l) diffraction peaks ver-

fying the highly textured feature of the samples. A Lotgering
ig. 6. The deformation strains of the series BIT samples with (a) nano-sized, (b)
ub-micron-sized, and (c) micron-sized structures deformed at 850 ◦C plotted
s. time. A load corresponding to an initial compressive stress of 40 MPa was
sed.
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Fig. 7. SEM micrographs taken on the polished and thermally etched surfaces of BIT
and CBNO sample deformed at 1150 ◦C (5 min) (3), parallel (a) and perpendicular (b

Fig. 8. X-ray diffraction (XRD) patterns of the surfaces oriented parallel to the
shear flow direction.
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samples deformed at 900 ◦C (holding time 5 min) (1), at 1000 ◦C (10 min) (2),
) to the shear flow direction.

. Discussion

We have shown above that it is possible to fully consol-
date nano-sized BIT powder within the temperature region
50 ◦C < T < 850 ◦C thus to obtain compacts consisting of grains
ith similar size as the precursor powder. At temperatures

xceeding 850 ◦C the compacts contained elongated randomly
riented grains and the aspect ratio increases with increas-
ng temperature. In fact, the transformation from equi-axed
rains to elongated platelet grains with a high aspect ratio
oes very fast, i.e. at 800 ◦C the compacts contain equi-
xed nano-sized grains while at 1000 ◦C, 2 min later as we
sed a heating rate of 100 ◦C, the compacts contained elon-
ated platelet grains with the a-axis � b-axis > or ∼=c-axis.

he micron-sized CBNO powder could be compacted with

imited grain growth at 925 ◦C while at higher temperatures
1000 ◦C) platelet grains with low aspect ratio are formed
mplying that the possibilities to tailor the microstructures is
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uch more restricted when micron-sized precursor powder is
sed.

The main features of the isothermal deformation experiments
uggested that: (i) the deformation of compacts consisting of
qui-axed nano-sized grains proceeds very fast, i.e. compres-
ive strain rates of the order 10−2 s−1 can easily be achieved.
he deformation of compacts containing sub-micron-sized
qui-axed grains proceeds less fast, and that of containing
andomly oriented elongated platelet grains is very much
etarded; (ii) above a critical temperature the conversion of
ano- to micron-sized grains progresses very rapidly, where the
uperplastic deformation is associated with a transportation of
he randomly oriented nano-sized grains into an almost 100%
ligned elongated platelet grains with aspect ratios exceeding
0; (iii) the aspect ratio of the grains in deformed samples
an be tailored by mastering the deformation temperature and
ime.

It is well known that the elongated growth takes place along
he ab direction of the unit cell of the BIT phase. It is commonly
ssumed that this is due to anisotropic interfacial energies. We
ave previously observed that rapid anisotropic grain growth
lso can occur in Si3N4-based systems when high heating rates
re applied via a dynamic ripening mechanism.13 In the lat-
er case a liquid is present that facilitate the transportation of
ppropriate species from one place to another. X-ray and SEM-
DS studies of polished but not etched surfaces of compacted
nd deformed BIT samples have not revealed the presence of
ny secondary phase, i.e. a phase such as Bi2O3 or Bi12TiO20
ith melting points below or in the vicinity of the compaction

nd deformation temperatures, which would provide the sys-
em with a liquid phase at temperatures exceeding ∼825 ◦C
hat in turn would facilitate the deformation and compaction
rocesses. As no liquid seems to be present a very fast grain
oundary diffusion process ought to be present. The use of fast
eating rates seems to be essential, i.e. when a nano-sized BIT
ample is very fast brought up to a temperature that substan-
ially exceeds the onset temperature of grain growth (≈850 ◦C)
he driving force for grain growth becomes large and the most
fficient way for the system to respond to this force is to prefer-
ntially localize appropriate species onto the crystallographic
urfaces that will most easily accommodate them yielding a
icrostructure that contain elongated and randomly oriented

rains. The driving force for grain growth should accordingly
ecrease with increasing grain size of the precursor powder in
greement with our experimental findings, i.e. CBNO compacts
ontaining elongated and randomly oriented grains could hardly
e produced due to the use of a micron-sized precursor pow-
er.

When a fully dense nano-sized BIT compact is exposed to
ompressive strain at T > Tg the driving force for grain growth
eems to be even larger. In this case the grain growth prefer-
ntially takes place parallel to the shear flow direction and an
lmost perfect grain-aligned compact consisting of elongated

latelet grains with the a-axis � the b-axis or ∼= the c-axis is
ormed within minutes, i.e. the superplastic deformation pro-
ess induced a directional dynamic ripening process that in turn
ielded a highly grain-aligned, textured, compact. The density of

s
b
h
d

amic Society 26 (2006) 3233–3239

he deformed compact is very similar to that of the pre-compact
mplying that the deformation does not induce formation of
ores in spite of that amount of material that is transported from
ne place to another is large at a strain of ∼60%. The resulting
icrostructure of deformed compact is strongly dependent on

he microstructure of the pre-densified compact to be deformed
s illustrated by the observation that: (i) a pre-densified com-
act consisting of randomly oriented elongated platelet grains is
ery difficult to deform; (ii) the compressive deformation exper-
ments using micron-sized pre-densified compacts of the CBNO
omposition yield compacts that are substantial less well grain-
ligned compacts and the degree of alignments obtained is in fact
f similar size as that obtained by the grain alignment processes
iscussed above.

. Concluding remarks

We have shown above that using a nano-sized starting BIT
owder we can prepare fully dense BIT compacts that contain
rains of similar size as the starting powder. This implies that
he compaction mainly occurs via grain sliding along grain-
oundaries. In the past, numerous works have aimed to improve
uperplasticity of ceramics by diminishing the sliding resistance
ia doping and reducing the grain size. In all these studies the
rain sliding process was activated thermally, i.e. by apply-
ng a high enough temperature. Such a thermal activated grain
liding process relies on the grain boundary diffusion that in
urn also is responsible for the grain growth. Accordingly, one
as observed in connection with compressive deformation of
eramics grain growth that the deformation process proceeds
airly fast during the initial part of the deformation but is soon
etarded by grain growth induced strain hardening. Our studies
how that utilising the SPS technique, i.e. performing the com-
action and deformation experiments in presence of a pulsed
lectrical field that in turn promote mass transport, the kinetic
indow that separates the grain sliding mechanism from the
rain growth one is enlarged. Through exploiting the differ-
nce in kinetics between grain growth and grain sliding and by
electively activating the grain sliding process we have observed
hat compressive strains rates in the range of 10−2 s−1 can be
chieved.

The rapid grain growth that occurs in an unpredictable man-
er is usually regarded as abnormal grain growth. However, if
t can be used in a controlled manner, grain-aligned microstruc-
ures such as those described above can be obtained. Our findings
uggest that the grain growth rate is radically enhanced by the
eduction of the initial grain size, and it is quite predicable that
apid grain growth will occur if one is able to bring the initial fine
articles/grains to high temperatures via the use of rapid heat-
ng rates. The rapid grain growth will be even further enhanced
hen additional driving forces that promotes mass transport is
ure and in presence of a pulsed electrical field. The mechanism
ehind such a rapid grain growth and grain alignment process
as been termed by us as a superplastic deformation-induced
irectional dynamic ripening.
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