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bstract

he high-temperature behaviour of K0.5Bi0.5TiO3, prepared using a conventional solid-state reaction method, was investigated using X-ray powder
iffraction, scanning electron microscopy, wavelength-dispersive X-ray spectroscopy and Knudsen effusion combined with mass spectrometry.
he results revealed the formation of an off-stoichiometric matrix phase with an excess of bismuth and a deficit of potassium compared to the
toichiometric K0.5Bi0.5TiO3 during the solid-state reaction. During the thermal treatment potassium and bismuth vapours were detected over the
olid sample and related to the thermal decomposition of the matrix phase. The losses of the potassium and bismuth components shifted the nominal

omposition to a three-phase region, and as a result, K2Ti6O13 and a new Bi-rich ternary phase were formed in the system, the latter being formed
fter prolonged sintering. Differential thermal analyses and heating-microscope analyses showed a narrow sintering-temperature range limited by
he melting of the sample above 1040 ◦C.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

Due to increasing restrictions on the use of lead-based elec-
ronic materials, research on piezoelectric ceramic materials has
ended to focus more on lead-free materials. Na0.5Bi0.5TiO3
nd K0.5Bi0.5TiO3 are two of the most interesting lead-free
erroelectrics, with relatively high temperatures of the permit-
ivity maximum, i.e., 320 and 380 ◦C, respectively.1,2 While the
ublished work on Na0.5Bi0.5TiO3 and its solid-solutions with
0.5Bi0.5TiO3 is comprehensive,3–6 only a few studies were con-
ucted on the pure K0.5Bi0.5TiO3 ceramic.7–9 Recently, research
ork on K0.5Bi0.5TiO3-based ceramics moved from solid-state-
repared powders to powders prepared by different chemical
rocesses, such as sol–gel,10,11 hydrothermal,10,12 molten salt13

r the polymerized complex14 method. The literature suggests
hat the reason for the change in the synthesis route is to pre-
are finer, more homogeneous powders due to the difficulty in
intering dense, single-phase K0.5Bi0.5TiO3 ceramics using a

onventional process.

K0.5Bi0.5TiO3 ceramics are usually prepared by the solid-
tate reaction method, consisting of a calcination stage below
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000 ◦C, where K2CO3, Bi2O3 and TiO2 react with each other
o form K0.5Bi0.5TiO3,7 and a sintering stage above 1000 ◦C.6,8,9

lthough the literature reports suggest a narrow sintering-
emperature range, the reported sintering temperature of the
olid-state-prepared powders varies from 10309 to 1120 ◦C.6

uch a high sintering temperature is incompatible with the report
f the sample melting at 1070 ◦C.9 Secondary-phase formation
uring the synthesis of K0.5Bi0.5TiO3 was observed; however,
he identification of the secondary phase(s) formed in the system
s inconsistent, as some papers report a K2Ti6O13

9,15 sec-
ndary phase, while others identified K4Ti3O8.6,10–12 Because
f the potassium and bismuth components present in the sys-
em, the possibility of volatilization was suggested. Despite
his, volatilization in this system has not been investigated.
ome authors predict the volatilization of potassium oxide,8,14

hile others predict the volatilization of bismuth oxide.6,11,12

urthermore, volatilization is assumed to be the main reason
or the poor sinterability of K0.5Bi0.5TiO3 ceramics.8,12–14 In
rder to improve the sinterability of K0.5Bi0.5TiO3 powders,
ifferent chemical processes10–14 have been studied; however,
he problems with secondary-phase formation and the narrow

intering-temperature range remain.

Since the melting temperature of K0.5Bi0.5TiO3 ceramics was
ot yet determined, the reports of the volatile component are
nconsistent and the secondary phases were identified only on
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he basis of weak reflections from XRD patterns, we performed
detailed investigation of the microstructure and the chemi-

al composition of K0.5Bi0.5TiO3 ceramics that should, together
ith XRD analyses, unambiguously confirm the identity of the

econdary phase(s) and give us an insight into the processes that
ccur during the synthesis and sintering of K0.5Bi0.5TiO3 pow-
ers. Additionally, the volatizing components and the melting
emperature of K0.5Bi0.5TiO3 prepared by the solid-state method
ere examined.

. Experimental

K0.5Bi0.5TiO3 powder was prepared using a solid-state reac-
ion method. Stoichiometric amounts of reagent-grade K2CO3
99.997% Alfa Aesar), Bi2O3 (99.975% Alfa Aesar) and TiO2
99.99% Alfa Aesar) were weighed and homogenized in a plane-
ary mill, using 3-mm yttria-stabilized zirconia balls, at 200 rpm
or 1 h under ethanol. Prior to weighing, the K2CO3 powder was
ried at 200 ◦C for 4 h to remove any water content and cooled to
oom temperature in a silica-gel-filled desiccator. The homoge-
ized powders were dried, uniaxially pressed into pellets under
pressure of 100 MPa and calcined in air at 750 and 850 ◦C for
0 h with intermediate cooling and grinding. The calcined sam-
les were milled in the planetary mill at 200 rpm for 1 h under
thanol. The milled powders were then uniaxially pre-pressed
at 100 MPa) and cold isostatically pressed (at 750 MPa) into
ellets and sintered at 1030 ◦C for various times. The sintering
as performed in a tube furnace in an atmosphere of air with
eating and cooling rates of 10 ◦C min−1. Preliminary results
howed that the sample reacts with alumina; therefore, all fir-
ngs were performed on a gold foil. The density of the sintered
amples was measured using Archimedes’ method.

X-ray powder diffraction (XRD) was used to determine
he phase structure of the samples after each firing. Room-
emperature XRD patterns were recorded in the 2θ range 10–70◦
sing a powder diffractometer with Cu K� radiation in configu-
ation with Johannson’s monochromator to remove the Cu K�2
adiation (PANalytical X’Pert PRO). The typical step and step
ime used were 0.016◦ and 16 s, respectively. The microstruc-
ures of polished and fractured sintered samples were observed
n a scanning electron microscope (SEM: JEOL JXA 840A and
SM 5800). Backscattered electron (BSE) imaging in the com-
ositional contrast mode was applied to expose the presence
f secondary phases in the K0.5Bi0.5TiO3 matrix. The chemical
omposition of the samples was determined with electron-probe
icroanalysis using energy-dispersive (EDS) and wavelength-

ispersive (WDS) X-ray spectroscopy. The EDS standardless
uantitative analyses were performed at a 20-keV beam energy
sing a SEMQUANT program with a virtual standards package
ata library (EDS Oxford Instruments Link ISIS 300) and a ZAF
atrix correction.
The accurate elemental composition of the K0.5Bi0.5TiO3

atrix phase was determined with optimized, WDS quantitative

icroanalyses. The WDS measurements were carried out in a

XA 840A microanalyzer at 14 keV, with a 40-nA beam current
nd a 40◦ take-off angle. The intensities of the K-K�, Bi-M�
nd Ti-K� spectral lines were measured using the PET crystal
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i
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nd the Xe-filled gas proportional counter. The standard refer-
nce materials were single crystals of SrTiO3 and KNbO3 and
polycrystalline Bi2O3 ceramic. The elemental k-ratios were

uantified with conventional ZAF and �(�z)-XPHI16 matrix
orrections. The oxygen content was calculated according to the
ominal cation valency. High analytical precision was ensured
ith counting times set to achieve a counting error of less than
.4% relative. The detection limits,17 expressed in wt%, were
ow – 0.006 for K, 0.054 for Bi and 0.011 for Ti – which con-
rmed the high sensitivity attained with the WDS method and
onsequently allowed us to determine the elemental composition
f the K0.5Bi0.5TiO3 matrix with high accuracy.

The volatile species were determined using Knudsen effu-
ion combined with mass spectrometry (KEMS).18 In a typical
xperiment a sample (approximately 100 mg) was loaded in a
latinum Knudsen cell and placed into the evaporator of a Nier-
ype mass spectrometer. After evacuation to 10−6 Pa the sample
as first degassed at 120 ◦C. Next, the temperature was stepwise

ncreased (10 ◦C min−1 heating rate, 5 min dwell time, before
ollecting data at the measured temperature) and the abundance
f all the ion species that appeared in the mass spectrum was
ecorded. Finally, the equilibrium pressures of the neutral pre-
ursors were calculated using the following equation

i = k

⎛
⎝∑

j

I+
i,jT

⎞
⎠ (1)

he symbols represent: I+
i,j – the jth ion abundance of a neutral

recursor i/counts per second; pi – the pressure of the neu-
ral species/precursor i/Pa; T – the absolute temperature/K; k
the instrumental sensitivity constant that was determined in a

eparate experiment/(Pa K−1 Hz−1).
The details of the method18 and the experimental setup can

e found elsewhere.19

The mass losses and the melting temperature of the sam-
le were determined with thermogravimetric and differential
hermal analyses (TGA and DTA) using a simultaneous ther-

al analysis instrument (STA 449 C/6/G Jupiter, Netsch). The
xperiments were performed in an atmosphere of air using plat-
num crucibles. The sintering of a compact sample, uniaxially
ompressed at 100 MPa, was observed by means of a heating
icroscope (EM201, Hesse Instruments). The heating rate in

oth experiments was 10 ◦C min−1.

. Results and discussion

The XRD analysis of the sample with the nominal compo-
ition K0.5Bi0.5TiO3, calcined at 750 ◦C for 10 h, revealed that
t contained a K0.5Bi0.5TiO3 perovskite phase as well as some
ther crystalline phases (Fig. 1a). Though the reflections of the
econdary phases are weak, the majority of the reflections were
ttributed to a K2Ti4O9 phase. After a subsequent calcination

t 850 ◦C for 10 h the XRD pattern shows the same character-
stics (Fig. 1b); however, after sintering at 1030 ◦C for 5 h the
ositions of the weak reflections changed and were attributed to
K2Ti6O13 secondary phase (Fig. 1c). The change in the sec-
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Fig. 1. (A) XRD patterns of the K0.5Bi0.5TiO3 sample (a) after a 10 h calcina-
tion at 750 ◦C, (b) after a subsequent 10 h calcination at 850 ◦C and (c) after 5 h
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Fig. 3. XRD patterns of (a) K0.5Bi0.5TiO3 powder fired at 1030 ◦C for 20 h and
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intering at 1030 ◦C. (B) A detail of the XRD patterns (a) after the first calcina-
ion and (c) after sintering; the weak reflections of the K2Ti4O9 and K2Ti6O13

econdary phases are designated.

ndary phase will be discussed later in relation to the stability
f potassium titanates. The SEM–BSE micrographs of the sin-
ered sample clearly revealed the presence of a dark secondary
hase in the form of whiskers (Fig. 2A). The composition of the
ark phase, determined using EDS, corresponds to the K2Ti6O13
hase, which is in accordance with the weak reflections observed

n the XRD pattern (Fig. 1Bc).

With a prolonged 80-h sintering the concentration of the dark
hase in the interior of the sample slightly increased; however,
n the surface of the pellet the dark phase prevailed (Fig. 2B).

t

d
r

ig. 2. SEM–BSE micrographs of the K0.5Bi0.5TiO3 sample sintered at 1030 ◦C for (
econdary phase (bright grains) are designated. (C) A fracture surface of the K0.5Bi0.
b) K sample sintered at 1030 ◦C for 5 h. The reflections of K0.5Bi0.5TiO3 are
arked only on the (a) pattern; the reflections of K2Ti6O13 and Bi-rich phase

re marked only on the (b) pattern.

urthermore, a bright secondary phase in the form of large, elon-
ated grains (>100 �m in length) was formed, predominantly
ear to the surface of the sample. The EDS analysis of the bright
hase suggested the composition K0.1Bi0.89Ti0.81O3. The bright
hase will be hereafter referred to as the Bi-rich phase, since it
ontains more bismuth compared to the other phases. The SEM
mage of the fracture surface shows that even after prolonged
intering the matrix grains remained small, with an average size
f approximately 1 �m (Fig. 2C).

These observations indicate that the formation of the sec-
ndary phases is accelerated on the surface of the pellet.
herefore, we performed an experiment on a powdered sample
ith an increased surface area, which enabled us to more accu-

ately identify the secondary phases present. The finely ground,
ncompressed, calcined K0.5Bi0.5TiO3 powder was fired in air
t 1030 ◦C for 20 h, and analyzed using XRD. Fig. 3a shows the
attern of the as-prepared sample. The main reflections belong to
he K0.5Bi0.5TiO3 perovskite phase, the second phase identified
rom the spectra is K2Ti6O13, while the other reflections could
ot be identified on the basis of any file from the JCPDS database.
he unidentified reflections are most probably connected with
he Bi-rich phase, observed after prolonged sintering.
In order to get a clearer insight into the processes that occur

uring the synthesis of the K0.5Bi0.5TiO3 ceramics, the phase
elations around K0.5Bi0.5TiO3 were investigated. Compositions

A) 5 h and (B) 80 h; M – matrix phase, D – K2Ti6O13 (dark grains), B – Bi-rich

5TiO3 sample sintered for 80 h.
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Fig. 4. Phase relations in the K2O–Bi2O3–TiO2 system at 1030 ◦C (solid lines)
derived from the described experiments. The dashed line corresponds to 900 ◦C.
The position of the Bi-rich phase is as determined by EDS. The open arrow marks
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of the pure K2Ti4O9 phase. To verify this, the calcined sample

◦

he direction of a nominal composition change as a function of the sintering time.

ith less potassium oxide (K0.3Bi0.5TiO2.9 – K), bismuth oxide
K0.5Bi0.2TiO2.55 – B) and titanium oxide (K0.5Bi0.5Ti0.85O2.7 –
) relative to K0.5Bi0.5TiO3 were prepared and are shown in the
hase diagram (Fig. 4). The pattern of sample K (with less potas-
ium) shows weak reflections identified as K0.5Bi0.5TiO3 and
2Ti6O13; however, the main reflections could not be identified

Fig. 3b). These reflections are consistent with the unidenti-
ed reflections from the uncompressed K0.5Bi0.5TiO3 powder
red at the sintering temperature, which are most probably con-
ected to the Bi-rich phase. This was confirmed by the EDS
nalysis, which showed the same composition for the bright
i-rich phase in sample K as in the K0.5Bi0.5TiO3 pellet, and

hus the unidentified peaks in Fig. 3a and b were denoted as
he Bi-rich phase. The mismatch between the intensities of the
eaks of the Bi-rich phase are most probably due to the differ-
nt morphology of this phase observed with the SEM (isotropic
n sample K and anisotropic in K0.5Bi0.5TiO3). The XRD pat-
ern of sample B (with less bismuth) fired at 900 ◦C for 5 h
hows the presence of two phases, identified as K0.5Bi0.5TiO3
nd K2Ti4O9; however, after firing at 1030 ◦C the intensity of the
2Ti4O9 peaks decreased and the K2Ti6O13 reflections appeared

n the XRD pattern, which indicates the decomposition of the
2Ti4O9 phase. The instability of K2Ti4O9 was observed in
study of the synthesis of potassium titanate whiskers, where

he decomposition of K2Ti4O9 into K2Ti6O13 whiskers and a
2O-rich liquid phase is reported.20 The authors report that the

emperature of the K2Ti4O9 decomposition in the TiO2–K2O
ystem is around 1120 ◦C. Nevertheless, according to our exper-
ments, the temperature of the decomposition of the K2Ti4O9
hase in the investigated part of the K2O–Bi2O3–TiO2 system
s below 1000 ◦C, while the K2Ti6O13 phase appears in the form
f whiskers, as reported in the literature. The XRD pattern of

ample T contained the reflections of K0.5Bi0.5TiO3; the other
eflections in the XRD pattern of sample T could not be identified
sing the JCPDS database.
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ramic Society 29 (2009) 1695–1701

The above results confirmed that the K2Ti6O13 sec-
ndary phase is present in K0.5Bi0.5TiO3 ceramics. Also,
o evidence was found for K4Ti3O8, in contrast to some
iterature reports.3,4,6,2 Furthermore, another ternary phase
n K0.5Bi0.5TiO3 ceramics, which has not been previously
bserved, is the Bi-rich phase that forms after prolonged sin-
ering. Since the ternary phase-equilibrium diagram for the

2O–Bi2O3–TiO2 system has not been reported yet, we con-
tructed phase relations around K0.5Bi0.5TiO3 at 1030 ◦C on the
asis of the described experiments (Fig. 4).

The firing of K0.5Bi0.5TiO3 shifts the nominal composition
o the three-phase region (marked by an open arrow in Fig. 4),
hich indicates the loss of potassium and bismuth oxides from

he sample. In order to quantify the mass loss, a TGA analy-
is of the K0.5Bi0.5TiO3 powder was performed. The analysis
howed that as much as 6 wt% of the sample volatized over
he 20-h period at 1030 ◦C. The volatilization during the sin-
ering of the K0.5Bi0.5TiO3 ceramics has been predicted in the
iterature; however, it is inconsistent, assuming that only the
otassium component8,14 or only the bismuth6,11,12 component
olatizes from the sample. Furthermore, there is no exact exper-
ment documented that would confirm any volatilization. For
his reason we used the Knudsen effusion mass spectrometry
KEMS) method to determine the volatile components at ele-
ated temperatures. This method is a combination of the standard
nudsen effusion method and mass spectrometry.18 The com-
ined method makes it possible to identify gaseous species and
etermine their vapour pressure, being in thermodynamic equi-
ibrium with the solid sample.

Two sets of KEMS experiments were performed, one on a
reviously calcined sample (750 and 850 ◦C for 10 h) and one
n a starting carbonate/oxides mixture. In both cases the only
etal-containing ionic species found in the mass spectrum were
i+, Bi++, K+ and BiO+. The additional mass spectrometric mea-

urements proved that those ions come from gaseous Bi, K and
iO, respectively. The concentration of the latter molecule is
xtremely low; therefore, we consider it to be of minor impor-
ance. For pure metal oxides in general, the formation of bismuth
nd potassium vapours within the Knudsen cell at the measured
emperatures can be represented by the following equilibrium
eactions:

2O(s) ↔ 2K(g) + 1
2 O2 (2)

i2O3(s) ↔ 2Bi(g) + 3
2 O2 (3)

The result of the KEMS measurements of the previously cal-
ined sample can be seen in Fig. 5A. It is clear that the vapour
ressure of bismuth is considerably higher than the pressure of
otassium, being almost negligible compared to bismuth. Fur-
hermore, the pressure of all the species monotonically increases
ith temperature when the dependence is plotted on a loga-

ithmic scale. According to the phase diagram in Fig. 4, the
omplete loss of bismuth oxide would result in the formation
as annealed in the mass spectrometer at 940 C until the signal
f bismuth disappeared from the mass spectra. The mass loss
uring annealing was found to be noticeably higher than the
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Fig. 5. (A) The measured vapour pressure of bismuth, potassium and bismuth
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xide over calcined K0.5Bi0.5TiO3. (B) The measured vapour pressure of bismuth
nd potassium over the Bi2O3, K2CO3, TiO2 mixture (triangles: first run, open
ircles: second run).

ontent of bismuth oxide and, in addition, the remainder of the
ample showed the presence of two potassium titanate phases,
2Ti4O9 and K2Ti6O13. Thus, the results also indicate a sizable
olatilization of potassium oxide. Since the KEMS showed that
he pressure of the potassium is considerably smaller than that
f the bismuth during the annealing in the Knudsen cell, the
ajority of the potassium losses probably occurred during the

alcinations. To investigate this, a second set of KEMS experi-
ents was performed on a carbonate/oxides mixture. The result

an be seen in Fig. 5B, where two successive runs are plotted on
he graph. The first run is depicted with triangles. It is evident
hat at the early stage of the experiment (620 ◦C) the pressures
f bismuth and potassium are similar. The increase of the potas-
ium pressure with temperature is somewhat less steep, but it
s still comparable to the bismuth, unlike in the case of the cal-
ined sample. At higher temperatures (750–850 ◦C) a distinct
rop in the bismuth pressure and a more gradual drop in the
otassium pressure are observed, which might be related to the
olid-state reaction. Finally, at 900 ◦C the system seems to reach
hermodynamic equilibrium, which was checked with a subse-
uent run, designated by open circles in Fig. 5B (in between, the
ystem was cooled to room temperature). In the second run the
emperature–pressure dependence is monotonic for potassium

nd bismuth, which indicates the thermodynamic equilibrium of
he system. It appears that the reaction is finished at this stage,
nd that essentially pure K0.5Bi0.5TiO3 is in equilibrium with
he vapours (the loss of components during the first run of this
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xperiment is negligible). The pressure of the potassium over the
arbonate/oxides mixture (second run) is about six times higher
han over the calcined sample, where being considerably smaller
han the pressure of the bismuth, which, in contrast, is almost
dentical in both cases. The drop in the pressure of potassium
uring the calcination can be related to the potassium losses
etected in the first set of KEMS experiments on a previously
alcined sample.

The described KEMS measurements were performed in vac-
um. In order to apply the results to atmospheric conditions we
ave to consider the influence of oxygen on reactions (2) and
3). For the metal oxide decomposition (4)

eaOb(s) ↔ aMe(g) + b
2 O2 (4)

he dissociation constant can be calculated according to the fol-
owing equation

diss = (pMe)a(pO2 )b/2 (5)

here Kdiss is the dissociation constant of reaction (4) and pO2

nd pMe are the equilibrium pressures over solid MeaOb. Eq. (5)
hows that the influence of the oxygen pressure in the surround-
ng atmosphere greatly influences the decomposition of metal
xides and the volatilization. If we take into consideration the a
nd b coefficients from reaction (4) for the potassium and bis-
uth volatilization described by reactions (2) and (3), we see

hat the presence of oxygen has a bigger influence on decreas-
ng the volatilization of bismuth in comparison to potassium.
hus, the volatilization of potassium over the calcined sample

which is considerably smaller compared to the volatilization
f bismuth in a vacuum) becomes important and comparable to
he volatilization of bismuth in an atmosphere of air. It should
e mentioned that the vapour pressure of both the potassium
nd bismuth components increases with temperature; therefore,
ost of the losses occur during the sintering of the samples,
hile the losses during calcinations are smaller.
The thermal instability of the K0.5Bi0.5TiO3 matrix causes

ts slow decomposition and the volatilization of potassium
nd bismuth components; therefore, we decided to investi-
ate the stoichiometry of the matrix phase. The EDS analyses
f the samples sintered at 1030 ◦C for different times (5, 20
nd 80 h) showed that in all the samples the K0.5Bi0.5TiO3
atrix contained less potassium and more bismuth compared

o the stoichiometric K0.5Bi0.5TiO3. Because of the relatively
ow analytical sensitivity of the EDS method this deviation
rom the stoichiometric K0.5Bi0.5TiO3 composition was addi-
ionally checked and determined with WDS. An accurate,
uantitative WDS analysis of the K0.5Bi0.5TiO3 matrix phase
as performed on a sample sintered at 1030 ◦C for 20 h. The

verage composition of the matrix was determined from six
oint-beam analyses performed on randomly selected matrix
rains. The composition of the K0.5Bi0.5TiO3 matrix was cal-
ulated using the quantitative WDS data obtained from two

uantitative matrix-correction methods, XPHI and ZAF, and
an be described by K0.478±0.002Bi0.508±0.002Ti1.000±0.002O3 and
0.477±0.002Bi0.509±0.002Ti0.999±0.002O3, respectively. Both for-
ulas are consistent and equivalent within the range of statistical
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ig. 6. XRD results of K0.5Bi0.5TiO3 samples fired at different temperatures for
ifferent times. The vertical lines represent the diffraction lines of K0.5Bi0.5TiO3

ccording to PDF card number 36-0339.

ncertainty. The relative standard deviation of the formula
oefficients, calculated from elemental concentrations, is less
han 0.3% (between the points), and is similar to the rela-
ive counting error or precision of the WDS analysis, which
lso confirms that the K0.5Bi0.5TiO3 matrix is composition-
lly homogeneous. The presented results clearly show that
he synthesized K0.5Bi0.5TiO3 compound is not stoichiometric

0.5Bi0.5TiO3; it is potassium-deficient and contains an excess
f bismuth.

The non-stoichiometry in K0.5Bi0.5TiO3 has not been
eported before; however, A-site deficiency was documented
n a related Na0.5Bi0.5TiO3 compound, where sodium defi-
iency was connected with the pseudo-cubic symmetry of
a0.5Bi0.5TiO3.21 The authors found a stable sodium-deficient

ompound that forms a solid-solution with Na0.5Bi0.5TiO3 and
he formation of stoichiometric Na0.5Bi0.5TiO3 starts with the
ormation of the sodium-deficient end-member, which then
eacts toward the nominal composition when a sufficiently
igh temperature and/or a long firing time is used. A similar
rystal-symmetry variation with the firing temperature was also
bserved for K0.5Bi0.5TiO3. The symmetry of the K0.5Bi0.5TiO3
s pseudo-cubic after the calcinations, and this changes to tetrag-
nal during the sintering at higher temperatures (Fig. 6). Due
o the similarity with Na0.5Bi0.5TiO3, the existence of a solid-
olution around K0.5Bi0.5TiO3 was investigated. The symmetry
f K0.5Bi0.5TiO3 and the compositions K, B and T, heat treated
t different temperatures and for different firing times, was care-
ully investigated by XRD. The analysis showed a pseudo-cubic
ymmetry after the calcinations and a tetragonal symmetry after
he sintering for all samples, and furthermore, the positions of
he reflections were identical. Therefore, we concluded that the
toichiometry of the synthesized compound is always the same

nd there is no evidence of a solid-solution existing around that
ompound.

The results of the WDS and the crystal-structure analyses
howed that an off-stoichiometric matrix phase, compared to
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ig. 7. The results of (A) the DTA and (B) the heating-microscope analysis.

0.5Bi0.5TiO3, forms in the system and that there is no solid
olution around it. Rather, it appears that only a discrete com-
osition forms in the system, which has a stoichiometry slightly
hifted from the ideal one, i.e., from K0.5Bi0.5TiO3. Thus, during
he sintering the matrix phase slowly decomposes and forms the

2Ti6O13 and Bi-rich secondary phases (as observed by XRD
nd SEM analyses), as well as Bi and K vapours above the solid
ample (as determined by TGA and KEMS).

The melting temperature of the K0.5Bi0.5TiO3 powders and
he sintering behaviour of the K0.5Bi0.5TiO3 compact were
nvestigated by means of DTA and a heating microscope. The
TA curve (Fig. 7A) shows that the endothermic signal ascribed

o the melting of the sample starts at 1040 ◦C and peaks at
095 ◦C. The heating-microscope analysis (Fig. 7B) shows the
aximum shrinkage of the compact at 1050 ◦C, while at higher

emperatures the sample starts to melt and it completely deforms
t 1070 ◦C (hemisphere point). The results of the DTA and the
eating-microscope analysis are in good agreement and show
hat the sintering-temperature range is narrow, limited by the

elting of the sample above 1040 ◦C and the low density of

he ceramics below 1030 ◦C. On the basis of these results, we
etermined the sintering temperature in our experiments to be
030 ◦C. At this temperature, the optimal ratio between the
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ensity of the ceramic compact and the secondary-phase con-
entration was observed. The densities of K0.5Bi0.5TiO3 samples
intered at 1030 ◦C for 5 and 20 h were 92 and 96%, respectively,
f the theoretical density of K0.5Bi0.5TiO3. The as-prepared
0.5Bi0.5TiO3 ceramics are of sufficient quality for a proper

lectrical characterization.

. Conclusion

The results showed the volatilization of the potassium and
ismuth components during the preparation of K0.5Bi0.5TiO3
eramics. The thermal decomposition of the sample induces a
hift of the nominal composition to a composition within the
orresponding three-phase region and, consequently, secondary
hases are formed, i.e., K2Ti6O13 and a new Bi-rich ternary
hase. The WDS analysis revealed that the matrix phase is non-
toichiometric, with a deficit of potassium and an excess of
ismuth compared to the nominal K0.5Bi0.5TiO3. The sinter-
ng temperature range is narrow, limited by the melting of the
ample above 1040 ◦C, and, therefore, for a successful sinter
he sintering temperature has to be carefully selected to achieve
n appropriate density of the ceramics, as well as the lowest
econdary-phase concentration.
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