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Grain-sized influence on the phase transition of Bi Mo WO : an26 9 69

X-ray diffraction and impedance spectroscopy study

F.C. Fonsecaa, M.C. Steilb,), R.N. Vannierb, G. Mairesseb, R. Muccilloa

a Instituto de Pesquisas Energeticas e Nucleares, Comissao Nacional de Energia Nuclear, C.P. 11049, Pinheiros, 05422-970,´ ˜
Sao Paulo, SP, Brazil

b ( )Laboratoire de Cristallochimie et Physicochimie du Solide UPRES A 8012 , ENSCL, BP 108, 59652 VilleneuÕe d’Ascq cedex, France

Received 24 July 2000; received in revised form 6 November 2000; accepted 22 January 2001

Abstract

In order to investigate the microstructure dependence of the monoclinic–triclinic phase transition of Bi Mo WO ,26 9 69

dense samples with different grain sizes were produced by isostatic pressing and controlling sintering temperature and time.
Ž .The structural and electrical properties were studied by X-ray diffraction at room and at high temperature and impedance

spectroscopy, respectively. The influence of the microstructural properties on the triclinic–monoclinic phase transition and
on the electrical properties of the Bi Mo WO were described by the following parameters derived from the fitting of26 9 69

impedance diagrams: depression angle, relaxation frequency and total electrical conductivity. Impedance spectroscopy
results are in agreement with the high-temperature X-ray diffraction data; both techniques show that phase transition kinetics
depends on the microstructural properties, remarkably on the grain size.q2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

In the field of oxide ion conduction, bismuth-based
materials exhibit interesting electrical properties at
moderate temperatures: 300–6008C. Depending on
their dimensionality, they can be classified into three
groups: three-dimensional ion conductors, Bi O be-2 3
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w xing the prototype of the bismuth-based oxides 1 ;
two-dimensional ion conductors represented by the
BIMEVOX family, which has generated an increas-

w xing interest during the last decade 2 ; one-dimen-
sional ion conductors, with Bi Mo O and related26 10 69

w xphases, with a structure based on Bi O columns12 14 `

w x3 .
Depending on the temperature, Bi Mo O ex-26 10 69

hibits two polymorphs: a triclinic form, stable from
room temperature to 3108C, and a monoclinic one,

Žstable above 3108C up to the melting point ;
.9758C . The triclinic distortion at room tempera-

ture is very small and the Bi Mo O structure26 10 69

was resolved in P space group withas11.7422rc
˚ ˚ ˚Ž . Ž . Ž .8 A, bs5.800 7 A, cs27.77 5 A andbs

0167-2738r01r$ - see front matterq2001 Elsevier Science B.V. All rights reserved.
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Ž .102.94 68 from single crystal X-ray diffraction data
w x3 . In order to improve the electrical properties of
this phase, several attempts of substitution for bis-

w xmuth or molybdenum were performed 4 . The best
properties were obtained for tungsten-doped pha-
ses. A Bi Mo W O solid solution with 0Fx26 10yx x 69

-2 was evidenced. At room temperature the sym-
metry of these phases remains triclinic within the
entire solid solution domain, and a decrease of the
temperature of phase transition is observed when the
substitution ratio is increased. Forxs1, this phase
transition temperature decreases to 2508C. An elec-
trical conductivity value of 10y3 S cmy1 was mea-
sured at 3508C with a thermal activation energy of

w x0.43 eV in the monoclinic domain 4 .
These materials are potentially attractive for use

as electrolytes in some devices such as oxygen gen-
erators. For this application a compactness higher

w xthan 95% is required 5 . Therefore, to have usable
dense ceramics, the sintering conditions have to be
optimized.

The effect of grain size on phase transitions is
well known. A typical example is the tetragonal–
monoclinic phase transition in zirconia-based ceram-

w xics 6–8 .
w xAfter the work by Bauerle 9 , impedance spec-

troscopy has become an important technique to study
electrical properties of materials, and today it is a
standard technique for solid electrolyte characteriza-
tion. Many efforts trying to correlate the electrical
properties to the microstructural properties using
impedance spectroscopy have been reported. Grain
growth and pore elimination during sintering of yt-

w xtria-stabilized zirconia 10–12 , cubic phase decom-
w xposition of magnesia partially stabilized zirconia 13 ,

dependence of the electrical properties on grain size
w xof BICOVOX 14 , characterization of highly con-

w xductive grain boundaries in AgCl 15 and the pow-
der synthesis technique effect on the electrical con-

w xductivity of LSGM 16 , are some examples of the
use of this technique to study the dependence of the
electrical properties of different materials on their
microstructure.

In this study, the Bi Mo WO composition was26 9 69

selected. In a first step, the sintering behavior was
studied; in a second step, the influence of the mi-
crostructure on the phase transition and on the elec-
trical properties was examined.

2. Experimental

2.1. Sample elaboration

Bi Mo WO powder was prepared by solid state26 9 69

reaction in air from stoichiometric amounts of Bi O2 3
ŽRiedel-De-Haen, 99.5% purity, previously decar-¨

. Ž .bonated at 6008C , MoO Merck, 99.5% and WO3 3
Ž . w xRiedel-De-Haen, 99% , as previously described 3 .¨

ŽThe powder mixture was attrition milled Netzsch
. Ž .PE 075 with zirconia balls 2 mm diameter to

reduce the mean particle size. The milling conditions
were: 30 wt.% of Bi Mo WO in a suspension of26 9 69

ethanol, 1000 rpm, for 4 h. After milling, the powder
was dried for 20 h at 1008C and granulated with a
100 mm sieve. The resulting powder was analyzed
by SEM and the estimated average particle size was
smaller than 1mm.

The sintering behavior was studied by dilatomet-
Ž .ric analysis Linseis dilatometer with 108Crmin

heating rate, 9008C maximum temperature, 1 h hold-
ing time at maximum temperature and 108Crmin
cooling rate in air.

ŽCylindrical pellets 10 mm diameter and approxi-
.mately 4 mm thickness were prepared by uniaxial

pre-pressing followed by isostatic pressing at 150
MPa. The average green density was 57.3"0.7%

Ž 3 w x.TD theoretical densitys 7.63 grcm 4 . A
Bi Mo WO powder bed inside an alumina cru-26 9 69

cible was used for sintering in a resistive furnace. In
order to obtain different average grain sizes, sinter-
ing temperatures ranged from 7508C to 9008C and
sintering time from 0.2 to 36 h. Heating and cooling
rates were 108Crmin. Three supposedly identical
samples of each different sintering temperature and
time were produced for evaluation of experimental
dispersion of density determinations. After sintering,
samples were machined with SiC paper and cleaned
with ethanol in ultrasound. Final typical dimensions
were 7 mm diameter and 3 mm thick.

Polished and thermally etched samples were ob-
served in a Jeol JSM5300 scanning electron micro-
scope for microstructural characterization. Surfaces
were polished with SiC paper. Grain boundaries

Žwere revealed by thermal etching at 508C or 1008C
.depending on sintering temperature below the sin-

tering temperature for 20 min. For SEM observation,
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polished surfaces were covered with gold by sputter-
ing.

2.2. X-ray diffraction and impedance spectroscopy

Powder specimens were analyzed by X-ray
Ž .diffraction Siemens D5000 diffractometer using Cu

K radiation. For room temperature analysis, thea

measurements were performed inur2u scanning
mode in the 5–608 2u range, with a 0.028 step size
and 15 s counting time, using a graphite monochro-
mator and a scintillation detector. For high-tempera-
ture experiments, a HTK 1200 Anton Paar device

Ž .and a position-sensitive detector PSD were used.
The analyses were performed in the 10–708 2u
range inuru scanning mode with a 0.0158 step size

Žand a 0.25 s counting time with a delay of 60 s each
.diffractogram was recorded in about 18 min be-

tween 408C and 4008C with a temperature step of
208C and a scanning rate of 0.18Crs on heating and
cooling.

The electrical properties were studied by
impedance spectroscopy with a computer controlled
Solartron 1260 impedance analyzer with 1 V ampli-
tude signal over the 1 Hz to 30 MHz frequency
range. A stainless steel sample holder, for three
samples, with type K thermocouple and gold leads
was used inside an alumina tube positioned in a
resistive furnace. The alumina tube has its outer
surface painted with platinum paste and is electri-
cally shielded from the furnace by a conductive net
connected to ground. Gold electrodes were applied to
the parallel surfaces of the samples by sputtering.
Impedance measurements were performed in three
consecutive heatings between 2008C and 5008C in
air. All impedance diagrams were normalized to a
geometrical factor equal to one. The curve fitting

Žwas done with the ZView software Scribner Associ-
.ates .

3. Results and discussion

3.1. Sintering behaÕior and sample microstructure

Fig. 1 shows the dilatometric curve and its deriva-
tive for Bi Mo WO . The shrinkage starts at ap-26 9 69

proximately 5508C and the maximum densification

Ž .Fig. 1. Shrinkage curve and its derivative dotted curve as a
function of temperature for Bi Mo WO .26 9 69

temperature is 7308C. The sintering process finishes
at about 8308C with a final shrinkage of approxi-
mately 17%.

Table 1 shows the relative densities of ceramic
samples for different sintering temperatures and
times. Samples sintered for 1 h at temperatures
between 7508C and 9008C reach the maximum rela-

Ž .tive density values around 96.5% . The sample sin-
tered at 7508Cr0.2 h has the lowest relative density
Ž .91.5% , probably related to incomplete pore elimi-
nation. Slightly lower relative densities are observed

Žfor samples sintered at 9008C for longer times 12
.and 36 h .

Fig. 2 shows typical micrographs corresponding
to samples sintered at 7508Cr0.2 h, 7508Cr1 h,
8008Cr1 h, 8508Cr1 h, 9008Cr1 h and 9008Cr36
h. A first observation shows that the specimens are
dense with low intergranular porosity. An increase of
grain size with increasing sintering temperature and
time is noticed. The estimated average grain size for
the sample sintered at 7508Cr1 h is about 1mm and
for the sample sintered at 9008Cr1 h is about 10
mm. Samples sintered at 7508C are more homoge-
neous than samples sintered at higher temperatures,
which show abnormal grain growth. Cracks are evi-
denced for samples sintered at 9008C and their num-
ber and length increase with sintering time. The
presence of cracks is a possible explanation for the
slight decrease of relative density values for samples
sintered at 9008C for 12 and 36 h.

3.2. X-ray diffraction

Fig. 3 shows X-ray diffraction patterns recorded
at room temperature on samples sintered at 7508C,
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Table 1
Relative densities as a function of sintering temperature in
Bi Mo WO26 9 69

Sintering Sintering Relative
aŽ . Ž . Ž .temperature8C time h density %

750 0.2 91.5"0.7
750 1 96.4"0.3
800 1 96.7"0.1
850 1 96.7"0.7
900 1 96.4"0.6
900 12 96.2"0.6
900 36 95.7"0.2

a 3 w xTheoretical densitys7.63 grcm 4 .

8508C and 9008C for 1 h. Specimens sintered at
8508C and 9008C show the characteristic doublet at

2us278 due to triclinic distortion. This doublet is
not observed in the specimen sintered at 7508C. In
this case, the Bragg peaks have larger width because
of the smaller crystallite size, and the resolution is
lowered.

Fig. 4 shows high-temperature X-ray diffraction
patterns of samples sintered at 7508C and 9008C for
1 h.

The triclinic–monoclinic phase transition on heat-
ing and its reversibility on cooling are clearly ob-
served around 2608C for both samples. However, for

Žthe sample sintered at 7508C grain size of about 1
.mm , this phase transition begins at 2008C and both

structural phases coexist between 2008C and 2608C.
ŽFor samples sintered at 9008C grain size of about 10

Ž . Ž . Ž . Ž .Fig. 2. Scanning electron micrographs of Bi Mo WO specimens sintered at a 7508Cr0.2 h, b 7508Cr1 h, c 8008Cr1 h, d26 9 69
Ž . Ž .8508Cr1 h, e 9008Cr1 h and f 9008Cr36 h.
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Fig. 3. X-ray diffraction patterns of Bi Mo WO specimens26 9 69

sintered at 7508C, 8508C and 9008C for 1 h.

.mm the phase transition occurs rapidly around 2608C
without any coexistence of two phases. This result is
the first evidence of the grain size influence on the
phase transition of Bi Mo WO .26 9 69

3.3. Impedance spectroscopy

3.3.1. Impedance diagrams as a function of the
applied signal

To separate out the electrolyte and the electrode
contribution of the impedance diagrams, three signal
amplitudes were used in impedance measurements:
100 mV, 500 mV and 1 V. Fig. 5 shows impedance
diagrams at 2808C of samples sintered at 7508Cr1 h
and 9008Cr12 h as a function of the applied signal.
Only the low frequency region, between 1 and 0.1
Hz, is affected by changing the amplitude of the
applied signal. The estimated capacitance values for
the response in this low frequency region are close to
10y5 F. These are indications that the low frequency
regions of the impedance diagrams are the response
of the electrolyterelectrode interface. In this study
the electrode responses in the impedance diagrams
were subtracted.

The range switching of the Solartron 1260 be-
tween 5 kV and 50V feedback resistor is visible at
1 MHz in the impedance diagrams for a specific

Ž .resistance range in the region of 5 kV . Some
scattering of experimental data are observed at high
frequencies, especially in the same range of resis-
tance values that occurs the switching of the feed-
back resistor. It is worthwhile to point out that this
scattering is more evident for data points at frequen-

cies above 10 MHz, which were not taken into
account in the fitting of the diagrams.

3.3.2. Influence of the thermal history on the
impedance diagrams

Impedance measurements were performed during
heating in three consecutive heatingrcooling cycles
between 2008C and 5008C in air. The first heating
was from room temperature up to 3208C, followed
by cooling to 2208C; after 12 h at that temperature,
the temperature is increased up to 3508C, followed
by cooling to room temperature; after 48 h at that
temperature, the temperature is increased up to
5008C. Fig. 6 shows impedance diagrams measured

Ž . Žat 2268C before phase transition and 3228C after
.phase transition for the three different heating pro-

files, for samples sintered at 7508Cr1 h and
9008Cr12 h. At 3228C, in the monoclinic domain,
the impedance diagrams of samples sintered at the
same temperature are similar indicating that the elec-
trical properties do not depend on the thermal history

Žfor temperatures above the phase transition the de-
pendence of sintering temperature on the impedance

.diagrams is discussed in next section . At 2268C
Ž .triclinic domain , on the other hand, the impedance
diagram after the second heating profile shows that
Bi Mo WO retains a portion of the high conduc-26 9 69

tivity monoclinic phase. Impedance spectroscopy
measurements during the third heating profile show
that the samples are less resistive than during the
first heating. Total resistivities during the second

Ž .heating third heating for the sample sintered at
Ž .7508Cr1 h and 9008Cr1 h are 26% 66% and 28%

Ž .88% of the total resistivity during the first heating,
respectively. That difference indicates that specimens

Ž .sintered at 7508C smaller grain sizes have slower
kinetic for phase transition than those sintered at
9008C. From these observations, we can conclude
that the electrical properties and the phase transition
in Bi Mo WO ceramics depend on thermal his-26 9 69

tory and grain size. In order to get more details on
the electrical and structural properties, the same ther-
mal cycle was applied to all specimens sintered at
different temperatures. The impedance spectroscopy
analyses reported in this study are those of the third
heating unless otherwise mentioned.

In order to investigate the phase transition depen-
dence on the grain size, samples sintered at 7508C,



( )F.C. Fonseca et al.rSolid State Ionics 140 2001 161–171166

Ž . Ž .Fig. 4. High temperature X-ray diffraction patterns of Bi Mo WO specimens sintered at a 7508Cr1 h and b 9008Cr1 h.26 9 69

8508C and 9008C for 1 h were heated to 4008C for 2
h, and cooled down to 2508C. The impedance spec-
troscopy measurements were carried out as a func-
tion of time at 2508C. Fig. 7 shows the evolution of

Ž .the total electrical resistivity normalized tots1 h

as a function of time. It can be observed that the
evolution of the total electrical resistivity depends on
the grain size. Samples with smaller grain sizes have
a slower evolution than samples with larger grain
sizes.
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Fig. 5. Impedance diagrams for different amplitudes of applied
signal of Bi Mo WO specimens sintered at 7508Cr1 h and26 9 69

9008Cr12 h measured at 2808C. In this figure and in Figs. 6, 8
and 11, the numbers indicate the logarithm of signal frequency.

3.3.3. Influence of the sintering temperature on the
impedance diagrams

Fig. 8 shows the impedance diagrams measured at
several temperatures of samples sintered at different
temperatures. An evolution of the shape of the
impedance diagrams can be observed as a function

Žof the measuring temperature in the phase transition
.temperature range and sintering conditions. It is

characterized by two main features: the decrease of
the total electrical resistivity and a progressive dis-
tortion towards a two-semicircle shape.

Several conclusions can be drawn from the dia-
Ž .grams. At low temperatures Fig. 8a , all samples

show only one semicircle with calculated capaci-
tance values around 8=10y12 F. An increase of the
total resistivity with sintering temperature and time
Žwhich is directly related to the microstructure evolu-

.tion shown in Fig. 2 : 95 and 750 kVPcm for
samples sintered at 7508Cr0.2 h and 9008Cr36 h,
respectively.

Specimens sintered at 7508C are less resistive
Ž .before phase transitionT-3008C . Samples sin-

tered at temperatures higher than 7508C show a rapid
decrease of the total electrical resistivity, that starts

at approximately 2608C. This decrease is observed to
happen at lower temperatures for samples sintered at

Ž .8008C and 8508C with intermediary grain sizes
Ž .than in samples sintered at 9008C Fig. 8b and c .

After phase transition the samples sintered at 7508C
have larger resistivities than all sintered at higher

Ž .temperatures Fig. 8d . Specimens sintered at 7508C
clearly exhibit two semicircles for temperatures
higher than approximately 2608C that are most prob-
ably related to the intragranular properties and inter-
granular blocking of charge carriers, since they have

Žthe higher grain boundary density smaller grain
. w xsize 17–19 . All specimens sintered at 8008C and

higher temperatures show highly distorted semicir-
Ž .cles during the phase transition Fig. 8c and two

semicircles are identified for temperatures above the
Ž .phase transition Fig. 8d . Because of the high con-

ductivity and the consequent inductive parasite effect
of the experimental setup, it was not possible to
resolve the diagrams for temperatures above 2808C,
except for samples sintered at 7508C and measured

Ž .between 2608C and 3108C Fig. 11 .
In the triclinic domain only one semicircle was

observed. A possible interpretation is that the tri-
clinic, monoclinic and the grain boundary contribu-
tions overlap, with the triclinic response in the mid-
dle. After the phase transition, the triclinic response
vanishes and it is possible to separate out the mono-
clinic bulk and grain boundary relaxations.

3.3.4. Impedance spectroscopy analysis
Fig. 9 shows Arrhenius plots of the total electrical

conductivities of the studied samples. Three domains
are evidenced: monoclinic, phase transition and tri-
clinic ranges. The phase transition is clearly ob-
served around 2808C. Two distinct groups can be
distinguished: specimens sintered at 7508C and spec-
imens sintered at higher temperatures. The speci-
mens sintered at 7508C exhibit a continuous transi-
tion of the electrical conductivity values close to the
phase transition temperature. The specimens sintered
at higher temperatures are less conductive at temper-
atures below 2808C and the electrical conductivity
values increase rapidly in the 260–2808C range. For
temperatures above 3008C, the electrical conductivity
values are of the same order of magnitude for all
sintering temperatures. The average activation en-
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Fig. 6. Impedance diagrams of Bi Mo WO specimens sintered at 7508Cr1 h and 9008Cr12 h measured at 2268C and 3228C for the three26 9 69

different heating cycles.

ergy values calculated for the triclinic and mono-
clinic phases, taking into account all sintering tem-
peratures, are 1.1"0.1 eV and 0.48"0.04, respec-
tively.

Ž .Fig. 10 shows the depression angleb values as
a function of temperature. Samples sintered at

Fig. 7. Isothermal evolution of the total electrical resistance.

7508Cr1 h, 8008Cr1 h and 8508Cr1 h have similar
values, approximately 138, at low temperatures. This
is a value usually obtained for fitted bulk semicircles

w xin impedance diagrams 11,20 . The samples sintered
at 7508Cr0.2 h and at 9008C have higher values of
b probably related to the lower homogeneity of
these samples due to the presence of pores and

w xcracks 20,21 , respectively. The depression angle is
presented in this study as a representation of the
one-towards-two semicircles shape distortion with
increasing temperature and its dependence on grain
size. Samples sintered at 7508C display a continuous
increase of b, and for 2408C the b values are
around 308. Samples sintered at higher temperatures
initially have constantb values and exhibit a rapid
increase with increasing temperature. This rapid in-
crease of b values starts at 2508C for samples
sintered at 8008C and 8508C and, at approximately
2708C for samples sintered at 9008C. For b values
exceeding 308, it was difficult to resolve the impe-
dance diagrams using a one-semicircle model. The
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Fig. 8. Impedance diagrams of Bi Mo WO specimens measured at 2268C, 2628C, 2868C and 3228C.26 9 69

divergence of the depression angle is related to the
splitting of the impedance diagrams into a two semi-
circles shape and characterizes the triclinic-to-mono-
clinic phase transition.

Fig. 9. Arrhenius plots of the total electrical conductivity deter-
mined from the impedance diagram of Bi Mo WO samples.26 9 69

Impedance diagrams of samples sintered at 7508C
were resolved using a two-semicircles model for
temperatures between 2608C and 3108C. An example
is shown in Fig. 11. The capacitance values for the

Fig. 10. Dependence of the depression angle values on the temper-
ature of measurement of the impedance diagrams of
Bi Mo WO .26 9 69
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HF semicircle and LF semicircle are around 10y11

and 10y9 F, respectively. These values are within
the accepted range for capacitance values corre-

w xsponding to bulk and grain boundaries 22 and are
related to the monoclinic bulk and grain boundary
relaxations, respectively.

In addition to the electrical conductivity, another
parameter derived from the fitting of the impedance
diagram can be used to describe the phase transition
and the splitting of the impedance diagrams before

Ž . Žphase transition one semicircle and after two semi-
.circles . This parameter is the relaxation frequency

Ž .the apex frequency of a semicircle and its major
advantage in relation to the electrical conductivity is
that this parameter does not depend on sample’s

w xgeometry 23 . Fig. 12 shows the Arrhenius plot of
the relaxation frequencies.

ŽFor low temperaturesT-2508C; triclinic do-
.main , specimens sintered at 7508C have larger re-

laxation frequency values than samples sintered at
higher temperatures. For temperatures between 2608C
and 3108C, samples sintered at 7508C have higher
relaxation frequency values for the HF semicircle
Ž .related to monoclinic relaxation than would be
expected by the linear fitting of the relaxation fre-

Žquencies at temperatures below 2508C triclinic do-
. Žmain . Since triclinic phase and grain boundaries LF

.semicircle have very close values of relaxation fre-
quency, the two contributions are very convoluted at
low temperatures and could not be separated.

The higher values of the relaxation frequency and
Želectrical conductivity at low temperaturesT-

. Ž2508C for samples sintered at 7508C grain sizeF1

Fig. 11. Impedance diagrams of Bi Mo WO sintered at26 9 69

7508Cr1 h, measured at 2748C. The fitted impedance diagrams
are also shown.

Fig. 12. Arrhenius plots of the relaxation frequency determined
from the impedance diagrams of Bi Mo WO . The linear fitting26 9 69

of the data is also shown.

.mm , in comparison with samples sintered at higher
temperatures, can be explained by the presence of
some content of monoclinic phase at temperatures as
low as 1808C.

4. Conclusions

Using reactive Bi Mo WO ceramic powders,26 9 69

prepared by solid state reaction and attrition milling,
specimens were obtained by sintering at relatively

Ž .low temperature 7508C with relative density up to
96% of the theoretical density. Specimens with dif-
ferent average grain sizes were produced by varying
sintering temperature and time. In the high-tempera-
ture monoclinic domain, the dependence of the
impedance spectroscopy results on the microstruc-
ture is negligible. However, in the low temperature
triclinic domain, the electrical properties and the
kinetics of the transition are clearly dependent upon
the microstructure: specimens with small grain sizes
keep the monoclinic phase down to temperatures
lower than those with relatively larger grain sizes.
The impedance spectroscopy results regarding the
phase transition dependence on grain size are in
good agreement with the X-ray diffraction results.
Hence, the results presented here confirm that the
impedance spectroscopy technique is a useful tool to
study phase transitions in ceramic solid electrolytes,
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provided the phases involved have different electri-
w xcal resistivities 13 .
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