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Abstract

The electrical behaviour of glass–ceramics in the system, RO–BaO–SiO2 (R = Mg, Zn), was characterised in the range from 500 to 850 ◦C by
electrochemical impedance spectroscopy (EIS) simulating the start-up thermal treatment programme of an SOFC. The thermal treatment covers the
sintering and crystallisation temperature range of the glass–ceramics. Over the whole temperature range, samples presented an electrical resistance
much higher than 104 � cm, thus behaving like insulators. Impedance spectra were expressed as Bode plots showing the impedance as a function of
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requency and phase angle. Electrical properties corresponding to the bulk specimen were obtained by employing an equivalent circuit to simulate
he impedance spectra. The influence of crystallisation on electrical properties has been followed by EIS showing the capability of this method as
thermal analysis technique.
The specific conductivities were illustrated by Arrhenius plots and its derivative (−d log σ/d(1/T)). Glass transition and crystallisation processes

trongly affect the derivative, whose shape can provide information about both processes. Hot-stage microscopy (HSM) and differential thermal
nalysis (DTA) were carried out under the same thermal conditions. The results obtained by the different techniques were analysed in detail
esulting in good agreement.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Planar solid oxide fuel-cells (SOFCs) are electrochemical
evices that directly convert the chemical energy of several gas
uels into electricity [1]. In order to prevent fuel and oxidant
as leakages at operating temperatures, gas-tight seals must be
pplied along the edges of the cells and between the stack and
he gas manifolds. The sealing material will therefore be in con-
act with the stack components, especially the electrolyte (YSZ)
nd interconnect material (stainless steel or other alloys), dur-
ng operation around 850 ◦C. The sealing material must fulfil
number of requirements. It should have a thermal expansion

oefficient (CTE) that matches those of the fuel-cell compo-
ents (9–12 × 10−6 K−1), a high chemical compatibility with
he joining materials, and high chemical stability in reducing
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and oxidising environments [2,3]. To enable formation of a stable
stack, the sealant must also not spread to the fuel-cell compo-
nents [4]. Furthermore, it should have a suitable viscosity at the
operating temperature to be able to absorb stresses and withstand
overpressures [5].

In addition, a high electrical resistance (ρ > 104 � cm, that
is σ < 10−4 S cm−1) is one of the most important requirements.
Otherwise, current leakages would take place rendering short
circuits and leading to a noticeable decrease in the electrical effi-
ciency of the fuel-cells, also bringing about electrolytic damage
[6].

Glasses and glass–ceramics seem to be the most appropriate
materials to fulfil these stringent requirements. Thus, several
studies have been conducted focused on the application of these
materials as suitable sealants for SOFCs [2,7–10].

The EIS technique has been widely used for the study of
the electrical behaviour of glasses containing alkaline ions
[11–15]. However, only a few publications deal with electrical
characterisation of alkali-free silicate glasses [16–20].
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In most oxide glasses, the electrical conductivity results from
ionic mobility. This conductivity is proportional to the concen-
tration of the charge carrier ions and to their mobility or diffusion
coefficients. In most commercial glasses alkaline ions are the
main charge carriers. However, the conduction mechanism in
various “alkali-free” silicate glasses containing earth-alkaline
ions is unknown. In barium silicate glasses with 30 and 50 mol%
barium oxide, Evstrop’ev and Kharyuzov [16] found that the dif-
fusion coefficient of barium ions and the electrical conductivity
obeyed Einstein’s Eq. (1)

σ = Z2F2Dc

RT
(1)

where Z is the ionic charge, F the Faraday constant, D the dif-
fusion coefficient, c the concentration, R the gas constant and T
is the temperature.

On the other hand, in calcium silicate glasses the diffusion
coefficient of Ca2+ is too low to account for the electrical conduc-
tivity [18]. In this case, the diffusion coefficients of monovalent
cations cannot be described by considering the glass to be a
viscous liquid but like a rigid solid with mobile interstitial ions.

Zarzycki pointed out that the co-ordination numbers of
cations in silicates can vary widely [17]. If large amounts of
alkaline earth ions are present, the anionic part of the glass must
also vary. For example, rings or chains may predominate in dif-
ferent systems. The detailed structure of the glass, and not simply
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could also be useful to determine Tg, sintering, crystallisation
and even melting temperatures [22].

In this work, EIS technique was used to study the electri-
cal behaviour of some compositions in the MgO–BaO–SiO2
and ZnO–BaO–SiO2 systems from 500 to 850 ◦C. The stud-
ied compositions have been advanced as possible candidates
as sealant glass–ceramics for SOFCs [10]. Another goal of the
work was to verify the validity and reproducibility of EIS as a
thermal analysis technique when applied to these glasses. The
influence of sintering and crystallisation processes on the elec-
trical properties was investigated. For purposes of comparison,
differential thermal analysis (DTA) and densification measure-
ments followed by hot-stage microscopy (HSM) were carried
out under the same thermal conditions. Dynamic high temper-
ature X-ray diffraction (HTXRD) was used to characterise the
crystalline phases formed during the sealing process.

2. Experimental

2.1. Sample preparation

Two glass compositions with the same BaO/RO = 1.5
(R = Mg and Zn) and different SiO2 contents were studied:
50SiO2·30BaO·20ZnO (Zn1.5–50) and 55SiO2·27BaO·18MgO
(Mg1.5–55) (mol%). These compositions exhibit good ther-
mal properties (CTE = 9.5–11 ± 0.1 × 10−6 K−1) and a sinter-
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random distribution of cations, must therefore play an impor-
ant role in ionic conduction.

Electronic conduction in oxide glasses is usually attributed
o transition metal ions. The composition of the glasses studied
n this work rules out an electronic process. Likewise, oxygen
iffusion is also considered unlikely for these glasses.

The EIS technique not only measures electrical conductivity,
ut is also useful to monitor sintering and crystallisation pro-
esses, as much in glasses [14,21,22] as in other materials [23].

The sealing of SOFCs is usually carried out by paste tech-
ology with powdered glass. Thus, for obtaining a final dense
nd gas-tight glass–ceramic seal, sintering should be completed
efore crystallisation takes place. It is important, therefore, to
etermine the critical temperatures for these processes. Viscous
ow is the dominant mechanism in glass sintering [24]. Dur-

ng sintering there are two contributions to the resistivity, one
ue to glass powder and the other to the porosity. It is common
nowledge that in most cases, pores have an electrical conduc-
ivity several orders of magnitude lower than that of the glass
14].

On the other hand, if microstructural changes take place dur-
ng the heating process, they should be reflected in the electrical

easurements, since the electrical conductivity depends on the
omposition and volume of the phases. If compositional changes
ake place, for example, because of crystallisation, the conduc-
ivity must also change. Hence, the critical temperature for these
rocesses could be detected by a change in the conductivity. In
amples that undergo a phase transition, the slope in the Arrhe-
ius plot (−d log σ/d(1/T)) is a sensitive measure for detecting
his, changing if the activation energy of the electrical conductiv-
ty of the initial and the final phases are different. Therefore, EIS
ng/crystallisation behaviour, which produces high relative den-
ities [10]. These properties are crucial factors in obtaining a
hermally stable, dense and homogeneous seal.

Batch compositions calculated to yield 25 g of glass were
repared from reagent grade BaCO3, MgCO3, ZnO and silica
and with low Fe2O3 content. The batches were melted in Pt
rucibles in an electrical furnace at 1600 ◦C for 2 h and cast in
rass moulds in air. The glasses were ground in a ball agate
ill and subsequently sieved under a 20 �m mesh. The average

article size, determined by laser scattering with a Mastersizer
instrument (Malvern Instruments Ltd.), was 10 �m.

.2. HSM, DTA and HTXRD

The sintering and crystallisation processes of powdered glass
ompositions (particle size diameter φ < 20 �m) were followed
y HSM and DTA. HSM was carried out with a hot-stage micro-
cope EM 201 with image analysis system and Leica electrical
urnace 1750/15 on small uniaxially pressed specimens (3 mm
n height and ∼3 mm in diameter) positioned onto Al2O3 plates
>99.5%). The microscope projects the image of the sample
hrough a quartz window and onto the recording device. The
omputerised image analysis system automatically records and
nalyses the geometry changes of the sample during heating. The
emperature was measured with a Pt/Rh thermocouple in con-
act with the alumina plate. The measurements were conducted
n air with heating rates of 2 and 5 ◦C min−1 up to a maximum
emperature of 950 ◦C. Densification curves were obtained from
he HSM results. The HSM software calculates the percentage
f decrease in height, width and area of the sample images with
espect to the initial dimensions of the samples, such that the
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densification as a function of temperature or time may be calcu-
lated. The relative density of cylindrical samples (density of the
sample divided by the bulk glass density) during sintering can
be obtained by

ρr =
(

hr

A2
r

)
ρ0 (2)

in which hr is the relative height and Ar is the relative area of the
samples at any temperature or time, and ρ0 is the initial relative
density of the green sample (relative to the bulk glass density).
The initial relative green density of the samples was around 0.60.

DTA tests were performed in air with an EXSTAR 6300
(Seiko) instrument employing approximately 50 mg of glass
powder (φ < 20 �m). Pt crucibles were used as sample holders
and �-Al2O3 calcined at 1200 ◦C as inert reference. The heating
rates were again 2 and 5 ◦C min−1 to 1100 ◦C.

HTXRD patterns were carried out on powder samples at
a heating rate of 2 ◦C min−1 from 600 ◦C up to 850 ◦C, fol-
lowed by equilibration at this temperature for 15 h and cooling.
One diffractogram was recorded each 50 ◦C allowing the sam-
ple to thermally stabilise; three more were taken at 850 ◦C
after 1, 5 and 15 h, and the last one at room temperature
after cooling. The equipment used was a Philips 1710 gener-
ator, vacuum (3–5 × 10−3 bar) with platinum slides as sample
support.
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cedure, the samples were subjected to different cycles of heating
and cooling from 400 ◦C to near the glass transition temperature
(Tg) at a heating rate of 10 ◦C min−1, an impedance spectrum
was recorded every 40 or 50 ◦C. The spectra were fitted using an
appropriate equivalent circuit (with Thales simulation software,
Zahner Elektrik, Kronach, Germany).

In another series of experiments, the impedance was mea-
sured at a constant frequency from ∼500 ◦C to 850 ◦C at a
heating rate of 2 and 5 ◦C min−1, again with an isothermal stage
at 850 ◦C for 15 h, followed by cooling at the same cooling rates.
This procedure was adopted in order to simulate the initial and
final working conditions of an SOFC. The constant frequency
was adjusted to a value attributed to a phase angle of 0◦ (phase
angle dominated by the resistive part of the sample), which was
obtained from the previously recorded impedance spectra at tem-
peratures close to Tg. All measurements were carried out in a
dc-powered electrical furnace controlled by a EUROIIERM tem-
perature controller with an absolute error of ±2 ◦C. Impedances
lower than 100 M� were measured with an accuracy of ±0.5%.

After the impedance measurements were completed, XRD-
patterns were recorded (using a Siemens D5000 diffractometer)
from powdered samples of the final glass–ceramics.

3. Results and discussion
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.3. EIS measurements

Disk pellets of 10 mm diameter and thickness, around 2 mm,
ere obtained by uniaxial pressing of glass particles. The initial

elative green densities were around 0.55–0.65. The conductivity
f these samples was measured using a Zahner IM5d impedance
nalyser in a frequency range from 0.1 Hz to 1 MHz with a cell
hown in Fig. 1. The samples were inserted between two plat-
num disks with a diameter of 12 mm. Each disk was connected
y two Pt-wires (diameter: 0.35 mm). Alumina tubes were used
o apply a small force necessary to keep the platinum disks in
ontact with the glass sample. The ac-amplitude used was 50 mV,
ith no dc bias. The potentiostat was connected to the sample

s displayed in Fig. 1. To establish the contact, the samples were
eated to 600 ◦C and then cooled at 10 ◦C min−1. After this pro-

Fig. 1. Scheme of the electrical cell used for EIS measurements.
.1. Sintering/crystallisation process

DTA and densification plots on the same temperature scale
llow the thermal behaviour of samples subjected to sinter-
ng and devitrification phenomena to be evaluated. Fig. 2
resents these results for a Zn1.5–50 sample at a heating rate
f 5 ◦C min−1. In the figure, Tg is the glass transition tem-
erature, Tx the onset crystallisation temperature (on heat-
ng), Tc the maximum crystallisation temperature, TFS the
emperature of first shrinkage and TMS the temperature of
he maximum shrinkage reached. The first shrinkage temper-
tures correspond to the average temperature of the temperature
ange in which the first 10% of densification is reached, and
he maximum shrinkage temperature corresponds to the aver-
ge temperature of the temperature range in which densifica-

Fig. 2. DTA and HSM plots of Zn1.5–50 powdered glass at 5 ◦C min−1.
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Fig. 3. HTRXD for Zn1.5–50 and Mg1.5–55 carried out in air at 2 ◦C min−1 and at 850 ◦C during different times.

tion is up to 10% below the maximum densification reached
[9,25].

The plot of the relative density as a function of tempera-
ture (according Eq. (2)) shows a sintering process, which starts
at around 735 ◦C and is completed around 800 ◦C. At higher
temperatures, once the maximum sintering has been reached, a
further increase of temperature no longer influences the densi-
fication process. The DTA plot shows that crystallisation starts
(Tx = 830 ◦C) after the material has reached the maximum den-
sity; Tx falls in the stage where shrinkage has finished at about
830 ◦C. Under these conditions, a dense crystallised material is
obtained. Similar behaviour is observed for the Mg1.5–55 com-
position.

The thermal data obtained by DTA and HSM of both com-
positions at the different heating rates are reported in Table 1.

The difference Tx − TMS may be assumed to be an empirical
parameter of sinterability and is higher when the ability for sin-
tering versus crystallisation is better [10]. It has been observed
for different glass compositions [10] that, for Tx − TMS ≥ 20,
sintering and crystallisation processes are separated enough to
result in dense glass–ceramics. Viscous flow allows densifica-
tion and is hindered with the presence of the first crystals. For
example, Zn1.5–50 heated at 2 ◦C min−1 showed a lower densi-
fication in the HSM experiment, with corresponding Tx − TMS

T
D

T

T
T
T
T
T
T

values lower than 20, due to a greater nucleation in these condi-
tions.

Fig. 3 shows the HTXRD patterns for Zn1.5–50 and
Mg1.5–55. No significant crystallisation was observed in
Zn1.5–50 until the appearance of barium zinc silicate at 750 ◦C.
Further crystallisation results in the formation of different bar-
ium silicates. For Mg1.5–55, crystallisation is detected after 1 h
at 850 ◦C; the main crystalline phases are barium silicates and
barium magnesium silicates. Barium silicates exhibit a CTE
∼12–14 × 10−6 K−1, which is within the range required for
SOFC operation.

3.2. Electrical conductivity

In a first set of EIS tests, the electrical conductivity was
measured from 400 ◦C to temperatures close to Tg. A typi-
cal impedance spectrum obtained over a frequency range of
0.1 Hz–1 MHz is shown in Fig. 4 for Mg1.5–55 at 640 ◦C (Bode
diagram), depicting the logarithm of absolute values of the
able 1
TA and HSM temperatures

(◦C) Zn1.5–50 Mg1.5–55

2 ◦C min−1 5 ◦C min−1 2 ◦C min−1 5 ◦C min−1

g (DTA) 676 ± 7 684 ± 7 684 ± 7 708 ± 7

FS (HSM) 723 ± 5 735 ± 5 748 ± 5 757 ± 5

MS (HSM) 788 ± 5 797 ± 5 800 ± 5 819 ± 5

x (DTA) 796 ± 9 830 ± 9 835 ± 9 852 ± 9

c (DTA) 830 ± 9 854 ± 9 863 ± 9 877 ± 9

x − TMS 8 33 35 33

Fig. 4. Bode plot recorded at 640 ◦C for sample Mg1.5–55.
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impedance, |Z|, and the absolute value of phase angle |ϕ| as
a function of logarithm of frequency.

The equivalent circuit, also shown in Fig. 4, was used for
numerical analysis of the experimental spectra. It is composed
of an inductance L attributed to the wiring, a resistivity R1 in
parallel to a capacitance C1, both representing the bulk proper-
ties of the studied samples (C1 is also affected by the scattering
capacitance of the experimental set up) and the resistivity R2,
the capacitance C2 and the Warburg impedance W, which rep-
resent phenomena occurring at the electrode/sample interface.
These parameters describe the kinetics of the electron-transfer
reactions, the electrochemical double layer and the diffusion of
redox active species to and from the surface of the electrodes, and
were not used for further analyses and discussion. The simulated
values are represented by the solid line in Fig. 4. All impedance
spectra could be simulated with high accuracy, with a maximum
error of ±5%. The procedure was the following: each impedance
element was set to a certain value and subjected to an iterative
approximation until the final values were obtained.

At low frequency, the phase angles are close to 0◦, i.e. the
samples act as pure resistors, while at high frequencies they
act as capacitors. Within a certain frequency range, from 100
to 0.1 s−1, for Mg1.5–55 at 640 ◦C (Fig. 4), the impedance is
quite constant. This range is dominated by R1, which can be
determined with high accuracy (±1%). The attributed phase
angle at high frequencies, however, is not −90◦ as it should be
f
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Fig. 5. Arrhenius plots measured from 400 to 640 ◦C for Mg1.5–55 and
Zn1.5–50.

cation is free to trigger ionic motions in all directions. On the
other hand, if cationic motion is channelled along predetermined
pathways, then the free flow of ions will only occur if these are
not blocked.

Schlenz et al. [30] have studied the structure of Ba-silicate
glasses with 33.3–37 mol% BaO. They propose that [SiO4] tetra-
hedra do not exclusively form six-member rings, but also form a
considerable number of smaller rings arranged in slightly folded
layers which alternate with barium layers and/or barium chains.
Additionally, the occurrence of tetrahedral chains, possibly iso-
lated rings, and of regions in which the [SiO4] tetrahedra form a
silica-like network is assumed. Such a structure may favour the
vacancy motion mechanism.

Fig. 6(a and b) shows the log σ versus 1/T plots for samples
Zn1.5–50 and Mg1.5–55 during heating from 500 to 850 ◦C at
heating rates of 2 and 5 ◦C min−1 with isothermal treatment at
850 ◦C for 15 h, followed by further cooling at the same rates.
These results correspond to the second series of measurements
carried out at a fixed frequency of 533 mHz. According to the
Bode diagrams, at this frequency, the phase angle was dominated
by the resistive part of the sample at all temperatures for both
samples. The conductivity varies from 7.63 × 10−10 S cm−1 at
500 ◦C to 1.49 × 10−6 S cm−1 at 808 ◦C for Zn1.5–50 and from
1.72 × 10−9 S cm−1 at 500 ◦C to 1.42 × 10−6 S cm−1 at 842 ◦C
for Mg1.5–55 both at 5 ◦C min−1. Thus, the resistance, is much
higher than 104 � cm throughout the temperature range, demon-
s

a
l
m
b
n
u
t

or the ideal case, but somewhat larger (−80◦). This is usually
xplained [26] by dielectric losses which are taken into account
y the impedance element “capacitor loss” used for the simu-
ation. Both resistance and phase angle curves shift to higher
requencies with increasing temperatures.

The specific conductivities of the samples were calculated
rom the respective resistivity R1 using Eq. (3)

=
(

1

R1

) (
l

A

)
(3)

here l/A (thickness/area) is the corresponding geometric factor
f each sample.

The Arrhenius plot (log σ = log σ0 − E/2.3 kT) from 400 ◦C
o temperatures close to Tg is shown in Fig. 5. The conductivity
σ) at 600 ◦C is equal to (5.6 ± 0.3) × 10−9 S cm−1 for Zn1.5–50
nd (6.3 ± 0.3) × 10−9 S cm−1 for Mg1.5–55, with activation
nergies of 0.86 ± 0.02 eV for Zn1.5–50 and 0.93 ± 0.02 eV for
g1.5–55.
Homogeneous silicate glasses are usually alkaline ion con-

uctors although in the present case, alkaline earth ions and
n2+ are likely to be the charge carriers. It is still not clear if

onic diffusion and transport in glass is primarily a vacancy or
n interstitial process. The Anderson Stuart [27] and Funke [28]
heories propound a vacancy mechanism, where it is assumed
hat the primary process is the jumping of a catión into a nearby
equivalent) site. In contrast, the Elliot model [29] must be inter-
reted as an interstitial mechanism, since the jumping process
s itself triggered by the arrival of an additional cation.

It could be argued that the interstitial mechanism would be
avoured by a homogeneous glass structure, where the extra
trating that the materials behave as insulators.
From Fig. 6(a and b), it can be noted that up to temperatures

round 640 ◦C the temperature dependence of conductivity σ is
inear. As the temperature rises permitting structural rearrange-

ents, the conductivity starts to deviate from Arrhenius-like
ehaviour, increasing more rapidly leading to a shorter Arrhe-
ius region with a higher activation energy. This slope change,
sually assigned to glass transition phenomena, is reinforced in
his case by the reduction of porosity (sintering process) taking
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Fig. 6. Arrhenius plots for: (a) Zn1.5–50 and (b) Mg1.5–55.

place during heating from T > Tg. The intersection between
linear regions on the log σ versus 1/T plot has been used to deter-
mine Tg (Table 2). Tg values obtained by DTA (Table 1) and EIS
(Table 2) are in good agreement within the measurement errors
shifting towards higher temperatures as heating rate increases.

Above Tg (Fig. 6), conductivity continuously increases until
a maximum at temperatures close to crystallisation takes place.

Table 2
EIS temperatures (±9) (◦C)

T (◦C) Zn1.5–50 Mg1.5–55

2 ◦C min−1 5 ◦C min−1 2 ◦C min−1 5 ◦C min−1

Tg (Fig. 6) 673 683 673 701
Maxima range

(Fig. 7a)
650–770 670–790 650–825 690–840

Minima range
(Fig. 7a)

800 826 839 850

Impedance measurements conducted at 850 ◦C for 15 h showed
only slight changes. The isothermal variation of the resistance
is negligible within experimental error (±1%); thereby demon-
strating the stability of the crystalline phases formed and that no
phase transformations take place. The values ofσ (S cm−1) range
between 10−6 and 10−6.5 for Mg1.5–55 and between 10−5.9 and
10−6.1 for Zn1.5–50.

After maintaining the sample 15 h at 850 ◦C, the conductivity
during cooling (Fig. 6a and b) fits an Arrhenius plot with activa-
tion energies of 1.5 eV for Zn1.5–50 and 1.3 eV for Mg1.5–55
at 2 ◦C min−1. XRD patterns at the end of the heat treatment
indicate that samples are crystallised and are similar to those
performed with HTXRD. The crystalline phases obtained are
the same, independent of the heating rate, with a predominance
of barium silicates and barium zinc silicate for Zn1.5–50 and,
barium silicates and barium magnesium silicates for Mg1.5–55.
The activation energies obtained during cooling can be attributed
to the final glass–ceramics and are quite similar for the different
cooling rates, indicating that the conduction mechanism is the
same.

3.3. Sensitivity of impedance measurements to phase
transitions

For an ideal glassy ion-conductor, log σ shows a linear depen-
dency with 1/T for T < T and hence, the derivative is constant
a
t
v
A
T
i
b
i
h
u
c
a
5

m
w
r
s
w
o
a

f
t
m
a
o
p

d
5

g
nd related to the Arrhenius activation energy for ionic conduc-
ivity. When a phase transition occurs or a new phase appears, the
iscosity behaviour and the transport properties will be affected.
s a consequence, the derivative will change with temperature.
hus, the study of the derivative during heating of the curves

n Fig. 6(a and b) (−d log σ/d(1/T)) is of special interest for a
etter understanding of the glass transition region and sinter-
ng and crystallisation processes. For this purpose, the EIS data
ave been compared with those obtained by DTA and HSM
nder the same thermal conditions. Fig. 7 shows the derivative
urves (−d log σ/d(1/T)) obtained from EIS along with the DTA
nd densification curves for Zn1.5–50 at heating rates of 2 and
◦C min−1.

The derivative of the conductivity exhibits a broad maxi-
um in the temperature range 650–770 ◦C and 670–790 ◦C and
ell-defined minima at 800 and 826 ◦C for 2 and 5 ◦C min−1,

espectively. Mg1.5–55 (not shown) derivative curves exhibit
imilar behaviour. Table 2 presents the temperature range over
hich a maximum occurs and the temperature of the minima
btained from the derivative curves. These data are in good
greement with those presented in Table 1.

The broad maximum in the derivative of conductivity as a
unction of temperature for Zn1.5–50, Fig. 7, extends from 650
o 790 ◦C depending on the heating rate. In this range two ther-
al processes appear: glass transition between 660 and 690 ◦C

nd the beginning of the sintering process, with a rapid reduction
f porosity. The proximity in temperature of the two phenomena
revents a more accurate assigments of the maximum.

An easier explanation can be found for the minimum of both
erivates of the conductivity plots for heating rates of 2 and
◦C min−1. These sharp minima coincide well with Tx, the onset
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Fig. 7. (a) Derivative curve (−d log σ/d(1/T)), (b) DTA and (c) sintering of
Zn1.5–50 samples.

point for the crystallisation process, indicating the first appear-
ance of crystals in the glassy matrix (compare Tables 1 and 2).
It is clear that when this point occurs after TMS, the maximum
shrinkage temperature, a dense and homogeneously crystallised
glass–ceramic is obtained at the end of the thermal process. In
contrast, when T < TMS, the densification stops thus inhibiting
further sintering. The earlier appearance of Tx for a slower heat-
ing rate results from greater nucleation, leading to incomplete
densification.

These results demonstrate the potential of EIS when applied
to the study of processes involving microstructure changes, such
as glass transition or crystallisation.

4. Conclusions

Electrochemical impedance spectroscopy (EIS) was used to
characterise the electrical behaviour of glass–ceramics in the
systems, RO–BaO–SiO2 (R = Mg, Zn,), at the temperatures rele-
vant for SOFC operation. The samples are insulators, exhibiting
electrical resistances much higher than 104 � cm in the range
studied of temperatures.

For an ideal glassy ion-conductor, log σ shows a linear depen-
dency with 1/T for T < Tg. When a phase transition occurs or a
new phase, the viscosity behaviour and the transport properties
will be affected. In consequence, the derivative (−d log σ/d(1/T))
c

of conductivity is related to the range of the glass transition and
the beginning of the sintering process. The proximity in temper-
ature of both phenomena prevents a more accurate assignment
of the maximum.

On the other hand, the sharp minima obtained coincide well
with Tx, the onset point for crystallisation process, indicating the
first appearance of crystals in the glassy matrix. When this point
situates after TMS, the maximum shrinkage temperature, a dense
and homogeneously crystallised glass–ceramic is obtained. In
contrast, when T < TMS, the densification stops thus inhibiting
further sintering. The role of nucleation in the advance occurring
of Tx for slower heating rate is the origin of this uncompleted
densification. The earlier appearance of Tx for a slower heat-
ing rate results from greater nucleation, leading to incomplete
densification.

The EIS results are in good agreement with DTA and HSM
analysis made in the same thermal conditions. EIS has confirmed
its potential for investigating thermal processes in glasses.
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