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Abstract

Impedance measurements were made in situ while a clay compact was being fired at different temperatures. The measured
impedance spectra consist of a high frequency (HF) semicircle arc and a low frequency (LF) tail. By employing an equivalent circuit
of the clay compact to simulate the impedance spectra, we have obtained values for electrical properties and the parameters of
constant phase elements (CPEs) corresponding to both bulk specimen and electrode effects. Both Arrhenius plot of specimen con-
ductance and the dielectric loss curve demonstrate a phase transition occurring in the clay at a temperature between 900 and 950 °C.
Such a phase transition was believed to be the formation of a liquid phase, which was also confirmed by using XRD technique and
dilatometer analysis. The variation of specimen conductance as a function of time, which was obtained from isothermal impedance
measurements, was found to be in agreement with the shrinkage curve. An equation relating the electrical conductance to the
density of the specimen has been established, which has been verified by examining the densification of clay during sintering.
Therefore, it is promising to use impedance measurements for examining the sintering of a wide range of ceramics in situ. © 2002

Published by Elsevier Science Ltd.
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1. Introduction

In situ monitoring of sintering process is extremely
important for understanding the sintering mechanisms
and improving the efficiency of ceramic manufacturing.
Impedance spectroscopy (IS) is a relatively mature,
cheap, and simple technique for non-destructive testing,
which has been widely used to characterise the electrical
properties of the materials and relate the changes in
these electrical properties to microstructural changes
occurring in the materials. Recently, growing interest
has been developed in employing IS to characterise the
microstructure of ceramic materials,'= particularly for
studying the microstructure evolution in cement during
hydration and hardening.4°

In impedance measurements, a sinusoidal potential
variation is applied to the test electrodes sandwiching
with a specimen. Impedance Z (=V/I) is obtained by
measuring the magnitude and phase shift of the result-

* Corresponding author. Present address: Manchester Materials
Science Centre, University of Manchester, Grosvenor Street, Manchester
M1 7HS, UK.

ing current over a range of frequency of the AC power
supply. Impedance diagrams are normally expressed as
Nyquist and Bode plots. The Nyquist plot shows the
imaginary part of the impedance versus the real part of
the impedance. The Bode plot shows the impedance as
function of frequency and phase angle.

The purpose of this work is to use impedance mea-
surements as a non-destructive approach for character-
ising the real-time sintering process of clay-based
ceramics. Clay-based ceramics have a wide range of
applications and they are the most complex ceramic
materials.” Liquid phase sintering is the dominant
mechanism in the sintering of clay based ceramics.® The
formation of liquid phase is the crucial step in the pro-
cess at which the fluidity of liquid initiates compact
shrinkage. The quantity and the viscosity of liquid
phase are the two important factors that determine the
kinetics of sintering.®° Liquid phase formed in ceramic
compact at high temperature is an ionic conductor and
thus acts as an electrolyte.'” The microstructural para-
meters, such as the quantity of liquid phase, the poros-
ity content and the distribution of different phases as
well as the chemical composition of liquid phase would
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affect sintering process and these parameters would also
keep changing as sintering proceeds. Monitoring sinter-
ing of clay-based ceramics using impedance spectro-
scopy will provide important information on sintering
phenomena in clay.

2. Experimental procedure
2.1. High temperature measurement rig

A rig for impedance measurements at high tempera-
ture was built as shown in Fig. 1. In the rig, a wire
spring was used to apply a constant pressure of about 5
N to the specimen to ensure an intimate contact
between electrodes and the specimen. The electrodes
were two platinum foils bonded to Al,O; plates and
connected to the impedance analyser. Since the resis-
tance of the leads connecting the electrodes to the
impedance analyser is much smaller than that of tested
samples, the influence of the leads on impedance mea-
surements is negligible.

2.2. Sample preparation, density measurements and
phase characterisation

Ball clay (Dorset, HYMOD PRE) was ball-milled in
dry mode for 5 h to produce powder of uniform particle
size. The chemical composition and particle size dis-
tribution specified by the powder supplier are given in
Tables 1 and 2, respectively. Pellets of 13 mm in dia-
meter and 3—4 mm in thickness were prepared by uni-
axial pressing using a pressure of 120 MPa.

1, ELECTRODES 2. THERMAL COUPLE 3. LEADS
4. SPRING 5. CERAMIC HOLDER 6, SILICA TUBE
7. SHIELDING 8. TUBULAR FURNACE

Fig. 1. Special rig for impedance measurement at high temperature.

Table 1
Chemical composition of ball clay (wt.%)

5102 A1203 FeZO3 T102 CaO MgO Kzo Na20 LOI® C

54 30 1.4 1.3 03 04 31 05 8.8 0.3

2 L.0.1.: Loss of ignition

Table 2

Particle size distribution of ball clay (wt.%)

<5 um <2 um <1 um <0.5 yum
96 88 79 67

Before sintering the clay, green compacts were care-
fully polished with SiC paper to ensure every sample
was in same geometric shape. The density of the samples
after sintering was determined by measuring the weight
and volume of the samples. X-ray diffraction (XRD)
(Philips PW1050, Cuk, radiation) was performed for
phase characterisation. Dilatometer measurements were
conducted using dilatometer 402 (Netzsch-Geratebau
GmbH). Microstructural examination of sintered sam-
ples was carried out using SEM coupled with EDS (Jeol
JXAB840).

2.3. Impedance measurements

A Solartron SI 1255 HF frequency response analyser
coupled with a 1296 Dielectric Interface (Solartron,
UK) was used for impedance measurement. Data
acquisition was undertaken using a PC computer in real
time while the clay compact was being fired at different
temperatures. Measurements were taken over a fre-
quency range of 10° to 0.1 Hz using 1 V applied voltage
with 3-6 readings per decade of frequency. Measure-
ments with voltage lower than 0.2 V resulted in unstable
response due to the high impedance of the tested sam-
ple, while measurements with voltage 0.2-3 V gave
stable signal and reproducible results. Therefore, the
voltage of 1 V was chosen for all impedance measure-
ments. Measurements at a frequency of 10° Hz were
made to determine the dielectric loss at different tem-
peratures. Impedance spectra were analysed using the
software package ‘Zview for Windows’ (Scribner
Associates).

3. Results and discussion
3.1. Impedance spectra

Isothermal impedance measurements were made at
different temperatures during firing of the clay compact.
The impedance spectra measured at temperatures above
500 °C are reproducible. But at temperatures below
500 °C, several factors could affect impedance measure-
ments, e.g. incomplete contact between sample and
electrode, short circuit through a less resistive path in
clay, and the presence of moisture in clay. Fig. 2 shows
the Nyquist plots from impedance measurements at 700,
800, 900 and 1000 °C. There is a high frequency (HF)
semicircular arc and a low frequency (LF) tail in each of
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the Nyquist plots. Both the HF arc and the LF tail
become smaller with increasing temperature and the
cut-off frequency between HF arc and LF tail increases
from 4.6 Hz at 700 °C to 4600 Hz at 1000 °C. Mea-
surements made by using samples with varying thick-
ness showed that the thickness of the sample affected
the HF arc radii and cut-off frequency in the Nyquist
plot, but had little effect on the LF tail. Therefore the
HF arc can be attributed to bulk effect and the LF tail
to the effect of electrode.

Normally the impedance spectrum of a polycrystalline
ceramic material is expected to have two semicircular
arcs, one attributed from grain and another from grain
boundary. Both arcs can be examined by using a brick
layer model equivalent to the structure of the poly-
crystalline ceramic.>>!! However, there is only one
semicircle attributed from clay based on the impedance
measurements of the clay under firing (Fig. 2a and b).
This is reasonable since a continuous network of glass
phase is present in the clay at high temperatures
(>950 °C). The charge carriers can transport along the
network without experiencing significant blocking
effect. Therefore, there is usually only one semicircle in
the impedance spectra of glass samples. Such phenom-
ena were also found in the glass containing crystallised
particles and pores.'>!3 At relatively low temperature
before the glass network was formed, there was still
only one semicircle corresponding to the bulk effect
according to the impedance spectra of the clay. This
may be due to the fast electrical conduction along the
particle surface. The clay minerals consist of hydrated
aluminum silicates that are fine-grained and usually
have a platy habit where positive ions can fit on the
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Fig. 2. (a) Nyquist plots of the clay compact at 600, 700 and 800 °C.
(b) Nyquist plots of the clay compact at 900 and 1000 °C.

surface of the particles or between different layers.'* The
fine microstructure leads to a large free surface area
while the mobile ions at the surface should make a
major contribution to the electrical conduction in the
clay at relatively high temperature (600-950 °C in this
study). The materials with high porosity, if exhibiting
considerable particle surface conduction, normally do
not show resolved grain and grain boundary effects in
their impedance spectra, because the conduction path
along particle surface is a fast path. This assumption is
similar to the case shown in the ionic-type humidity
sensors. In the sensors, the proton hopping between
neighbouring water molecules on particle surface is the
dominant conduction mechanism.!> Impedance mea-
surements show that there was only one semicircle cor-
responding to the sensors.!®!” Therefore, we believe
that the semicircle from our measurements was from the
bulk effect of clay.

A spike or a tail corresponding to the electrode/clay
interface is always present in impedance spectra at low
frequency and is assumed as electrode effect. The elec-
trode effect was frequently encountered in the impe-
dance measurements of cement paste,*° humidity
sensors,'®!7 and other ionic conducting materials.? The
simulation of measured impedance spectra shown in the
following section further confirms that the tails in
impedance spectra correspond to the electrode effect.

3.2. Simulation of impedance spectra using equivalent
circuit model

An equivalent circuit (Fig. 3) consisting of resistor (R)
and constant phase elements (CPEs) was used to simu-
late the measured impedance spectra. Here CPEs were
used to represent the electrical response of complex
materials with a range of relaxation frequencies. The
impedance of the CPE is given by:

Zepe(jo) = A7 (jo) ™" (M

Where A4 is a constant that is independent of fre-
quency, w is angular frequency and j =+/—1. When

R, CPE,

\ O\
N\ 7/

AN
/7 7/

CPE,

Fig. 3. Equivalent circuit of a clay compact for simulation of
impedance spectra.



474 X. Wang, P. Xiao | Journal of the European Ceramic Society 22 (2002) 471-478

Table 3

Results of simulation using equivalent circuit

Temperature (°C) Ry, (ohm) A, (ohm' " @F~") ny, A, (ohm'~"@F") Tle
700 1.04x10° 1.99%x10-10 0.730 - -
800 3.20x10° 2.70x10~10 0.730 - -
900 7.60x10* 3.57x10-10 0.740 2.55%x107> 0.157
1000 7.83x103 4.50x10~1° 0.746 7.79x10~> 0.250
1100 2.20x103 9.90x10-10 0.768 1.04x10~4 0.274

n=1, the CPE represents an ideal capacitor; when n=0,
the CPE acts as a pure resistor.'® Thus, a CPE can
represent a wide variety of non-ideal elements.

This equivalent circuit model resulted in a very good
fitting to the measured impedance spectra. The fitting
results shown in Table 3 indicate that the resistance of
the specimens decreases with increasing temperature
while the parameters for CPEs increase with increasing
temperature. A, (for the electrode effect) is about five
orders of magnitude larger than Ay, (for the specimen).
The parameter A is proportional to the capacitive effect,
provided that the exponent n is not zero. The capaci-
tance is reciprocal to the thickness of the dielectric
material. Since the thickness of the electrode/clay inter-
face is considerably smaller than that of the bulk sam-
ple. Therefore, the large A, value further confirms that
the CPE, represents the electrode.

According to Table 3, n, (CPE exponential index for
the specimen) is much closer to 1 than n. (CPE expo-
nential index of the electrodes). This indicates that the
CPE. in Fig. 3 assigned for electrode effect is far from
being an ideal capacitor. For a perfect flat blocking
electrode, electrode effect is expected to be purely capa-
citive!”?° But under our experimental condition, the
contact between the clay compact and platinum elec-
trode is poor and the electrode/clay interface is rough. It
is well established that porosity of specimen or rough-
ness of the electrode surface could lead to a frequency
dispersion of the interfacial impedance and produce a
constant phase angle,'®?° which induced a spike or a
tail-like plot in low frequency domain. The 7. obtained
here is only 0.157-0.274, which implies an extremely
high roughness at the electrode/clay interface.

The dielectric constant of the bulk specimen can be
obtained by employing an equation developed by
Christensen et al.:®

20/m—1
e = (2ntfiop) ™ V1/R A8y Q)

where fiop, is the frequency at the top of the impedance
arc corresponding to the specimen, 6 is the depression
angle, R is the resistance, 1-20/x is equal to the n value
in Eq. (1) and 1/4, represents the geometrical factor of
sample. The dielectric constants of the clay compact at
700-900 °C were calculated as 400-500. At the tem-
peratures above 900 °C, the frequency at the top point

of the bulk arc is out of the measurement range. There-
fore dielectric constant cannot be calculated using Eq.
(2). The dielectric constant of 400—500 is unusually high,
which can only be explained by an underlying “dielec-
tric amplification factor” (DAF) mechanism. DAF
usually results from a microstructural arrangement
where isolated conductive domains imbed in a con-
tinuous insulating matrix. This factor is responsible for
the large effective dielectric constants of a barrier layer
capacitor, where conductive grains are surrounded by
insulating grain boundary.® DAF was also found to
exist in cements where a conductive pore solution is
separated by insulating product C-S-H layer*> and in
Al,O3/SiC nano-composite where conductive SiC parti-
cles imbedded in Al,O; matrix result in larger capaci-
tance.'” Further work is needed to clarify what is
responsible for DAF in clay compact at high tempera-
ture.

3.3. The sensitivity of impedance measurements to the

formation of liquid phase

Fig. 2b shows an incomplete bulk semicircles which
loses high frequency part when the measurements were
made at 900 and 1000 °C, where the relaxation fre-
quency of the clay at 1000 °C was well above 1 MHz.
This suggests that the clay behaved like a conducting
electrolyte at 1000 °C, which may be due to the forma-
tion of a continuous conductive liquid phase in the clay
compact. Fig. 4 shows an Arrhenius plot based on the
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Fig. 4. Arrhenius plot of bulk conductance as a function of temperature.
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Dielectric loss (tan §)

600 700 800

900 1000 1100 1200

Temperature (°C)

Fig. 5. Loss tangent (at 1 MHz) obtained from impedance measurement as a function of temperature.

data in Table 3, which suggests different activation
energy in different temperature range. Obviously there is
a bend at about 920 °C, which indicates that the con-
ducting mechanism in the clay changes when the tem-
perature exceeds 920 °C. Meanwhile, based on
impedance spectra, the dielectric loss factor (at 1| MHz)
in the clay compact (Fig. 5) also shows a significant
increase at temperature above 900 °C.

The XRD analysis after heat treatment at 850 and
900 °C shows that no apparent phase transformation
occurred, whereas after heat treatment at 950 °C the
amount of kaolinite and mica seems to decrease (Fig. 6).
The heat treatment at 1020 °C lead to nearly complete
disappearance of kaolinite and mica. Meanwhile, the
phase transformation in the clay also involved the dis-
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Fig. 6. XRD patterns of the clay compacts after 20 min sintering at
different temperature.

appearance and formation of glassy phases, which can-
not be identified using XRD. It is believed that the
diminishing mica and kaolinite in clay compact is rela-
ted to the formation of a liquid phase.??~2° Therefore,
the XRD analysis suggests the presence of the liquid
phase in clay at temperature between 900 and 950 °C.

The dominant mechanism in the sintering of clay-
based ceramics is vitrification where significant shrink-
age can not occur unless a certain amount of liquid
phase is present.®° The shrinkage curve (Fig. 7) mea-
sured using dilatometer further confirms that the liquid
phase was formed at temperature around 950 °C, where
significant shrinkage occurred above 950 °C. The liquid
phase formation led to a significant change in bulk
conductance and dielectric loss curve at temperatures
around 950 °C.

d.c. Electrical conductivity measurements have
already been used to detect the presence of liquid phase
in the ALO3—1 mol% TiO»-0.5 mol% NaOj, system.!”
The electrical measurements were found to be sensitive
to the presence of a small amount of liquid phase that
may influence or control the sintering of many ceramic
compositions. Impedance spectroscopy is a much
more sophisticated technique than the d.c. conductivity
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Dimension change
(dULo)
S o
8 =

-0.08+

.10 : : | : | |
500 600 700 800 900 1000 1100 1200
Temperature (°C)

Fig. 7. Shrinkage curve of a clay compact measured using a dilat-
ometer with the heating rate was 5 °C/min.
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measurement technique. More information, e.g. capaci-
tative effects, dielectric loss and electrode polarisation,
etc. can be obtained from impedance spectra. The elec-
trode effect can be excluded for examining the electrical
properties of the specimen only. In this work, the for-
mation of liquid phase during firing was not only
detected by the change in the activation energy for
electrical conduction, but also determined by an abrupt
increase in the dielectric loss (Fig. 4). Therefore, impe-
dance measurements are more effective in detecting the
presence of liquid phase during sintering of ceramics.

3.4. Monitoring the densification process

To monitor the densification process of clay, impe-
dance measurements at different time intervals have
been made at various temperatures. Impedance mea-
surements at 800 °C showed little change in measured
impedance spectra (Fig. 8a), whereas the impedance
spectra measured at temperatures above 950 °C
(Fig. 8b—d) showed a gradual shift towards the left.
However, spectra parameters, i.e. the dielectric loss, the
cut-off frequency and the length of LF tail, etc.
remained almost unchanged with sintering time. This
indicated that the densification occurred at tempera-
tures above 950 °C, where little change in the composi-
tion occurred during sintering at this temperature.
Fig. 8b—d shows the multiple impedance spectra of the
clay at 1050, 1100 and 1150 °C, respectively. The spec-
tra shifted quickly at the initial stage of sintering and
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slowly at the later stage of sintering. In addition, the
spectra shifted faster with increasing sintering tempera-
ture. This trend of spectrum shifting is in agreement
with the sintering behaviour of ceramics where the den-
sification rate is higher at higher temperature and it
slows down when shrinkage curve approaches an
asymptote.

As 1s well established, the diameter of a semicircle in
impedance spectrum is representative of the
resistance.' 2! The semicircle corresponding to the
bulk specimen is clearly distinguished from the spectra
corresponding to the electrode effect (Fig. 8b—d). The
diameter of the semicircle can be taken as the real part
at the cut-off frequency. By neglecting the resistance of
leads that is lower than 0.1% of the resistance of bulk
clay, then the diameter of the semicircle can be taken as
the bulk resistance. The electrical resistance can be
described as:

R=6/0-A. 3)

where o is the conductivity, § is the distance between
electrodes and A, is the area of electrodes. During
impedance measurements, the parameter A, can be
considered as a constant, but both o and § changed due
to densification of the clay compact. Therefore, both
increasing electrical conductivity and decreasing dis-
tance between electrodes contribute to the decreasing
the resistance of the specimen.
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Fig. 8. Multiple impedance measurements at time intervals of 5 min, each measurement taking 2.62 min: (a) at 800 °C; (b) at 1050 °C; (c) at 1100 °C;

(d) at 1150 °C.
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According to SEM observation and XRD analysis,
the sintered clay compact mainly contains a continuous
glass phase and isolated pores where the quartz and
mullite particles are imbedded in glass phase. To ana-
lyse the electrical conductivity of the clay, we can treat
this material as a two-phase composite. The continuous
glass phase containing crystal particles is treated as one
single conducting phase while the isolated pores can be
regarded as another insulating phase. The structure of
the clay is very similar to the 3-0 connectivity pattern
shown in piezoelectric—pyroelectric composites studied
previously.?® When the conductivity of the insulating
phase, e.g. pores, is zero, the electrical conductivity of
the composite can be estimated using the equation:?’

Oy = O'h(l —f)m (4)

where o,, is the electrical conductivity of the composite,
o, is the electrical conductivity of continuous con-
ductive network in the composite, fis the fraction of the
insulating phase and the m here is an exponent repre-
senting the particle shape and distribution.?’

Another equation for calculating the transport prop-
erties of porous materials has been developed as?%%°

¢/ P = fac ®)

where ®¢ refers to the transport properties of a porous
material, ®,, refers to the transport properties of matrix
without porosity and f,. is a topological parameter. The
topological parameter f,. depends not only on the
volume fraction of matrix phase, but also on the
microstructure parameters, such as pore size, pore shape
and pore distribution. In general, it can be assumed to
follow the power law:26-7

f ac = f 21 (6)

where f,, is the volume fraction of matrix, the m here is a
parameter which is dependent on several micro-
structural parameters as mentioned above. Combining
Egs. (5) and (6), we have:

P = B,f )

It is obvious that Eq. (7) is the same as Eq. (4).

In Eq. (7), f, is equal to the ratio (Dy/D,) of actual
bulk density (Dy) to the theoretical density (D;) of the
sample. Therefore, by combining Egs. (3) and (7), we
express the electrical conductance (G) in terms of the
density, Dy, and the thickness of the specimen, §:

G=1/R=C-D}/s (8)

where C = A4.-0,,/D}', which can be assumed to be
constant during sintering at a certain temperature.

Based on the impedance spectra measured at 1100 °C
(Fig. 8c), the conductance G of the bulk sample under
firing was obtained as a function of sintering time
(Fig. 9a). The density and dimension change of sample
were measured after quenching the samples, which were
being sintered at 1100 °C (Fig. 9b—c). Clearly, the three
plots shows similar trend.

By using the data of Dy, and § shown in Fig. 9b—c and
assuming m = 2, we calculated the conductance of the
sample according to Eq. (6) (in Fig. 9a). The change of
conductance was displayed in Fig. 9 showing that cal-
culated data of the conductance fits the measured curve
from the impedance measurements very well. It is inter-
esting to note that the assumption of m as a constant of
2 gives a very good fitting to the experimental results,
while m is dependent on the microstructural parameters,
e.g. pore shape and pore distribution.

The value of m was often found to be in the range of
1.65 to 2.0,>” so m = 2 in this work is quite reasonable.
When m =3-35, it imply the extreme geometries or
complex structures of the dispersing phase.3° In the clay
during sintering where the continuous phase is glass
phase and the material is quite pliable, pores are more
likely to have similar shapes and well distributed. This
might be the reason why m remains as constant during
the densification process.
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Fig. 9. (a) Bulk conductance versus sintering time, where the dotted
line was obtained from impedance measurements; the triangles were
calculated using Eq. (6); (b) and (c) the density and dimension change
of the clay during sintering at 1100 °C. Each value was obtained from
the average value from the measurements of five samples.
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4. Conclusion

Impedance measurements of clay compact under fir-
ing were conducted in situ at high temperatures. The
effect of bulk sample is well distinguished from the
electrode effect. The electrical properties, such as con-
ductance, loss tangent and dielectric constant of bulk
sample can be obtained from impedance spectra using
equivalent circuit model simulation. The variations of
electrical conductance and loss tangent of bulk sample
versus temperature are indicative of the formation of
liquid phase during sintering. The variation electrical
conductance of bulk compact versus sintering time can
be used to monitor the real time densification process of
clay compact under firing. Impedance spectroscopy is
believed to be a promising tool for investigating the
sintering process of liquid-phase sintering ceramics.
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