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Abstract

The electrical resistivity of porcelain samples has been measured from room temperature to 1200°C and it was found to depend
on the concentration of the phases as well as the size and size-distribution of mullite crystals. The resistivity of porcelain was found
to decrease with increase in amount, size and asymmetry of size-distribution of mullite crystals but increase with increase in quartz,
cristobalite and glass content. Irrespective of constitution, resistivity of porcelain decreased with rise in temperature from about
10'3 ohm-cm at room temperature to about 10* ochm-cm at 1200°C. The change in electrical resistivity of porcelain was primarily
controlled by the defect structure of mullite and the composition and viscosity of the glassy phase. © 1998 Elsevier Science Limited

and Techna S.r.l. All rights reserved
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1. Introduction

Porcelain consists of a glassy phase (matrix) and some
crystalline phases which are dispersed/embedded in it.
Mullite and quartz are very frequently found In the
porcelain body [1]. Cristobalite is also detected in por-
celain which had been subjected to prolonged heating
[2]. Concentrations of phases changed as well as new
phases appeared due to longtime use of porcelain body
at elevated temperature [2]. Apart from this, significant
variations in size, shape and distribution of the phases
in porcelain resulted during continuous high tempera-
ture applications [3].

Porcelain is basically an insulator and its electrical
resistivity at room temperature is about 10'* ohm-cm [4]
but it drops with the rise in temperature. Each phase in
the porcelain body has its specific influence on the
resistivity shown by the body depending on its con-
centration and microstructural attributes. Temperature
also plays an important role to control the nature of
certain phases [5]. Structural characteristics of some of
the phases are also responsible for change in the resis-
tivity of porcelain body [6].

The phase composition including the phase con-
centration and the microstructure of porcelain can be
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changed by incorporating different mineralizers in the
body [7,8]. Besides, a novel method to bring about such
change in composition, concentration and micro-
structure of the phases in porcelain is the heat-treatment
of the body under certain controlled conditions to
recrystallise its glassy phase.

The rise in temperature of the porcelain body which is
used as insulator may damage its insulation property
due to decrease in Its resistivity. On the contrary, the
porcelain body may be employed as conductor at higher
temperature for the same reason, i.e., drop in its electrical
resistivity with temperature. Application of porcelain as
insulator is well-known but only a few reports [9-11] on
the use of porcelain as ceramic heaters, heating ele-
ments, semiconducting material, etc., are available in
the literature.

Investigations on the influence of constitution of
porcelain on its electrical property are only a few.
In the present study it is, therefore, attempted to cor-
relate the electrical resistivity of porcelain, measured
from room temperature to near maturing temperature,
with the concentration of phases and also the size
and size-distribution of the major crystalline phase
(mullite) in it. The effect of temperature and heat-
treatment (for recrystallisation of the glassy phase) on
the electrical resistivity of porcelain has also been
assessed.
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2. Experimental procedure
2.1. Sample preparation

A good quality china clay, a pottery grade quartz and
a potash feldspar were used as the raw materials, The
analytical reagent grade oxides of Fe, Ti, Cr, V and Nb
were employed as mineralizers. Clay, quartz and feld-
spar were taken in the proportions of 63:12:25wt% in
the base composition and the oxides were incorporated
in this composition individually or in combination to
the extent of 2-8 wt%. In this way nine compositions
were prepared. The ingredients were thoroughly wet
mixed in pot mill to form the slip which was thereafter
cast into plaster of Paris mould. The sample in disc
shape having 25 mm dia and 5Smm thickness were dried
and then fired at 14000°C for 1h in an electric furnace
and cooled overnight.

The discs of each of nine compositions were divided
into two halves. One half was retained (for before heat-
treatment sample) and the other half was heat-treated
(for after heat-treatment samples) at 1150°C for 50 h in
an electric furnace and then cooled overnight, The pre-
paration and heat-treatment of the samples (composi-
tions) were elaborated in an earlier paper [2].

2.2. Constitution

The phase assemblage and the concentrations of
phases in the samples both before heat-treatment and
after heat-treatment were determined by X-ray dif-
fractometry and reported in details elsewhere [2]. Mul-
lite, quartz and glass were found in the samples without
heat-treatment but an additional phase, i.e., cristobalite
was detected in the heat-treated samples.

The size, size-distribution and the shape, i.e., aspect
ratio of mullite, the major crystalline phase, in the sam-
ples with and without heat-treatment were determined
by X-ray diffraction, transmission electron microscopy
and statistical analysis. The detailed study was included
in another paper [3]. The heat-treatment caused increase
of crystal size and aspect ratio but made the size-dis-
tribution more symmetric.

2.3. Measurement of electrical resistivity

The ground and polished discs of about 20 mm
diameter and 3 mm thickness were coated with a plati-
num paste on both sides. These were dried and fired at
1000°C for 15min to deposit metallic platinum on the
surface.

2.3.1. At room temperature

The instrumental set up is shown by the block diagram
(Fig. 1). The platinum coated disc was enclosed in a
teflon holder and then placed inside a properly shielded
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Fig. 1. Instrumental set up for electrical resistivity measurement at
room temperature.

vacuum chamber (10~2mbar). The electrometer pro-
vided a high input resistance (R;) in series and a constant
DC voltage (V) of about 1.5volts was applied to the
sample from a battery. The electrometer measured the
voltage (V) across the input resistance and the current
(1) flowing through the circuit. The sample resistance
(R) was, therefore

R=V/I (1)
and its resistivity (p) was

p=R(A/]) (@)
where 4 and / were area and thickness of the sample.

2.3.2. At higher temperature

The platinum coated surfaces of the disc were spot-
welded with platinum lead wires and suspended inside
an electrically heated furnace. The lead wires were con-
nected to a device that measured the sample resistance.
A constant voltage was supplied to the sample and the
output voltage proportional to sample resistance was
given by the high impedance amplifier. This output vol-
tage was fed to the digital panel meter (DPM) amplifier
and also the X-T recorder amplifier. Fig. 2 is a sche-
matic diagram of the instrumental assembly.

The sample resistance was directly read from the
DPM but continuously recorded on the stripchart
recorder with temperature. Calibration curves, i.e., pen
displacement vs standard resistance, were drawn and
the resistance of the sample was computed from the
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curves by knowing the pen displacement at any tem-
perature. The resistivity of the sample was calculated as
done before.

2.4. Determination of band gap energy

The electrical resistivity (p) of the sample is related to
temperature by the equation

p = po exp(E/2KT) 3)

where p and pg are resistivities at any temperature and
0° respectively. E, K, T denote activation energy, Boltz-
mann constant (8.62x 107> eV) and absolute temperature,
respectively.

The activation energy of electrical resistivity for each
sample was calculated from the slope of log,,p—1/4
plot (R.T.—1200°C) as follows:

E = slope x 4.606 x 8.62 x 107> eV 4)

which is also the band gap energy (Eg).

3. Results

The electrical resistivity (log;, p) of the samples before
and after heat-treatment measured from room tem-
perature to 1200°C have been included in Tables 1 and
2, respectively. As shown, the resistivity of the samples
decreased with rise in temperature and dropped to 107
10*ohm-cm order at 1200°C. In almost all cases the
resistivity at any temperature of a composition after
heat-treatment was less than that before heat-treatment,

Table 1
Electrical resistivity (log;o p) of the samples before heat-treatment

Temperature Log;op (ohm-cm) of the samples
0

IB 2B 3B 4B 5B 6B 7B 8B 9B
26 14.13 13.94 13.68 13.79 14.02 13.79 14.04 14.44 14.33
100 - - - - - - - - -
200 - - - - - - - - -
300 7.69 842 842 8.65 890 8.50 8.58 8.51 8.39
400 7.67 8.68 7.81 8.10 849 7.84 8.16 7.39 17.50
500 7.89 7.05 7.44 7.65 7.52 7.35 7.43 6.85 7.35
600 724 7.68 7.02 7.08 7.44 692 7.07 6.20 7.36
700 6.48 629 6.05 648 690 622 6.62 593 7.20
800 6.02 591 533 6.20 647 577 628 598 6.67
900 570 5.68 502 6.09 6.17 553 586 581 6.35
1000 5.67 5.66 4.78 5.88 599 545 5.62 573 6.08
1100 5.51 544 472 560 573 522 527 546 5.73
1200 525 518 4.55 522 534 483 502 526 522
Table 2

Electrical resistivity (logjop) of the samples after heat-treatment

Temperature Logjop (ohm-cm) of the samples
O

1A 2A 3A 4A 5A 6A TA 8A 9A
26 13.95 13.90 13.53 13.74 13.71 13.81 13.73 13.99 13.96
100 - - - - - - - - -
200 - - - - - - - - -
300 8.20 8.13 8.13 8.11 8.19 828 8.12 8.04 8.16
400 7.44 728 6.64 7.37 7.26 7.82 7.44 7.07 7.38
500 6.64 7.31 6.16 6.86 629 7.17 7.13 6.26 6.82
600 599 680 5.74 6.54 6.70 6.64 7.02 5.76 7.00
700 6.37 6.36 554 6.08 620 6.10 6.65 5.68 6.64
800 6.00 6.11 5.89 571 588 582 635 554 6.13
900 5.75 599 5.56 572 548 5.60 6.35 539 5.87
1000 5.62 585 4.82 556 531 546 620 527 5.52
1100 544 556 443 530 5.08 533 572 507 5.27
1200 5.12 528 4.01 495 4.84 472 526 495 4.78

it is worth mentioning that the resistivity of heat-treated
samples reached the 10°ohm-cm order (semiconductor
resistivity zone) at 530-815°C whereas the resistivity of
unheat-treated samples entered this zone at 640—1000°C.

The resistivity of all the samples at room temperature,
1000 and 1200°C along with their constitutional para-
meters are given in Table 3.

The dependence of resistivity of the samples, both
before and after heat-treatment, on their constitutional
parameters is exhibited in Figs. 3—8. The salient features
of the relationships are mentioned in the following
paragraphs.

The resistivity of the heat-treated and unheat-treated
samples decreased with increase in their mullite content
(Fig. 3). Minimum resistivity was attained at 7.5wt%
quartz content for before heat-treatment samples and
5.5wt% quartz content for after heat-treatment samples
(Fig. 4). The after heat-treatment samples had minimum
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Electrical resistivity (log;op) of the samples and their constitutional parameters

Sample Logiop (ohm-cm) at Constitutional parameters
no.
Room 1000°C 1200°C Mullite Quartz  Cristobalite  Glass Size of mullite Skewness
temperature (Wt%) (Wt%) (Wt%) (Wt%) (micron)

1B 14.13 5.67 5.25 32.7 4.5 0.2 62.6 0.1364 0.5701
2B 13.94 5.66 5.18 285 6.5 0.0 65.0 0.1460 0.5549
3B 13.68 4.78 4.55 39.7 7.5 0.3 52.5 0.2428 0.5270
4B 13.79 5.88 5.22 335 10.7 0.0 55.7 0.1258 0.6110
5B 14.02 5.99 5.34 35.5 3.0 0.0 63.5 0.1790 0.3952
6B 13.79 5.45 4.83 36.0 8.3 0.4 55.4 0.1298 0.4985
7B 14.04 5.62 5.02 32.7 6.3 0.3 60.7 0.1233 0.5561
8B 14.44 5.73 5.26 29.7 5.5 0.4 64.3 0.1306 0.6176
9B 14.33 6.08 5.22 43.0 9.7 24.8 22.4 0.2084 0.4182
1A 13.95 5.62 5.12 41.5 5.4 22.8 30.4 0.1443 0.5484
2A 13.90 5.85 5.28 35.5 3.7 27.8 33.0 0.1791 0.3213
3A 13.53 4.82 4.01 43.0 5.7 28.6 22.6 0.3228 0.7296
4A 13.74 5.56 4.95 41.5 6.2 25.2 27.2 0.1772 0.4165
SA 13.71 5.31 4.84 40.7 5.3 31.0 23.0 0.4473 0.6506
6A 13.81 5.46 4.72 43.0 5.6 25.6 25.8 0.2086 0.3799
TA 13.73 6.20 5.26 43.0 5.7 27.0 24.3 0.1500 0.2433
8A 13.99 5.27 4.95 43.0 5.0 24.4 27.6 0.1411 0.2766
9A 13.96 5.52 4.78 423 5.0 29.0 23.7 0.2550 0.4220

B, before heat-treatment; A, after heat-treatment.

resistivity at 29 wt% cristobalite content (Fig. 5). The
resistivity of both the heat-treated and unheat-treated
samples increased with the rise in their glassy phase
content (Fig. 6).

As the size of mullite crystals increased from 0.14 u to
about 0.30 i, the resistivity of before heat-treatment
and after heat-treatment samples decreased. However,
slight increase in resistivity was noticed between 0.12
and 0.14 u size for unheat-treated samples and beyond
0.30 p, size for heat-treated samples (Fig. 7).

The resistivity decreased steadily with the rise in skew-
ness and reached minimum at a skewness 0.5 for before
heat-treatment samples and a skewness 0.4 for after
heat-treatment samples. Further increase in skewness
upto 0.6 caused increase in resistivity (Fig. 8).

The Arrhenius plots of a few representative samples
are displayed in Fig. 9. The values of band gap energy
(Eg) calculated from such plots are presented in Table 4.
It was observed that Eg varied from 1.08 to 1.33eV and
heat-treatment resulted in reduction of Eg. The Eg
values of samples along with their parameters of con-
stitution are shown in Table 5.

The relationships between Eg and concentration of
mullite in the samples (B) before heat-treatment and (A)
after heat-treatment are demonstrated in Fig. 10.
Although the nature of the curves marked (B) and (A)
was different, it was revealed that the Eg of two cate-
gories of samples decreased with the increase in their
mullite content. It is noteworthy that curve (B) was
concave and curve (A) was convex, meeting together at
a point where two samples, one from before heat-treat-
ment (B) and one from after heat-treatment (A), coexist.

4. Discussion

The porcelain body is composed of phases such as
mullite, quartz, cristobalite and glass. Its electrical
resistivity is dependent on the resistivity of each of these
phases, both at room and at elevated temperatures.
Besides, microstructural characteristics, such as crystal
size and size-distribution also contribute to the electrical
resistivity of the body because they influence the passage
of current through the body.

Mullite crystal has inherent defect centres as 0°~ ion
vacancy [12] in its structure and it is a potential ionic
conductor [13]. Substitution of AI’* ion in the
(AlOg)octahedral and (AlOy4)tetrahedral sites of mullite
lattice by the transition metal ions, M"* can make it n-
type (if n > 3) and p-type (if n < 3) electronic con-
ductor. Apart from this, substitution of AI** ion by
M""* ion (if n=3) in the octahedral or tetrahedral posi-
tion and only incorporation of M"* ion in the inter-
stitials or structural channels of mullite lattice can
impart electrical conductivity in mullite [14,15]. Under
these circumstances resistivity of mullite decreased by
several orders of magnitude at elevated temperature
[25].

Quartz and cristobalite have high electrical resistivity
at room temperature [16]. With the rise in temperature
resistivity does decrease noticeably.

The glassy phase is derived from the feldspar (potash)
component in the porcelain composition. The PCE of
the K-feldspar is 8-10 (1225-1260°C) [17,18]. It starts
softening at about 1225°C and at this temperature
the viscosity of the glassy phase in these porcelain
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Fig. 3. Dependance of electrical resistivity of porcelain on the con-
centration of mullite; (B) sample before heat-treatment, (A) sample
after heat-treatment.

compositions was found to be greater than 10!! poise
[19,20]. At a temperature employed for the measure-
ment of resistivity, such as 1200°C (maximum in this
study), therefore, the ions in the feldspathic glass of
porcelain are held together by moderately strong bonds
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Fig. 4. Dependance of electrical resistivity of porcelain on the con-
centration of quartz; (B) sample before heat-treatment, (A) simple
after heat-treatment.

and the movement of the alkali ions (K™, Na™) in the
applied electric field became restricted. Consequently,
the electrical resistivity of glass in porcelain was high.
In the polycrystalline material the grains/crystals cre-
ate boundaries between them which have significant
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Fig. 5. Dependance of electrical resistivity of porcelain on the con-
centration of cristobalite; (A) sample after heat-treatment.

control over the flow of current through the material
because the boundaries determine the mean free path
for electrical conductivity of the material. As the grain
boundaries decrease in number but increase in size, the
length of the mean free path increases. Thus, the elec-
trical conductivity of the material improves.

The skewness is a measure of asymmetry of size dis-
tribution of crystals and, therefore, the compactness of
their arrangement. A more compact arrangement of
crystals with defect structure (and semiconducting nat-
ure) in a body offers a continuous path for flow of cur-
rent and thereby lowers its resistivity.

The observed changes in the electrical resistivity of
porcelain body in relation to individual parameter can,
therefore, be explained by the specific role played by
each parameter as described above.

The decrease in resistivity of porcelain bodies with the
increase in their mullite content (Fig. 3) was the con-
sequence of the semiconducting nature of mullite
crystals that arises from its defect structure and incor-
poration of M™* ions in its lattice. The high resistivity
of the glassy phase in the porcelain body was respon-
sible for increase of resistivity of the bodies with the
increase in the concentration of their glassy phase
(Fig. 6). Both quartz and cristobalite are phases of high
electrical resistivity and, therefore, increase in their
concentration in porcelain body caused rise in its resis-
tivity. The rise was observed from 7.5 wt% quartz in the
samples before heat-treatment but from 5.5wt% quartz
in the sample after heat-treatment (Fig. 4). The low
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Fig. 6. Dependance of electrical resistivity of porcelain on the con-
centration of glassy phase; (B) sample before heat-treatment, (A)
sample after heat-treatment.

concentration of quartz in the latter samples was due to
the parallel effect of cristobalite that was generated in
them. The initial drop in resistivity may be attributed to
the strong influence of mullite which outweighed the
effect of quartz and cristobalite.

That the resistivity of a porcelain composition, at any
temperature after heat-treatment was less than that
before heat-treatment (Tables 1 and 2) may be
explained by the predominating effect of mullite. The
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higher concentration of mullite in the heat-treated sam-
ples more than counterbalanced the combined effect of
cristobalite and glass.

The increase in the size of mullite crystals/grains from
0.14 u to 0.30 u resulted in decrease of the number of
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metry of size-distribution (skewness) of mullite crystals; (B) sample
before heat-treatment, (A) sample after heat-treatment.

boundaries between them but increase in boundary size.
Therefore, the resistivity of a porcelain body decreased
with increase in mullite crystal size (Fig. 7). The
decrease in resistivity of porcelain body with the
increase in skewness (asymmetry of size-distribution)
upto 0.5 and 0.49 respectively, for unheat-treated and
heat-treated samples (Fig. 8) was ascribed to better
compactness of juxtaposed mullite crystals with higher
skewness leading to higher conductivity.

The Eg value decreased with increase in mullite con-
tent of both heat-treated and unheat-treated samples



98 S.P. Chaudhuri et al.|Ceramics International 25 (1999) 91-99

/
5r -
b 28 2A
1] 8 s

Logy ¢ (ohm - cm)
o

4 A i 2

0 0 20 30 40,0 .10 20 30 40
L x0* (K™
T
'5( 58 [ 5A
o} !
5L I
E
E
SoL . . . A
ol 6B [ 6
=
o] g
5. -
0 . N . , .
0 10 20 30 400 10 20 30 40
TLxlo‘(K")

Fig. 9. Arrhenius Plots (logjop-1/7) of representative porcelain sam-
ples: (B) sample before heat-treatment; (A) sample after heat-treatment.

(Fig. 10). The nature of the curves representing the two
categories of samples is significantly different because
their phase assemblages varied widely [2]. However the
decreasing trend of curves B and A in Fig. 10 with the
rise in the concentration of mullite showed that mullite

Table 4
Eg values of samples
Sample = Composition Eg (eV)
no.
Before After
heat-treatment heat-treatment
(B) (A)
1. Base composition 1.33 1.24
(B.C)
2. B.C. + 8% TiO, 1.32 1.28
3. B.C. + 3% V,0s5 1.31 1.27
4. B.C. + 2.6% Fe,0O3 1.22 1.09
5. B.C. + 2.6% TiO, 1.26 1.25
6. B.C. + 1.21 1.21
(1.5%V,05+ 1.3%Fe,03)
7 B.C+ 1.31 1.08
(1.5%V,05+ 1.3%TiO,)
8. B.C.+2.5% Cr,03 1.27 1.20
9. B.C.+2% Nb,Os 1.20 1.23
L4r

>
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Fig. 10. Relationship between band gap energy (Eg) of porcelain and
concentration of mullite; (B) sample before heat-treatment; (A) sample
after heat-treatment.

had been the most active phase to lower Eg of the sam-
ples. This was supported by the results recorded in
Table 5. The Eg of a heat-treated sample containing
higher amount of mullite and cristobalite was less than
that of the corresponding unheat-treated sample con-
taining only mullite (almost no cristobalite). So, the
effect of mullite dominated. On the other hand, off the
two samples having the same mullite content, the Eg of
the heat-treated one was higher than the Eg of the
unheat-treated one (Fig. 10). This was due to the reverse
effect of cristobalite.

The phase assemblages of the samples containing
Nb,Os before and after heat-treatment were almost
identical (Table 5). A virtually stable phase composition



S.P. Chaudhuri et al./Ceramics International 25 (1999) 91-99 99

Table 5
Eg values of samples and their constitutional parameter

Sample Eg Constitutional parameters
no. V)
Mullite Quartz Cristobalite Glass Size of Skewness
wWt%) (wt%)  (wt%)  (wt%) mullite
(micron)

1B 1.33 32.7 4.5 0.2 62.6 0.1364 0.5701
2B 1.32 28.5 6.5 0.0 65.0 0.1460  0.5549
3B 1.31 39.7 7.5 0.3 52.5 0.2428  0.5270
4B 1.22 33.5 10.7 0.0 557 0.1258  0.6110
5B 1.26 335 3.0 0.0 63.5 0.1790  0.3962
6B 1.21 36.0 8.3 0.4 554 0.1298  0.4985
7B 1.31 32.7 6.3 0.3 60.7 0.1233  0.5561
8B 1.27 29.7 5.5 0.4 64.3 0.1306 0.6176
9B 1.20 43.0 9.7 24.8 224 0.2084 0.4182
1A 1.24 41.5 5.4 22.8 304 0.1443  0.5484
2A 1.28 35.5 3.7 27.8 33.0 0.1791 0.3213
3A 1.27 43.0 5.7 28.6 22.6  0.3228 0.7296
4A 1.09 41.5 6.2 25.2 272 0.1772  0.4165
SA 1.25 40.7 5.3 31.0 23.0 0.4473  0.6506
6A 1.21 43.0 5.6 25.6 258 0.2086  0.3799
TA 1.08 43.0 5.7 27.0 243 0.1500  0.2433
8A 1.20 43.0 5.0 24.4 27.6 0.1411  0.2766
9A 1.23 43.23 5.0 29.0 23.7 0.2550  0.4220

B, before heat-treatment; A, after heat-treatment.

was reached in these two samples and, therefore, the Eg
values of these two samples, before and after heat-
treatment, happened to be the same (Fig. 10).

Among the metal oxides added to the porcelain com-
positions, V,0s5 was found to be the most efficient and
caused maximum lowering of resistivity of the compo-
sition. Most possibly it was due to the V37" ion which
has high charge (5+), small size (0.54 A) and moderate
mobility. The V,0s is also a good flux and reduced glass
viscosity considerably and much more than the reduc-
tion of glass viscosity effected by Cr,O;, TiO,, etc. [21]
The movement of the V> ion through the glassy phase
of very low viscosity in this composition with V,Os
became much easier than that of Cr3™, Ti**, etc., ions
through high viscosity glassy phase in the compositions
with Cr,0;, TiO,, etc. The ionic conductivity of the
porcelain composition containing V,Os was enhanced
due to faster transport of the current carrier V> ion
through this composition.

5. Conclusions

The electrical resistivity of porcelain decreased with
the rise in temperature, i.e., from 10'3 ohm-cm at room
temperature to 10* ohm-cm at 1200°C.

The phase composition and microstructure of porce-
lain controlled its electrical resistivity, i.e., increase in

concentration, size and skewness of size-distribution of
mullite crystals lowered the resistivity but increase in
concentration of quartz, cristobalite and glass raised the
resistivity.

The cations of the metal oxide (mineralizers) added to
the porcelain compositions impart some ionic con-
ductivity to them. V3" ion of V,0s appeared to be the
most efficient in this respect.

The band gap energy (Eg) of porcelain varied from
1.08 to 1.33¢eV, i.e., well within that found for semi-
conductors [22]. Porcelains, therefore, work like semi-
conductors, of course, above room temperature.
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