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Abstract

Sodium impurities are frequently present in the raw oxides that constitute the complex formulation of ZnO-Bi,03—Sb,05 based varistors. But
actually little is known about their effect on the microstructure and the electrical response of these materials. This is the main goal of the present
contribution and according to the obtained results an excessive presence of this alkaline impurity can lead to a compositional change in the Bi-rich
skeleton of the varistor microstructure. As a consequence the grain growth kinetics, the densification rate and the characteristic non-linear [-V

response of these electroceramics are seriously affected.
© 2010 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The formulation of ZnO-based varistors entails a complex
multicomponent system around which still exits a qualitative
knowledge more than quantitative accurate information of
the role played by each component [1]. The configuration of
stable potential barriers along the entire microstructure of
these non-linear ceramics requires a uniform distribution of
the dopants [2-6]. Consequently a high degree of homo-
geneity in the starting ceramic powder should be, actually is,
a compulsory condition. But in the same way the presence of
impurities, either incorporated during the processing steps or
included in the starting raw materials, has to be carefully
controlled [7,8]. For example alkaline impurities represent a
major threat since they are frequently present in the raw
oxides, including the minority dopants. However, although
these alkaline ions are usually avoided, little is in fact known
about their effect on the microstructure and electrical
response of ZnO varistors. Most of the existing literature
just links this type of impurities, especially sodium, with the
varistor stability against degradation. For example, assuming
that the migration of zinc interstitials to the depletion layer is
the main mechanism leading to the degradation of the
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potential barrier, Gupta et al. developed a theoretical model
in which the presence of a small amount of Na™ ions in the
interstitials positions (<280 ppm) could help to block such
migration of zinc ions [9,10]. However there is no clear
evidence of the sodium ions entering the ZnO grains or even
the depletion layer at the grain boundaries. Later on, Kutty
and Ezhilvalavan claimed that Na impurities could increase
the density of trap states at the interfaces, and so enhance the
non-linearity of the sintered ceramics [11]. This last work
was run on simplified varistor compositions, so a different
behaviour might be obtained in a complete varistor
formulation. But the case is that none of these reports
discussed the effect of sodium impurities on the micro-
structure development of these electroceramics. In varistors
based on the ZnO-Bi,O; classical system, the densification
process, the grain growth kinetics and the distribution of the
different dopants through the ceramic body, strongly depend
on the particular characteristics of the Bi-rich liquid phase
which forms during the sintering stage [12—14]. From the
field of glass and glass—ceramics, sodium is known to play a
determinant role as a flux agent, contributing as well to the
decrease in the viscosity of the liquid phase [15]. In this
sense, any involuntary excess of alkali impurities might exert
a severe influence on the proper development of the varistor
microstructure and, consequently, on its electrical properties.

Within this framework, in the present contribution we have
intentionally incorporated different amounts of sodium to the
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varistor formulation in order to more precisely describe the
effect of such common impurities on the varistor microstructure
and its electrical response.

2. Materials and methods

The role of sodium impurities was analyzed on four different
compositions prepared from a commercial varistor powder
based on the ZnO-BiO3;—-Sb,0O; (ZBS) system and with
different contents of sodium: 0, 100, 1000 and 10,000 ppm of
Na™. In all cases sodium was incorporated to the formulation by
mixing sodium bicarbonate (NaHCO; reagent grade from
Fluka) with the varistor powder on a planetary mill for 2 h in
ethanol. Dense materials were then obtained using a classical
mixed-oxide route. The dried powders were sieved under
100 pm and uniaxially pressed at 120 MPa into pellets
approximately 12 mm in diameter and thickness. Sintering
of the green compacts was carried out at 1140, 1180 and
1220 °C, with a soaking time of 4 h. Also experiments were
conducted at a fixed maximum temperature of 1180 °C with
soaking times up to 24 h.

Phase characterization of the starting powders was
performed by X-ray diffraction (XRD) in a D5000 Siemens
Diffractometer using Cu K, radiation. Densities of the sintered
samples were measured using the water-immersion method.
For microstructure observations scanning electron microscopy
of polished and chemically etched (acetic acid, 10% diluted)
surfaces was carried out using a cold field emission-scanning
electron microscope (FE-SEM Model S-4700, Hitachi)
equipped with an energy dispersive spectroscopy (EDS)
microanalysis probe. ZnO grain size was evaluated from FE-
SEM micrographs by an image processing and analysis
program that measures the surface of each ZnO grain and
transforms its irregularly shaped area into a circle of equivalent
diameter. Statistical estimations were performed over more
than 800 grains.

For electrical characterization, sintered samples were cut
into discs 3 mm thick and Ag electroded. Standard V-I
measurements were carried out using a dc power multimeter
(Keithley 2410). The varistor breakdown field E.; was
estimated at a current density of 5 mA/cm?® The density of
leakage currents J; was measured at a voltage corresponding to
the 85% of the breakdown voltage. Finally the non-linear
coefficient o was measured in the current density range
between 5 and 20 mA/cm?. For ac measurements an Agilent
4294A impedance analyzer was used in the range 40 Hz to
1 MHz. Measurements were taken at different temperatures by
placing the sample on a home made electrical furnace.

3. Results and discussion
3.1. Microstructure characterization

XRD patterns shown in Fig. 1 correspond to the samples
treated at 1140°C/4h. In all cases diffraction peaks

corresponding to the major ZnO hexagonal phase are obtained
(JCPDS card no 36-1451), together with some secondary peaks
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Fig. 1. XRD patterns of the compositions with different amounts of added
sodium after sintering at 1140 °C/4 h. (&) ZnO, (H) Zn;Sb,0O,, and (O)
Bi,0s.

attributed to the Zn,;Sb,0;, spinel and the Bi,Os; phases
(JCPDS cards no 15-0687 and no 41-1449, respectively).
Actually this is the characteristic distribution of crystalline
phases for a varistor formulation based in the ZBS ternary
system [16,17], and indicates that even for the higher amount of
added sodium (10,000 ppm) the formation of a new Na-
containing secondary phase is not observed. Similar results
were obtained when the compositions were sintered at 1180 and
1220 °C and, furthermore, for all the tested temperatures no
substantial shift in the peaks positions was observed with the
addition of sodium, so initially, a systematic incorporation of
Na ions into the ZnO lattice cannot be presumed or at least it
cannot be detected by XRD analyses.

The microstructure of the prepared ceramics was then
examined on the microscope. Fig. 2 depicts the FE-SEM
micrographs of the samples sintered at 1140 °C/4 h. Initially
the four compositions again show the same overall micro-
structure, comprising big and regularly twinned ZnO grains,
smaller grains of the spinel phase (mainly located at triple and
multiple points) and a skeleton of different Bi-rich phases
surrounding all these grains. As it is known the K, lines of Na
overlap in energy with the L, lines of Zn (1041 and 1011.7 eV,
respectively) so any attempt to identify the presence of
sodium by EDS was futile. However, two distinguishable
effects were observed as the amount of sodium is increased.
First, as visibly illustrated in the images of Fig. 2 the samples
become more sensible to the chemical etching as the amount
of sodium is augmented. Second, a gradual increase in the
average size of ZnO grains was also obtained with the
addition of sodium. Data in Table 1 more clearly depicts the
increase in the grain size (in some cases measurements were
done from not chemically etched surfaces), but the fact is that
both mentioned effects can actually be attributed to the same
feature: the incorporation of sodium into the Bi-rich
secondary phase. On one hand the chemical etching was
run with acetic acid and acids strongly etch the Bi-rich phases
[18]. Since as observed the efficiency of the etching increases
with the increase in the amount of added sodium, it is likely
that this impurity would preferentially incorporate into the Bi-
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Fig. 2. FE-SEM images of polished and chemically etched surfaces of samples of compositions (a) ONa, (b) 100Na, (c) 1000Na and (d) 10,000Na, after sintering at

1140 °C/4 h.

rich phases; in other words, the addition of sodium promotes a
compositional change in the skeleton of bismuth which makes
it more susceptible to the attack with acid. On the other hand
the enhancement of the grain growth process is consistent
with an increase in the kinetics of mass transport; in our ZBS
system sintering takes place in the presence of a liquid phase,
so an increase in the growth kinetics could be attributed to a
decrease in the viscosity of the liquid. Since, as mentioned in
Section 1, the higher the amount of sodium in the liquid the
lower its viscosity [15], again we can presume that the
observed change in ZnO grain size points towards the
presence of sodium in the Bi-rich phase.

Increasing the sintering temperature initially leads to a
similar microstructure that the one observed at 1140 °C. FE-
SEM images of Fig. 3 correspond to the sample with
10,000 ppm of Na treated at 1180 °C/4 h and again evidence
is observed of the higher sensibility of this composition to the
chemical etching. A more detailed image of the Bi-rich phase

Table 1
Evolution of ZnO average grain size as a function of the amount of added
sodium for the samples sintered at 1140 °C/4 h.

Sintering: 1140 °C/4 h Gzno (£0.5 pm)

ONa (commercial varistor) 7.8
100Na (100 ppm Na*) 8.5
1000Na (1000 ppm Na*) 9.4

10,000 Na (10000 ppm Na*) 15.0

that remained after the acetic attack is shown in Fig. 3c; the
track of the acid can be inferred from the small hollow cavities
in the bright whitish phase. No sodium was detected on the EDS
analyses of this Zn-free area, but this time because it has been
mostly removed by the acid attack. Regarding the ZnO grain
size, it now increases because of both the effect of the higher
temperature and the effect of sodium. In this sense Fig. 4
depicts the evolution of the ZnO grain size as a function of the
sintering temperature and the amount of added sodium. As
observed the differences become remarkable for the composi-
tion with 10,000 ppm of sodium, with average sizes doubling
those of the sample without extra sodium. This particular
composition however has its own drawback, characterized by a
worrisome poor densification. Data in Table 2 depict the
evolution of density as a function of the amount of sodium and
it can be observed that independently of the sintering
temperature, the lower density values are those of the
composition with 10,000 ppm of Na*. Moreover, these data

Table 2
Evolution of density with the sintering temperature (p % 0.1 g/cm®) for the
different compositions tested in this study. Soaking time =4 h.

ONa 100Na 1000Na 10,000Na
1140 °C/4 h 5.4 5.4 53 5.1
1180 °C/4 h 53 53 52 5.0
1220 °C/4 h 53 53 52 5.0
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Fig. 3. FE-SEM images of sample with 10,000 ppm of sodium (10,000Na) after
sintering at 1180 °C/4 h. The smaller octahedral-shaped particles in image (a)
correspond to the secondary Zn;Sb,0,, spinel phase. Images b and ¢ show a
detailed picture of the Bi-rich secondary phase (liquid during sintering) which
remained after the chemical etching of the polished surface.

also show that the decrease in density starts to be noticeable for
the sample with 1000 ppm of sodium. Once again the results
should be interpreted in terms of the change on the nature of the
Bi-rich liquid phase promoted by the increased incorporation of
sodium. As a result of this change some occluded porosity can
be formed that cannot be removed during the retracement of the
liquid to the multiple points between ZnO grains [19], so higher
values of density cannot be achieved. Furthermore, in our
materials the problems with densification for the composition
with 10,000 ppm of added Na* were such that finally it had to
be discarded for further electrical characterization.
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Fig. 4. Evolution of ZnO average grain size for the samples with different
amounts of sodium as a function of sintering temperature (soaking time = 4 h).

To finish with the microstructure characterization, different
sintering experiments were conducted varying the soaking time
at the maximum temperature. Apart from the expected grain
growth with the sintering time, the obtained results (not
depicted here) again revealed a decrease in density and an
increase in the grain size as more sodium is incorporated to the
ceramic, to the Bi-rich liquid phase.

3.2. Electrical characterization

Fig. 5 shows the characteristic J-E curves for the samples
with different amounts of added sodium and sintered at
different sintering temperatures. As observed all compositions
show a marked non-linear response, with an abrupt transition
between the high and low resistivity regions. Coherently with
the observed increase in the ZnO grain size, the varistor
breakdown field decreases with the amount of added sodium as
well as with the sintering temperature [20]. These data are
better displayed in Table 3, together with the evolution of the
non-linear coefficient o and the density of leakage currents. For
all tested temperatures (and soaking times as well, not shown
here) a general impoverishment of the varistor response is
observed when sodium is incorporated to the formulation: the
higher the amount of sodium, the lower the value of « and the
higher the density of leakage currents. Furthermore, this

Table 3

Evolution of the varistor electrical parameters with temperature for the com-
positions with different amounts of added sodium (soaking time =4 h). In all
cases the measurement uncertainties were of 3% for the breakdown field E., of
5% for the non-linear coefficient o and of 25% for the density of leakage
currents Jj ..

E.g (kV/cm) Ji. (mA/em?) o
1140 °C 0 ppm Na* 2852 0.008 47
100 ppm Na* 2437 0.112 35
1000 ppm Na* 2436 0.191 31
1180 °C 0 ppm Na* 2474 0.006 52
100 ppm Na* 2287 0.128 39
1000 ppm Na* 1967 0.280 27
1220 °C 0 ppm Na* 2176 0.006 54
100 ppm Na* 1800 0.231 37
1000 ppm Na* 1484 0.356 30
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Fig. 5. Standard J-E curves of the samples with different amounts of added
sodium as a function of sintering temperature (soaking time =4 h). () 0 ppm
Na*, (A) 100 ppm Na*, ([J) 1000 ppm Na*.

detrimental increase in the leakage currents, of approximately
two orders of magnitude, is even more noticeable at higher
temperatures as can be observed in Table 3.

The impoverishment of the electrical parameters with the
addition of sodium can be explained by two main effects. On
one hand and in agreement with the previous microstructure
characterization, the change in the nature of the Bi-rich
secondary phase is leading to a preferential conduction path
along the varistor microstructure; i.e., the presence of sodium in
the skeleton of bismuth contributes to increase its conductivity
and this leads to an unacceptable increase of the leakage
currents, the current through the varistor in the pre-breakdown
region. Subsequently the non-linear response of the ceramic
also decreases. But on the other hand the lower value of & might
be as well attributed to a general decrease in the height of the
potential barriers at grain boundaries. This would imply a
straight involvement of sodium impurities in the configuration
of the barriers, by incorporating into the depletion layer as

suggested in the literature [10]. However this second possibility
cannot be easily confirmed by just performing a detailed
microstructure characterization, as can be inferred from the
previous section. So at this point the analysis by impedance
spectroscopy might be helpful. Actually, as a useful tool for
detecting relevant changes on the conduction mechanisms, in
the last years different analyses by impedance spectroscopy, in
any of its possible formalisms, have been reported on ZnO-base
materials [21-25]. The choice between formalisms depends not
only on the material’s electrical response but also on the set of
parameters that are going to be analyzed. In our particular case,
since the changes observed in the varistor microstructure
mostly concern to the skeleton of Bi-rich phases, the analysis of
the highly conducting ZnO grain cores is really not required.
Hence, by applying the impedance formalism [23] and by
taking measurements at relatively high temperatures
(>150 °C), the resistivity of the material, mainly dominated
by the Bi-rich secondary phase, can be obtained by fitting the
response to a parallel RC circuit. Fig. 6 then shows the
representative impedance plots for the different Na-containing
compositions. As observed, while the electrical response of the
sample with no extra sodium perfectly fits with a single RC
circuit, the addition of Na™ to the varistor formulation requires
the incorporation of a constant phase element (CPE) to the
equivalent circuit. Moreover, the inclusion of this CPE better
describes the electrical response than the fit with two parallel
RC circuits, as it was previously suggested [23]. This can be
indicative of the existence of different regions with small
variations in the capacitance values; i.e., the incorporation of
sodium can lead to a certain compositional heterogeneity in the
Bi skeleton that has its reflection in a heterogeneous electrical
response. However in order to confirm if there are also changes
in the dominant conduction mechanism, the total resistivity of
the material has to be as well estimated. In this sense the
Arrhenius plot of Fig. 7 is obtained from the value of the low
frequency intercept of the impedance plots. As observed the
conductivity slightly decreases with the amount of sodium, but
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Fig. 6. Z" vs. Z' Argand diagrams for the compositions sintered at 1180 °C/4 h.
Temperature of measurement: 350 °C.
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Fig. 7. Arrhenius plot of the electrical conductivity as calculated from the
impedance measurements. Calculated activation energies are depicted in the
plot.

the activation energy stays in similar values to that of the
sample with no extra Na. In other words, although the dominant
conduction mechanism remains unaltered some quantitative
changes can be observed.

Therefore, the microstructure changes promoted by the
incorporation of sodium certainly modify the electrical
behaviour of the Bi-rich skeleton and, consequently, will also
affect to the formation of the potential barriers. However this
alteration is of quantitative nature and then it could be ascribed
to two combined effects: the injection of charge carriers
(conduction along boundaries) and the formation of a smaller
fraction of good (active) potential barriers.

4. Conclusions

The pernicious effect of sodium impurities on the micro-
structure and the electrical response of ZBS-based varistors have
been analyzed on samples prepared by conventional solid state
route. The microstructure characterization of these samples
evidences a compositional change in the skeleton of Bi phases.
The incorporated sodium modifies the Bi-rich liquid phase and as
aconsequence the grain growth kinetics and the densification rate
are significantly altered. With regards to the electrical response, a
manifest decrease in the varistor non-linear coefficient together
with an unacceptable increase of the leakage currents in stand-by
conditions is observed with the increased presence of the alkaline
impurity. Although the precise role of sodium ions in the
formation of the potential barriers cannot be clarified (in terms of
defects), the electrical characterization certainly shows that the
conduction along the Bi-rich skeleton increases with the addition
of sodium.
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