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Abstract

The influence of yttrium oxide, ¥Os, on the microstructure development of the $r&;0,4-Nb,Os typical varistor system was studied
with scanning (SEM) and transmission (TEM) electron microscopies. The different phases present in the studied samples were characterized
through XRD, EDS and selected area diffraction patterns (SAD). Particles,&nCp were observed with TEM in every sample, whereas
clusters of the pyrochlore phasgdh,O; were observed with SEM in samples with 0.05, 0.10 and 0.25 mol%®©%YThe higher non-linearity
(¢=16) was achieved with the addition of 0.05mol% ofO4. The influence of the secondary phases on the electrical properties is also
addressed in this work.
© 2005 Published by Elsevier B.V.
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1. Introduction tion, is the main characteristic of this ceramic. However,
the presence of secondary phases in the microstruc-
Metal oxide varistors are electroceramic devices com- ture of SnQ-based varistors has been recently reported
monly used as surge arrestors in electronic circuits and[8,10].
power systems. They can be used over wide ranges of The effects on the global properties of Sn€aristors
voltages and currents according to their specific properties.of CozO4, CoO, ZnO, SpOs, NbyOs, FeeO3 and LaO0s,
The most widely studied class of varistor is manufactured by among other metal oxides, have been systematically studied.
sintering ZnO with small additions of metal oxides such as It has been determined that Co, Mn and Zn oxides create
CoO, BpO3, Slp0O3 and MnO[1-3]. The resultant product charged oxygen vacancies at sintering temperatures that
is a polycrystalline ceramic in which spinel and pyrochlore enhance diffusion and mass transport mechanisms leading
phases may be presddt5]. These devices exhibit highly to densification and grain growth. Conversely,,Gp and
non-linear voltage—current characteristics by virtue of NbpOs decrease the sintering rate of Sh@hen forming
which they act as insulators or conductors depending onsolid solution and increase the electrical conductivity.
the applied voltage. Thermionic emission and tunnelling Moreover, trivalent metal oxides (F®s, LaxO3, Al,0O3 and
are acknowledged to be the major charge carrier transportPr,O3) have been found to improve the non-linear properties
mechanism$6]. of SnO-based varistorgL0-13]
A new varistor system based on Spl@as been introduced In this work, the effect of the addition of XD3 on
by Pianaro et al. in 199%7]. The simple microstructure, the microstructure and on the electrical properties of the
consisting generally in one phase under X-ray resolu- SnQ-C0304-Nb2,Os (SCN) varistor system was studied.
This is an oxide whose cation has a similar ionic radius to
 Corresponding author. Tel.: +54 223 4816600; fax: +54 223 4810046, that of L&®* which has proven to be an excellent enhancer of
E-mail address: rparra@fi.mdp.edu.ar (R. Parra). the non-linear properties; thus, yttria might as well form solid
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Table 1
Sample composition (mol%)

SnG C0304 NboOsg Y203
SCN 99.62 0.33 0.05 -
SCN-0.05Y 99.57 0.33 0.05 0.05
SCN-0.10Y 99.52 0.33 0.05 0.10
SCN-0.25Y 99.37 0.33 0.05 0.25

solution and contribute to the formation of effective voltage
barriers.

2. Experimental procedure

Analytical grades of Sn@ (Aldrich, 99.9%), CgO4
(Merck, >99%), NbOs (Fluka AG, 99.9%), and ¥Os
(Sigma, 99.9%) were used as precursors for Shésed
varistors. Selected compositions are listedable 1 Oxides
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at 6000 rpm for 5min and subsequently dried at65or

48 h. Then, mixtures were crushed into powders and sieved
through a 43um mesh screen. Discs of a thickness around
1mm were prepared by uniaxial pressing of the powders
at 150kgcm?. The obtained pellets were sintered in a
stationary air atmosphere at 130D for 2h with heating
and cooling rates of 3 min~! in a Carbolite RHF17/6S
furnace.

The apparent density of sintered samples was determined
through the Archimedes method. X-ray diffraction analysis
(XRD) was carried out by means of a Philips 1830/00
diffractometer running with Co K radiation at 40 kV and
30 mA. The microstructures were characterized by scanning
electron microscopy (SEM) in a Topcon SM-300 microscope
under the secondary electrons mode, and by transmission
electron microscopy (TEM) in a Philips CM200 instrument
operating at 200 kV. Both SEM and TEM instruments were
equipped with EDS systems for energy dispersive X-ray

were mixed in 2-propanol stirring in a high-speed turbine analysis.

() 10 pm
E————

Fig. 1. SEM images of the compositions under characterization: (a) SCN, (b) SCN-0.05Y, (c) SCN-0.10Y and (d) SCN-0.25Y. Agglomerated patrticles of a

secondary phase are arrowed.
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Table 2

Percentage of theoretical densipy); average grain sizel), electric breakdown fieldH;), non-linearity coefficientd) and barrier voltagel,) for samples
sintered at 1300C for 2 h

Yopy d (um) Er (Vem Y at 1mAcnt? E; (Vem™1) at 100mAcnr? o Vb (V barrier 1) at 10 mA cnt2
SCN 98.2 5.8 2100 2490 14 1.4
SCN-0.05Y 97.3 5.2 2830 3270 16 1.5
SCN-0.10Y 97.0 4.7 1830 2760 6 0.9
SCN-0.25Y 96.8 4.6 1610 2880 4 0.7

SnQ; theoretical density = 6.95 g ¢ti; band gap=3.5¢eV.

Samples for SEM were polished and thermally etched 3. Results and discussion
50°C below the sintering temperature. Average grain sizes
were determined through the method of the intercgpté Fig. 1 shows the developed microstructures diadble 2
Suitable samples for TEM were prepared by cutting discs presents the densities and average grain sizes measured for
of plane and parallel faces of 3mm in diameter using an each sample. Yttria addition to the SCN system caused a
ultrasonic cutter. The discs were grinded down to a thick- decrease both in density and mean grain size; moreover,
ness of 10wm and then dimpled by means of an SBT these properties decreased even more with subsequent
Dimple Grinder Model 515 to get a 30m thickness at the  additions of %0s. As seen in the micrographs, samples
centre of the specimens. Finally, large electron transparentwith yttrium developed clusters of crystals of a secondary
regions were achieved by ion milling performedinaBal-Tech phase that might be interfering with grain growth and
RESO010 ion mill operating at 4kV and 1.5 mA on each gun. densification of the materiakig. 2 shows the EDS analysis
Electron diffraction patterns were obtained from selected over a region with a cluster of precipitates as observed with

areas. The relationship in a diffraction pattern SEM. Only Sn and O were detected in the grains, whereas
also Y is present in the precipitates. Curiously, no other
Rd = AL, (1) additive showed up in the analysis even though compounds

such as CgS5nQy have been reported to occur in similar

whereR is any distance measured on the pattern related to asystems being 1 mol% in C8-10]. Precipitates including
specificd spacing in the lattice antll. the microscope con-  Nb were neither detected with SEM in previous works
stant, was applied for phase identificatja5s]. [10]. Therefore, it is assumed that £y and NBOs are

Silver electrodes were painted on the plane surfaces ofwell distributed within the lattice and their local concen-
sintered samples for electrical characterization. A Keithley trations are below the detection limits of the equipment
237 high voltage source-measure unit was used to obtain theused.
current density versus electric field characteristics at room  Further microstructural characterization was accom-
temperature. plished through EDS assisted TEM. The imageFig. 3

Fig. 2. SEM image of the SCN-0.05Y system showing a cluster of particles of a secondary phase, and EDS analysis of: (a) grain region and (b) precipitates
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Fig. 3. TEM image and EDS analysis of: (a) precipitates of a secondary phase in the boundary of two grains and (b) of the grain region in the SCN-0.05Y
system.

shows precipitates smaller thaqtn in diameter located in Phase composition was also examined by means of X-ray
the limits of two SnQ grains. In contrast with the composi- diffraction analysis. The powder patterns displaye#im 5

tion of the precipitates found with SEM where Y is present, were registered between 30 and>4@0) to give attention
these particles are composed of Sn, Co and O. The acquisitiorto the signals of those phases different from gnihe peak

of the SAD patterns ifrig. 4allowed to phase identification;  around 35.5(20) corresponds to SnO, phase presentin every
Fig. 4a corresponds to the matrix of SpQvhereas the pat-  system that arises due to the atmospheric conditions during
tern inFig. 4b was indexed as the cubic phase=8.637A) sintering. The peak in the vicinity of 34.5hat showed up in
CoSnQy (JCPDS 29-0514). the SCN-0.10Y system, is attributed to the (2 2 2) reflection

Fig. 4. (a) SAD pattern of the grain region matching for Sra@d (b) SAD pattern of a precipitate matching for a well crystallizegSb@y-phase in sample
SCN-0.05Y.
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Fig. 6. Current density/j vs. electric field £) curves registered at 2&.

20 (deg.)
An increase inVy is observedTable 2 with the addition of
Fig. 5. XRD-powder patterns of samples: (a) SCN, (b) SCN-0.05Y, (c) 0.05mol% of Y03 to the SCN sample; however, its value
SCN-0.10Y and (d) SCN-0.25Y sintered at 1300for 2 h showing the v diminish fter i ina th ! t ! Dy
different identified phasesC}) SnG; (W) SnO; (*) Y2SnpOy. greatly diminishes after ||_'10reasmg . € percentage 3
to 0.10 and 0.25. Assuming the grain boundary breakdown

. . value as compatible with the Sa®and gap of 3.5V, the
of the cubic phase X5npO7 (JPCDS 73-1684) in agreement  ,\ mper of effective potential barriers increases from 41

with the results obtained through EDS and suggesting thatt0 42% of the total number of grain boundary barriers for
Y3* does not occupy Sn-sites in the lattice. The fact that sample SCN—0.05Y respect to sample SCN. For samples
detecting the ¥SrpOy phase is possible with XRD indicates it 0,10 and 0.25mol% of yttria, the number of effective
that most of yttria is reacting with SnQo yield agglomer- 5 iers falls to 24 and 21%, respectively. It seems that
ates of precipitates such as those OPSG“’@'QB- land2 the likelihood of Y3* species to precipitate into pyrochlore
Rare earth stannates pyrochlore oxides;3rp07 (Ln=Y, phases damages the electrical response of the devices by

La-Lu), are a well-known group of isostructural compounds ye.reasing the number of effective voltage barriers.
[16,17] The chemical affinity between Sn and Y seems to

prevail over solid solution formation, which is disfavored
due to the 30% difference that exists between their ionic 4, Conclusions
radii (3" = 0.93A; r&t =0.71A).

The effect of precipitates on the electrical properties  The experimental results reported in this paper lead to the
of SnQ-based varistors has been studied but is not yet understanding of the influence 0$®3 on the microstructure
completely understood; however, their negative effects havedevelopment and on the electrical properties of $h@sed
been systematically expos¢8-10]. The effect of adding  varistors. Secondary phases other than Sm¥e been iden-

a 0.05mol% of %03 to the SCN system was to increase, tified through different characterization techniques. Particles
though slightly, both the electric breakdown fieléi) and of Co,SnQy were observed at grain—grain interfaces within
the non-linearity coefficienix (Table 3. The observed = TEM magnification. The occurrence of agglomerates of parti-
increase inE; may be ascribed to the higher number of cles of YoSpO7 has been determined to inhibit grain growth
effective potential barriers due to the smaller grains of and material densification. The electrical properties were
the yttrium-doped sample. The electrical properties were severely damaged after increasing the amount@3¥from
negatively modified with subsequent additions of yttria 0.05 to 0.25 mol%; the effective potential barriers were seen
as Fig. 6 and Table 2show. The non-linearity coefficient to decrease with the addition of yttria. A satisfactory com-
decreased from 16 to 4 from sample SCN—-0.05Y to sample position of 99.57Sn©-0.33Ca04—0.05NB0s—0.05 mol%
SCN-0.25Y. Even though the mean grain size followed a Y,03 with the highest non-linearity o(=16) was
decreasing trend, th&, also dropped, indicating that the obtained.

electrical properties and conduction mechanisms are being
somehow altered. The grain boundary breakdown voltage
(Vg) in a sample of thicknegsand mean grain siz&can be
estimated as
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