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A comparative study between the addition ofs€a micro-particles and nano-particles as a densifying dopant of a, $=@@ed varistor

system was conducted. The ceramic composition was (99.9-X) %3rd Co; O4-0.05 %Cp0O5-0.05 %Nk Os where X =0, 0.5, 1.0, 2.0

and 4.0 mol%. Two particle sizes of @04 were used{ 5 um and~ 50 nm). The addition of 0.5 mol% of G®, nano-particles promoted

an increase of grain size of the sintered samples up tpm.2hat is, the maximum value among all variations. Characterization techniques
such as TGA, DTA, XRD, and Rietveld analysis revealed a decreasé 6fih6he formation temperature of €8nQ, as well as an increase

of 2.6 wt% in the amount of such phase with the use of 4.0 mol% @fQzmano-particles in comparison with micro-particles. Statistical
analysis indicated that the addition of nano-particles of@oyielded better repeatability on the densification of ceramic samples. Also,
residual porosity was decreased. Electrical breakdown and non-linear coefficient values correspond to a non-ohmic behavior with a potentia
application for manufacturing high voltage varistors. The findings of this work can be used as a reference for conducting a later study to
improve the electrical properties or even to lower the sintering temperature.

Keywords: Electrical properties; varistors; sintering; grain boundaries; breakdown voltage.
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1. Introduction the non-linear properties in ceramic materials [3], therefore,
it becomes imperative to obtain a highly dense material. The

The on-going development of the electronics industry regrain ;ize, the constitugnt phases, and the intr_insic grain con-
quires that the integrity of equipment that is sensitive toductivity also play an important role [1]. Varistor systems
abrupt voltage changes be safe. A practical solution for thap@sed on SnOhave been widely studied as an alternative
problem in home appliances and industrial equipment is théPr ZnO. The main advantages of the use of SWer ZnO

use of surge absorber devices, such as varistors. It is wideff®: higher resistance to degradation and single-phase struc-
known that metal oxide varistors (MOVs) are advanced cefUré [4]. The microstructure of sintered pure Snéxhibits
ramics whose resistance is voltage-dependent. When an eldégh porosity and grains linked by the necking effect due to
tric potential difference is applied to a MOV, its electrical &N €vaporation-condensation mechanism [5]. Density can be
behavior can change from a resistive-state into a conductoticreased by the creation of oxygen vacancies which promote
state at the same time that the voltage reaches a specific vallit¢ mass transport from inside the grains to the grain bound-
(known as the breakdown voltage). This voltage-dependenc/i€s [6]. To achieve the aforementioned task, several re-
is also called non-linear electrical behavior [1]. Since MOVsS€arches have used densifying agents such as CaO [7] , CuO
are commonly used in parallel with electrical circuits, their[8]: ZnO [9], and C@O, [10], to name just a few. The accu-
non-linear behavior enables the clamping down of surges i_fnulatl_on of defects at the grain boundarles due to the dopant
the nominal voltage is under the breakdown voltage and thu§clusion leads to a charge concentration and thus the forma-
offering a safe way out when the said limit is overcome. Intion of potential barriers [11].

recent years, MOVs have been used to fabricate sophisticated During the last few years, a new branch of electroceram-

surge arrester devices or even as current sensors [2]. ics that involves nanotechnology has emerged [12,13]. This

The formation of potential barriers is required to enablenot only enables the possibility of fabricating more complex
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and advanced devices, but it also improves the features of thea) 4o, _ 02
actual materials and their processing. In particular, for SnO
based varistors, a growing body of literature has been pub- 0]

lished reporting results of nanostructured precursors used tc 3 e 101
enhance densification [12-14]. This work aims to evaluate ;| -
and compare the performance of the micro and nanoparti- T—
cles of CaO, as a densifier dopant. Microstructural devel-
opment, as well as the non-ohmic electrical properties, are
also discussed to establish a correlation with the particle size.
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2. Experimental Procedure

In this work, Sn@, Co;0, (50 nm and 5um particle size), 0T 200 400 600 800 1000 1200 1400

Cr, O3, and NbO; analytical grade starting materials (from Temperature (°C)
Aldrich) were used. The molar composition of the investi- b
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gated system was (99.9-X)% SnO X% Co;04 - 0.05%
Cry05 - 0.05% NBOs, where X=10.0, 0.5, 1.0, 2.0 and 4.0%.
A high energy planetary ball mill (Pulverisette 7) was used to "% "7 s s Ao

obtain a homogeneous powder mixture. A polypropylene vial h, ——
of 50 cn? inner volume was filled with the starting oxides, 15 ~ o T
ml of distilled water, and 180 agate balls of 5 mm diameter to
obtain a slurry. Milling parameters were 300 rpm for 60 min.
The planetary mill allows the use of a reversing function in
such a way that the direction of rotation can be changed after U
a chosen period until the full cycle is completed. Therefore, ¢4
this reversing function was used to enhance the homogeneity | s -
of the powder mixture.
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After milling, the obtained slurry was dried at 80 for 4 0 200 400 600 800 1000 1200 1400
h. The dried powders and 5% wt. of Polyvinyl alcohol, PVA, Temperature (°C)
as a binder, were uniaxially pressed in the form of tablets ¢) ,, s
(10.0 mm in diameter and 1.2 mm in thickness) at 176 MPa.

The tablets were sintered in an ambient atmosphere at | .
1350°C for 1 h with a heating and cooling rate gf&min in e o g
a tube furnace (Nabertherm RHTC 80-230/15). Silver elec- | \L ------------------------ \ e
trodes (SPI flash-dry silver paint) were applied on both faces e — 8
of the ceramic sintered tablets before electrical characteriza- ; .. o \7‘ | Loo §
tion. Current-voltage measurements were taken using a High 2 “ o
Voltage Measure Unit (Keithley 2657A). The nonlinear coef- = ‘f.f E
ficient« can be calculated using the relation: 1 \g 1o g&

: [
_log(J2/J1) (1) %7 S
log(E>/En)
90 T T T T T T — -0.2
0 200 400 600 800 1000 1200 1400

whereFE; and E, are the applied electric fields related to the

current densitied; = 1 mAcm—2 and.J, = 10 mAcm™2, re-

spectively. Breakdown voltagég is measured at 1 mAcm FIGURE 1. Thermograms from a) pure SnO2, b) &b micro-

while J and £ are calculated using/s andV/t, wherei is  particles, and ¢) G, nano-particles.

the electric currents is the area of the silver electrode, and

is the thickness of the tested sample. at 45 kV, 40 mA and a PIXel 1D detector in Bragg-Brentano
Measurements to calculate the density of sintered sangeometry. The scans were performed in tiler@ge from

ples were made using the Archimedes’ method and comparelD to 8% with a step scan of 0.026and 10 s per step in a

to the theoretical density obtained from the rule of mixtures.continuous mode. Grain size and morphology of the samples

X-ray diffraction technique (XRD; PANalytical Empyrean were characterized by scanning electron microscopy (SEM,;

model) was used to identify phases of samples under the fomodel Nova Nano SEM 200, FEI). The mean grain size was

lowing conditions: Culk radiation ¢ = 1.5406 A) operated calculated from SEM micrographs with the aid of an image

Temperature (°C)
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analysis software (Image-Pro Plus), according to the ASTMof 1.57%, due to the evaporation of water at a lower temper-
E112 standard procedure. ature than that from the micro particles. The formation of
CoO is also carried out at a temperature of 933according

to Eq. (2). A reduction in weight of 6.47% takes place at this
temperature.

It has been previously reported by the authors that tin ox- Thermograms from samples doped with micro and nano-
ide exhibits good thermal stability in the temperature rangdarticles of CgO, were also obtained (Figs. 2a and 2b) and
from ambient up to 145, where the sintering process of compared. In general, both systems exhibit similar behav-
the reference sample takes place. The minimum weight log®r: approximately 150C, an exothermic process caused by
observed (F|g ]_a) is a consequence of the evaporation (ghe evaporation of water in the mixture is observed. Subse-
chemical water [15]. quently, an endothermic peak related to the reduction of
Thermograms corresponding to micro and nano-particles C0304 to CoO Eg. (2), and its interaction with Sp@n-
of Co;0, (Figs. 1b and 1c) show two similar processes. Forcourages thé-situ formation of the spinel phase €8nQ;,
the micro-particle powder sample, there is an exothermic rewhich occurs at 948C when using micro-particles of GO,
action between 50 and 250 caused by the evaporation of and at 929C with nano-particles. This endothermic peak is
water absorbed by the compound, shown in Fig. 1b. Théot observed in the samples with 0.5%. However, as the con-
weight of the sample decreased by 0.06% during this procentration of CgO, increases, the intensity increases until
cess. Subsequently, the presence of an endothermic peakraaching its maximum value for the sample with a concentra-
933°C in the DTA curve and a weight loss of 6.57% is re- tion of 4.0%. The following equation shows the process:
lated to the formation of CoO from G@,, according to the

3. Results and discussion

following reaction: 2C00+Sn0G, — CoSn O, ®3)
933°C
2C 030, ——= 6Co O+ 7T O, (2) .
Sno,
On the other hand, the thermogram corresponding to the O,
nano-particle powder of G®, (Fig. 1¢), shows a weight loss :
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Temperature (1C) FIGURE 3. Diffraction patterns from samples for reference sample

FIGURE 2. Thermograms from ceramic samples doped with a) and all compositions doped with a) g0, micro-particles, and b)
Co304 micro-particles, and b) G&®.4 nano-patrticles. Co304 nano-particles.
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TABLE |. Weighted profile magnitudeR,.,,), projected magnitude (R,), profile magnitude (R), optimum fit magnitudex?), and lattice
constant.

Sample Phase Lattice parametd) ( wWt(%)  Rup(%) Rexp(%)  Rp(%) X2
Present a b c a=0p=r
Reference SnO2 4736 4736 3.186 90 100 6.97 12.71 17.08 2.402
0.5% CgO4 micro SnQ 4737 4737 3.186 90 100 7.50 16.06 21.97 2.930
0.5% CaO4 nano Sn@ 4737 4737 3.186 90 100 7.37 16.04 21.73 2.950
1% CaO4 micro Sng 4737 4737 3.186 90 100 7.16 16.05 22.19 3.100
1% CqO4 nano Sn0O2 4736 4.736  3.186 90 100 6.93 13.72 19.03 2.747
2% Caq;04 micro Sn0O2 4737 4737 3.186 90 97.4 6.21 14.84 19.53 3.145
Co,SnQ, 8.644 8.644 8.644 90 2.6
2% CgO4 nano Sn@ 4736 4.736  3.186 90 96.3 6.52 13.99 18.67 2.623
Co,;SnO, 8.644 8.644 8.644 90 3.7
4% Caq;04 micro SnQ 4737 4737 3.186 90 91.9 5.88 10.88 15.40 2.618
Co,SnQ;, 8.645 8.645 8.645 90 8.1
4% Caq;04 nano Sn@ 4736 4736 3.186 90 89.4 5.54 9.73 14.28 2.434
Co,SnQ, 8.642 8.642 8.642 90 10.6
a) WCessteres1s % b) [

[Cobalt Tin@V) Oide (201/101/4)81 % |Cobalt TinQW) Oxide (201/1.01/4) 105 %
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FIGURE 4. Profile refinement plot for samples with a) 4 mol%3@a micro-particles, and b) 4 mol% G®, nano-particles. Experimental
data (red line) and calculated XRD pattern (blue line). The bottom plot shows the difference between experimental and calculated data, as
well as the reflections of SnCand CaSnQ, (vertical lines).

Previous studies in the field [16,17] have presented rethe spinel-type phase €8nQ, with a cubic crystalline struc-
sults that are consistent with those obtained here regardinire. This is suggested by the pairing of the remaining peaks
the formation of CeSnQ; from the interaction between CoO with the standard ICDD PDF 01-073-1617. The formation of
and SnQ@. However, the temperature at which the.SaQy this phase during sintering of cobalt oxide-doped varistors
phase is formed during the thermal process has a differendeas been previously reported [10]. Additionally, this data
of 16 degrees when using nano-particles instead of microsupports the results from thermogravimetric studies where
particles of CgO,. The authors suggest that this differencethe reduction of C¢O, to CoO, leads to the formation of
is due to the higher surface area of the nano-particles. Iti€0,SnQO,.

assumed that the small amount of,Og and N Os have a From the Rietveld refinement (Table I), it was possible to
negligible effect such that they do not produce any impact oretermine that an increase of &, content leads to an in-
the thermal behavior of the samples. crease in the formation of the spinel phase. Figure 4 shows

Diffractograms from samples doped with micro and the observed, calculated, and difference plots for the samples
nano-particles are presented in Fig. 3. The peaks showwith the higher content of G®,. Additionally, it was also
match the diffraction pattern of the tetragonal rutile typepossible to determine that the use of nano-particles enhances
SnQ, crystal structure (ICDD PDF 01-070-6995). Samplesthe formation of the C£5nQ, spinel phase. This can be ex-
doped with 2.0 and 4.0 mol% of G0, exhibit evidence of plained by relating the surface free energy of both of the

Rev. Mex. Fis66 (1) 47-55
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TaBLE Il. Median value of contractiomy, theoretical densityg;) quantified density ), relative density 4,.), remaining porosity P),
nonlinearity coefficientd), electric field z) and average grain size of sintered specimens.

Sample 5 Pt P Dir P e Ep Grain size
(%) (gent) (gent) (%) (%) (Vicm) (um)
Reference 6.0 6.95 6.64 95.54 4.46

0.5% Ca@SnQ, micro 14.1 6.94 6.80 97.98 2.02 5 2536 6.7
0.5% CaSnQ; nano 14.0 6.94 6.80 97.98 2.02 2 1162 7.9
1% C@SnQ, micro 14.5 6.94 6.77 97.55 2.45 2 1076 7.9
1% C@SnQ; nano 14.8 6.94 6.79 97.84 2.16 3 1219 7.9
2% Ca,SnO; micro 14.2 6.93 6.74 97.26 2.74 6 2645 6.7
2% Ca,SnQ; nano 14.1 6.93 6.82 98.41 1.59 2 1647 5.6
4% Co,SnQ; micro 13.4 6.91 6.64 96.09 3.91 7 3758 5.6
4% CqSnQ, nano 14.0 6.91 6.72 97.25 2.75 3 2386 4.7

*Theoretical density obtained from the rule of mixtures

Micrographs from samples doped with micro and nano-
particles of CgO, are shown in Fig. 6. Table Il summarises,
the grain size calculated from SEM images. From these re-
sults it can be established that doping with cobalt oxide, even
in small concentrations of 0.5 mol% stimulates grain growth.
Previous studies [19] have indicated that the densification
process in Sn@based materials is carried out when ions of
St are replaced by Cd in the crystal lattice during the
sintering stage. The charge compensation, due to the differ-
ence in the valences of Sn and Co produces oxygen vacancies
giving rise to its diffusion and therefore to grain growth. This
mechanism can be described by the following expressions:

SnQ 7 . b'e
BES 20kV WD10mm  SS50 CO O CO Sn+ VO + OO (4)
UANL-CIIIA . 1
Co0 =% Cd'Sn+ Vo + 50, 1. ()

FIGURE 5. Micrograph from pure Sn@sample. . : ) .
In the varistors that were doped with micro-particles of
Co30, particle sizes used. A smaller particle size is reIateoCQ”O‘(*j' ar\]/ery sll_ghtfmcrease in the aveigage_gram SIZG(;S ob-
to higher superficial energy [18]. Based on the previous statex®'Ve V\(’j €n going from_0.5 to .1'0 tr)no /o g:'gs' 6a an SC)'
ment, it should be expected that shown reactions in Egs. ( atﬁ/r, a ecreglsc(ja orgrain S'Zle 'S]? sﬁ(:ere_ W6en 2'5)66‘"] 4.0
and (3) are more spontaneous with the use of nano-particl 0 r:arehuseh, ((j)wnr;to a value of (. |Igs. €an ddg)d
rather than micro-particles, due to the high tendency of th hn the other and, when @E‘l hano-particles Welre a meQ'
nano-particles surface to bind their disjointed bonds. the average grain size was ept consta_nt ata value giri.
. for concentrations of 0.5 and 1.0% (Figs. 6b and 6d). As
Equations (2) and (3) support the statement that an he nano-particle content increases, a decrease in grain size
amount of CgO, will produce Ca@SnQ, under the indicated '

conditions. However, the scope of the XRD technigue doedvas observed for samples with concentrations of 2.0 and 4.0

- o mol%.
not allow the determination of the phases present within the SEM images show that porosity in the samples is almost

samples in concentrations below 1.0 %. Therefore, the pres-

ence of the other oxides (§P; and Nl O5) cannot be iden- negllglble, even W'Fh the_lowest _concer_1trat|on of?OQ.
tified. This feature is desirable in a varistor since porosity has a

: ) detrimental effect on electrical properties. Differences in

Figure 5 shows micrographs from the reference samplgy»in size are noticeable and the non-homogeneous morphol-
where only_ Sn@ particles are present, and it can be Seerbgy in the grains is evident. Particularly, samples with 2.0
that small joints have formed between the particles due tQnd 4.0 mol% CgO, have a visibly smalier grain type with
the diffusion of oxygen when the sample is subjected to higrgharp edges associated with the,600, phase. The latter is

temperatures. The highly porous structure shown is expecte,firmed by the elemental analysis performed on the sam-
since the diffusion is not active enough for pure $nO ple doped with

Rev. Mex. Fis66 (1) 47-55
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FIGURE 6. Micrographs from samples doped with a) 0.5, ¢) 1, e) 2, g) 4 mol%Qzanicro-particles, and b) 0.5, d) 1, f) 2, h) 4 mol%

Co;04 nano-particles.
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FIGURE 7. a) Micrograph from sample with 4 mol% @0, micro-
particles; b) EDX spectra from region mark with (+) showing the
presence of Co.

4.0 mol% CgQO, micro-particles (Fig. 7), where it is revealed

Co,SnQ, phase, while it irregulary agglomerates at grain
boundaries promoting pore formation. By comparing the use
of micro and nano-patrticles of GO,, the formation of the
Co,SnQ, phase is more evident in the sample doped with a
concentration of 4.0 mol% using nano-particles. This differ-
ence is well observed in Figs. 5g and 5h, and results from the
Rietveld refinement can support this claim. Itis interesting to
note that the formation of G&nQ, could be responsible for
the abrupt decrease in the grain size of samples with 2.0 and
4.0% CqOy.

Box plot graphs (Fig. 8) show the dispersion in density
values from all the studied samples. The reference sample
exhibits the lowest density value and widest dispersion, from

that its composition contains a considerable amount of Co. ' T ' ' T

At a concentration of 2.0 mol%, it is easy to find Lm0,
inside some Sngrains (Figs. 6e and 6f).
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Another outcome from the micrographs is that as theFIGURE 8. Density box plot from samples doped with a) {Cn
amount of CgO, increases, so does the grain size of thenano-particles, and b) G@4 micro-particles.
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a) 0.5 mol% micro-particles b) 1 mol% micro-particles ¢) 2 mol% micro-particles
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FIGURE 9. Electrical properties J vs. E from samples doped with a)- d)@zamicro-particles; e)-h) Cg0, nano-particles; i) reference
sample, and their corresponding repetition.

6.58 gcnm3 to 6.70 genm?. The graph in Fig. 8a represents Figure 9 presents the characteristic representation/st

the density data obtained from samples doped withg@z0 E for all studied samples in which the non-linear behavior is

nano-particles. Narrower boxes were obtained, meaning thatbvious. A statistical analysis of the breakdown voltage and

high repeatability in density was achieved. For samples witlthe non-linear coefficient is presented in Fig. 10.

0.5, 1.0 and 2.0% mol concentrations, the median density val- For samples doped with 0.5 and 1.0% mol of3;0g

ues are 6.80, 6.79 and 6.82 gtin respectively. However, nano-particles, the median value of the breakdown voltage

a decrease in density occurred for the sample with 4.0 mol%emained constant around 1200 Vthy Samples with the

concentration, down to 6.72 gcr. lowest concentration, which is 0.5 mol%, show good repro-
On the contrary, when micro-particles of £, were  ducibility around the aforementioned value. A considerably

used, the dispersion of the data was wider, as can be coiMgher than normal Eb was recorded at 2980 V¢ém

firmed by the distance between the limits of the boxes with A progressive increase in breakdown voltage value is

their respective median values (Fig. 8b). A slightly con-notable for samples with concentrations of 2.0 and 4.0%

stant decrease in density is observed for samples with 0.%yith median values of 1,647 and 2,386 V thy respec-

1.0, and 2.0% mol concentration whose values are 6.80, 6.77yely. For samples prepared with micro-particles of;0g,

and 6.74 g cm?, respectively. Once again, for samples with a different trend is observed. The lowest concentration of

the highest concentration of 4 mol%, a decrease in density i8.5% of CgO, produces a median value of breakdown volt-

evident, with a median value of 6.64 gcrh There is ano- age of 2,536 V cm!. Later, a decrease is observed, fol-

ticeable difference in the repeatability of density values forlowed by a constant increase going through 1076, 2645 and

ceramic samples doped with micro and nano-particles, th8758 V cnt!, for samples at concentrations of 1.0, 2.0 and

latter producing the lowest dispersion. 4.0%, respectively.
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FIGURE 10. Breakdown electric field box plot from samples doped with a)@pnano-particles, and b) G®4 micro-particles. Non-linear
coefficient box plot from samples doped with c)4Ch nano-particles, and d) G&®, micro-particles.

An interesting aspect to highlight is the fact that any in-strong relationship between the quality of connections be-
crease or decrease in the mean values of breakdown voltag@een each of the Sn@rains and the value of the coefficient
is consistent with the average grain size marked in red in ther [20,21]. There are three main types of connections: ohmic,
figures. This was an expected condition since the relationshipon-ohmic, and conductive. In addition to the above, large
between grain size and the value of the breakdown voltage idifferences in the value of the potential barriers also affect
inversely proportional. the electrical conduction, and therefore the valuexofThe

Thea coefficient can be analyzed in the same way as th&cope of this work did not consider control over the dopants
breakdown voltage, as shown in Figs. 10c and 10d. Thesgsponsible for improving the electrical properties, thus the
figures represent the dispersion of the coefficients obtaine@ua“_ty of the grain bo_undarles IS uncertain. In the varistors
for each of the concentrations and particle sizes. obtained by nano-particles, the accumulation of theSI,
I;?hase in the grain boundaries is evident, but this behavior is
0.5 mol% nano-particles of G®, exhibits a median value detrimental to obtgmlng hlgh values in thecoefficient. In

gontrast, when micro-particles of €0, are used, and the

of 3 and, as with the Eb analysis, there is an extreme valu .
of 29 for one of the analyzed samples. For the concentraa " otu.nt.s of C@SSQ are smaller, the value of the coeffi-
tions of 1.0, 2.0 and 4.0 mol%, values are obtained with lowF1ENt IS Increased.

dispersion (around 2).

The use of micro-particles of G@, at a concentration of
0.5 mol% of CqO, enhances an increase of theoefficient 4.  Conclusions
in comparison with the use of nano-particles, with a median
value of 5, and a wide dispersion is obtained. SubsequentlnQ,-pased varistors were successfully produce with the
with 1.0 mol%, the value of decreases to 2 and low disper- yse of CqO, micro and nano-particles. By comparing the
sion is observed. An increase of L9y also causes a slight systems prepared with micro and nano-particles of@o
increase in thev coefficient, moving to values of 6 and 7 at the densification repeatability attribute was improved using
concentrations of 2.0 and 4.0 mol%, respectively. nano-particles. The formation of the spinel phase S,
While the main function of some dopants is to behave asvas obtained at T& lower with the use of nano-particles
densifier agents, others improve the electrical properties bthan with micro-particles. The maximum value of grain size
providing valence electrons or by generating potential barwas obtained through the addition of 0.5 and 1.0 mol% of
riers at the grain boundaries. A homogeneous dispersio@0;0, nano-particles. The ceramic samples with;Og
of dopants over the entire volume of the varistor is crucialnano-particles exhibit promising electrical properties. In or-
to obtain the same electrical properties in any direction. Irder to confirm this assertion, further research will be per-
the existing literature, it has been reported that there is formed to improve the non-linear behavior.

The box that corresponds to the samples obtained wit
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