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Abstract

Bi,O3-doped ZnO ceramic varistors are usually sintered at temperatures near teClinie presence of a Bi-rich liquid phase, which
is partially vaporized during the sintering process. Volatilization of bismuth oxide depends on the total surface area in direct contact to the
reaction atmosphere and this in turn is related to the area/volume ratio of the ceramic compact. This 8s ledBa significant role on
the development of the varistor microstructure and more specifically ZnO grain growth, which is strongly enhanced by the presence of the
liquid phase, should be particularly affected. In the present paper, X-ray fluorescence analysis is performed to des¢Khe/tipoBration
profile as a function of distance to the outer surface, taking into account its influence on microstructural evolution.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction a pyrochlore type phase which decomposes abové©@6
a zinc—antimony spinel type phase and liquig®4.51415

Zinc oxide-based varistors are multiphase ceramic de- This Bi,Os-rich phase wets the grain boundaries forming in-
vices which exhibit highly non-linear current—voltage tergranular layers that recede during cooling to the pockets
characteristicd™® This extensive non-ohmic characteristic created by grain packing. The presence of a very thin Bi-rich
together with an ability to repeatedly withstand relatively amorphous film (1-2 nm) or intergranular segregation of Bi
high power pulses has resulted in the widespread applicationatoms at the ZnO/ZnO grain boundaries, contributes to the
of varistors as voltage surge protectorsin electrical ciréuits.  formation of potential barriers to electrical conduction in the
The device non-linearity depends on density and chemical vicinity of the ZnO interfaced1°
composition of the material, and moreover on the microstruc- ~ Since Matsuoka’s first work in the earlier 1970a,num-
ture developmerft.” Although several metal oxides are used ber of efforts have been carried out in an attempt to more
as additives, the most widely used system for ceramic varis-fully understand the influence of bismuth and other minor

tor manufacturing is based in the ternary ZnG—Skp O3, components on the microstructure and electrical properties
where BpO3 plays an essential role to impart non-linear be- of ZnO-based varistors. However, the exact role of each is
haviour to the materiat8° often hard to assess with commercially available ceramics

The ZnO-B}yOs binary system has a eutectic at 7839 consisting of up to 10 different oxides such as ZnG,d3i,
which gives rise to liquid formation and hence densifica- SOz, Co304, SN, Cro03, MNO, etc. Furthermore, many
tion. Grain growth kinetics will be determined by the spe- sources of problems may arise from the ceramic process-
cific diffusion mechanisms of liquid phase sinteriHg:3 ing due to the number of industrial operations that need
With the addition of SpOs, the system is further compli-  specific care: quality control of raw materials, slip homo-
cated as the three oxides react at low temperatures to formgeneity, pressing operations, sintering, etc. Among these op-

erations, the composition after sintering is difficult to handle
* Corresponding author. because several oxides with high vapour pressure are used
E-mail addresspeitead@icv.csic.es (M. Peiteado). in typical ZnO varistor formulatio’? That means that the
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composition is likely to change after sintering because of quite similar to commercial dimensions for high voltage ap-
component vaporization. In particular weight loss by uncon- plications. Sintering conditions were chosen so that a con-
trolled Bi,Os vaporization becomes a crucial parameter for siderable vaporization of BD3 should be observed: 124Q
varistor manufacturing23 for 4 hin air. The green compacts were placed on a cordierite
Several efforts have been carried out to describe the influ- sheet covered with previously sintered varistor powder in or-
ence of different BiO3 contents on microstructure and elec- der to avoid material diffusion into the substrate. For XRF
trical properties of varistor devices. In most cases the authorsanalysis sample Al was transversally cut into seven discs
pointed out that bismuth oxide is lost at high temperature from the upper face directly exposed to the air (upper slice)
but without quantifying it:621.2425 Few are concerned with  to the bottom face in contact with the cordierite sheet (floor
this quantification of BiOs vaporization during the sinter-  slice). Six longitudinal cuts were obtained from sample A2,
ing process. Chiang et &t.have reported a loss of 19wt.% from the external surface to the centre of the sintered ceramic.
of bismuth oxide when sintering at 1150 for 90 min by In order to study the influence @é{V ratio on BpOs va-
emission spectroscopy. They also found cobalt oxide vapor- porization, one more sample of 8 gweightand 1.37 cm height
ization when using this technique. More recently Metz é2al.  x 1.5cm diameter4/V equal to 4.1 cm?), sample A3, was
have tried to quantify BIOs vaporization by using thermo-  sintered at the same temperature and time and cut transver-
gravimetry to follow the loss of weigh observed during the sally into seven slices (no longitudinal XRF measurable cuts
sintering process. They used pyrochlore and spinel phasesvere possible with such dimensions). Additionally one sam-
previously synthesized as raw materials, with antimony ox- ple without bismuth oxide was also sintered at 12804 h,
ide already in the oxidation state V, so avoiding the weight as a reference to check if any other element interfered with
profit due to SbO3 oxidation that could mask weight loss the BiLaj line when analyzing XRF spectra (sample A4).
measurements. Nevertheless, they reported results that show
Bi,O3 losses up to 95wt.% depending on the temperature 2.2. Characterization methods
and soaking time. To some extent such loss of material needs

to be controlled, but even more it appears to be necessary to XRF analyses were carried out using a Spectrometer
determine the profile of losses within the ceramic compact, (Model MagixX PW 2424, Philips, Eindhoven, Netherlands)

since it is expected not to be homogeneous. Vaporization of With rhodium X-ray tube, 2.4 kW generator and five-position
volatile components depends on the total surface area exCrystal charger. The spectrometer is also equipped with the

posed to the reaction atmosphere, henc®©Biloss should IQ™ analytical software for qualitative and semi-quantitative

be different as distance to the surface changes. Furthermore2n@lysis, which includes fundamental parameters for inter-

this has to be related to the area/volume rafid/j of the elemental correction calculations. The operating conditions
green compact which determines the total surface area ex-Vere LIF200 and PE analyzing crystals, no primary beam
posed to the environme#f.This is the focus of the present filter, 150““”_1 sample cqlllmatpr, vacuum atmosphere and
paper, in which we use X-ray fluorescence (XRF) to quan- flow-proportional and scintillation detector. Measures of the
tify Bi ;03 vaporization and to establish the,Bl; losses as intensity of the los radiation of Bi were performed in each of

a function of distance to the surface. The results are partic- € Slices over a circular flat surface of 27 mm which corre-
ularly relevant for manufacturing commercial varistors. The sponds to the measurement area of the spectrometer sample

influence of this non-homogeneous;Bg vaporization on holder, and averaging up to five samplings per face. This

the microstructure development is also discussed in terms ofarea is fixed for all measurements to a'lp'ply the Ignalysis
ZnO grain growth. method. As the mass absorption coefficigpt of the whole

sample is strongly influenced by the mass coefficient of the
majority component, zinc oxide,zno, the penetration thick-
ness will be roughly the same for all the analyzed slices.

For microstructural observations scanning electron mi-
croscopy (SEM) of polished and chemically etched surfaces
was carried out using a Cold Field Emission-Scanning Elec-

Bismuth oxide vaporization in typical ceramic varistors On Microscope (Model S-4700, Hitachi, Tokyo, Japan).
was studied by preparing samples from the following ref- £NO grain size was evaluated from SEM micrographs by an
erence composition: ZnO (95.32 mol%), ,Bk (0.47%), image processing anq analysis program.thqt measures the sur-
ShOs (1.71%), CaO4 (0.47%), NiO (1.28%) and MnO face pf each_ ZnoO grain and tra_nsforms its irregularly shaped
(0.75%). Dense materials were obtained using a classicajdreainto a_cwcle of equivalent diameter. More than 800 grains
mixed-oxide route; suitable amounts of the chemically pure Were considered for each measurement.
commercial oxides were homogenized in a planetary mill
for 2h in ethanol, then dried at € and sieved through 3. Results
a 100um mesh. Two samples of 250 g weight, labelled Al
and A2, were uniaxially pressed at 80 MPa into cylinders of ~ The varistor theoretical composition as well as the chemi-
3.5cm heightx 5.4cm diameterA/V equal to 1.3cm?) cal compositions before and after sintering are summarized in

2. Experimental procedure

2.1. Sample preparation
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Tab_le 1 ) N S Bi,0; vaporized (wt.%)
Varistor chemical composition before and after sintering in wt.% (normal- ;
ized results to 100%) 6 5 10 I5 20 25 30
Component Formulated Composition Composition after I
composition before sintering at -] % -----
sintering! 1240°C/4 1 2 —

MnO 0.60 062 060 3 ;;___W e
C0304 1.33 125 119 — —
NiO 114 118 117 ;‘3&!313“ 4 \_%
Zno 887 887 894 BET, 5 e e
ShyOs 5.69 57 570 [ - e % _____ J
Biy O3 2.54 255 195 T

a Obtained with IQ" analysis from XRF measurements. , S

cordierite base sheet

Table 1 These data correspond to the upper transverse slice of
sample AL with a®/V ratio similar to indu_Strial di_me_nSions' Fig. 1. Transversal gradient of BD3 vaporization (in wt.%) for sample A1,
Although the IQ" system allows only semi-quantitative anal-  from the upper slice (labeled 1) to the floor face (labeledA?y. ratio =
ysis, considerable agreement between the expected formu4.3cnt. Shaded zone corresponds to the XRF analyzed @re27 mm).
lated values and the experimental ones obtained from XRF

measurements can be inferred from thable 1 Only the
Co304 and BpOs3 contents differ from the formulated com-
position. Both may be attributed to component volatilization
during the firing process. As previously mentionedzGp
vaporization was observed to occur at high temperatures b

C_hlang etaf® Itis prlmarll'y added 'to th? varistor compo sample Al and graphic representation of @4 vaporization
sition to enhance the device non-linearity. For the purpose . . ” L
as a function of distance to the surface is depictefdign 1

of this paper, we have centred our research on the other va- : .
. . : . The same analysis was performed for sample A2 and its six
porized component, the BD3, which is the varistor forming

dopant to the ZnO. longitudinal slices; results are displayedTable 3and de-

IQ* analysis was extended to the totality of the non- picted inFig. 2. . .
ST ; T . In case of sample A3, it was noted that its smaller
coincident faces in the transverse and longitudinal sections of . : o
) o dimensions do not allow longitudinal cuts and only seven
samples Al and A2, together with measures ofdiladi- . . : :
Lo . . transversal slices were obtained to followo®g vaporiza-
ation intensity (Kcps). It should be noted that these readings,. : . - . .
' : tion. Besides, the 10 semi-quantitative analysis requires
correspond to the integrated concentration of the whole mea- . X N .
. . specimens with a 27 mm minimum diameter. It was not the
sured arealable 2displays the results of BD3 XRF analysis . Lo
. case of A3 slices, so that analysis in this sample has been
for sample A1, from the upper face to the bottom floor just . N .
. ) . . limited to BiLa line intensity measurements. To hold the
placed over the cordierite sheet with varistor sintered pow- i
. . . pellets on the XRF sample holder, a circular mask made of
der. DatairTable 2shows differences in the BD3 concentra- : L
. . : teflon was manufactured with 0.2 mm in thickness and 10 mm
tion when calculated from the intensity measurements (Kcps) . ~ - L ;
with respect to that obtained with tQand assuming a linear in diameter for X-ray radiation entry. Results 0% vapor-
P 9 ization for sample A3 are displayedTable 4and graphically

response. These differences are due to the sem|-quant|tat|V(%jepicted irFig. 3.

character of I3 so in fact this analysis system is mainly used
as a guide line to corroborate the calculated values. In these
terms, the BiO3 vaporization percentage is obtained from
the BpO3 concentration data calculated from the BilLra-

Y diation intensity. Location of the seven transversal disks of

Table 2
Transversal profile of BO3 vaporization in sample AL Table 3
XRF [Bi»O3] Calculated % BiyOs Longitudinal profile of ByO3 vaporization in sample A2
intensity from 1Q™ [Bi203] vaporized XRF [Bi203] Calculated % Bi,O3
(Kcps) (Wt.9%)P (Wt.%) intensity  from 1Q™ [Bi203] vaporized
Upper slice 33044 1.82 1.78 20.7 (Keps)  wtoef  (wt.%)
Slice 2 33156 1.84 1.79 29.5 External surface 32092 1.78 1.73 31.7
Slice 3 34719 1.98 1.88 26.1 Slice 2 34012 1.82 1.84 27.6
Slice 4 40533 2.16 2.19 13.8 Slice 3 35728 2.04 1.93 24.0
Slice 5 38814 2.20 2.09 17.4 Slice 4 37536 212 2.03 20.1
Slice 6 37811 1.88 2.04 19.6 Slice 5 38340 2.02 2.07 18.4
Floor slice 37098 2.06 2.00 21.1 Compact center 38519 2.00 2.08 18.0
Green compact 47008 2.55 2%4 Green compact 47008 2.55 2%54
aAV=13cnrl, a AvV=13cnrl,
b RSD+ 0.30, corresponding t@ < 0.01%. b RSD+ 0.30, corresponding t@ < 0.01%.

¢ Formulated composition. ¢ Formulated composition.
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Fig. 2. Longitudinal gradient of BD3 vaporization (in wt.%) for sample
A2, from the external surface to the center of the varistor ceraiftratio =
1.3 cnt!. Shaded zone corresponds to the XRF analyzed @re®f mm).

Table 4

Transversal profile of BO3 vaporization in sample A3
XRF Calculated % Biy03
intensity [Bi203] vaporized
(Keps) (Wt.%)

Upper slice 8033 1.00 60.7
Slice 2 8272 1.03 59.5
Slice 3 8324 1.03 59.2
Slice 4 8708 1.08 57.4
Slice 5 8711 1.08 57.3
Slice 6 8745 1.09 57.2

Floor slice 8991 1.12 56.0

Green compact 20425 2154

aAV=4lcnrl.
b Formulated composition.

Finally, Fig. 4 shows the XRF intensities registered for
sample A3 in the vicinity of the Bik; radiation. Together
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Fig. 4. XRF spectra for sample A3 in the vicinity of Bik radiation. Black
dashed line: green compact; grey line: bottoms slice; black bold line: upper
slice.

out BipOs. As it can be seen, no interference from the other
varistor constituents is affecting the intensity of this radiation
line of Bi.

4. Discussion

Whatisfirstinferred from results in previous section is that
Bi»O3 vaporization is not homogeneous throughout the ce-
ramic body. To keep equilibrium between the liquid phase and
the reaction atmosphere, those areas nearby the surface have
a lower content of BiOs than the interior, with a longer way
for BioOz to leak out. However, this is not only a consequence
of distance since, as densification proceeds during sintering,
channels between ZnO grains become closed isolating the
liquid at triple and multiple junctions which can only diffuse
through the grain boundaries. As a result diffusion and va-
porization from within the ceramic is more hindered than in
the proximity of the surface. In this way, samples Al and A2

with the green sample and the upper and bottom externalpaye the highest BD3 content in slices corresponding to the

slices, it is also represented the spectrum corresponding tQcentre of the ceramic body, slice 4 in sample Al and slice 6
sample A4 prepared in the same conditions as A3 but with- i, sample A2.

Bi,0; vaporized (wt.%)
50 55 60

cordierite floor

Fig. 3. Gradient of BiO3 vaporization in wt.% for a ceramic compact with
higherA/V ratio: sample A3A/V = 4.1 cnt. This time the whole area was
analyzed by XRF@® < 27 mm).

Different behaviour is found in sample A3 in whichyBl3
volatilization is to 60% of the initial content, quite high com-
pared to the maximum of 30% in samples Al and A2. More-
over, in sample A3 vaporization decreases from the upper
slice and the highest BD3 content is not at the centre of the
ceramic body but on the bottom of he specimen. The rea-
son of this different behaviour is the total exposed area to
the surface. TheVV ratio in sample A3 is 4.1 cm* while
in the other two samples it is only 1.3 cth which means
that BLOs has more surface to vaporize from sample A3.
Similar behaviour is supposed to take place in all of the sam-
ples, but in A3 the diffusion paths to the outer atmosphere are
shorter, resulting in small differences between the different
slices {Table 4. In fact the lower vaporization of the bottom
slice in sample A3 seems to be related to the physical pres-
ence of the varistor powder over the cordierite sheet. Itis not
significant in samples with lowe¥/V ratios.

All of these changes in composition from the,B4
loss will obviously affect the microstructure of the sintered
material. Since it has been found that vaporization is not
homogenous along the ceramic body, the development of
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Fig. 5. SEM micrographs for different slices in sample A1 and A3. (a) Upper slice in sample A1, (b) middle slice in sample A1, (c) upper slice in sample A3
and (d) bottom slice in sample AB/V ratio equal to 1.3 and 4.1 cth for A1 and A3, respectively.

microstructure should also be expected to be different de-from Table 5 in which we found a larger ZnO grain size
pending on the distance to the surface. A significant featurein sample with loweV/V ratios that is with a higher BO3

of the varistor microstructure is ZnO grain growth. The ki- content.

netics is strongly determined by the presence of th©Bi On the other hand in sample Al we find differences up
rich liquid phaseTable 5illustrates the results of grain size to 16% in BpOs losses between slices, which do not result
measurements for the slices of samples Al and A3 with in great differences in ZnO grain size, while in sample A3
significant changes in BO3 vaporization. From this table  small differences of only 4% are enough to see big changes in
and the SEM micrographs Irig. 5, it can be noted that the  this microstructural parameter. This is more noticeable when
ZnO grain size increases with highernBi; contents thatis  plotting Bi>Os vaporization versus ZnO grain size for both
with less BpOg3 vaporization. Matter diffusion through the samples together, as depictedRig. 6. The shape of this
Bi»Os-rich liquid involve solution-precipitation processes curve indicates that grain size decreases with the amount of
(Ostwald-Rippenindy that are affected as the composition Bi>Os vaporization. In this way, in sample Al the loss of
and total amount of liquid phase decreases. Vaporization of Bi,O3 reaches values of about 30% in the slice with higher
Bi»O3 modifies the nature of the Bi-rich liquid phase in such

a way that the kinetics of these diffusion mechanisms be-
11

comes slower and ZnO grain growth is then reduced. There-
fore, the more the BOgs-rich liquid phase vaporizes, the k= i)
smaller the ZnO grain size. This is also reflected in the data a
O F o
= 5 %
Table 5 ﬁ b
Average ZnO grain size %n E B
% Bi,O3 vaporized Grain size0.5pm) § 7 {
Slice 1in AP 29.7 a5 <
Slice 5in Al 13.8 1a 6 : : : : :
10 20 30 40 50 60
Slice 1in AP 60.7 72
Slice 7in A3 56.0 & % Bi,0, vaporized

a A/Vratio = 1.3cntl,
b A/Vratio = 4.1cnrl. Fig. 6. Evolution of ZnO grain size as a function of,Bjg vaporization.
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vaporization detected, so there remains a high content of bis- 9.

muth oxide even in this slice, and no big differences in ZnO

grain size could be observed. Vaporization in sample A3 how-
ever reaches values of 56% almost double that of sample
A1, so that the BiOs content is particularly low in all of

its slices to create significant differences in the grain growth 11.

kinetics.

12.

5. Conclusions

Bi»O3 vaporization in ZnO-based ceramic varistors was
studied. Itis observed to occur as a function of the distance to

the surface area exposed to the sintering atmosphere. In thigs,

way theA/V ratio of the green ceramic plays a determining
role in varistor manufacturing, since it limits the total amount
of liquid Bi-rich phase that will be lost by vaporization. Mi-
crostructural development and more specifically the kinetics
of ZnO grain growth are strongly affected by this vaporiza-

tion in such a way that the grain size of ZnO tends to decreasel?.

with increasing bismuth oxide vaporization.
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