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Experiments on silicate liquid phase sintering of YSZ ceramics with addition of 0.5 mol % of
rare earth ions have been done in order to study the effect of these ions on the kinetics of
grain growth and the expulsion of glass through the grain boundaries. Kinetics follow a
third power law in the following order YPr > YPrEr > YY > YEr. The expelled glass does not
spread over the ceramic grains and its mass is inversely related to grain size. Glass phase
separation inside the grain boundaries is found to be a necessary condition for glass
expulsion. © 1999 Kluwer Academic Publishers

1. Introduction zirconia through an excess silicate liquid glass phase
Silica is the most frequently found impurity in zirco- is proving to be of interest. Moreover, a very frequent
nia ceramics, mainly in the grain boundaries. Recentlyprocedure is to sinter alumina via liquid phase. Re-
Aoki et al.[1] found that a silica concentration as low search on the silicate liquid phase sintering [9-11] of
as 80 ppm decreases the calcia stabilised zirconia gramlumina and penetration experiments of polycrystalline
boundary specific electrical conductivitygs‘g. It has alumina by glass [12, 13] have provided a better basic
been found that small amounts of silica-rich phasesinderstanding of the liquid phase sintering of this ma-
migrate along the grain boundaries, concentrating irierial as compared with zirconia. On the other hand,
pockets in stabilised zirconia considered to be of highzirconia being an ionic conductor, the changes in its
purity [1, 2]. In systems where the concentration ofgrain boundary capacitance and specific conductivity
silicate is considerably higher, sintering proceeds vialuring liquid phase sintering may provide additional in-
liquid phase. Silicate liquid phase sintering advantaformation on the process going on in the glass-ceramic
geously decreases the soaking time and temperatuiaterface. Composition of the liquid phase used for zir-
of zirconia ceramic sintering. Electrical conductivity, conia sintering, in addition to the silicate, includes zir-
however, decreases mainly due to increased electricabnium and the stabilising ions, the final composition
resistance of the grain boundary [3-5]odickmeier being regulated by the segregation coefficient of each
et al. [6] have studied the effect of intergranular glassion between the liquid phase and the zirconia grains.
films on the grain boundary electrical conductivity of The segregation of aliovalent impurities in the solid
3Y-TZP ceramics due to additions of Si@nd ALO;  state sintering of TZP ceramics has already been re-
in the sintering powders. These authors have found thatently studied by Hwang and Chen [14]. These authors
second phase glass films havgO4, ZrO,, Al,Os and  have shown that segregation is dominated by the space
SiQ, in their composition and reach the 1-2 nm equi-charge present in the grain boundaries.
librium thickness, as predicted by the theoretical grain This paper describes an experimental investigation
boundary thickness calculations of Clarke [7]. Aluminaon the sintering of yttria stabilised zirconia by a sil-
and silica additions, in the molar ratio of 1.0, were foundicate liquid phase with controlled minor additions of
to significantly decrease the grain boundary electricatare earth ions of different ionic radii, Erbium and
conductivity and produce a glass phase that spreaddraseodymium. It will be shown that each of those Rare
along the grain boundaries. Earth ions have differentinfluences on the sintering pro-
Since silica is always presentin commercial zirconiacess of the ceramic bodies. Their differing segregation
powders and liquid phase sintering is needed for théehaviour has a strong effect on the expulsion of one
sintering of several other materials, such af\N%i[8],  separated glass phase during sintering time and on ce-
an investigation into the sintering of yttria stabilised ramic grain growth.
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TABLE | Nominal samples compositions (mol %) 3. Results
3.1. Ceramic phase

Y203 Pr,03 Er0O3 . . .
The microstructures of the ceramic phases show grains

YEr 6.5 — 0.5 with rounded edges typical of liquid phase sintering.
YPr 6.5 0.5 — One characteristic of the grain boundaries is the alter-
er’ 76-5’ 0% 03 nate structure of glass pockets between thin regions,

where the grains maintain closer contact, as shown
In addition each composition has: 0.58k; 0.12TiGy; 0.12ca0; in Fig. 1A. This is the dominant characteristic of the

2.5SiQ (Mol %). microstructure of the larger grain size discs, as in the
YPr and YPrEr compositions. Regions where the grain
boundary was thin between two triple points where
also found, as shown in Fig. 1B. This characteristic

2. Experimental _ was found to be more frequent in samples with smaller
Four different compositions were chosen for this StUdYgrain size, as in the discs with the YEr composition.

all of them_ essentially the same, differing only in_ the Therefore, the glass phase is located mainly in the
concentration of the lanthanide elements of differ-jynction of more than two grains and in large pockets

ent ionic radius. The stabiliser elements of the zir-55ng the grain boundaries. Most of the thinner parts of
conia phase are Yttrium, Erbium and Praseodymiumine grain boundaries, which contribute significantly to
whose total molar concentration as oxides inyhe grain boundary electrical conductivity, are between

each .comg)osition is 7(-)0 mol % 665%2%+0'5§/0 glass pockets, as shown in Fig. 1A. The fraction of the
Er203; 6.5% Y203 + 0.5% PpOs; 6.0% Y203 +0.5% grain surface area that is in contact with a thin grain

Er,03+0.5% PpOs; 7.0% Y203, hereafter referred to, oundary, Fig. 1A, was evaluated as follows. It was as-

The zirconia powder used in this work (TAM Ceram- cjrcylar shape on top of the grain surface. The fraction
ics, USA) already contains additives for silicate liquid

phase sintering, but an excess of 1.0 wt % of amorphous__

silica (Cabosil, USA) was added during powder prepa-
ration. The final concentrations of each oxide in the fourf
studied compositions are given in Table I. All the ce-
ramic discs studied were prepared from eight batches
two for each composition. The rare earth starting pow-
ders (purity 99.9%, Aldrich, USA) were milled/mixed
with zirconia balls (Tosoh-Japan) in polyethylene jars
with acetone and 1.0 wt % of PVB (Monsanto, USA).
Disc preparation and density measurements were dor
as already described elsewhere [15]. Final disc diam
eter after sintering is close to 1.0 cm, while thickness
lies between 2.0 and 3.0 mm. Optical microscopy anc
scanning electron microscopy, SEM, observations wer
done on polished and unpolished discs in order to exarr
ine the glass phase expelled from the discs during si
tering, as well as the ceramic microstructure. Energy:
dispersive spectroscopy (EDS) quantitative analyse
were done in a Zeiss 9600 scanning electron micro
scope equipped with a microanalizer Link Analytical e
QX 2000. Only the 8.0 and 16.0 h sintered samples ha
their grain boundary glass phase analysed. EDS ana
ysis of the concentrations of each oxide in the grain
boundary glass, grains and expelled glass were done ¢
a large number of samples. In order to reduce grain su
face interference on the EDS analyses of the expelle
glass, the measurements were made on the thicker gla
droplets (35um). The amount of expelled glass from
inside to the surface of the discs during sintering was
measured by successive abrasions with a small graigs
emery paper, weighing and observing the disc surfac
in an optical microscope. Because the hardness of th
glass is lower than that of the zirconia grains, this pro-
cedure produced an error under 10% in the mass of th
glass phase. In a few discs the height, diameterandar 5 ym
gle ofthe glass drops surface with the ceramic grains, o

the Iarge_r spots of expelled glass, were measured Usingyure 1 Characteristic microstructure of YPrEr 8.0 h sintered sample:
a stylus instrument (Talystep, RTHL, England). Typical of (A) 75% and (B) 25% of the analysed discs surfaces.

5 um
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of the area A, to the total grain surface areag, was TABLE Il Ceramic grain average compositions after 16 h sintering
estimated from Fig. 1A, to b&/S; ~ 25% for the 8.0h  (mol%)

sintered YPrEr discs. The total value for tA£S; ratio, YEr YPr YPIET vy
including both types of microstructure, Fig. 1A and B,

was estimated to be approximately 50%. To make thigro: 92.3 92.4 92.4 92.3
rough estimate, it was taken into account that the miY20s 6.5 6.5 6.0 7.0
crostructures, such as the one shown in Fig. 1B, wergggj _0'5 03 g'g _
found to be present three times less frequently thag;o, 05 05 05 05

that shown in Fig. 1A. The microstructures do not have
empty pores; the few pores present in the bulk of thel20s, CaO, TiG: = trace.

grains were filled with glass, some of them aluminjumMaximum deviation: 10%.

rich. Pores filled with glass with the same composi-

tion as the expelled glass were also occasionally found. _ . _ _

Sample densities reached a nearly constant value @ind grain boundaries of the ceramic bodies made of the
5.74 glcnt after the first 0.5 h of sintering, with a very four different compositions. The Praseodymium doped
small oscillation of 0.5% around this value. We attributediscs expelled a glass phase along the sintering process,
these variations in density to be due to our experimenEig. 3, while the YEr composition did not. The distri-
tal method since they were not systematic. The averageution on the disc surface of the expelled glass was not
grain sizes of the sintered discs of the four compositionginiform, but showed a strong tendency to form glass
increased with sintering time, as shown in Fig. 2, in theislands, as shown in the optical micrograph in Fig. 3A.
following order: YEr, YY, YPrEr, and YPr. In the case The glass expelled from inside the discs appears on the
of all the samples, the first 0.5 h of sintering accountglisc surface around the grains. Further coalescence pro-
for nearly half of the final average grain size of the discs duced the larger glass islands shown in Fig. 3A and B.
The X-ray diffraction, XRD, detected only zirconia cu- 10 better illustrate glass expulsion, Fig. 4 shows the
bic phase in all compositions after 4.0 h of sintering, butmicrostructure of a disc of the YPr composition sin-
samples YEr and YY were already in the cubic phaseered during 4.0 h at a lower temperature, 1350The
after 1.0 h of sintering. Although grains with the cubic €xpelled glass is shown around the grains, in the grain
phase were always present in much larger proportiorpoundaries. The observed maximum thickness of the
few grains with the characteristic tetragonal precipitateglass islands on the discs sintered at 181Gluring
were found in some micrographs. The EDS analysis of-0 h was 3um. The tops of these glass islands were
the grains, grain boundary phases and expelled g|aé1pservedto be surrounded by interference Newton rings
were done on four different discs of each sample comwhen a flat glass supported the discs in an inverted op-
position and three grains in each disc, making a totafical microscope. The angtebetween the surfaces of

of twelve analyses for each composition for the samédhe glass and the zirconia grains, at their contact, was
sintering time. The average molar percentages for eaclpund to be near 25for several droplets. _

oxide in the ceramic grains of the four-studied sample The amount of expelled glass phase on the disc sur-
compositions are shown in Table II. This table indicatesfaces, for each sample composition, were measured for
that Erbium is fully dissolved in the grains after 16 h of several sintering times, as shown in Fig. 5. The mass of

sintering, while Praseodymium is only 60% dissolved.the expelled glass has a linear dependence with the in-
verse of the grain size due to the decrease of the grains

total surface area during grain growth (see Fig. 6).
3.2. Glass phases Table Il shows that the compositions of the expelled
Impurity segregation determined the glass phase conglass of samples YPr and YPrEr are the same. Sam-
positions, resulting in different properties for the grainsple YY produced expelled glass, in the form of a few
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Figure 2 Grain sizedy, versus sintering timg, of the four investigated samples.

4025



TABLE Il Average glass phases compositions (mol %) after 16 h
sintering

Grain boundary and

Expelled glass (G1) pockets glass (G2)

YPrEr/Ypr YY YEr  YPrEr YPr YY
Al;O03  10.0 10.5 9.3 9.2 9.0 100
CaOoO 2.1 1.6 15 2.1 2.1 1.3
SiO, 75.4 84.5 73.0 69.0 68.8 75.0
ZrOy — — 7.7 7.0 7.2 5.1
TiO2 1.0 1.6 15 11 11 1.6
Y203 5.5 2.6 7.1 6.7 6.7 7.0
EnO; — — — — — —
Pr,03 6.0 — — 5.0 5.0 —

Error in ZrQ, and Y,03: £10%.

Figure 4 Expelled glass of YPr sample sintered at 156Cor 4 h.

The chemical composition of the glass remaining in
the grain boundaries, pockets and grain junctions differs
from the expelled glass composition, zirconium being
present in a larger concentration, as shown in Table Ill.
In severaltriple points, as well as in afew pockets inside
the grains, a larger concentration of silica was found
or, in fewer cases, a composition similar to that of the
expelled glass. For the sake of simplicity we will call
Figure 3 Expelled glass from the YPr sample after 8.0 h sintering: (A) the expeIIed glass phase the G1 phase, while the one
optical microscopy showing details of Fig. 3B; (B) electron microscopy that wets the grains and that remains the diSCS, will be
ofthe same sample. called the G2 phase. Table 1l shows the EDS analysis

of these glass phases.

The mass of the sintered discs was close to 1.3 g. The
isolated glass dots, in very small amounts, estimatedhaximum amount of expelled glass, G1, of the YPr
to be 0.2 mg after 16.0 h of soaking time. Part of thesample was 5.3 mg, while the mass of the G2 phase
expelled glass from 8.0 h sintered discs of compositiorwas estimated at 52.0 mg. Thus, in our experiments, the
YPr left the disc surfaces during sintering. The sample®xpelled glass, G1, was approximately 10 wt % of the
were sintered with their surfaces in an almost verticakotal glass phase in the sample. The total mass of glass,
position inside a small crucible, their lower part coin- G1+ G2, is~ 4.4 wt % of the total mass of the disc.
ciding with the region found to be free of expelled glass.As illustrated in Figs 5 and 6, after 8.0 h of sintering
It is presumed that larger glass droplets were accumuhe expulsion of the G1 phase of the YPr discs had
lated in the lower part, causing them to roll down (seealready been completed, while in the YPrEr discs it was
Fig. 1B). still being expelled at 16.0 h of sintering. The expelled
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Figure 6 Expelled glass mass versus 1/

glass of the YY sample also shows a non-spreadingions is close to 2.0 nm, as calculated by Clarke [7].
behaviour similar to the G1 phase of the YPr discs.The internal pressure of the liquid phase is not enough
The larger expelled glass dots of the YY discs have do push apart the grains in these thinner regions in or-
diameter of around 6Qm and are not interconnected. der to fully separate the ceramic grains, as happens in
Although precise segregation coefficients cannot bgenetration experiments [13]. These attracting forces
obtained from our data, it is clear that Erbium hasprovide a kind of solid skeleton full of the liquid phase
the lowest segregation coefficient, meaning that it isn the voids. This arrangement generates the conditions
incorporated preferentially into the ceramic grains.for glass expulsion, as will be discussed in the next
Praseodymium shows the opposite behaviour. Yttriunsection.
shows approximately the same concentration in the The ceramic bodies reached their full density of
grains and the G2 glass phase of all four studied com5.77 g/cnd in the first half hour of sintering. Subse-
positions and is therefore not segregated. quently, grain coarsening proceeded via liquid phase
according to the following Equation [16]:

4. Discussion dg —dg = K(t —to) (K =3DcoyM/4oRT) (1)

4.1. Ceramic phase
The microstructures of Fig. 1 show that a large amountn the abovegl is the grain size at timig dp is the grain

of glass phase is distributed along the grain boundariesize at timet =0.5 h andK is a constant dependent
as a continuous film or in a discontinuous sequence obn the diffusivity in the mediumpP, temperatureT,
pockets and thin regions. It is assumed that the equinterfacial energyy, solute concentratiorgy, molar
librium grain boundary thicknes8gy, of these thinre- mass,M, and densityp. The good agreement of our
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Figure 7 Kinectics of grain corsening.

data forn = 3, on a log-log plot, to the above equation Oxide concentration presentin the grains after 16.0 h
is shown in Fig. 7. Agreement in the caserot2 is  at 1610°C is shown in Table Il. A comparison with
poor and the slope deviates from unity. Still from Fig. 7, Table 11l shows that Er® is present only in the grains
it is found thatK increases in the following order of and has, therefore, not been segregated during grain
compositions: YEk YY < YPrEr< YPr. growth. The same is not true for Praseodymium, which
The main contribution to this behaviour can be at-shows a large concentration in the glass phase and
tributed to the difference in diffusivity for mass trans- a much lower concentration in the grains. Although
port in the glass phases of each composition. MasPraseodymium can produce silicate glasses as a triva-
transport is associated with the glass viscosity that i¢ent ion [18], its behaviour could be closer to Cerium
dependent on the concentration of nonbridging oxythat has oxidation states, €eand Cé&*. Considering
gen, NBO, in the G2 glass phase. It has been shown blgoth these oxidation states for the oxide, the(Rx
Kohli et al.[17] that rare earth aluminosilicate glasseschemical formula has been proposed. From this for-
contain a broad distribution of NBO types, which in- mula, the ratio between the concentrations of both va-
creases in concentration with increasing rare earch oxXence states is [Pf]/[Pr-3] = 4. Because the Pf ion
ide concentration. Table Il shows that the sum of thehas a null effective charge in the zirconia lattice and
concentrations of Yttrium and Praseodymium in the G2an ionic radius slightly higher than the Zrionic ra-
glass phase is much higher in the YPr and YPrEr thamlius, a slight segregation during grain growth could be
in the YY and YEr samples. Therefore, diffusivity for expected. However, the molar ratio concentration be-
mass transport in these compositions must be highetween the G2 glass and the grains is nearly twenty times
Although Table Il shows differences between the G2higher. This result is much closer to the behaviour of
glass phase compositions of samples YY and YEr, they Prt2 ion, which has a larger ionic radius. This study
are not so significant as those discussed above. Thaill, therefore, consider only the trivalent state for the
difference in grain growth between these two composiPraseodymium ion.
tions must come from the smaller concentration of the
Y+3jon in the YEr composition. Therefore, the above
results of the effect on the grain growth of YSZ ce- 4.2. Glass phase
ramics due to the addition of 0.5 mol % of rare earthlt is known that a ceramic body fully penetrated by a
elements on 6.5 mol %203 is dependent on the ionic  wetting glass phase keeps its solid form even when the
radius of the rare earth ions in an indirect way. Inbody’s volume increases by 50% due to the glass pene-
their study of high purity Ce-TZP ceramics with small tration [13]. The reason for this behaviour is the capil-
additions of ions of different ionic radii, Hwang and lary pressure. The total grain surface area decreases dur-
Chen [14] found that the observed normal grain growthing grain growth, causing a redistribution of the glass
behaviour could be explained using the space chargghase due to local increase of the internal pressure.
concept. Build-up of the space charge is dependent ofiransient gradients of pressure are, thus, established
the segregation of the main dopant ion, in the presennside the body. The final equilibrium pressure is coun-
study of Y+3ion segregation. In this study, grain growth terbalanced by a change in the wetting angle of the glass
seems to be controlled by the solute transport. Segresn the external surface of the ceramic body. If glass
gation of the Y ion will be discussed later in the next phase separation occurs inside the grain boundary, the
section. droplets of the separated glass will move toward the
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external surface of the ceramic body under the actiorand therefore to show a linear dependence o, Hs
of the gradient of pressure. Pressure gradients are neshown in Fig. 6. The same figure also shows that the
essary to move separated phases. Hence, the causes@f phase of the YPr sample ceased to be expelled after
glass expulsion are increased internal pressure due &0 h of sintering. The YPrEr composition discs have
grain growth and glass phase separation. However, ia smaller grain size when compared to the YPr sample
order to keep the internal gradient pressure, attractingiscs. From the above discussion, therefore, it is ex-
forces between the grains are necessary. These forcpected to still be expelling the G1 phase at 16.0 h sinter-
are present in the thin regions of the grain boundary. ing time. The G1 phase of YY composition is less rich
Fig. 6 shows a linear correlation between the expelledn NBO generating ions (Table 11l) and must, therefore,
mass and the grain surface. The grain surface &ga, have a higher viscosity than the Praseodymium doped
relates to grain sizely, as§; = C/dg [19]. In thisequa-  samples. Its grain size is also smaller than that of the
tion, C depends on the grain shape and the type of th& PrEr sample for the same sintering time. High vis-
mean grain size distribution. These two conditions werecosity and smaller grain size contribute to decrease the
constants and therefofg ~ 1/dy. To look for the sep- expelling rate of G1 phase of this composition. From
arated glass phase a pellet of glass was placed on a Ydur experiments, it cannot be stated conclusively that
ceramic disc surface and heated to 16C@or 2.0 hin  a glass phase separation did not occur in the YEr sam-
order to allow the glass the penetrate the ceramic dis@les. The absence of expelled glass from the discs of
The penetrated glass composition is shown in Table 1Vthis composition must be due to the smaller grain size
After penetration occurred, the disc was sawed perpersf these samples, which are smaller than the grain size
dicularly to the penetrated surface. Fig. 8 shows thef the YY sample and, therefore, insufficient gradient
polished surface of the disc where the droplets of theressure was generated.
separated glass phase are clearly seen. Thus, the G1The properties of all glass phases described in this
phase was driven out to the disc surface through thetudy are related to their chemical composition, which
grain boundary channels under the pressure gradiefd shown in Table Ill. The concentrations of8l3, CaO
generated by the grain growth and opposed by glasand TiQ, are very similar in all glass phases and, there-
viscosity. The YPr and YPrEr sintered disc sampledfore, they do not contribute to the observed difference in
have G1 phases Praseodymium and Yttrium rich thatheir properties. Zr@has a larger concentration in the
enriched the aluminosilicate glasses NBO, decreasinglasses that wet the ceramic grains, the G2 phases. As
their viscosities [17]. Their thicker grain boundaries, for the G1 phase, there is a large difference in Yttrium
G1 lower viscosities and large grain size gave theseoncentration between the YPr/YPrEr and that of the
samples a high expelling rate. This allowed the mas¥'Y samples shown in Table Ill. The same table also
expulsion to follow the decrease of grain surface areandicates that the G1 phase of the YY sample is less
Yttrium rich than the G2 phase. However, the main dif-
ference in composition between the two glass phases
TABLE IV Glass phase composition (mol %) of penetrated glass injs on the zirconia concentration. The measurements of
YY ceramic disc grain and glass compositions after long sintering times
Y,0; CaO PsOs Al,Os Sio, zio, Tio, 9iveanindication of the segregation behaviour of each
ion. SiG, Al,03, CaO, and Ti@ have a higher con-
5.4 1.9 55 9.6 71.8 4.6 12 centration in the glass phase and a much lower con-
centration in the grains. Praseodymium shows a much
higher concentration in the glass phases, while Erbium
is absent. Yttrium shows a peculiar behaviour: its con-
centration is nearly the same in the grains and the G2
glass phase. Therefore, during the grain growth process,
a smaller segregation of the"¥ ion occurs, if any. In
the case of null segregation of the'¥ion, the space
charge that develops on the surface of the grains will
be determined by the minority stabilising ions. More-
over, grain boundary electrical conductivity is sensitive
to grain boundary composition, as will be discussed in
part 11 of this study.

5. Conclusions
The liquid phase sintering behaviour of YSZ ceramics
show the following main characteristics:

(1) Third order grain growth kinetics was found to
be dependent on the nature of the rare earth doping ion.
This dependence is attributed to the different diffusivi-
tiesinthe grain boundary glass phase, introduced by the

Figure 8 Glass phase penetrated in the YY ceramic disc. Phase transpon'bridging oxygen, NBO, generated by the rare earth
formation is seen as small dots in the dark background. ions. Praseodymium was the rare earth found to have
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the largest concentration in the glass phase and, theresith sufficient liquid phase, the internal pressure will
fore, generated the largest NBO concentration. Conseseparate the grains, destroying the solid skeleton as hap-
quently, Praseodymium doped samples have the fastegéns when the liquid phase penetrates the ceramic body.
grain growth kinetics. The smaller difference in the Phase separation process may cause other effects than
grain growth kinetics between the YY and YEr com- glass phase expelling on the grain boundary properties
positions can be attributed to other parameters, showhecause, during phase separation, each new phase has
in Equation 1, such as the concentratiopof the Y*2  a composition that differs from the original glass phase
ion and the surface energy, in contact with the ceramic grains.

(2) The large segregation of the Praseodymium ion,
as compared with the E? and Y*3 ions, constitutes
strong evidence that, in these experiments, Praseodyrcknowledgement
ium is in the+3 oxidation state. The ionic radius of the The financial support from FAPESP and CNPq are ac-
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