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The effect of preparation method and Sb content
on Sn0,-CuO sintering
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The sintering behavior of Sn0,-CuO system has been investigated for two preparation
methods and as a function of antimony concentration. A chemical preparation (Pechini’s
method) resulted in powders with smaller particle sizes than for a conventional oxide
mixture. This led to smaller grain sizes in Pechini’'s method ceramics. The microstructures
were heterogeneous in both systems, showing grain coarsening. The densification was
aided by liquid phase formation, due to copper, in both systems, but the temperature of
maximum shrinkage rate was larger for the Pechini’s method ceramic because copper had
to diffuse to the grain surface. Independently of the preparation method, antimony did not
aid densification, and increasing its concentration led to a higher densification temperature

and lower shrinkage rate. © 2003 Kluwer Academic Publishers

1. Introduction

Tin dioxide has many applications in industry. Itis used
as gas sensor [1, 2] and studied as a varistor device
material [3, 4]. In the latter case, dense ceramics are
required. This is achieved by doping tin dioxide with
cations, such as manganese [5, 6], cobalt [7], zinc [8]
and copper [6, 9-12]. These cations may favor densi-
fication by point defect formation, due to dopant solid
solution. Representing transition metal oxides by MO,
oxygen vacancy formation can be expressed by:

SHOZ 1 "
MO — MY, + O + Vg (1)

The studies of CuO in tin dioxide densification lead
to a general consensus that liquid phase formation
is the main densification mechanism at temperatures
>940°C, as reported by the authors mentioned above,
except Lalande et al. [11] who saw no evidence of lig-
uid formation at 7 < 1000°C. The liquid phase fa-
vors grain rearrangement and ensures matter transfer;
it controls the densification process with a dissolution-
limiting step, between 940 and 1000°C, and with a
diffusion-limiting step at higher temperature [9]. Low
solubility of SnO; in the Cu-rich interstitial phase is
reported [10], which is in agreement with the presence
of an interganular phase [9, 11] rich in Cu, probably a
mixture of CuO and Cu;,0O phases, and observed even
at low Cu concentration (0.75 wt% =~ 1.4 mol%) [11].
This intergranular phase is reduced or disappears af-
ter long-duration heat treatments [9,11]. Below 940°C,
however, liquid phase sintering is not seen [11, 12].
Distribution of Cu ions is reported to occur through

surface diffusion at temperatures as low as 400°C [12].
Also, oxygen vacancies, which are not free, are located
within a thick layer on the grain surface contributing to a
viscous-flow sintering mechanism [12]. The increase in
oxygen vacancy concentration is shown in Equation 1,
with M = Cu.

Dopant segregation seems to be a common phe-
nomenon in SnO;, as just described for Cu and also
for Mn [5, 13] and Sb [14-18].

Antimony oxide is largely utilized to promote the
electrical conductivity of tin dioxide based ceramics.
However, it is well known in the literature [10, 19, 20]
for not densifying tin dioxide, unless by hot isostatic
pressing (known as HIP) [20]. It is reported [10] that
the decrease in oxygen vacancy concentration, due to
its reaction with antimony oxide,

SnO.
SbyOs + Vi —> 2SbY, +2e~ + 505  (2)

restrains tin dioxide densification.

The objective of the present work was to prepare
Sn(.99—x)Cug.01Sb, O, ceramics, with 0 < x < 0.01,
by conventional oxide mixture and chemical prepara-
tion (Pechini’s method, described in Section 2), and to
verify the influence of the preparation method and Sb
concentration on the sintering behavior of the SnO,-
CuO system. The majority of reports in the literature
utilize the conventional oxide mixture and there are al-
most no citations establishing a comparison between
equal composition systems prepared by two different
methods.
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2. Experimental procedure

The conventional oxide mixture was prepared from
nominally pure SnO,, CuO and Sb,03. Powders were
mixed in a ball mill for 8 h, in isopropylic alcohol which
was eliminated at 120°C for 2 h; next, powders were
calcined at 400°C for 2 h.

Chemical powder synthesis was carried out by em-
ploying Pechini’s method, which makes use of the
capability that certain «-hydroxycarboxylic organic
acids possess of forming polybasic acid chelates with
several cations. When mixing with a polyhydroxylic
alcohol and heating, the chelate transforms into a
polymer, maintaining the cations in a homogeneous
distribution. The organic part is eliminated at low
temperatures (*=300°C), forming reactive oxides with
well-controlled stoichiometry [21]; more details are
given elsewhere [22]. In our case, the material was heat
treated at 400°C for 4 h plus 500°C for 15 h. The pow-
ders were ball milled and calcined exactly as in the
conventional oxide mixture. Cation sources were the
following salts, all of analytical grade: SnCl,-2H,0,
Cu(CH3COO),-H,0 and H,[(C4H,0¢)>Sb;]; the anti-
mony tartrate synthesis is described elsewhere [23].

Ceramics were prepared in the following composi-
tions: Sngg9_,Cug o1 Sb,0», with x = 0, 0.005 and
0.010, for both methods, Pechini and mixture of ox-
ides, abbreviated as Pch and Mox, respectively.

Powder X-ray diffraction (XRD) analysis was per-
formed in a Siemens diffractometer with Cu K, radia-
tion (% = 1.5406 A) and Ni filter.

Specific surface areas, Sggr, were determined from
adsorption-desorption experiments, with a nitrogen-
helium gas mixture, using the BET method [24]. The
mean particle size, Dggr, was calculated by:

6
Dppr = ———— 3)
BET (dn - SBET)

where dy, is the theoretical density in g cm™3; Sggr and
Dggr are given in m? g~ ! and pm, respectively.

The analysis of particle size distribution, Ssgp, was
performed by powder sedimentation measurements car-
ried out in a Sedigraph 5000 ET particle size analyzer,
using hexametaphosphate aqueous solution as disper-
sant in the ultrasound bath. Ssgp values were taken at
50% of accumulative mass.

Powders were uniaxially pressed as disks of 8 mm
diameter and 1.5 mm thick, at 15 MPa, and then, isostat-
ically pressed at 210 MPa. The density was determined
by using the Archimedes method, in as-boiled distilled
water cooled to room temperature; values were cor-
rected for temperature. The dopant concentration has
been considered in the calculation of theoretical densi-
ties used to obtain relative densities.

Samples for testing in the dilatometer, Netzsch 402E,
were prepared with 5 mm thickness. Heating rate was
10°C min~! and the atmosphere was dry synthetic air,
flowing at 30 mL min~'. Considering [, the thickness
of the green compact and Al the thickness variation
(Al = I, —1), the linear shrinkage rate was obtained by
taking the derivative of Al/I, with respect to tempera-
ture. The isothermal curves were expressed in terms of

3326

a relative density normalized for green density, which
is not always the same for all compacted disks. Consid-
ering d, the density of green compacts, and that there is
no weight loss during the test, the density d at a given
temperature is equal to:

d=—to @)
(1—Al/lL)
The relative density, then, is given by (d — d,)/d,.

Twelve disks of the same composition were arranged
in three piles of four disks each on alumina plates and
sintered at 1300°C for 4 h, in a tubular furnace, with
heating and cooling rates of 10°C min~!, in a dynamic
atmosphere of dry air, flowing at 150 mL min~!. Only
the two disks in the middle were used for character-
ization, except in the case of EDS (energy dispersive
spectroscopy).

Microstructure analysis was carried out by measur-
ing grain size on polished surfaces thermally etched at
1250°C for 30 min. A loss of weight was observed from
those disks making contact with the alumina plates, dur-
ing sintering in the tubular furnace. The resulting stains
on the plates were analyzed by EDS, using a scanning
electron microscope Jeol JSM T330A coupled to an
X-ray analyzer series II—Noran Intruments.

3. Results and discussion
3.1. Powder characterization
Fig. 1 shows XRD patterns of the commercial SnO,
powder and one of the Pch powders calcined at 500°C.
It can be noted that both present the cassiterite phase,
with a smaller degree of crystallinity for the Pch pow-
der. No second phase is observed and, if it exists, it is
beyond the apparatus detection limit. This result does
not exclude the formation of a thin layer of dopant ox-
ide on the particle surface, not detected by XRD [17,
18], which leads to the dopant segregation mentioned
in the Introduction.

The particle size distribution is seen in Fig. 2. Mean
particle sizes, Dsgp, were extracted from these curves
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Figure 1 X-ray diffraction spectra of: (a) commercial SnO, and (b)
Sngp98Cug 01 Sbo.o1 prepared by Pch.
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Figure 2 Particle size distributions of: (a) commercial SnO,, (b)
Sn.98Cu.015bg.0102 (Mox), milled for 8 h, (¢) Sng.9§Cuq.01Sbo.0102
(Pch) without Inilling, and (d) Sng.9gCuq o1 Sbg.01 02 (Pch), milled for
8 h.

and are presented in Table I, together with values of
specific surface area, Sggr, and mean particle size de-
termined by BET, Dggr. Since Ssgp is larger than Sggr,
one can assume the presence of agglomerates, what was
readily verified by examining the powder in a scanning
electron microscope (not shown here).

It is verified that doped powders prepared by the Pch
method have a surface area larger than pure SnO; pre-
pared by the same method, showing that the presence of
dopants affects the powder morphology, decreasing the
particle size by a factor of 1.5 to 1.8. This behavior has
already been observed in manganese doped SnO, pow-
ders prepared by the Pch method [25]. Any dopant in-
fluence is not significant in doped powders prepared by
amixture of oxides, as seen in Table I. Itis also observed
that doped powders prepared by the Pch method have
a surface area four times larger than those prepared by
a mixture of commercial oxide powders, showing that
Pch powders are more reactive than commercial ones.

It is noted that milling reduces the mean agglomer-
ate size of the Pch powder, from 7 yum to 0.75 um,
but it does not change much the particle size, around

TABLE I Specific surface area and mean particle size determined
by BET analysis; mean agglomerate size determined by powder
sedimentation

Sger (m? g=')  Dpgr (um)  Dspp (1m)
System bm? amP bm am. bm. am.
SnO,° 7.2 0.121 2
Sby 03¢ 1.9 2.8 0.572  0.380
CuO* 1.4 2.0 0.664 0.464
Sn0,¢ 204 0.042
Sng.99Cug,01 024 32.7 0.026
Sng.995Cug.01 Sbo.00502¢ 37.5 0.023
Sng.osCug01Sbo.o1 024 30.2 31.2 0.029 0.028 7 0.75
Sng.99Cu0.0102° 8.6 0.101
Sng.995Cug.01Sbo.00502° 94 0.092
Sng.98Cug.01Sbo.0102° 9.4 0.092 3.1

ab.m. and Pa.m.—before and after milling; “commercial powder; YPch
and *Mox methods.

0.029 um. Mox powders also have agglomerates, larger
than Pch ones, due to agglomerates in the commercial
powder. It is also observed that the dopant oxide is al-
ways larger than the SnO, particle leading, probably,
to local heterogeneities.

3.2. Sintering behavior

Data obtained from tests in the dilatometer are shown
in Fig. 3. It can be observed that the temperature where
the shrinkage rate is a maximum, i.e., maximum densi-
fication rate, is higher for the Pch method. In addition,
systems prepared by Mox have, in general, maximum
shrinkage rate values larger than those prepared by Pch
(except for curve e). It can be noted that the width of
the peaks in Fig. 3 is larger for the Pch samples. Also,
it can be observed that, by increasing the antimony
concentration, the temperature of maximum shrink-
age rate increases and the maximum shrinkage rate
decreases.

First, the results concerning the preparation method
will be discussed; then, the Sb influence will be consid-
ered. In the first place, the reason for the differences in
maximum shrinkage rate temperature and peak width of
the shrinkage curves would be the presence of agglom-
erates in Pch and Mox powders, because Pch agglom-
erates are weaker than Mox ones. However, the state of
agglomeration should not influence shrinkage at tem-
peratures as high as 1000°C or more. Therefore, dopant
segregation may have an important role in the sintering
behavior of Pch and Mox compacts. Since in the Pch
method the dopant cations are thought to be homoge-
neously distributed in the lattice, after the calcination
treatment (500°C), a higher temperature is required for
Cu to diffuse to the grain boundary than in the method of
oxide mixture, in which Cu ions are distributed through
surface diffusion at temperatures as low as 400°C [12].
Since Cu would be available on the grain surface for the
sintering process at a lower temperature in the Mox sys-
tem, the observed lower temperature for the maximum
shrinkage rate for Mox compared with Pch ceramics
is justifiable. The narrower peaks for Mox ceramics
would be explained by the same reason.
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Figure 3 Linear shrinkage rate as a function of temperature of
Sng.99-xCup,01Sbx Oz systems; (a), (b), (c): Pch; (d), (e), (f): Mox; (a),
(d): x = 05 (b), (e): x = 0.005; (¢), (f): x = 0.01.
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Figure 4 Isothermal shrinking curves under O, atmosphere at 1020°C:
(a) temperature curve, (b) Sng.99Cug 01 O2 (Pch), and (c) Sng.99Cug 9102
(Mox).

To confirm that it is more difficult for Cu to diffuse
to the grain boundary in Pch ceramics, an experiment
was carried out to see if densification of Mox prepared
systems started earlier than Pch ones. An isothermal
experiment with the system Sngg9Cug 0O, prepared
by both methods was carried out at 1020°C, the lowest
temperature where both systems start to densify. The
experiment was done under an oxidizing atmosphere
(Oy), in order to inhibit the evaporation-condensation
mechanism and the contribution of oxygen vacancy dif-
fusion, operative at low temperatures in Cu-doped sys-
tems [12], so that the densification depended mainly on
the liquid phase formation.

The two isothermal curves in Fig. 4 confirm that the
densification of Mox prepared systems starts 50 min
earlier than that of Pch ones, confirming that Cu diffuses
more slowly to the grain boundary in Pch ceramics.

Now, the role of Sb in sintering behavior is consid-
ered. Independently of the preparation method, the ef-
fect of increasing the Sb concentration, seen in Fig. 3,
was to increase the temperature of maximum shrink-
age rate as well as to reduce the linear shrinkage rate.
The Sb action may be associated with its reaction with
oxygen vacancies [10], according to Equation 2, re-
straining the oxygen vacancy diffusion. By increasing
the antimony concentration in both systems, the ceram-
ics relative density decreased a little, from 98% to 95%.
Although the differences observed in Fig. 3 at each ad-
dition of Sb were significant, no dramatic change occurs
in the final density because of the presence of Cu and
because 1% mol of Sb is not a very high concentra-
tion. This result agrees with reported data of density
for SnO, doped with these two cations [10, 26].

Considering the results in Fig. 3, 1300°C was chosen
for sintering all systems, so that they were all dense and
could have their microstructures compared.

3.3. Microstructure characteristics

Microstructures of ceramics with 0.5% Sb, prepared by
both methods, are shown in Fig. 5. It is observed that
there are more small grains in the Pch ceramics than
in the Mox ones. On the other hand, the Mox ceramics

3328

(b)

Figure 5 (a) Sng.995Cug 01SbpoosO2 prepared by Mox sintered at
1300°C for 4 h and (b) Sn0,995Cuo_OISb0A00502 prepared by Pch
sintered at 1300°C for 4 h.

have a few large grains, not present in the Pch ceramics.
Also, heterogeneity in grain size distribution is clear in
both ceramics. Similar behavior is found for the other
two ceramics, without Sb and with 1% Sb.

In order to get a more representative result, a quan-
titative analysis was done, by measuring the size of at
least 250 grains for both ceramics of Fig. 5. The results
are shown in Fig. 6, which illustrates the cumulative
number of grains as a function of grain size. For exam-
ple, about 50% of all grains have sizes from O to 4 pm.
The differences in grain size distribution observed in
Fig. 5 are confirmed here.

The reason for smaller grains in the Pch ceramics
is that the Pch powder has smaller particles than the
Mox powder, as shown in Table I. The reason for a
few larger Mox grain sizes is that coarsening acts for



~ 100+ Q0000000 A A & A AL A A (b)
o OOOO A D
o I
< o
- (a)OOA A D
c [
'{E 80 .
o o a
o [o}
u— N
5 o
« 60
o oA
O
£ &
=]
C =
o 40 °
2
E &
> 20
£ [}
=]
Q
e
0 Ho
1 I I 1 1 1 1 1 1 1

1 1
10 12 14 16 18 20 22 24
Grain size {(um)

0 2 4 6 8

Figure 6 Cumulative number of grains in Sng.g95Cug 01 Sbo.00502
systems as a function of grain size: (a) Pch and (b) Mox.

a longer period of time in these systems, as seen in
the isothermal shrinkage curves (Fig. 4). Coarsening
causes the appearance of pores inside grains preferen-
tially in Mox ceramics, because of the difference be-
tween grain growth and densification rates [27]. Coars-
ening is also the reason for the heterogeneity in grain
size which is more evident in the Mox ceramics, since
Mox powder is coaser than Pch. It was also observed,
but not shown here, that the increase in the Sb concen-
tration has a tendency of increasing grain size in both
systems.

3.4. Diffusion during sintering
The stains observed on the alumina plates and corre-
sponding EDS results are seen in Figs 7 and 8.

By weighing the discs before and after sintering, it
was observed that the weight loss of Mox systems was
more evident than of Pch ones. This result is in agree-
ment with the observations of Fig. 7, because stains of
Mox ceramics are somewhat darker than those of Pch
ones.

In the EDS spectrum there are peaks due to Cu (K :
8.048 keV and 8.980 keV) and another peak between
3.5 keV and 4 keV which could be due either to Sn
(Ly: 3.414 keV and 3.605 keV) or Sb (Lg: 3.929 keV
and 4.132 keV). Since this line also appears in stains of

(d)

Figure 7 Stains produced by ceramics in contact with alumina plates
during 1300°C sintering for 4 h: (a) Sng.g9CugoPch, (b) Sngoss-
Cug.01Sbo.00sPch, (¢) Sng.9Cuo.01Sbo.01Pch, (d) Sng.g9Cup.o1Mox, (e)
Sng.985Cug.01Sbo.0osMox, and (f) Sng.9§Cug 01 Sbp.o1 Mox.
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Figure 8 EDS spectrum from the stain produced by Sng 99Cug o1 on the
alumina plate (Fig. 7).

ceramics without Sb, it is attributed to Sn. This spec-
trum is typical of all systems.

Itis suggested that stains from Mox ceramics in Fig. 7
are darker than those from Pch ones because it is easier
for the liquid phase containing Cu to form in the inter-
granular region of the Mox ceramics. More Cu would
diffuse to the alumina plate, which would be responsi-
ble for the stain. This conclusion is in agreement with
dilatometric results. Although SnO; solubility is small
in the liquid phase formed by Cu [10], some of the Sn
diffused to the alumina plate could be dissolved in the
liquid phase.

The surfaces in contact with the alumina plates re-
mained almost colorless for ceramics without Sb, but
were dark for those with it. Thus, Cu diffuses to the
plate, darkening it, while Sb remains mostly in the
sample.

4. Conclusions

Considering that the temperature of all maximum linear
shrinkage rates appeared above 1000°C, for both prepa-
ration methods, it appears that sintering involved a Cu-
rich liquid phase, in a diffusion-limited process, with
accentuated grain growth in the Mox ceramics. At this
high temperature no intergranular phase is expected, as
shown in the micrographs. However, the difference in
temperature and time of maximum densification, which
were larger for Pch systems, is a strong indication that
Cu ions are introduced directly in to the SnO, lattice in
the Pch system and have to diffuse to the grain surface;
in the Mox ceramics Cu ions are already distributed
on the particle surface, lowering the temperature for
maximum shrinkage rate.

Although powder morphology, temperature of max-
imum densification and linear shrinkage rate were dif-
ferent for both preparation methods, the final relative
density varied only a little because of the presence of
Sb. The resultant microstructures were heterogeneous
due to a coarsening process. Pch grains are smaller
than Mox ones. Sn and Cu weight losses detected by
EDS, were more evident for the Mox ceramics. This
agrees with the sintering behavior mentioned above,
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with dopant ions located in grain boundaries, from
where they can diffuse to the alumina plate more easily.
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