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Gadolinium, yttrium and samarium-doped barium cerate pressed
pellets were submitted to flash sintering experiments isothermally
in the temperature range 800-1300under 200 V cm electric

field. The pellets were positioned inside a dilatometer furnace with
PtIr electrodes connected either to a power supply or to an
impedance analyzeo evaluate the bulk and the grain boundary
contributions to the electrical resistivity. Near full density was
achieved in the sintered samples. The combined results of
dilatometry and impedance measurements in conventionally and
flash sintered specimens show substantial improvement of the
electrical conductivity. Joule heating is assumed to be the primary
effect for sintering. Improved graibo-grain contact and the
removal of depleted chemical species due to Joule heating at the
space charge region are proposed, respectively, as the reasons for
the decrease of the grain boundary component in the impedance
diagrams and the improvement of the bulk electrical conductivity.

Introduction

Even though doped barium cerate and barium zirconate have been proposed to be used as
solid electrolytes in solid oxide fuel cells operating at temperatures lower than the
necessary in SOFCs with yttria stabilized zirconia, two disadvantages are still to be
solved (1-4): low sinterability at temperatures available in commercial furnaces and
blocking of protons at grain boundaries. The former has been proposed to be overcome
either using sintering aids (5-8), powders produced by chemical routes (9-14) or
sinteractive nanosize powder particles; the latter by using thin films prepared by different
techniques (15,16). Recently an electric field pressureless sintering of ceramics has been
used to sinter solid electrolytes at temperatures lower than conventional producing
consolidated bodies without considerable grain growth (17+24hort, sintering to near

full density is achieved by applying moderate electric fields (~ 100 V) ewith limiting

currents (mA to few A range) to green ceramic pellets upon heating (dynamic process) or
isothermally at chosen temperatures below the conventional temperature for sintering
(25). That sintering technique, hereafter flash sintering (FS) when the shrinkage-
consolidation event lasts few seconds, which is the time the electric current pulse
traverses the specimen submitted to an electric field, is applied here to proton conductors
at temperatures well below the required for high densification of the same proton
conductors.
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Experimental

BaCe.0Sn.1035, BaCe.9Gh.1035 and BaCeoY 01035 powders were synthesized by
the liquid mix technique (26,27) with calcination at 450 h for elimination of organic
residuals. The experimental setup for sintering green pellets under an electric field
consisted on a vertical dilatometer (model 1161, Anter, USA) with the sample holder
electrically connected with Pt-Ir leads to a custom made power supplya600-1100
Hz, 0.5A-5A current limit control). Further details may be found in previous papers
(25,28-31). The experimental procedure for isothermal flash sintering consisted on i)
heating the specimen in the dilatometer furnace, ii) applying an electric field at chosen
temperature (Figure 1). The electric field is applied up to the occurrence of an electric
current pulse, and kept on up to no shrinkage is detected in the dilatometer gauge,
monitored accurately+1 pm); the temperature is monitored with P&Pt10%Rh
thermocouple with its tip positioned close to the specimen. Electric voltage and electric
current data are monitored with two Fluke 8050A multimeters and collected in a data
logger. A typical example of their profiles during flash sintering is shown in Figure 1.

Impedance spectroscopy measurements were carried out with a Hewlett Packard
4192A impedance analyzer. Three cylindrical samples, with their parallel surfaces
covered with silver paste, were inserted in a sample chamber, positioned inside a
programmable furnace. [-Z)) x Z'(®)] impedance data were collected at 9 the 5
Hz-13 MHz frequency range, 200 mV applied bias, with a special software (32).

X-ray diffraction analyses were performed in a Bruker-AXS D8 Advance
diffractomeer with a Bragg-Brentan®-26 configuration, Cuk radiation, 10-90 @
range, 0.05step size, 5 s per step.

Thermogravimetric analyses of the ceramic powders were carried out in a Netzsch
STA 409E flowing synthetic air, 5 L mih from room temperature to 1500

Scanning electron microscopy images were observed in polished amCAMin
thermally etched flat surfaces of the sintered pellets in a FEG-SEM Inspect F50
microscope.
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Figure 1. Applied electric field and current pulse during electric field-assisted
pressureless (flash) sintering.

Results and Discussion

Figure 1 shows X-ray diffraction patterns of 10 mol% Gd-, Sm- and Y-doped BaCeO
The patterns are similar and correspond to the Ba€Ce@pound (JCPDS 71-23p4

12
Downloaded on 2017-10-16 to IP 200.136.52.137 address. Redistribution subject to ECS’I'terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

ECS Transactions, 80 (9) 111-118 (2017)

1.0-
0.81
—_ l BaCeMGdMOM
5. L A A
s 0.6- A
>
=
g 0.44 L JBaieo_gSmo_;OH
)
£ 0.2
Baceo.9Y0.1o3-6
o.o l l A a A
20 40 60 80

20 (degree)

Figure 2. X-ray diffraction patterns of Ba§x5dh.1035 (top), BaCe.sSny.1035 (middle)
and BaCegY0.1035 (bottom) powders.

The results of thermogravimetric analysis of the powders are shown in Figurer3. Afte
a 5% mass decrease from room temperature to approximatély @B6ther 5% decrease
happens from that temperature to 1125The former is probably due to release of
physisorbed water and the latter for release of carbon dioxide known to be attached to
barium cerate from the atmosphere during handling.
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Figure 3. Thermogravimetric curves of Ba®m.103s, BaCe.oY0103s5 and

BaCe. oGh103.5 powders from room temperature to 1%00in air; heating rate 10
deg/min.

The powders were pressed to pellets for flash sintering experiments inside the
dilatometer. Apparent geometrical green densities were in the 40-45% of the theoretical
density. Upon heating, all dilatometric curves show a first and a second shrinkage,
meaning that mass is lost, in good agreement with the thermogravimetric analyses
(Figure 3). Reaching the temperatures for application of the electric field, similar
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specimens of the three (Gé&m and Y-doped barium cerates) were submitted to flash
sintering at two pre-set temperatures, P20@nd 1300C. The dilatometric results
measured upon application of approximately 200 VA &€ electric fields (f = 1.1 kHz)
during 5 min at these two temperatures are shown in Figure 3a {&a6e0ss), 3b
(BaCe.9Sm.1035) and 3c (BaC&nYo0.10s3s5). These figures show also the dilatometric
curves of similar specimens heated up to 2600The behavior of the 3 figures is
apparently the same: the conventional sintering to 36G0d6llows at least two stages, the

first from room temperature to approximately 12ZD0 and the second from that
temperature to the maximum shrinkage. Let's now to analyze each figure:

- the gadolinium-doped sample, Figure 3a, achieves 18.4% shrinkage level after flash
sintering at 1200, 22.5% conventionally sintered at 1800and an impressive 45.6%
after flash sintering at 1300, an addition of 27.2% comparing to flash sintering at 100
degrees lower temperature. The main conclusion here is that the application of an electric
field at 1300C produces a two-fold decrease of the specimen thickness than sintering at
1500°C without applying an electric field.

- the samarium-doped samples,F&3b, reach 20.4% and impressive 40.6% thickness
shrinkages after flash sintering at 120@&nd 1308C, respectively. The specimen
conventionally sintered at 1580 shows a thickness shrinkage of 33.9%.

- the yttrium-doped samples, Figure. 3c, flash sintered at°C288d 1308C shrank
27.4% and 33.5%, both values higher than sintering by heating up teC1E(#08%).
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Figure 3: Dilatometric curves (thickness shrinkage) (@ BaCe dGdv.10ss, (b)
BaCe.sSmy.1035 and(c) BaCe.sY0.10s5 pellets sintered by applying 200 V ¢rat 1100

Hz during 5 min, limiting the current to 5A. Temperature of the electric field application:
1200C (greenr) and 1308C (bluet). Conventional sintering (no applied electric field)
(redo).

All specimens flash sintered at 120thad their parallel surfaces painted with silver
paste, cured at 400 for collection of impedance spectroscopy data at@9Uhe results
are shown in Figure 4. The total electrical resistivity of the specimens flash sintered at
1200C is several times lower than in the specimens sintered at@58ithout the
application of the electric field. Moreover, the impedance diagrams of the flash sintered
samples are apparently composed of mainly two semicircles in the measured frequency
range, due to intergranular (lower frequency region) and to intragranular (bulk, higher
frequency) components of the electrical resistivity (Figure 4d).
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Figure 4: Impedance diagrams in the 10 Hz-10 MHz rang@)oBaCe.oGdh.103; (b)
BaCe.oSnm.10s5; (C) BaCe.oY0.1035 pellets sintered at 1580 and flash sintered at
118CC; and(d) all samples flash sintered at 1080 Temperature of measurement:

390°C. Insets: zoom at the high frequency region.
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The main difference in resistivity is apparently in the grain boundary resistivity. It is
well known that one of the challenges for obtaining barium zirconate-based proton
conductors with electrical resistivity suitable for replacing yttria-stabilized zirconia
remains in decreasing the blocking of protons at the interfaces. One could speculate that
the reason for obtaining, by flash sintering, dense and with low grain boundary resistivity
yttrium-doped barium cerate is the work developed by the electric current pulse at the
interfaces of the specimen. The primary reason is evidently the huge increase in the local
temperature due to Joule heating, which could improve the grgrain contact and
possibly dissolving chemical species, depleted at the space charge region, back to the
grains (25). This would increase the oxide ion vacancy concentration, decreasing the
electrical resistivity, as indicated by the impedance diagrams.

Conclusions

Gadolinium, samarium and yttrium-doped barium cerate powders, synthesized by the
liquid mix technique and pressed to pellets, were successfully sintered to near full density
by electric field-assisted pressureless sintering with 200 ¥ ai.1 kHz during 5 min
at 1200C and 130@C. The grain boundary resistivity of the sintered specimens shows a
huge decrease in comparison with specimens conventionally sintered &t.13060le
heating is proposed as the primary mechanism responsible for modifying the space
charge region in such way that diffusion to the bulk of chemical species depleted at the
grain boundaries decreases the bulk resistivity, and the blocking of protons is inhibited at
the interfaces.
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