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bstract

adolinia-doped ceria (GDC) ceramics were prepared by mechanochemical synthesis of ceria and gadolinia (10 mol.%) powders with subsequent
niaxial pressing and pressureless sintering. The mechanochemical synthesis was conducted in an attritor with different dispersion media: neutral
distilled water), basic (aqueous solution of ammonia), acidic (aqueous solution of propionic acid), and non-polar medium (xylene with stearic
cid). The effect of suspension composition and attritor milling time on the sintering behaviour and ionic conductivity of GDC was studied. An
ttritor milling time of 3–6 h was evaluated as the optimum milling time from the viewpoint of further sintering behaviour. Longer milling times

esulted in nanometre-sized powders, whose sintering behaviour deteriorated due to powder agglomeration. The appearance of agglomerates in
he non-polar medium was reduced. The ionic conductivity of the samples was evaluated by impedance spectroscopy and correlated with their

icrostructure.
2007 Elsevier Ltd. All rights reserved.
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. Introduction

Thanks to its high ionic conductivity at relatively low tem-
eratures, gadolinia-doped ceria (GDC) is a suitable material for
olid oxide fuel cells (SOFC). A disadvantage of GDC ceram-
cs can be seen in their high sintering temperature (>1500 ◦C),
hich makes their production economically demanding and

omplicates the co-firing of GDC solid electrolyte with the other
OFC components. One of the possibilities how to reduce the
intering temperature is to reduce the particle size.

A method that can yield fine homogeneous powders of GDC
n a comparatively simple manner is the mechanical milling of
ure oxides.1,2 Intensive milling can reduce the particle size and
lso activate the material for the sintering process and thus subse-
uently reduce the sintering temperature.3 Intensive mechanical
reatment in ball mills or attritors is often accompanied by chem-
cal reactions between the components, and by the appearance
f chemical products that usually form at temperatures of about
000 ◦C.4 A negative feature accompanying the milling of fine
articles is their agglomeration. A potential tool for eliminat-

ng the agglomerations is the choice of an appropriate milling

edium.5
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E-mail address: maca@fme.vutbr.cz (K. Maca).

1
X
c
m
c

w

955-2219/$ – see front matter © 2007 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2007.02.157
The aim of the present work is to describe the sintering
ehaviour and ionic conductivity of CeO2 + 10 mol.% Gd2O3
eramics in dependence on the conditions of mechanochemical
ynthesis of powders, i.e. the milling medium and milling time.

. Experimental

For the mechanochemical synthesis of CeO2 + 10 mol.%
d2O3 a mixture was prepared, in the respective ratio, of
eO2 powder (99.99%, d50 = 3.7 �m) and Gd2O3 (99.99%,
50 = 3.3 �m), and dispersed in aqueous, basic (aq. ammonia
olution, pH 10) and acidic (aq. propionic acid solution, pH 3)
edium and in a non-polar medium (xylene with stearic acid).
he suspensions contained 15 wt.% of ceramic powder, eventual

atio of additives was 1.5 wt.%. The suspensions were milled for
eriods tm = 0.17, 3, 6, 24, and 48 h in an attritor with PTFE ves-
el and zirconia balls at laboratory temperature and 200 rpm. The
illed suspension was dried in a spray drier at 130 ◦C after which

he powder was calcined at 500 ◦C/24 h (heating and cooling rate
0 ◦C/min). The size of crystallites (DX-ray) was established via
-ray diffraction (by means of Warren method6) while the spe-

ific surface area of particles was determined using the BET

ethod. The particle size (DBET) was established from the spe-

ific surface area using the theoretical density ρteor = 7.24 g/cm3.
Bodies in the shape of prisms (4.4 mm × 3.6 mm × 50 mm)

ere produced via uniaxial pressing at a pressure of 400 MPa.

mailto:maca@fme.vutbr.cz
dx.doi.org/10.1016/j.jeurceramsoc.2007.02.157


4 an Ceramic Society 27 (2007) 4345–4348

A
T
i
b
A
a
A
n
s
f

3

p
4
m
p
d
i
p

w
T
a
t
o
h
p
i
m
t

T
P
b

M

H

H

H

X

F
s

w
l
t
m
p
s

m
d
s

346 K. Maca et al. / Journal of the Europe

fter pressing, the samples were pre-annealed at 800 ◦C/1 h.
he samples were sintered in a high temperature dilatometer

n air atmosphere, with the temperature increasing constantly
y 10 ◦C/min up to 800 ◦C, and by 5 ◦C/min up to 1550 ◦C.
t 1550 ◦C there was a holding time of 1.5–3 h. The final rel-

tive density (ρrelf) of sintered samples was determined using
rchimedes’ method, their microstructure was studied via scan-
ing electron microscopy. The impedance spectra of sintered
amples were obtained using the four-point method in the range
rom 25 to 800 ◦C.

. Results and discussion

Table 1 and the graph in Fig. 1 give the size of particles
repared by milling in different media for periods of 10 min to
8 h. As expected, the size of crystallites decreased with the
illing time, namely from a size that did not differ from the

article size of the raw powder (ca. 3 �m after 10 min milling)
own to a size of the order of 20 nm (after 48 h milling), almost
ndependently on the milling medium. The nanometre size of
articles was confirmed by specific surface area measurement.

The final density values of sintered samples ranged over a
ide density interval, from 73.2 to 99.1% t.d. (see Table 1).
he dependence of final sample density on the milling medium
nd the milling time is given in Fig. 2. The lowest final densi-
ies were established for samples milled for the shortest period
f time (10 min). With such a short milling time the necessary
omogenization of powder mixture did not take place and the

owder was not suitable for the preparation of high density bod-
es. Samples milled for 6 h (aqueous medium) or 3 h (non-polar

edium) exhibited the highest sintered densities. In the milling
ime range from 6 to 48 h the final densities were seen to decrease

able 1
article size after mechanochemical synthesis, and relative density of sintered
odies

illing medium tm (h) DX-ray

(nm)
DBET

(nm)
Sintering
(◦C/h)

ρrelf

(%)

2O 0.17 744.0 1550/3 73.2
3 363.1 1550/3 93.4
6 255.9 1550/3 98.9

24 53.70 1550/3 97.3
48 26.50 29 1550/3 88.1

2O + ammonia 0.17 510.4
3 281.6 1550/3 92.6
6 193.6 1550/3 98.1

24 40.20 1550/3 96.7
48 22.20 17 1550/3 91.3

2O + propionic acid 0.17 2983.9 1550/3 75.6
3 476.1 1550/3 95.4
6 287.6 1550/3 97.0

24 49.8 1550/3 91.8
48 21.3 18 1550/3 90.7

ylene + stearic acid 0.17 3176.5 1550/2.2 86.5
3 772.4 1550/3 99.1
6 490.7 1550/1.5 98.5

24 272.9 1550/1.5 98.2
48 21.0 31 1550/3 98.2
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ig. 1. The dependence of particle size on conditions of mechanochemical
ynthesis.

ith milling time. In this case, the intensive milling may have
ed to considerable powder agglomeration (be it primarily due
o the high mechanical energy supplied into the system during

illing or to the increasing tendency of the decreasing ceramic
articles to agglomerate), which had a negative effect on the
intering process.

The densification curves for a samples prepared from powder
illed in water with propionic acid (another two types of pow-

ers milled in neutral and basic aqueous mediums behaved in a
imilar way) and in xylene with stearic acid is given in Fig. 3. It
s evident from Fig. 3 that for the two types of medium (aqueous
nd non-polar) there were some identical sintering characteris-
ics: poor sinterability of 10 min milled powders and highest final
ensities for samples milled for 3–6 h. In addition to the above,
here are differences in the sintering kinetics of nanometre-sized
owders (milled for periods of 24 and 48 h). Samples prepared

rom nanometre-sized powders milled in aqueous medium had a
igher green density than samples prepared by milling in xylene.
t is known from the literature that more important than the green
ensity value itself is the homogeneity of the particle and pore

ig. 2. The dependence of final relative densities on conditions of
echanochemical synthesis.
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lled in (a) water with propionic acid and (b) xylene with stearic acid.
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Fig. 3. Sintering kinetics of samples prepared from powders mi

rrangement in green bodies.7,8 It can be seen from Fig. 3 that
he lowest green density was established for the sample milled in
ylene for a period of 48 h; its relative density was in fact lower
han 45% t.d. In spite of this, this sample featured very rapid
intering kinetics and acquired, eventually, a high final relative
ensity (>98% t.d.). Similar behaviour was reported for non-
gglomerated zirconia nanoceramics.9–12 Homogeneous green
tructure with small pores, together with high sintering activity
aused by very large specific surface of nanoparticles, can lead
o high densification of samples with low green density (<45%
.d.). From the viewpoint of sintering behaviour the GDC pow-
er milled 48 h in xylene holds much promise as regards the
ossibility of reducing the sintering temperature (in particular if
haping methods are used that are more advanced than uniaxial
ressing).

It follows from the literature that the ionic conductivity of
DC ceramics depends on dopant concentration, sample poros-

ty and grain size.13 It is evident from Fig. 2 that our GDC
eramic had grains of 2–5 �m in size. To be able to com-
are the sintering behaviour of individual powders, the same
intering temperature of 1550 ◦C was chosen for all samples,
hich was high enough to neutralize the effect of different

nput sizes of powders on final grain size. The agglomeration
f powders milled in aqueous medium for periods of 24–48 h
howed significantly in the resultant microstructure. As can be
een from the microstructure of such a sample in Fig. 2, large
nter-agglomerate pores remained preserved in the structure even
n the case of a high sintering temperature. The temperature
ependence of ionic conductivity of sintered GDC samples is
ocumented in Fig. 4 for a sample prepared from powders milled
or different periods of time in water with propionic acid. At ele-
ated temperatures (>300 ◦C) there was an apparent increase in
ample conductivity with temperature, which could be expressed
y the Arrhenius dependence. It is evident from Fig. 4 that the
onic conductivity increased with increasing sample density, and

or the most dense sample (density of 95% t.d.) it was σ = 1 S/m
at 600 ◦C). The activation energy of ionic conductivity was of
verage magnitude Ea = 0.9 eV, increasing slightly with increas-
ng sample porosity. The increase of ionic conductivity of GDC

i
(
a
b

ig. 4. Arrhenius plots of ionic conductivity of samples prepared from powders
illed in water with propionic acid.

eramics with increasing density of samples was observed also
y Torrens et al. (density range 86–98% t.d.)2 and by Ivanov
t al. (density range 94–100% t.d.).14 Similarly to our results,
hese authors also mentioned a slight increase in Ea with density
iminishing. From our results (see Fig. 4) it can also be seen
hat the ionic conductivity onset increased with increasing sam-
le porosity (260 ◦C for a sample with a density of 95.4% t.d.
ompared to 310 ◦C for a sample with a density of 75.6% t.d.).

. Conclusions

The subject of study was the sintering of uniaxially pressed
eO2 doped with 10 mol% Gd2O3, prepared by attritor milling

n aqueous mediums (neutral, basic and acid) and in a non-
olar solvent medium. From the viewpoint of the final densities
btained, a milling time of 3–6 h proved to be optimum. Extend-

ng the milling time to 48 h led to nanometre-sized particles
∼20 nm) that, however, were agglomerated, which had a neg-
tive effect on the sintering behaviour of uniaxially pressed
odies. The appearance of agglomerates was slightly reduced
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n the non-polar solvent medium. The sintered bodies exhib-
ted ionic conductivity, which increased with increasing density
i.e. decreasing porosity) of samples and with increasing tem-
erature (Ea ∼= 0.9 eV); at a temperature of 600 ◦C the values
eached were σ ∼= 1 S/m.
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