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The effect of small smounts of nickel cedde on the nucrostmaciore
and the elecmical conductivity of zDrcomia-§ mol% yiiria was
systematically iovestigated by scanming elecoon mucroscopy and
impedsnce specooscopy techniques. Mickel carbonats was added
1o commercial yimia-stebilized zrcomia powder, and the mixmrs
was used 1o prepare ETESn COMPACTS. SINIETing axperiments Wers
camed ouwt at severzl sinfering temperstuzes. The electrical
conductvity of sintered specimens are sinnlar for mickel oxids
additions uwp o 1 mol%s and smbering times up to 5 b For larger
simiering fimes, meducton of the pgrain bommdary elecirical
conducvity, along with microsouchre dafects ware observed in
specimens contaiming the addisve Epergy-dispersive specoscopy
amalysis in several micTo-regions of sintered specimens revealed a
heterogenaons disimbution of nickel The mickel segregation

ooonming with long sinfening times s responsible for
an additional blecking effect on the elecmical conductivity of the
z0lid elecmolyte.

Introduoction

Many imvestigatons in the Seld of solid coide fuel cells have forused on the developrment
of new materials for this fype of application, bui ytiris-stabilized Dronia (Y55, the
cemmeat MUY SE, and lanthamom smontum manganite (LS are sill the most wsed
meaterials for solid elecmolyte, anode and cathode, respectvaly (1).

Thiz applicadon requires & high density solid elecrolyte n order to be impervions to
the diffucion of molecular erygen. Commercial § mol%a yiimis-stabilized zirconia (EY5E)
powder attaims such high density after conventions] sintering only at femperatures hizher
tham 1350°C (2). The decyessze of the sinfering tempsramre to around 1 200°C conld allow
for simulianeous simbering of the solid elecoolyte and the anode components. Thizs has
been one of the pursued targsts over the last years, mportant o reducdon of
memifscuring costs of this type of devica.

Cre approach fo lower the sintering temperanmre of ceramic materials is by the use of
sintering aids. Previous works have demonsirated the effecovensss of sintering additves
in the densification of yrmia-stebilized zirconia, especially those based oo Tansition
metals (3-45). The relstvely low melting tempersmre of the mansiton metal-based
addidves allows for densification of the specimens wmdsr study by a liguid phase
mechanizm Wickel codds, W0k, has a cubic cystalline sucnre and relstvely high
melting point (1984°C) (7). There are relagvely few smdies related to the additon of this
metal oxide to yioia-smbilized mDroonds.
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Figure 1. Evolntion of the theorefical density of 8Y5E with D content.

The theorsetical density of Y 52 decreases up 1o ~ 1.5 mol%e of the additwe and then
imcreases. This decrease iz atimiboted to the relatively lower mass of NI compared o Y
and Zr amd reweals that MO iz incorporated intoe solid soluwtion wp to 1.5 mol®s,
approcimately.

The linear shrinkage imncrsases with mcressing the content of MiQ). Fipure 2 shows the
warnation of the teamperamre for marimomem shrinksss, Thgew, with nickel oxide combemt.
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Fipme 2. Waristion of the temperaiorne of maximam shrinkage with B0 comismnt.

Thiz result shows that MO addition in contents lower than 1 mel%e allows for
reducing the dwell emperamre of 8Y 5F by abowt $IOC.

Drepcification was also investizasted by apparent density messurements for longer (15
k) sintering timss. Figare 3 shoses the wanaton of the apparent densiry with the dwall
tempeeramre for specimens containine wp o 1 moal%e BE0.
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Figmre 3. Relatve density of specimens with varying M0 contents as a fimction of the
dwell temperamre. Sintering time =15 h.
The relative density of specimens containing MNiQ) is higher than that of pure 8Y5Z
below 1300°C. For a Mi content of only (.5 mol%a, the relative density is about 94.6% at

1200°PC, whereas that of pure 8Y5E is T2%. Above 1300°C, the relative density of all
specimens has similar values.

Figure 4 shows scanming electron microscopy (SEM) micrographs of frachred
surfaces of (2) 8Y5Z and (b) Y5 with 0.5 mol¥s of M.

Figmre 4. SEM micrographs of (3a) pure 8Y5Z and (b) 8YSZ with 05 mol% NiQ
specimens sintered at 1350°C for 0.1 b

The specimen contaming MNiQ (Gzure 4b) shows low porosity compared fo pure §Y5Z
(fizare 4a) The preferential mode of frachwe i= tremsgranmlar. SEM observatons m
polished and thermally etched surfaces revealed that M0 addidon to 8¥5Z enhances the
grain growth process. The evoliton of the grain size in specimens sintered at several
soaking times at 1350°C with varying MiQ contents s shown in figure 5. The increase in
the mean grain size with soaking time and Ni0 content, especially up to 1 mol%s of the
additive, is remarkable. For nickel oxide contents above the solubility lmit, the zrain size
artains & steady state.
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Figore 5. Evolation of the grain size of §YSZ with sintering time at 1350°C and for
varying NiQ contents.

Figure 6§ shows impedance spectroscopy diagrams of EY5Z specimens containing -
1.0 mol%s Mi0. The temperasiure of measurement is indicated for each disgram.
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Figmre 6. Impedance spectroscopy dizgrams of §YSZ specimens confaining -1 mol%e
M0 Mambers are the relaxation frequency (in Hz)

Two well-resolved semicircles are seen in all these plots related to the grain (high
frequency) resistvity and to the blocking effect at grain bovmdsries (Jlow fTequency). The
dismeter of the grain boundary semicircle mcreases with imreasing the mickel oxide
content, mainly above the solubility linnt as expected. The Arhenius plots of the grain
conductivity for BYSZ (3) and 8Y5E with 1.0 mol?s nickel codde (b) are shown in Szure
7. These plots of prain comductvity show that the mechanism for electrical conduction is
similar for all studied specimens. The spparent activaton energy for gram conductivicy
caloulated from the slopes of these plots is simdlar: 1.10 (8Y55) and 1.14 eV (1.0 mol %
M0 specimens).
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Figure 7. Arrhenins plots of the grain conductivity for (a) §Y5Z and (b) 8YSZ confmining
1.0 meol%e MO simtered at 1350°C for varying sintenng times.

The grain boundary blocking effect of 8T3Z is known to decrease with increasing
sintering time due to decrease in the grain boundsry density (mmiber of grain boundamies
per mit length). Similar effect ocouwrs for specimens containing nickel oxide except for
those sintered for larger sinfering times (Szure £). I is worth noang the decrease in the
grain boundary conducdvity affer 15 b of sintering time The caloulsted apparent
activation energy is 1.17 + 0.05 eV. This result evidences a secondary
ocowrring with prolonged tme of simfering, which is deleterious for the elecmical
condactivity.
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Figure 8. Amrhenius plots of the gram boundary conductivity for 8YSZ containing 1.0
mol% NiO sintered at 1350°C for varying sintering times.

Figure 9 shows a SEM micrograph of 8YSZ with 1.0 mol% NiO after smtening at
1350°C for 15 h. Microstructural defects were generated in specimens exposed to high
temperature for long sintering times. This microstuctural effect is expectead to degrade de
mechanical propertes of the solid electrolyte as well. These defects are related to some
reaction of nickel oxide at high temperature. A careful EDS analysis was camied out in
several specimens with varying NiO contents. Figure 10 shows, as an example one of
these plots obtained for 1.0 mol?e NiO containing §¥'SZ specimen.

Figure 9. SEM mucrograph of 8YSZ with 1.0 mol% N1O. Sintering conditions: 1350°C
for15h

In the micro-region containing small grains (center region of Sgure 9), few of them
exhibit a relatively high content of Ni, while keeping constant the relative amounts of Zr
and Y. This means that Ni segregated dunng sintering. This secondary phenomenon may
occur on a large scale in Ni-based anode materizls. In 2 previous study on anode
dezradaton it was shown that about 1 wt.% of Ni was found at the interface between the
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elecrolyte and the Mi-based elecmode, whereas regions sway from the interface were free
of Mi (13). In this smdy, Ni sepregation was found even for specimens confaimimg only
0.5 mel% MNi0, that is, below the solubility imit of nicke] oxide in the zirconia matmx
Then specisl attention shonld be taken in long-term operation at high temperatares due to
possible depradation effects doe to Ni sepregation. In comirast, for applications at low
temperamres, the additon of small amounts of M0 to §YS5Z may be beneficial for
improving densification.
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Fizgure 10. Energy dispersive spectroscopy of 8VS5Z with 1.0 mol% NiQ simtered at
135(°FC for 15h

Conclusions

The effect of sintering time on the electrical conductivity of conventionally simtered
EYSZ conmining small amounts of MO was systematically imvestizated. Mo differences
were observed i the graim conductvity when MNiQr was used sz sintering aid. The
apparent activation energy determined by impedance was 1.14 and 1.17 eV for grain and
grain boundary, respectvely. A significant blocking effect of charge camers at graim
boundaries was fomd with increasing bolding times at 1350°C simmltanecusly with
creation of microstructore defects, due to MNi segrepation
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