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ABSTRACT

The room—temperature elastic moduli, fracture strength, and fracture toughness of
dense, fine-grained, pure Ceg.9Gdg.101.95 and composites containing 1.3 and
9.1 wt.% Al>03 were investigated. Addition of 9.1 wt.% Al,03 to
Cep.9Gdg,101.95 changed the fracture mode from intergranular to transgranular and
increased room—temperature fracture strength from 65 to 125 MPa and fracture
toughness from 1.3 to 1.6 MPam'?. In addition, steady-state compressive creep
was measured for Ceg 9Gdg,101.95 and the Cep,9Gdp.102x + 9.1 wt.% Al203
composite. The stress exponent =1.3 and the activation energy =480 kJ/mole for
Ce0.9Gdo.101 .95 suggested diffusional flow controlled by the cations. There was
no difference in creep rate between Ceg 9Gdg,1O2-x and the composite.

INTRODUCTION

Ceria—based electrolytes have potential for use in intermediate—temperature so}id
oxide fuel cells (SOFCs) or double-layer electrolyte-based SOFCs [1-3]. Ceria-
based fuel cells are currently being developed in several countries [4-6]. The
reduced operating temperatures of these fuel cells, while having advantages ?f
reduced startup time, increased thermal cycle ability, and use of metallic
interconnects with reduced oxidation problems, require either a very thin form of a
conventional zirconia electrolyte 6r a different electrolyte with higher ionic




conductivity. Cerium oxide electrolytes doped with rare earths such as gadolinium
exhibit higher ionic conductivity in air than does zirconia [7].

Electrolytes must exhibit enough fracture strength, fracture toughness (Kjc), and
creep resistance to survive the rigors of applications. Improved strength will allow
ceria—based materials to be considered for SOFCs used in mobile energy sources.
Increased toughness will improve the durability of the electrolyte and its ability to
withstand thermal cycling. Higher creep resistance will improve dimensional
stability at elevated temperatures if the electrolyte is under stress.

Very little is known the about mechanical properties of these materials. Sammes
and Zhang [8] reported that values of indentation Kjc of Cep.9Gdg,102.x were in
the range of 2.1 to 2.5 MPam1/2, The fracture strength has been reported to be
143 MPa [9]. Polycrystalhne CeO2 (94% theoretical density, TD) has a Kjc of
1.3 MPam/2 and a strength of about 80 MPa [10]. Indentation and single—edge
notched beam (SENB) fracture data were obtained on 94% TD
(CeO2)o. 9(Sm01 5)0.12and (CeO2)0.8(SmO1.5)0.2. Kic as measured by SENB
=1.3 MPaml/2 for both compositions, but ~2.4 MPam!/2 as measured by
indentation techniques [11].

The objective of this work was to measure and compare the mechanical properties
of Cep.9Gdg,102-xand Ceg 9Gdg,102-x + AloO3 composites in order to ascertain if
the addition of Al203 would produce a candidate electrolyte material that would be
mcchamcally more robust than undoped Ceg.9Gdg,102-x and therefore be able to
survive service applications.

EXPERIMENTAL DETAILS

The Cep.9Gdg,102.x powder was obtained from Rhone Poulenc (France) with an
average particle size of =1 pum and was cold-pressed into bars measuring
approximately 38 x 6 x 3 mm at a pressure of 100 MPa. The pressed bars were
sintered for 2 h at 1450°C in air to a final density of 92-96% TD. The grains after
sintering were equiaxed and had a size of =1 pm. X-ray diffraction indicated that
the Ceq.9Gdg,10.x was single—-phase after sintering.

The Cep,9Gdg.102-x + Al203 composite materials were produced by mixing the
Ce(.9Gdg,102.x powder with 1.33 or 9.1 wt.% 0.1-um Al,O3 powder from Adolf
Meller (Providence, RI). The powders were put into a solution of 60% Hz0 and
40% isopropy! alcohol with ZrO, media. Before milling for 72-96 h, a dispersant
(Darvan 821A, Vanderbilt, Norwalk, CT) and binders and plasticizers (15 wt.%
polyvinyl alcohol in H0O, glycerol, and PEG 400) were added to the solution. The
pH was adjusted to =9 by adding NH4OH. The well-mixed suspension was dried
and the powder was ground with a mortar and pestle and sieved through a 100~
mesh screen. The powders were pressed and fired as before, but care was taken to




slowly burn out the organics by heating at 1°C/min to 400°C. The equiaxed average
grain sizes of the composites were approximately equal to that of the pure material
and are shown in Fig. 1A for the 9.1 wt.% composite. The AlpO3 distribution was
best seen as dark areas in scanning electron microscopy (SEM) backscattered mode
(Fig. 1B).

Fracture strength, of, was measured in four—point bend tests at a crosshead
velocity of 125 pm/min on bars whose tensile surface had been ground with 3—tm
diamond paste and whose edges were chamfered. The outer load span was 19 mm
and the inner span was 9.5 mm. Kj¢ was measured by an SENB test with an outer
span of 19 mm. The notch was between 0.2 and 0.4 of the width of the bar and
was cut by a slow-speed diamond saw whose blade was 185 pum thick. Data were
analyzed by use of conventional formulae [12,13]. Elastic moduli were measured
ultrasonically at S MHz. Microstructures were examined by SEM.

Samples with approximate dimensions of 3 x 3 x 6 mm were cut from the bars.
High-temperature compressive creep was measured at 1200-1300°C in air for
constant stress [14], crosshead velocity {15], or load [16] tests.

Fig. 1. SEM photomicrographs of thermally etched surface of Ceg.9Gdp.102-x +
9.1 wt.% Alp03 obtained by (A) secondary mode and (B) backscattered mode.
Dark areas are Al;03.




RESULTS AND DISCUSSION

A summary of the room~temperature mechanical properties is presented in Table 1.
G is the shear modulus, E Young’s modulus, and Hy Vickers hardness. Hy was
independent of load and increased with increasing AlpO3 content. o and KIC of
Ce0.9Gdp,102.x were about equal to values of similar materials cited in the
Introduction. Kjc of (Ce02)0.9(SmO1.5)0.1, as determined by SENB, was lower
than that reported by indentation techniques, 1.3 compared to 2.1 to 2.5 MPam!/2
(11].

Kjc measured by Vickers indentation [17] is shown in Fig. 2 as a function of load
and compared with Kjc as measured by SENB. This behavior is rather like an
inverse of R—curve behavior in that the toughness decreases as the crack length
increases. This behavior is consistent with the results cited in Ref. 11. A possible
explanation might be existence of residual stresses that would inhibit the growth of
shorter cracks, but whose restraints would be removed as the cracks become
longer. We have not explored this point.

Young’s modulus for Ceg9Gdg,102.x was somewhat higher than the 147 GPa
reported for Cep gGdg 202.x [10] (which is, however, lower than E for CeO2). E
for Al203 is more than a factor of 2 larger than E of CeO;. Therefore, it is
surprising that the E of the Al2O3 composite is lower than that of the pure material.
However, the composite was less dense (=91% TD) and thus the difference could
be partially the result of porosity. Hardness values were slightly lower than the
values of 8.7 GPa reported for (Ce02)0.8(SmO1.5)0.2 [11].

Table 1. Mechanical properties of Ceg9Gdp,102-x and Al,O3 composites.

Material G E Hy Kic OF
(GPa) (GPa) (GPa) (MPam1/2) (MPa)

Ce0.9Gdg.102-x 76 204 6.2 1.30 65.7
+20 + 5.0 +04 + 0.08 + 16.4

Cep 9Gdp,102. + — _ 7.1 1.33 64.9
1.33 wt.% AlLO3 +02 +0.11 + 10.9
Ce.9Gdg 102+ 73 184 7.3 1.60 127.8
9.1 wt.% AlhO3 + 1.0 +20 0.5 +0.14 +11.1

The fracture strength of the 9.1 wt.% Al2O3 composite was improved by =100%,
while Kjc was increased by =25%. A fracture surface of Cep.9Gdp,102-x is shown
in Fig. 3A. The fracture was mainly intergranular, although there were some
instances of transgranular fracture. No specific critical flaw that would control the
fracture strength was identified by SEM. The fracture mode indicated that the grain
boundaries of the Ce.9Gdp.1O2-x samples were relatively weak.
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Fig. 2. Comparison of Kjc measured by Vickers indentations (points) with that
measured by SENB on a Ce.9Gdp,102-x+ 1.33 wt.% AlpO3 composite (straight
line).

Fig. 3. SEM photomicrograph of fracture surface of (A) Ce0.9Gdp.102-x and (B)
Ce0.9Gdg.102.x + 9.1 wt.% AlLO3.




The 9.1 wt.% composite, on the other hand, fractured primarily via a transgranular
mechanism (Fig. 3B). Figures 1B and 3B show that the visible percentage of
AlpO3 was lower than the 20.5 vol.% added. This indicates that some of the AlyO3
probably formed a solid solution with the Ceg9Gdg.102-x. The increases in OF,
Kic, and change of fracture mode may be the result of alloying. AlzO3 when
dissolved into Ceg 9Gdg,102.x could act as a sintering aid that produces a ceramic
with smaller critical flaws, thereby increasing or. Kjc may increase because some
of the Al2O3 segregates along the grain boundaries, which could increase the
strength and change the fracture mode from intergranular to transgranular with the
addition of AlpO3. The Kjc of the 9.1 wt.% composite is about equal to that of

Zr0.92Y0.0802-x [18].

A full paper on the Ceg9Gdg,101.95 creep results is in press [19], but the principal
results are summarized and compared to those of the composite here. Figure 4
presents a plot of the steady-state strain rate measured under conditions of constant
crosshead velocity, load, and stress at 1300°C in air for Ceg 9Gdg 101,95 and the
9.1 wt.% Al2O3 composite. The agreement between the three types of tests
performed on Ce 9Gdg,101.95 in three different laboratories is gratifying and is
further verification that the steady—state creep is established. That is, a unique
relationship exists between the steady-state creep rate, £, and the steady—state
stress, Os.

The creep data for Ceg 9Gdg,101.95 were described by the equation
€ o< 0513+ 0.2 exp(480 £ 100 (kJ/mole) /RT) ,

where RT has its usual meaning. The phenomenological creep equation is valid
from 1200 to 1300°C with stresses of 2—60 MPa. Strains >25% were obtained at
1300°C without fracture.

The above equation with its stress exponent close to unity strongly suggests that
creep deformation is controlled by diffusional flow with an activation energy of
480 kJ/mole. The activation energy for oxygen diffusion in air, as measured by the
isotope—exchange method, was reported to be 104 £ 15 kJ/mole [20], considerably
lower than the creep activation energy of 480 kJ/mole. Additionally,
Ce0.9Gdp.101.95 is a fast oxygen conductor that results from very high vacancy
concentration. Therefore, one might speculate that the diffusion of the cation Ce
controls creep deformation. The activation energy for cation diffusion would
involve the sum of a formation and a migration energy while that for anion
diffusion does not involve a formation term because the oxygen vacancy is fixed by
the Ce/Gd ratio. Figure 4 also reveals that the stress exponent for the 9.1 wt.%
Al203 composite is close to unity, which implies that creep of the composite is also
controlled by diffusional flow. In addition, it is observed that the creep resistance
of this composite is similar to that of Ceg 9Gdo.101.95; this is expected because the
grain sizes of the two materials are similar.
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Fig. 4. Steady-state creep rate vs. stress for Ceg 9Gdg.102-x at 1300°C in air
measured at constant load (circles), constant crosshead velocity (triangles), and
const?nt)stress (square). Data for 9.1 wt.% composite are also shown (filled
triangles).

The creep resistance of Cep9Gdp,102-x at 1300°C and 10 MPa is about one order
of magnitude lower than that extrapolated for a fine~grained Zrg Y0 401.8 ceramic
[21], but is still quite good.

SUMMARY

The addition of 9.1 wt.% Al203 to Ceg.9Gdg.102-x improves the strength and
toughness such that the resultant mechanical properties are competitive with those
of Zrp.92Y 0.0802-x, Which is the current electrolyte material under consideration for
a solid oxide fuel cell. The elastic moduli and Vickers hardness for the pure and
1.3 and 9.1 wt. % 9.1 wt.% Al;03 composites are comparable to those measured
for similar ceramics. Kjc determined by indentation techniques is higher than Kjc
measured by SENB, but the values approach each other for long crack lengths.
High—temperature compressive creep has been measured at 1200-1300°C, and the
results indicate that creep deformation is controlled by diffusional flow of the cation
with an activation energy of =480 kJ/mole. Addition of Al203 does not affect the
creep rate. The creep rate of Cep 9Gdo.101.95 is about one order of magnitude
higher than that for Zrg Y0 401 3.
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