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Preparation and properties evaluation of 
zirconia-based/AI203 composites as electrolytes 
for solid oxide fuel cell systems 
Part III Mechanical and electrical characterization 
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Instituto de Ceramica y Vidrio (CSIC), Electroceramics Department, 28500 Arganda de/Rey, 
Madrid, Spain 

Yttria-doped zirconia powders containing 3 to 8 tool % Y203 and 0 to 20 wt% AIzO3 were 
prepared by both mixing commercial oxides and a coprecipitation method, and the 
mechanical and electrical properties have been examined as a function of the AI203 content. 
The bending strength of the composite at room temperature increased with increasing AIz03 
content. In the temperature range 500-1000~ the bending strength increased with AI203 
content up to 10wt% and then decreased, the measured value at 1000~ (200 MPa) being 
higher than those at lower temperatures for cubic zirconia materials. Fracture toughness 
(K~c) decreased with increasing Y203 content in the AI203-free zirconia materials. AI203 
additions enhanced the fracture toughness and this was maximum (7 MPa m 1/2) for the 
composite ZrO2-3 mol % Y2OJ 10 wt% AI203. The electrical conductivity of cubic ZrO2/AI203 
composites decreased monotonically with AI203 content, but in tetragonal ZrO2/AI2Q 
composites hardly varied or apparently increased up to 10 wt % AI203. At 1000 ~ the highest 
electrical conductivity was 0.30 S cm 1 for ZrOz-8 mol% Y203, and this decreased up to 
0.10 S cm-1 for the composite Zr02-8 mol% Y203/20wt% AI203. 

1. Introduct ion 
This is the last part of a series of papers on under- 
standing the influence of AlzO3 additions on the par- 
ticle size and morphology of zirconia powders. Part 1 
[1], and Part 2 [2] presented the densification beha- 
viour and the developed microstructures in the 
above-mentioned compacted powders. It was con- 
cluded (a) that the presence of Alz03 increased the 
specific surface of the coprecipitated zirconia powders; 
(b) the zirconia crystallization was retarded as a con- 
sequence of a polycondensation reaction in which the 
intercalation o f - O - A 1 - O  groups increased the 
Zr-Y interdiffusion distances; (c) alumina additions 
(up to 10 wt %) enhanced the densification of zirconia 
powders; and (d) the grain growth process of the zir- 
conia grains was strongly hindered by the presence of 
Alz 03 inclusions in the zirconia matrix. 

In developing a solid oxide fuel cell (SOFC), the 
planar configuration seems to be the most promising 
as against the other two tubular and monolithic con- 
figurations for electric power generation systems 
[3-5]. This type of SOFC is being developed in Europe 
and Japan, and the two main problems, among others, 
in developing a high performance planar cell are 
related to the ionic conductivity and the mechanical 
properties of the electrolyte. The contribution of 
the electrolyte resistance to the total cell resistance is 

so high that the electrical conductivity of the electro- 
lyte determines in great measure the cell performance. 

Since fully stabilized zirconia (FSZ) offers a higher 
ionic conductivity [6, 7], FSZ has been applied to 
SOFC as electrolyte. However, FSZ, although stable 
over a wide temperature range, is extremely brittle. On 
the other hand, partially stabilized zirconia (PSZ), 
having a lower yttria dopant concentration, consists 
mainly of the tetragonal phase and possesses greater 
strength and toughness, as a consequence of the stress- 
induced tetragonal to monoclinic transformation. But 
this phenomenon can cause an ageing problem in this 
tough material and its electrical conductivity at the 
operating temperature of the SOFC is one order of 
magnitude lower than that of FSZ at 1000 ~ [8]. 

Many efforts have been and are being carried out to 
improve both the mechanical properties of FSZ and 
the PSZ ageing degradation. Thus A1203, having an 
elastic modulus twice that of ZrO2, has been con- 
sidered as a suitable additive to retain the tetragonal 
phase in the A1203/ZrO2 composite [9], and 
Tsukuma et al. [10] reported that the addition of 
AlzO3 enhanced the room temperature strength and 
fracture toughness of Y-TZP. In the same way it was 
also reported [10-12] that the low-temperature tet- 
ragonal to monoclinic transformation could be re- 
tarded by the addition of A1203 to Y-TZP. 
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Since Butler and Drennan's [13] suggestion of the 
scavenger effect of A1203 for SiO2 resulting in a re- 
duced zirconia resistivity, many papers have been de- 
voted to the study of the effect of A12Oa additions on 
the electrical properties of zirconia-based ceramics. 
Thus, Bernard [14] reported that A1203 additions 
lowered the overall and grain-boundary resistivity of 
fully stabilized zirconia (FSZ), and Butler et al. [15] 
also reported the beneficial effects of small A1203 
additions on the total conductivity of these materials. 
In contrast, Inozemtsev and Perfilev [16] and Verkerk 
et  al. [17-1 found that AlzO3 additions increase both 
the bulk and grain-boundary resistivity of FSZ. Bad- 
wal et al. [18] and Rajendran et al. E19] reported that 
large additions of A1203 (5-50 wt %) have a negative 
effect on the conductivity of fully stabilized zirconias. 

The present work was devoted to the study of the 
effect of A1103 additions (5-20 wt %) on both the 
mechanical and the electrical properties of a series of 
yttria-doped ZrO2-based materials. 
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Figure I Lattice parameters of cubic stabilized zirconia (Z-8Y) as 
a function of AlzO3 content. 

2. E x p e r i m e n t a l  p r o c e d u r e  
The two kinds of zirconia powders (commercial and 
coprecipitated), prepared as described elsewhere [1], 
were isostatically pressed at 200 MPa and sintered at 
the temperature interval of 1400 to 1600 ~ for 2 h. 
Only those zirconia samples having high density and 
good microstructure were chosen for characterization. 
The bulk density of the sintered samples was meas- 
ured by the Archimedes displacement method with 
water. 

X-ray diffraction of sintered samples was obtained 
using a Siemens 5000D model diffractometer with 
monochromated CuKa radiation and a scintillation 
detector. In all cases silicon powder was used as an 
internal standard, and lattice parameters were cal- 
culated with a precision of _+ 0.0005 nm. 

Hardness (H) and fracture toughness (K~c) experi- 
ments were performed on surfaces polished to 1 gm 
diamond finish using a Vickers pyramid indenter at 
a load of 10N. H and K~c calculations were made 
using the formula proposed by Anstis et al. [20]. 

The samples were cut into bars of 30x 5 x 2  to 
measure bending strength. After polishing, strength 
measurements were carried out using a four-point test 
fixture with an inner span of 20 mm and an outer span 
of 40 mm. The dependence of bending strength on 
temperature was measured at room temperature and 
at 1000 ~ All the samples were equilibrated for 0.5 to 
1 h at the fixed temperature before measuring, and 
3 to 5 samples were measured for each data point 
using the standard formula ~f = 3PL/bw 2. 

Additional three-point bending measurements were 
also carried out on cylindrical samples 80 mm long 
and 5 mm in diameter in a universal test Instron 
machine with a span of 10 mm. The measurements 
were carried out in the temperature range 25-1000 ~ 

The electrical conductivity measurements were car- 
ried out on sintered discs about 1 cm in diameter and 
about 0.2 cm thick with platinum paint electrodes 
sintered at 800 ~ for 0.5 h. The a.c. conductivity was 
measured using a frequency-response analyser (H.P. 

4192A) over a frequency range of 10Hz to 
10 x 106 Hz with an applied potential of 0.5 V and in 
the temperature range 200 1000 ~ in air. 

SEM photographs of the external and fracture sur- 
faces were taken using a Carl Zeiss 500 E, and grain 
sizes were measured by the line interception method 
[21]. 

3. Experimental results 
3.1. X-ray diffraction and EDX studies 
The XRD results obtained in the compositions studied 
corresponded well with the phases distribution estab- 
lished in the ZrO2-Y203 system [22]. Thus the X-ray 
patterns of Z-3Y sintered samples showed the only 
tetragonal zirconia phase. A mixture of the predom- 
inant tetragonal zirconia and a small amount of cubic 
phase was present in the Z-4Y compositions. In the 
Z-6Y composition also, a mixture oftetragonal zirco- 
nia (small amount) and a predominant cubic zirconia 
phase was found. Finally, a clear cubic phase of fully 
stabilized zirconia was present in the Z-8Y composi- 
tions. 

Lattice parameters of the cubic zirconia solid solu- 
tions decreased with additions of A1103 as shown in 
Fig. 1 and that means that some of the A13§ ions 
substituted for Zr 4§ ones in the zirconia structure. 
The lattice parameter of the Z-8Y sample is 0.51381 nm 
which is in good agreement with reported values for 
FSZ (8 mol % Y203) [23]. The lattice parameter of 
Z-8Y decreases up to a value of 0.51340nm and then 
remains constant. This lattice parameter value estab- 
lishes the solubility limit of A1203 in ZrO2 in 
0.7 mol % at 1650 ~ 

The above results were corroborated by the EDX 
analysis carried out on a Z-8Y/20A sample sintered at 
1650~ Fig. 2a and b shows the EDX spectra of the 
phases present in the A1203 particles and in the zirco- 
nia grains. EDX analysis indicates that the A1203 
particles contained mainly A1 and small quantities of 
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Figure 2 EDX analysis of(a) alumina particles and (b) cubic zirco- 
nia grains in a Z-8Y/20A sample. 

Zr and Y. The average composition of A1203 particles 
was 90.2 wt % A1203, 8.1 wt % ZrO2, and 1.7 wt % 
Y203. This result is not in agreement with the A1203- 
ZrO2-Y203  [24] ternary system, but it indicates that 
some amount  of. ZrO2 and Y203 forms a solid solu- 
tion or compound with A1203. In the same way the 
ZrO2 grains had an average composition of 83.5 wt % 
ZrO2, 4.19 wt % AI203 and 12.30 wt % Y203. Be- 
cause of the large errors usually involved in EDX 
analysis, it is very difficult to establish with precision 
the concentration of the oxides entering in solid solu- 
tion into both the ZrO2 grains and the A1203 par- 
ticles. However, an A1 enrichment of the ZrO2 grains 
and a Zr and Y enrichment of the A1203 particles 
could be assumed. In both cases a chemical formula 
(ZrO2)~(A1203)b(Y203)~ in which a + b + c = 1 
must be maintained, given that no other oxides were 
detected. 

3.2. Mechanical properties 
The bulk densities and mechanical properties of the 
chosen commercial and coprecipitated zirconia/ 
A1203 composites are given in Table I. As shown in 
the table, the effects of powder preparation on hard- 
ness (H) are insignificant. The fracture toughness (Kin) 
was strongly influenced by the microstructure of the 
sintered samples. Thus the highest K~c value was 
achieved for the case of the Z-3Y/10A coprecipitated 
sample (7 MPam 1/2) as a consequence of a more homo- 
geneous microstructure and a smaller grain size 
(0.2 lam). Fig. 3a and b shows the indentation beha- 
viour for a commercial sample and a coprecipitated 
sample, respectively, while Fig. 3c and d shows a crack 
deflection toughening mechanism. In the same way 
the deflection toughening mechanism was also present 
in the coprecipitated zirconia/AlzO3 composites as 
shown in Fig. 4a and b. 

The three-point bending strength as a function of 
the alumina content for the commercial zirconia Z-8Y 
samples sintered at 1650 ~ is given in Fig. 5 for sev- 
eral temperatures. As can be seen, the bending 
strength showed a maximum at 10 wt % A1203 in all 
cases. It can also be seen that the bending strength 
decreased from room temperature up to 500~ and 
then increased at higher temperatures. Fig. 6 shows 
the fresh fracture surface of the Z-8Y sintered samples 
containing 0 to 20 wt % A1203 in which a transition 
from transgranular to intergranular mode was present. 

The four-point bending strength was measured as 
a function of the Y203 content for those zirconia 
samples containing 0 and 10 wt % A1203 at room 
temperature and at 1000 ~ as shown in Fig. 7. It can 
be observed that the bending strength decreased as the 
Y203 content increased, and this trend is similar for 
the compositions containing 10 wt % A1203. It must 
be mentioned that the A1203 addition enhanced the 
bending strength not only at room temperature but also 
at 1000 ~ Fig. 8 shows the effect of processing defects 
such as voids and /or  agglomerates as fracture origins 
leading to a lowering of the mechanical properties. 

3.2. Electrical properties 
The electrical measurements were carried out on the 
above-mentioned zirconia compositions sintered at 

TABLE I Density, hardness and fracture toughness of sintered zirconia/Al203 composites 

Commercial Coprecipitated 

Samples % H(GPa) Klc % 
TD (MPa m l/e) TD 

H(Gpa) 
K i c  

(MPa m 1/2) 

Z3Y 98.0 13.5 5.2 
Z-3Y/10A 97.0 13.3 5.7 
Z-4Y 96.0 13.6 3.9 
Z-4Y/10A 97.0 12.8 4.5 
Z-6Y 95.0 12.8 2.5 
Z-6Y/10A 98.0 13.7 4,0 
Z-8Y 98.0 13.0 2.0 
Z-8Y/5A 97,0 12.9 2.1 
Z-8Y/10A 97.0 14.0 2.4 
Z-8Y/20A 85.0 14.0 2.4 
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Figure 3 Indentation behaviour of a Z-3Y commercial sample (a), coprecipitated (b), and the deflection toughening mechanism present in 
both samples (c) and (d), respectively. 

1400 ~ for which the densification level of the sam- 
ples was higher than 95% theoretical density and, 
therefore, the effect of porosity on the conductivity can 
be considered as negligible. Thus Fig. 9 shows the 
variation of the total conductivity ~v of commercial 
zirconia samples as a function of the A1203 content. 
As can be seen, A1203 additions led to a decrease in 
conductivity in all the cases of the zirconia commercial 
samples, and such a decrease was more significant for 
Z-8Y samples. In spite of this, the difference between 
the alumina-free sample and that containing 20 wt % 
A1203 was not too high; 0.30f2 l cm-1 and 
0.10 ~ - 1 c m -  1 at 1000 ~ respectively. 

Figs 10 and 11 show the influence of both the A1203 
additions and sintering temperature on the resistivity 
of commercial tetragonal zirconia samples and cubic 
zirconia ones, respectively. The resistivity of zirconia 
samples increased monotonically with A1203 content, 
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and such an influence was clearer at the higher sinter- 
ing temperature. 

Fig. 12 shows the effect of the t0 wt % AlzO3 addi- 
tion on the a.c. conductivity at 300 ~ of commercial 
zirconia samples with different Y203 content, and 
a displacement of the grain-boundary arc to the left of 
the spectrum, indicating a lower total resistivity, can 
be observed. It must be mentioned that the average 
grain size of the sintered samples was 0.30 gm, 2.0 gm, 
4 .0gm and 4.31am for Z-3Y/10A, Z-4Y/10A, Z- 
6Y/10A and Z-8Y/10A samples, respectively, as 
measured from the microstructures shown in Fig. 13. 

The total conductivity of Z-8Y and Z-8Y/10A sam- 
ples as a function of temperature is plotted in Fig. 14. 
The same trends were found in the Arrhenius plots for 
the other zirconia samples containing A1203. 
The activation energy values were very similar, being 
1.17, 1.19, 1.16 and 1.13 eV for the Z-8Y, Z-8Y/5A, 



Z-8Y/10A and Z-SY/20A samples, respectively. How- 
ever, it must be noted that in the case of the Z-3Y 
zirconia samples with or without A1203, having a tet- 
ragonal structure, the activation energy values were 
somewhat lower than those of the cubic stabilized 
zirconia samples. Thus the activation energy for the 
Z-3Y sample was 0.92 eV and that of the Z-3Y/20A 
sample 0.91 eV. 

Fig. 15 shows the impedance spectra for the zirco- 
nia coprecipitated samples containing 0 and 10 wt % 
A1203. Generally it can be said that the conductivity 
of the alumina-free coprecipitate d zirconia samples 
was slightly higher than those of the corresponding 
commercial zirconia ones. This can be explained by 
a more uniform microstructure and a higher densifica- 
tion. However, from the same figure it can be observed 
that the addition of 10 wt % A1203 strongly increased 
the grain boundary contribution to the total resistivity 
of the sample and thus decreased its total conductiv- 
ity. A comparison of the typical microstructures is 
shown in Fig. 16 for the commercial and co- 
precipitated Z-4Y and Z-6Y zirconia samples contain- 
ing t0 wt % A1203. 

Fig. 17 displays the Arrhenius plot for the Z-8Y and 
Z-SY/10A coprecipitated zirconia samples in which 
the detrimental influence of the A1203 addition on 
conductivity can be observed, mainly, at medium and 
low temperatures. The activation energy values trend 
was similar to that present in the commercial zirconia 
samples. 

Figure 4 SEM photographs showing a crack deflection toughening 
mechanism in (a) Z-8Y/5A and (b) Z-8Y/20A composites. 
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Figure 5 Effect of A1203 content on three-point bending strength at 
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4. Discussion 
The above-described experimental results on the 
mechanical and electrical properties of several yttria- 
doped zirconia/Al~O3 composites could be explained 
as follows. 

From the X-ray results it is suggested that A1203 
additions to yttria-doped zirconia could interact in 
three different ways: (a) some of the A1203 (about 
0.7m01%) goes into the zirconia matrix forming 
a solid solution; (b) the A1203 remaining, if the chem- 
ical potential of Y203 in an A1203-Y203 compound 
(for example Y6Allo O24, A1YOa or Y2A1203) is lower 
than in the zirconia matrix, then some of YzO 3 will 
react with A1203 forming a solid solution, if any, or an 
A1203-Y/O3 compound; (c) if the above condition is 
not satisfied then the A1203 remaining, depending on 
the sintering temperature, will locate within or be- 
tween zirconia grains. The decrease of the zirconia 
lattice parameters (see Fig. 1), and the appearance of 
some amount of Y203 in the AlzO3 particles (see 
Fig. 2) evinced a certain reaction between A]203 and 
yttria-stabilized zirconia. The possibility of the forma- 
tion of an A1203-Y20 a compound, although it could 
not be detected by XRD, should be taken into ac- 
count. Thermodynamic and kinetic considerations 
support such an idea. 

Concerning the mechanical properties of tetragonal 
zirconia/Al2Oa composites, it was well established 
that the stress-induced martensitic phase transforma- 
tion is the toughening agent. According to our results 
(see Table I), density and grain size had a strong 

1953 



Figure 6 Evolution of fracture surface of Z-8Y sample as a function of the A1203 content, (a) 0 wt % AlzOa, (b) 5 wt % A1203, (c) 10 wt % 
A1203, and (d) 20 wt % AI203. 

influence on the fracture toughness of Z-3Y composi- 
tions and a relative influence on the hardness. As 
shown in the table, the fracture toughness at room 
temperature was higher in the coarse-grained samples 
without AlzO 3. However, in the tetragonal zirco- 
nia/Al203 composites the fracture toughness was 
higher in those samples having a smaller grain size. 
Thus commercial Z-3Y/10A with an average size of 
0.30 gm had a Klc of ~ 5.7 MPam 1/2, and the co- 
precipitated Z-3Y/10A with a grain size of 0.20 gm 
presented a K~c of 7 MPam 1/2. This being so, the 
participation of another toughening mechanism as the 
crack deflection one (See Fig. 4) should be taken into 
account. In the case of the Z-4Y and Z-6Y samples 
with or without A1203, the fracture toughness is lower 
(3.9 to 5.5 MPam 1/2) due to the increased Y203 con- 
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tent. In both cases, hardness and fracture toughness 
were improved by the A1203 additions. Generally, and 
according to the XRD results, the increase in the cubic 
zirconia phase implied a decrease in the tetragonal 
one which, on the other hand, could justify the de- 
crease of Kic as Y203 increased. 

At room temperature, the three-point bending 
strength in all the cubic zirconia samples increased 
with increasing A1203 (see Fig. 5); this is a con- 
sequence of both the higher bending strength of the 
A1203 particles and the generated strains in view of 
the different expansion coefficients of the two com- 
ponents. These results conflict with those reported by 
Kulczycki and Wasincionek [25] but are in close 
agreement with those of Esper e ta l .  [26] and 
Yamamoto et al. [27]. Kulczycki and Wasincioneck 
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Figure 8 Effect of defects processing (a) laminations and (b) ag- 
glomerate on the mechanical behaviour of a Z-6Y/10A composite. 

[25] reported that the bending strength of ZrOz- 
6.5 tool % Y203 decreased with A1203 additions up 
to 20 wt %, and then increased for higher A1203 con- 
tent. However, Esper et  al. [26] and Yamamoto et  al. 

[27] found that the fracture strength of fully stabilized 
zirconia improved with the addition of A1203 and 
a maximum was present at 20 wt % A1203. Rajendran 
et  al. [28] found an enhancement of the modulus of 
rupture of Y-TZP materials by the A1203 additions, 
the maximum being for the 20 wt %, 

At high temperature the three-point bending of Z- 
8Y commercial samples increased as the A1203 con- 
tent increased up to 10 wt % and then decreased. It 
must be noted that the bending strength was higher at 
1000 ~ than at 500 ~ and it was near to that of room 
temperature (see Fig. 5). Although only the addition of 
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Figure l 0 Influence of A12 O3 content and sintering temperature on 
the a.c. resistivity of tetragonal zirconia at 300 ~ (a) Z-3Y; (b) Z- 
3Y/5A; (c) Z-3Y/10A; (d) Z-3Y/20A. 

A1203 to cubic zirconia could explain the improve- 
ment of the bending strength, cubic zirconia exhibits 
a certain plasticity at high temperature [29] and this 
contribution should also be taken into account. 
Bending strength values as high as 250 MPa were 
measured at 1000 ~ which is very near to the value at 
room temperature (300 MPa). 

As reported in Fig. 6, the fresh fracture morphology 
of the cubic zirconia/AlzO3 composites after the 
bending strength test at 1000 ~ underwent a transition 
from transgranular, for cubic zirconia without AlzO3, 
to intergranular for cubic zirconia containing 10 and 
20wt% A1203. According to the suggestions of 
French et al. [30-1, a higher intergranular fracture 
mode was present in the tougher AlzO3-c-ZrOz corn- 
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Figure 11 Influence of AlzO3 content and sintering temperature on 
the a.c. resistivity of cubic zirconia at 300~ (a) Z-8Y; (b) Z- 
8Y/5A; (c) Z-8Y/10A; (d) Z-8Y/20A. 

posites. This means ihat A1203 additions, inhibiting 
the grain growth of cubic zirconia, led to the forma- 
tion of a microstructure with a higher grain boundary 
density and, therefore, a larger possibility of crack 
deflection. If, as reported by Bouma et  aI. [31], every 
deflection consumes energy, then a higher grain 
boundary density will lead to a higher energy use and, 
thus, to a higher fracture strength. A1203 additions 
decreased the cubic zirconia grain size from ~ 24 gm 
without A1203 to 4 gm and 3 gm for zirconia contain- 
ing 10 and 20 wt % A1203, respectively [2]. 

The electrical conductivity of the yttria-doped zir- 
conia/Al203 composites is the most important re- 
quirement to elucidate its usefulness as an electrolyte 
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Figure 12 Effect of 10 wt % A1203 on the a,c. resistivity of different 
commercial yttria-doped zirconia samples at 300 ~ (a) Z-3Y/10A; 
(b) Z-4Y/t0A; (e) Z-6Y/10A; (d) Z-8Y/10A. 

according to the the ZrO2 Y203 phase diagram [22] 
and, as a consequence of this, an overlappping of the 
lattice and grain boundary arcs was present. In this 
way a decrease in the grain boundary density and 
a decrease in the resistivity per unit surface area was 
also found. The improvement in total conductivity 
was attributed to an accumulation of the grain- 
boundary glassy phase at the tetragonal zirconia/ 
A1103 interfaces from the tetragonal/tetragonal ones 
[32]. The non-appearance of silica in our energy dis- 
persive X-ray analyses on the sintered zirconia sam- 
ples makes one think that another phenomenon could 
be contributing to the apparent improvement in con- 
ductivity. 

As shown in Fig. 12, the influence of 10 wt % A1203 
addition on zirconia containing different Y203 con- 
centrations is a consequence of the amounts of the 

in SOFC systems. As shown in Fig. 10 for tetragonal 
zirconia/Al203 composites, two clear arcs were ob- 
served in the complex plane impedance diagram re- 
corded at 300 ~ The smaller one is due to the lattice 
oxygen ion conduction and remained constant up to 
a 10 wt % A1203 content. For higher A1203 content, 
the size of this first arc increased. The second arc, due 
to the grain boundary contribution to the total resis- 
tivity of the sample, increased its size with AI203 
content, passing apparently through a minimum at 
10 wt %. It has been shown elsewhere [2] that the 
grain size of the tetragonal zirconia samples hardly 
varied with A1203 content and, therefore, the decrease 
in resistivity up to 10 wt % could be attributed to 
a decrease in the grain boundary density. The increase 
in resistivity above 10 wt % A1203 could be due to 
both the coalescence of A1203 particles and the de- 
crease in the volume fraction of the conducting phase 
in the sample. Rajendran et al. [19] published similar 
results on a 2.5 tool % Y203 tetragonal zirconia sin- 
tered at 1700 ~ At this sintering temperature a two- 
phase (tetragonal + cubic) was present in his sample, 

Figure 13 Microstructure of sintered yttria-doped zirconia/Alz03 
commercial composites. (a) Z-3Y/10A, (b) Z-4Y/IOA, (c) Z- 
6Y/10A and (d) Z-SY/10A. 
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Figure 15 Typical impedance plots (measured at 300 ~ for differ- 
ent coprecipitated yttria-doped zirconia samples without and with 
10wt % AlzO3. (a) - -  Z-3Y, (DOG Z-3Y/10A; (b) - Z-4Y, 
(DO(D Z-4Y/10A; (c) - Z-6Y, ( D O 0  Z-6Y/10A; (d) - Z- 
BY, ( 3 0 ( 3  Z-SY/10A. 

coexisting tetragonal and cubic phases in the sintered 
samples, and it is difficult to correlate the microstruc- 
ture with the electrical behaviour. However, it is clear 
that the AI/O3 additions have a greater effect on those 
samples that have a single zirconia phase. Except in 
the case of the tetragonal zirconia, an addition of 
10 wt % A1203 decreased the total conductivity of the 
sintered zirconia samples. The increase in the size of 
the two arcs, mainly the grain boundary one, shows 
evidence of this fact. 

Concerning the cubic stabilized zirconia/A1203 
composites (Z-SY/A12Oa), it has been shown else- 
where [2] that A1203 additions decreased the zirconia 



Figure 16 Scanning electron micrographs of commercial (a) Z-4Y/10A and (b) Z-6Y/10A samples, and coprecipitated (c) Z-aY/10A and 
(d) Z-6Y/10A samples. 
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Figure 17 Arrhenius plots of the electrical conductivity ~ for co- 
precipitated Z-8Y and Z-SY/10A composite samples. 0 - - 0  Z-8Y; 
C)--O Z-BY/IOA. 

grain size from 25 jam without A120 3 to 3 ]am with 
20 wt % A1203 at 1600 ~ and from 3.5 ]am to 2 ]am at 
1400 ~ Fig. 11 shows the resistivity in the complex 
plane impedance diagrams measured at 300~ for 
Z-8Y samples with different alumina content 
(0-20 wt % AlzO3), Two well-defined arcs were ob- 
served up to 5 wt % A1203, and two overlapping arcs 
were observed in the Z-8Y containing 10 and 20 wt % 
A12 03.  As can be seen, the size of the lattice resistance 
arc (on the left-hand side) is strongly dependent on 
both the AI203 content and the sintering temperature, 
and such a correlation was more clearly evinced at the 
higher (1600~ sintering temperature. For this 
sintering temperature the size of the lattice arc in- 
creased with increasing A1203 content up to 10 wt % 
and then decreased. At the lower (1400 ~ sintering 
temperature the size of the lattice arc increased with 
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increasing A1203 content. The grain boundary arc (on 
the right-hand side) increased its size with increasing 
A1203 content, and such an increase was higher at the 
higher sintering temperature as a consequence of 
a higher zirconia grain growth inhibitor effect of 
A1203. No minima were detected either for lattice 
resistivity or for grain boundary resistivity as reported 
by Yamana etaI .  [33] at 5wt% A1203 for 
a 5.5 mol% Y203 or by Miyayama et al. [23] for 
A1203 content higher than 0.6mo1%. Similarly, 
Yamamoto et  al. [27] found better conductivities in 
fully stabilized zirconia with A1203 content up to 
1 wt % and lower for higher A1203 content. 

The Arrhenius behaviour of Z-8Y samples with and 
without AI/O3 additions, as shown in Fig. 14, is cor- 
related to both the grain boundary and the lattice 
contributions to the total conductivity of the zirconia 
samples. A higher grain boundary conductivity was 
found in the samples without A1203 addition and 
lower for those containing AI/O3, and such a trend 
was present in all the zirconia samples containing 
different concentrations of Y203 and/or A1203 [34-1. 
As reported by Yamana et  al. [33], the grain bound- 
ary conductivities are closely related to the geomet- 
rical factors of the samples and these are strongly 
influenced by the grain size. Thus those zirconia sam- 
ples with a high grain size (as for example Z-6Y and 
Z-8Y) will show a higher grain boundary conductivity, 
and the Arrhenius behaviour will be dominated by the 
lattice conductivity. Depending on the extent to which 
the A1203 additions influence not only the zirconia 
grain size but the zirconia-zirconia grain boundaries, 
assuming no other factors, the total conductivity of 
the zirconia sample will be enhanced. 

An example of the above assumption was shown in 
Fig. 15 for the yttria-doped zirconia/Al203 co- 
precipitated samples, in which both the grain bound- 
ary and the lattice resistivities were strongly modified 
by the A1203 additions and yet their conductivities 
were higher than those of the commercial zirconia 
samples. Then other factors such as (a) the micro- 
structure homogeneity, (b) the impurity level and its 
distribution, (c) the presence of a glassy phase, if any, 
and defects concentration of same and, finally, (d) the 
A1203 particles size and distribution in the zirconia 
matrix, should be taken into account to reach a satis- 
factory explanation for the yttria-doped zirconia/A1203 
composites' electrical behaviour. The discrepancies 
found for the obtained results by different authors on 
similar, identical in some cases, zirconia samples, with 
and without Al/O3, support the above contention. 
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