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ZrO2-Na/T'-AI203 composites were prepared by a conventional method using two different 
powder routes and different milling liquids. The retained tetragonal-phase Zr02 was 85 to 90% 
for composites with 2.4 to 15vol % ZrO 2. The fracture toughness (K~c) and strength increased 
with increasing Zr02 content. At 20vo1% Zr02, Kjc and bend strength were 4.35 MPam 1/2 and 
390 MPa, respectively. Stress-induced transformation toughening is the predominant toughen- 
ing mechanism. Dispersion toughening also contributes to the increase of K~c. Surface 
strengthening was found to be an effective strengthening method for low Zr02 levels. The 
critical tetragonal ZrO 2 grain size was found to increase from 0.86 to 1.02 #m as the Zr02 
content increased from 2.5 to 15vo1%. A detailed study of the ionic conductivity of the 
15vo1% Zr02 dispersed sample was conducted by an a.c. technique between -124  °C and 

300 ° C. The bulk and total conductivities were calculated via complex-plane analysis. The 
total (grain and grain-boundary) ionic specific resistivity was ,-~ 9~cm at 300 ° C. The acti- 
vation enthalpies of the bulk and total conductivity processes were 0.30 and 0.32 eV, 
respectively. 

1. I n t r o d u c t i o n  
The phase transformation of constrained tetragonal 
to monoclinic ZrO2 can be induced by stress and the 
expansion involved leads to an increased fracture 
toughness (Kxc) of the restraining matrix. This concept 
of ZrO2 transformation toughening has been applied 
to polycrystalline /~//~'-alumina ceramics with ZrO2 
dispersions [1 6]. The addition of ZrO2 to Nafl'-A1203 
substantially improves both fracture toughness and 
strength without compromising the superionic's elec- 
trical properties. Nafl'-A1203 is a solid electrolyte used 
as a membrane material in the Na-S battery. This 
solid electrolyte degrades above a critical current den- 
sity, icr, which is related to its fracture toughness (KIo) 
[7, 8]. Consequently an improvement of K~c should 
lead to increased i,  and longer battery life. Tough 
and strong Na/~'-A1203 is also a potential precursor 
material for H3 O+ /~//~"-alumina, an electrolyte of 
interest for the medium-temperature electrolysis of 
steam and H2-O2 fuel cells. Polycrystalline H3 O÷ ~"/ 
/?-A1203 has been developed and used to electrolyse 
steam. The material is based on a mixed alkali K/ 
Na/?"//?-A1203 precursor which is ion-exchanged in 
two stages to produce H30+fl'/fl-A1203. The pre- 
cursor ceramic has high strength and allows the 
ceramic to survive the rigours of the initial ion 
exchange in potassium/sodium chloride or nitrate 
melts [9]. 

The present paper describes a conventional method 
for producing strong and tough ZrO2-Nafl"-A1203 
composite materials and defines their mechanical 
properties. 

This paper also contains the first detailed study of 

the ionic conductivity of a ZrO2-Na/~'-A1203 com- 
posite. Green and Metcalf [5] studied the ionic con- 
ductivity of ZrO2-Na/~'-A1203 composites by an a.c. 
technique between 250 and 350°C in the frequency 
range 100Hz to 100kHz. At these temperatures, 
100 kHz is not sufficiently high to resolve the grain and 
grain-boundary contributions to the ionic conduc- 
tivity, so the total conductivity value was reported. 
Lange et al. [1] studied the ionic conductivity of 
the composites at a fixed a.c. frequency (1 kHz) 
between room temperature and 300°C. Fixed- 
frequency measurements give no indication of the 
total and grain (bulk) conductivity. Such conductivity 
results are only satisfactory for internal comparison. 
The present paper reports studies of the ionic con- 
ductivity between -124°C and ~300°C using a 
frequency range from 5 Hz to 13 MHz. 

2. Experimental procedure 
The composition of Nafl'-A1203 chosen was 
Na2.0 Mgo.67 Al10.33 O17. Two routes were investigated to 
produce the ZrO2 Na/~'-A1203 composite powders. In 
Route I, powders of Na2CO3, MgO and ~-A1203 
(Alcoa A16SG) were milled in ethanol for 48 h, dried 
and calcined for 5h at 1000°C to give Na/~'-A1203 
powder. After removing large agglomerates by sedi- 
mentation in water, ZRO2-4.5 wt % Y203 (Zircar Inc. 
ZYP 4.5 i of %) and the calcined Na/?'-A1203 powders 
were milled together in ethanol for 24 h. In Route II, 
the fine ZrO2 powder, Na2CO3, MgO and A1203 were 
milled in ethanol for 48 h, dried and calcined at 
1000°C. Four milling liquids (ethanol, acetone, 
methyl alcohol and butanol) and five ZrO2 contents 
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T A B L E I Effect of milling liquid on structure and properties of  ZrO 2 Nafl"-A12 0 3 composites (Powder Route II) 

Milling liquid Density Bend strength K~¢ f(fl)  m(%) Grain size (/~m) 

(% theoretical) (MPa) (MPam 1/2) Nafl,,.A1203 ZrO2 

Acetone 97.4 to 97.7 322 + 21 3.1 to 3.6 0.08 to 0.10 II to 17 0.79 0.71 
Methyl alcohol 97.1 to 97.7 311 4- 28 3.0 to 3.5 0.06 to 0.08 14 to 18 1.04 0.79 
Ethanol 97.3 to 97.8 328 + 29 3.1 to 3.6 0.03 to 0.05 12 to 16 0.81 ff.68 
Butanol 96.4 to 96.7 238 +__ 37 - 0.09 to 0.12 40 to 46 1.10 0.83 

(2.5, 5, 10, 15 and 20vol %) were investigated. The 
sieved composite powder prepared by the two routes 
was uniaxially pressed, isostatically pressed at 
35 000p.s.i. (241 MPa) and sintered at 1620°C for 5 
to 10rain in an A1203 crucible containing a bed of 
Na/?"-A1203 powder. A fast heating rate was necessary 
to achieve a high sintered density for the Na/?"-A1203 
and the ZrO2-Nafi"-A1203 composites. A schedule of 
25 to 1620 ° C in 20 min yielded the maximum sintered 
densities. According to the NaA102-A1203 phase dia- 
gram [10], Na/?-A1203 and NaA102 form a binary 
eutectic liquid at 1585 ° C. This liquid is transient and 
promotes the densification of the Nafl"-Al203 and 
ZrO2-Na/?"-A1203 composites. 

The phases in the sintered specimens were deter- 
mined by X-ray diffraction analysis. The relative 
amounts of Na/?- arrd Na/?"-A1203 were qualitatively 
assessed using the norfiaalized index, f(/?). This is 
approximately equal to the fraction of/?-phase [11]. 
The relative amounts of monoclinic ZrO2 (m%) and 
tetragonal phase were determined using the method 
of Garvie and Nicholson [12]. For microstructural 
observations, 1 #m diamond-polished specimens were 
thermally etched at 1500°C for 3rain and examined 
by SEM and optical microscopy. The grain sizes and 
particle size distributions were measured using a 
Morvideoplan image analyser. The fracture toughness 
(K~c) values were determined on polished specimens 
using the indentation technique of Evans and Charles 
[13]. Strength measurements were performed in three- 
point bending (span 14mm) on rectangular sintered 
specimens of cross-section 2.2 mm x 7 ram. To deter- 
mine surface strengthening, specimens were surface- 
ground with 320 grit SiC. The Young's modulus was 
calculated from the shear and the longitudinal sound 
velocities in the materials. These velocities were 
measured using the pulse-echo overlap technique. 

The ionic conductivity of the 15 vol % ZrO2-Naff'- 
A1203 sample was calculated from a.c. measurements 
using ionically blocking silver electrodes. The impe- 
dance and the phase angles were measured using 
a computer-controlled low-frequency impedance 
analyser (HP 4192A) in the frequency range 5 Hz to 
13 MHz. During measurement the sample cell was first 

heated to > 300°C in a vacuum and maintained at 
that temperature for 1 h. Data were then gathered in 
the maintained vacuum. The measurements were 
made between - 124 ° C and ~ 300 ° C. 

3. Resul ts  and d i s c u s s i o n  
Acetone, methyl alcohol, butanol and ethanol have 
been used as milling liquids to produce ZrO2-Na/?"- 
A1203 composites [1-6]. A series of studies were 
undertaken to identify the most suitable milling liquid 
to give the optimum ZrO2 dispersion in the Na/?"- 
A1203 and a fine-grained homogeneous microstructure 
with ZrO2 retained as tetragonal. The results for 
Route II are summarized in Table I. The ZrO2 content 
was 8.7 vol %. Table II shows the results for the two 
different powder routes using the best milling liquids 
identified. The ZrO2 volume fraction in this case was 
15%. 

Table I suggests the milling liquid influences the ZrO2 
particle size, the monoclinic ZrO2 phase fraction and 
the mechanical properties, f(/?) were uninfluenced. The 
ZrO2-Na/?"-Al203 composites with butanol had more 
agglomerates, a higher monoclinic ZrO 2 fraction and 
a lower density. Composites with ethanol had smaller 
ZrO2 particle size, higher tetragonal ZrO2 fraction and 
higher mechanical properties. 

Table II shows that the two powder routes in ethanol 
result in almost the same physical and mechanical 
properties. The fracture toughness of samples milled 
in acetone was higher. Microstructural studies [14] 
showed that two ZrO2 morphologies exist in ZrO2- 
Na/?"-A1203 composites, i.e. intergranular ZrO2 par-. 
ticles (or agglomomerates) located at the Naff'-A1203 
grain boundaries and fine spherical intragranular 
ZrO 2 particles located within the Na/?"-A1203 grains. 
Increased fine-grained intragranular ZrO2 particles 
were detected in the microstructure of ethanol-milled 
samples (Fig. 1). This suggests that the ZrO2 powder 
was more dispersed in ethanol and particles were 
trapped within the Naff'-A1203 grains formed during 
sintering. These particles were fine and few were 
stress-induced to transform to the monoclinic phase. 
X-ray diffraction of the broken surfaces of test bars 
showed that the fraction of monoclinic phase in the 

T A B L E I I Effect of powder route on the properties of ZrO2-Nafl"-A12 03 composites 

Powder Milling Density Bend strength KI¢ f(fl) 
route liquid (% theoretical) (MPa) (MPam 1/2) 

m (%) 

Sintered Fracture 
surface surface 

Grain size ~ m )  

fl"-A1203 ZrO2 

I Acetone 97.2 to 98.0 325 4- 54 4,2 to 4.5 0.09 to 0.10 9 to 12 92 to 96 
I Ethanol 97.0 to 97.4 330 _+ 42 3.8 to 4.1 ~0.03 7 to 9 - 
II Ethanol 97.2 to 97.5 336 _+ 43 3.9 to 41 ~ 0.03 9 to 11 85 to 92 

0.84 0,71 
0.81 0.73 
0.85 0.72 
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ethanol-milled samples was lower than with acetone 
(Table II). 

The grain (particle) size, phase composition and 
mechanical properties of the ZrO2-Nafi"-A1203 com- 
posites containing 2.5, 5, 10, 15 and 20 vol % ZrO 2 are 
listed in Table III. 

On fast heating, the NaA102 and Nafl/fi"-A1203 

Figure 1 Microstructure of 15 vol % ZrO2-Nafl"-A1203 composites 
(SEM): (a) acetone-milled sample, (b, c) ethanol-milled sample. 

eutectics form transient liquid phases, so densification 
is fast and the kinetics of conversion to Na/3"-A1203 
rapid. It was found that thef(/~) did not increase with 
increasing ZrO2. These results are contrary to those of 
Green [6]. The relative densities of the ZrO2-Na/~"- 
A1203 composites are higher than those of pure Na/~"- 
A1203, suggesting that ZrO2 improves the sinterability 
of Na/T'-AI203 and promotes densification. This 
enhanced densification could result in a higher yield of 
the Nafl"-A1203 phase. 

Microstructural observations suggest that inter- 
granular ZrO2 particles limit abnormal grain growth 
in the Na/T'-A1203. No duplex and large grain-size 
microstructures were observed even after 25 min sin- 
tering. The Z r O  2 particles did not however reduce the 
average grain size of the Na/?"-A1203. The grain-size 
ratio of ZrO2 to Na/~"-A1203 is approximately con- 
stant for a particular ZrO2 volume fraction. Table III 
indicates that the ZrO2 grain size increases with 

4.0 

E 

o. 
=E 

o 3.0 

2.C 

, • • 

1() 1,5 20 
ZrO 2 (voL % )  

Figure 2 Fracture toughness of ZrO 2- 
Nafl"-A1203 against ZrO2 content: (e) 
experimental data, (11) calculated values. 
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increasing ZrO2 volume fraction via the coalescence of 
the ZrO 2 particles. 

The tetragonal ZrO2 retention is high in the ZrO2- 
Nafl"-Al203 composites. The level of tetragonal ZrO2 
in the composites depends on two factors, i.e. the 
elastic modulus of the composite and the ZrO 2 grain 
size. At low ZrO2 volume fractions, the Young's 
modulus is low and the critical grain size small, 
therefore the monoclinic phase fraction is slightly 
higher. At higher volume fractions, there are more 
l a r g e  Z r O  2 grains as the ZrO2 particles coarsen. The 
monoclinic fraction therefore increases although the 
critical grain size is somewhat larger than at low ZrO2 
fractions. 

The relationship between the fracture toughness 
and ZrO2 content is shown in Fig. 2. In this figure, the 
circles plot the experimental K~c data and the solid line 
the calculated values. K~c increases with increasing 
Z r O  2 content. Young's modulus values increase with 
i n c r e a s i n g  Z r O  2 content (Fig. 3). 

The contribution of the stress-induced trans- 
formation to the fracture toughness of a brittle 
material can be expressed [15] as: 

( 2REoV~(IAG~I - AUsef) ) m 
K,~ = K ~ +  ~ i - ~ v  ~ (1) 

where K 0 is the fracture toughness of the material with 

Figure 3 Young 's  modulus  of  ZrO 2 Nafl"-A1203 against 
ZrO 2 content. 

no transformation phenomenon and (IAG°[ .-  AUsef) 
is the work done per unit volume to stress-induce the 
transformation. Eo and vc are the elastic modulus and 
Poisson's ratio of the composite, respectively, V~ is the 
volume fraction of the tetragonal phase and R is 
the depth of the transformation zone (approximately 
equivalent to the inclusion size). AG e is the chemical 
free-energy change for the reaction t-ZrO2 --* m-ZrO> 
A Use is the change in strain-energy associated with 
the transformation, (1 - f )  is the loss of strain- 
energy due to the loss of constraint imposed on the 
inclusions during crack extension. Using the experi- 
mental K]c data for the composite series containing 
tetragonal ZrO 2 (Table III), and obtaining K0 values 
from a series containing cubic ZrO2 exclusiyely (Table 
IV) and Eo and V~ values from Table III (assuming that 
R = 0.7/~m), the average value of (IAGCl - AUsef) 
was determined to be 185mJm -3 for the t-ZrO2- 
Nafl"-A1203 composites. The K~c for a t-ZrO2-Nafl"- 
A1203 composite was then calculated from Equation 1 
and these values (solid line in Fig. 2) are in good 
agreement with the measured results. 

The results suggest that stress-induced transfor- 
mation toughening is active in t-ZrO2-Na/~"-A1203 
composites. In addition to transformation toughen- 
ing, the ZrO2 inclusions could dispersion-toughen 
the t-ZrO2 microstructures. The crack may avoid 

T A B L E  IV Mechanical properties of  cubic ZrO2-Na/?"-A1203 composites 

ZrO 2 content Density Bend strength 
(vol %) (% theoretical) (MPa) 

Kic 
( M P a m  1/2) 

Grain size (#m) 

fl"A12 0 3 ZrO 2 

5 97.0 to 97.7 279 + 34 2.44 _ 0.29 
10 97.2 to 97.5 282 + 28 2.62 + 0.35 
15 97.5 to 97.8 286 + 34 2.82 + 14 0.79 0.86 



1' 

x i  c 

KIc : 4.1 MPa m 1/2 

15 v o t  O/o 

I-Z rO 2 - B'-'A120: 

2.82 

15 vot % 

c-ZrO 2 - 13 [IA 120:, 

2.28 

N a I 3 - A I 2 0 3  

T 
zx g 2 

t 
z~ K 1 

t 

the inclusions and propagate in a zigzag path. In 
the 15vo1% t-ZrOz-Nafi"-Al203 composite, KIo 
is 4.10MPam ~/2 and the increase in K~c(AK, c) is 
1.82 MPa m ~/2 (compare single-phase Na/?"-AI203 with 
K~c = 2.28 MPam'/2). This AKI~ can be divided into 
AK~ and AK2, where AK~ is the contribution from 
dispersion toughening, and the AK 2 the contribution 
from transformation toughening. For the 15 vol % 
c-ZrOz-NaB"-A1203 composite (Table IV), Kic = 
2.82 MPa m m, i.e. AKI is 0.54 MPa m ~m and represents 
a 30% increase in K~. If the ZrO2 dispersion toughen- 
ing is the same in both, AK2 is 1.28 MPa m 1/2, i.e 70% 
of the total increase in KI~ (Fig. 4). So, the fracture 
toughness of the t-ZrOz-Na/~"-Al203 composites can 
be expressed as 

K~c = K0 + AK, + AK2 (2) 

where A K  2 is the contribution of the transformation 
toughening, proportional to the square root of the 
volume fraction of ZrO2 and AK, is proportional to 
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Figure 4 Contribution of dispersion toughening 
(AK 0 and transformation toughening (AK2) to 

the toughness of ZrOz-Na/~"-A1203 composites. 
(K 0 = Kit of single-phase Nafl"-Al203). 

Xo 

I 
the volume fraction of ZrO2 [16]; K0 is the fracture 
toughness of single-phase Na/~"-AI203. Because the 
ZrO 2 particles do not reduce the average grain size of 
the Na/?"-A1203, it is assumed that the grain-size fac- 
tor does not contribute to the increased fracture 
toughness. 

The dependence of bend strength on ZrO2 content 
is shown in Fig. 5. Line 1 is based on the measured 
values of the sintered samples. Line 2 is the calculated 
value using the relation ~, = (K , /Ko)ao  assuming no 
change in flaw size. ~r 0 and K0 are the strength and 
fracture toughness of single-phase Na/?"-A1203 and a, 
and K~ are the strength and fracture toughness of the 
composite, respectively. 

The bend strength (Line 1) increased with increas- 
ing ZrO2 volume fraction. These results are different 
from those of Binner and Stevens [4]. No maximum 
was seen in the strength-ZrO2 content curve up to 
20 vol % ZrO2. It is believed that 85 to 90% of the 
tetragonal phase was retained at the higher ZrOz 
contents and the bend strength increased accordingly. 

/ 
/ 

250 

2 0 0  ! 

lO 

ZTO2 (VOt °/e) 

, I  

15 
I 

20 
Figure 5 Bend strength of ZrO2-fi'-A1203 
against ZrO 2 content: (e) sintered samples, 
(B) ground samples, (zx) predicted strength. 
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The calculated values of strength were in good 
agreement with the experimental values. The bend 
strength exhibited a concomitant increase with Kit. 
These results are different from those of Green and 
Metcalf [5, 6], who found that the predicted strength 
from the K1c value was much lower than the measured 
value for either composite. However, at high ZrO2 
contents, the measured values of strength were lower 
than the predicted values, possibly due to an increase 
of the monoclinic ZrO2 fraction and the generation of 
microcracks. 

Surface strengthening has been used to improve 
the strength of transformation-toughened materials 
[17, 18]. In transformation-toughened ZrO2 ceramics, 
grinding causes the surface tetragonal ZrO2 to trans- 
form to monoclinic and the associated expansion 
places the surface in compression and so strengthens 
the ceramic. 

The bend strength of ground samples is also plotted 
against ZrO 2 content in Fig. 5 (Line 3). The increase 
in strength is greater at lower ZrO2 contents. This is 
due to the reduced elastic modulus of the composite at 
low ZrO2 contents, which reduces the "constraint" on 
the surface ZrO2 particles and allows their transfor- 
mation to proceed. As shown in Fig. 5, the increase in 
strength of ground samples parallels the increase of 
monoclinic Z r O  2 fraction. The hardness of the com- 
posite decreases with decreasing ZrO2 content, so the 
depth of the compressive transformation layer is 
increased under certain grinding conditions. The low 
ZrO2 content composites attain the compressive layer 
thickness necessary for strengthening. 

It is interesting to note that the maximum increase 
in strength occurs at 4 vol % ZrO 2 (Fig. 6). The maxi- 
mum strength occurred at ~ 4 vol % ZrO 2 in the work 
of Binner and Stevens [4] in which the bars for 
strength measurements were cut from pellets and the 
faces ground on a ~35/~m diamond wheel. It is 

964  
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Figure 6 Increase in strength and 
monoclinic ZrO2 fraction against 
ZrO 2 content. % :  the strength of  
ground sample; as: the strength 
of sintered sample; Me: the mono- 
clinic ZrO 2 fraction of ground 
sample; Ms: the monoclinic ZrO2 
fraction of  sintered sample. 

50 

20 

assumed that the data reported are the strengths after 
surface strengthening. 

The critical grain sizes of the ZrO2 in the ZrO2- 
Nafl"-A1203 composites are listed in Table V. The 
critical grain size was determined by comparing the 
monoclinic-phase ZrO2 fraction with the grain size 
distribution and assuming that the tetragonal grains 
were smaller than the monoclinic ZrO2 grains. The 
results indicate that the critical grain size increases 
with increasing ZrO2 volume fraction. The critical 
grain size for the present ZrO2-Nafl"-A1203 composite 
containing ~ 15 vol % ZrO2 is ~ 1 #m, a result similar 
to that of Viswanathan et al. [2]. 

Turning to the electrical measurements, a poly- 
crystalline fast ionic ceramic can be modelled by a 
simple equivalent circuit considering the grains (bulk), 
the grain boundaries and the electrode interfaces. 
Fig. 7a shows the equivalent circuit originally 
developed by Bauerle [19]. To separate the bulk, grain- 
boundary and electrode effects, the complex plane 
impedance and admittance are analysed. Fig. 7b 
shows the complex-plane impedance plots and Fig. 7c 

T A B L E  V Critical grain size for the retention of t-ZrO 2 in 
ZrO2-Nafl"-A12 O 3 composites 

ZrO z content Sintering Sintering time Critical grain size 
(vol %) temperature (rain) (~m) 

(oc) 

2.5 1620 10 0.86 
5 1620 10 0.98 

10 1620 10 1.02 
10 1620 60 1.09 
10 1620 120 1.03 
10 1620 180 1.05 
15 1620 10 0.92 
15 1620 60 1.07 
15 1620 120 1.04 
15 1620 180 1.12 



(o) 

Grain,  bulk o r  

Latt ice 

II 
Cb 

y. 

Gl G2 G 
(c) ),' 

shows the complex-plane admittance plot for the cir- 
cuit shown in Fig. 7a. The complex-plane impedance 
and admittance plots for 15 vol % ZrOz-Na/3"-A!203 
at - 7 5 ° C  are shown in Fig. 8. These figures show 
three distinctly different regions associated with the 
grains (bulk), grain boundaries and the electrode 
interface effects. Measurements were conducted 
between - 124°C and ~ 300°C using two samples of 
different dimensions (l/A ratios where l = thickness 
and A = cross-sectional area). The grain-boundary 

-Z" 

(b) Rb Rb+Rg b Rb+R.b+R = 
Z' 

Figure 7 (a) Equivalent circuit for a polycrystalline solid electrolyte. 
(b) Schematic complex plane impedance plot of circuit in (a). (c) 
Schematic complex plane admittance plot of circuit in (a). The 
arrows indicate the direction of increasing frequency, f. Gl = 
1/(R b + Rg b 4- Re0, G 2 = 1/(Rb + Rgb), G 3 = 1/R b. 

and electrode effects could not be separated for the 
low l/A (=0.1604cm 1) sample due to overlap 
of their time constants. The high I/A sample 
(0.6999cm 1) facilitated separation of the grain- 
boundary and electrode effects. The bulk conductivity 
was calculated from the impedance plots and the total 
conductivity from the admittance plots. At 300 ° C, the 
total resistivity (grains 4-grain boundaries) was 
~9£~cm. At the same temperature, the literature- 
reported [20, 21] single crystal resistivity varies 
between 1.0 and 2.5£~cm. The 15vo1% ZrO2 dis- 
persed Na/~"-A1203 composite has electrical properties 
satisfactory for practical applications. 

Fig. 9 is an Arrhenius plot of log(aT) against 104/T 
for the bulk and total conductivities (~ = conductivity). 

500 

4OO 

o 300  - O 
O 

X 

E 
o 

C~ 200  - 

I 

1 0 0  - 

0 I I I I I I 

0 2o0 4oo 6o0 

(o1 Z / ( ~  crn) x l O 0 0  

Figure 8 (a) Complex plane impedance. (b) Complex plane admittance plots for 15 vol % ZrO2-Na/3"-AI 2 03 at - 75 ° C. (B is the imaginary 
part  of  the admittance). 
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The activation energy of the bulk and total conductivity 
processes are 0.30 and 0.32 eV, respectively. 

Accepted resistivity values for a good polycrys- 
talline Nafl"-Al203 ceramic are ~ 5 Q cm. The present 
value of 9f~cm indicates the role of the grain 
boundary in increasing the ceramic resistivity. This 
could be associated with the volume fraction of the 
resistive ZrO2. 

4. Conclusions 
As a result of the investigations here reported, the 
following conclusions can be made: 

1. The fracture toughness (Kic) and Young's modu- 
lus (E) increase with increasing ZrO2 content in ZrO2- 
Na/~"-AI203 composites. Stress-induced transfor- 
mation toughening is the predominant toughening 

2 

1 

0 

- - 1  

E 
o - - 2  

K 
b - 3  

o 

- 5  

- 6  

- 7  

10 

I I I I I 

30 50 70 

10 O00/T(K) 

Figure 9 Arrhenius plot of log(oT) against 104/T for (~)  bulk and (D) total conductivities. 
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mechanism. Dispersion toughening also contributes 
to the increase of K~o. 

2. The bend strength increases with increasing ZrO2 
content up to 20 vol % ZrO2. 

3. Surface strengthening by grinding is an effective 
way to improve the strength of ZrOz-Na/~"-AI20~ 
composites. The increase of strength is higher for 
lower ZrO2 contents. 

4. The critical grain size for retention of tetragonal 
ZrO2 increases with increasing ZrO2 content. 

5. The specific resistivity of the 15 vol % ZrO2- 
Na/~"-Al203 composites was 9 ~ cm at 300 ° C, the acti- 
vation energies of the bulk and total conductivity 
processes being 0.3 and 0.32eV, respectively. 
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