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3 mol.% Y,03-ZrO, (3Y-TZP) powder was prepared using the coprecipitation method. The effects of
adding various amounts of aluminum oxide to the 3Y-TZP and the influence of sintering temperature
were studied. The best microstructural and electrical properties from the viewpoint of application as
solid electrolytes were observed for the samples that contained 0.5 mol.% Al,O3 and were sintered at

1500°C.
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1. INTRODUCTION

Oxygen-conducting solid electrolytes play an important role in technologies such as solid oxide
fuel cells (SOFCs), oxygen sensors, oxygen electrochemical pumps and gas separators. The applied
electrolyte should meet the following requirements:

o high electrical conductivity

o ionic transference number close to 1

o high mechanical strength

o high interfacial gas-solid reaction kinetics

o operating temperature that is not overly high
o long-term stability

o low material, manufacturing and maintenance costs
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The first well-known oxygen-conducting solid electrolytes were zirconia-based materials,
especially those belonging to the Y,03-ZrO, solid solutions. Within this system three types of
materials may be applied as an engineering material: fully stabilized zirconia (FSZ), partially
stabilized zirconia (PSZ) and tetragonal zirconia polycrystals (Y-TZP).

The first type (FSZ), which contains from 6 to 10 mol.% Y,0s, has a cubic structure, and
exhibits high ionic conductivity at elevated temperatures. Regardless of this advantage, its widespread
commercial application is limited due to high operating temperatures (700-1000°C), low mechanical
strength, and poor resistance to thermal shocks.

PSZ, which contains 4 to 5 mol.% Y03, consists of a cubic and tetragonal phase mixture. It
exhibits good mechanical strength and toughness [1]. However, its electrical properties are worse than
that FSZ.

The third type, Y-TZP, with a 1 to 3 mol.% Y03 content, has a submicron tetragonal grain
structure [2,3] and due to its very high mechanical strength (>1GPa) and fracture toughness (>4-6
MPa-m¥2)) is named ceramic steel [4,5].

At moderate temperatures below 700°C the grain interior of Y-TZP has higher conductivity
(op) than that of fully (YSZ) or partially stabilized (PSZ) zirconia [6]. However, the total conductivity
of Y-TZP is lower due to the high contribution of grain boundary resistivity, known as the blocking
effect [7-9]. Specific grain boundary conductivity of yttria-doped zirconia is ca. 2 orders of magnitude
lower than its bulk conductivity [10]. Generally, there are two causes of the blocking effect.

The first cause is related to the presence of impurities, mainly silicon, that are segregated on
grain boundaries. Silicon can form a glassy layer that surrounds the zirconia grains. There are some
controversies regarding the nature of this layer. Some authors claim that the formation of a continuous
glassy layer takes place and subsequently oxygen ion transport across grain boundaries must proceed
through this isolating layer [11,12]. Other authors assert only partial wetting of grain boundaries by the
silica phase with some direct grain-to-grain contact [13-15]. If this explanation is true, oxygen ion
conduction takes place through direct contact between grains [16].

The second explanation of the blocking effect is the presence of electrical potential at grain
boundaries, which results in barrier (Schottky barrier) to ion transport. According to Guo and Zhang
[10] the grain boundary region is depleted of oxygen vacancies, and this is the reason for the blocking
phenomenon in grain-to-grain contact [17].

Many efforts have been made to reduce the blocking effect in Y-TZP. It was found that the
alumina added to the zirconia material acts as the silicon scavenger [18-20]. However, the effect of
such an addition on the electrical properties of the zirconia solid electrolyte is debated. Some authors
[21-23] claim that alumina additions have a beneficial effect on conductivity, while others [24-26 ]
have observed a decrease in electrical conductivity.

As can be deduced from the above short review, the role of alumina addition on the blocking
effect in the tetragonal zirconia is still controversial. Moreover, taking into account the promising
application of the tetragonal zirconia, mainly as a solid electrolyte in the intermediate temperature
solid oxide fuel cells (IT-SOFC), the effect of added alumina on grain growth should be analyzed.

Therefore, the purpose of this work was to determine the dependence of alumina content on
both structural and electrical properties of 3Y-TZP.
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2. EXPERIMENTAL

2.1. Preparation of TZP

3 mol.% Y,03-ZrO, solid solution powder was prepared using the coprecipitation method and
then heated at 800°C for 2 hrs (the powder preparation procedure is described in detail in [27 ]). The
powder was ball milled for 4 hrs and then in an attritor grinder for 8 hrs.

2.2. Modification of grain boundaries of alumina

Y-TZP micropowders with 0.25 mol.%, 0.5 mol.% and 1 mol.% alumina contents were
obtained using the coprecipitation-calcination method. Y-TZP powder was soaked in aluminum nitrate
aqueous solutions of appropriate concentrations. The suspensions of ZrO, and AI(NOs)s were stirred
using a magnetic stirrer at room temperature. These suspensions were evaporated to dry powders. The
powders were then dried and calcinated at 800°C for 2 hrs, and pressed uniaxially under 150 MPa and
then consequently isostatically under 350 MPa pressure into pellets. These pellets were sintered in air
at alternated temperatures of 1500 or 1550°C for 2 hrs.

2.3. Microstructure observations

The images of the microstructures of sintered samples were studied using the SEM technique
(Nova 200 NanoSEM, FEI Company). For morphological observations the samples were polished and
subsequently thermally etched at 1400°C for 1 hr. Such a procedure allowed grain boundaries to be
revealed and was useful for grain size and shape determination. Relatively low etching temperature
preserved the grain growth during this process. SEM images after binarization were processed using
Image J 3.14 program. This analysis yielded the quantitative estimates of grain size and shape.

The energy dispersive X-ray spectrometer (Oxford Instruments) coupled with scanning electron
microscopy was used to determine the chemical composition of the samples. The analysis was focused
on alumina distribution.

2.4. Impedance measurements

Before measurements of conductivity, Pt-paste was applied as the electrode and the samples
were heated at 800°C for 2 hrs. The conductivity of Y-TZP pellets and Y- TZP-Al,O3 composites was
measured in laboratory air at 550, 600, 650, 700 and 750°C. The conductivity was measured by means
of impedance spectroscopy using a computer-controlled Solartron (FRA 1260 and dielectric interface
1294). The impedance spectra were analyzed using the ZPLOT software package provided by
Solartron. The measurements were performed within the 0.1 Hz-1 MHz frequency range and the
amplitude of the sinusoidal voltage was 10 mV.
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3. RESULTS

3.1. Microstructure

The detailed description of microstructure is very important for characterization of both
electrical and mechanical properties of sintered bodies. These properties are strongly affected by
porosity, grain size, grain shape and distribution.

Typical SEM micrographs of the samples sintered at 1500 and 1550°C are illustrated in Figs 1
and 2, respectively. All samples exhibited comparable grain structure. Differences in size and shape
(detailed data collected in the Table 1) arose due to different sintering temperatures.

0.5% Al203 0.25% Al203

0.5% Al203 1% Al203

Figure 1. Typical SEM images of microstructures of samples sintered at 1500°C. Alumina content is
marked in the upper left-hand corner of the SEM image. EDX spectrum indicates alumina
presence in the grain indicated with a white line.
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Figure 2 Typical SEM images of microstructures of samples sintered at 1550°C. Alumina content is
marked in the upper left-hand corner of the SEM image. EDX spectrum indicates alumina
presence in grains indicated with white lines.

Table 1. Mean grain size and grain circularity of sintered bodies.

Sintering - Alumina content, mol.%

temperature, N 0.25 0.5 1.0
°C

Mean grain 1500 0.551 £0.182  0.478 +£0.200 0.384 £0.188  0.487 +0.199
size, um 1550 0.678 £0.316  0.653 +0.308 0.608 £0.310  0.832 +0.404
Circularity 1500 0.728 £0.120  0.714 +0.108 0.641 £0.146  0.698 +0.140

1550 0.686 +0.129  0.698 +0.134 0.687 £0.172  0.600 +0.163

The smallest average grain size was observed for samples containing 0.5 mol.% of alumina
(Fig. 3). It is worth to notice that individual alumina grains could be detected only in the sample
prepared with a 1 mol.% Al,O3 addition. This was observed for both sintering temperatures.
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Samples with 0.5 mol.% alumina content also have the lowest circularity, especially the one
sintered at the lower sintering temperature (1500°C). The determined circularity factor has important
impact on observed by Pawlowski et al [28 ] grain boundary migration in zirconia materials. A
driving force of the grain boundary migration is a curvature of the grain boundary [28] (which is
correlated with circularity factor). Taking into account this phenomenon, the grain boundary structure
of the zirconia materials should be treated as no static state but rather as a dynamic state.
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Figure 3. Average grain size vs. alumina content of sintered bodies achieved at both applied
temperatures

3.2. Impedance spectroscopy

Fig. 4 shows Nyquist plots of EIS data obtained at five different temperatures for 3Y-TZP
sintered at 1500°C. Two parts of semicircles may be distinguished. It is generally accepted [ 29 ] that
the high-frequency part of the spectrum is related to the specific electrical conductivity of zirconia
grains (op) and the low-frequency semicircle describes electrical conductivity of grain boundaries
(ogo), resulting from the blocking effect of charge carriers due to internal interfaces of the material
such as grain boundaries, insulating inclusions of impurities and other microstructural defects like
pores.
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Figure 4. Nyquist plots of EIS data obtained at five different temperatures for 3Y-TZP sintered at
1500°C.
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Figure 5. Nyquist plots of EIS data obtained at five different temperatures for 3Y-TZP+1 mol.% Al,O;
sintered at 1500°C.

Fig. 5 shows the typical impedance spectra registered at several temperatures for Al,Os-
modified 3Y-TZP sintered at 1500°C. As in the case of undoped 3Y-TZP, two parts of semicircles can
be distinguished. However, the imaginary part of impedance (Z”) assumes positive values at high
frequencies. This indicates the contribution of inductance element. Taking into consideration the fact
that the impedance of the samples containing alumina is about two orders of magnitude lower than that
of non-modified 3Y-TZP, the presence of the inductance element may be attributed to the metallic
connections of the sample holder rather than to the sample itself. The observed inductance is therefore
disregarded in further analysis. The equivalent circuit used for the fitting of the experimental analysis
is presented in Fig. 6. The constant phase element (CPE) is commonly observed instead of Debye’s
capacitor in the case of polycrystalline samples due to material inhomogenity, porosity, electrode
roughness and ionic transport deviation from Fick’s law [ 30].



Int. J. Electrochem. Sci., Vol. 7, 2012 6838

Rb Rgb

CPE, CPEg

Figure 6. Equivalent circuit used for fitting of experimental data.

4. DISCUSSSION

Y-TZP is a candidate for application as an electrolyte in oxygen sensors and fuel cells because
of its excellent thermo-mechanical properties [ 11 ] and its ionic conductivity, which is comparable or
better than that of YSZ [31].
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Figure 7. Circularity of grains: a- 3Y-TZP sintered at 1500°C; b- 3Y-TZP sintered at 1550°C;
c- 3Y-TZP+1 mol.% Al,Os sintered at 1500°C; d- 3Y-TZP+1 mol.% Al,Os sintered at 1550°C.

However, these materials can undergo phase transformation from tetragonal to monoclinic
when annealed at relatively low temperatures [32 ]. This results in the degradation of both mechanical
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properties and electrical conductivity [33 ], which occurs most extensively at temperatures of 200-
300°C, and is related to grain size [34]. When grain size exceeds a critical value the degradation
process is remarkable; on the other hand, Y-TZP materials containing smaller grains are stable. The
critical grain size for 3Y-TZP is ca. 0.3 um [ 35 ]. A detailed analysis of the shape and size of grains
for Y-TZP and Y-TZP+1 mol.% Al,Ogsis presented in Figs 7 and 8, respectively. The shape of grains is
mostly circular (0.75- 1.0 circularity assumes value ca 40 %). The average grain size varies between
0.38 and 0.83 um (Fig. 3). According to Fig. 8 the sample containing 0.5 mol.% Al,O3 and sintered at
1500°C should be the most stable.

The effect of aluminum oxide particles added to solid electrolytes was first investigated by
Liang in 1973 [36 ]. This author observed a considerable increase in total electrical conductivity of
lithium iodide after addition of the aluminum oxide powder. Unfortunately, grain interior and grain
boundary electrical conductivity components were not determined.
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Figure 8. Distribution of grain size: a- 3Y-TZP sintered at 1500°C; b- 3Y-TZP sintered at 1550°C; c-
3Y-TZP+1 mol.% Al,Os sintered at 1500°C; d- 3Y-TZP+1 mol.% Al,Ossintered at 1550°C.

Since impedance spectroscopy enables the measurement of the grain interior and grain
boundary resistance and capacitance, it is an important tool for the evaluation of ionic conductivity of
zirconia. Grain boundaries significantly affect the properties of polycrystalline ceramic materials such
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as Y-TZP, and detailed knowledge of grain boundary behaviour is essential for the optimisation of

material properties [37 ].
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Figure 9. Effect of alumina content on grain resistivity; a- samples sintered at 1500°C;

b- samples sintered at 1550°C.

Fig. 9 presents grain interior resistivity versus alumina content for the samples sintered at
1500°C (Fig 9a) and 1550°C (Fig 9b). There are substantial differences between these two sets of
dependencies. The addition of alumina to the Y-TZP and then sintering at 1500°C leads to a decrease
in grain resistivity. The most pronounced effect is observed in the case of 0.5 mol.% alumina (around
64 and 120 times lower resistivity with respect to undoped Y-TZP at 550 and 750°C, respectively). On
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the other hand, the opposite effect of alumina on grain resistivity is observed in the case of the samples

sintered at 1550°C (Fig 9b).
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Figurel0. Effect of alumina content on grain boundary resistivity; a- samples sintered at 1500°C; b-
samples sintered at 1550°C.

Fig. 10 presents grain boundary resistivity versus alumina content. The observed effects of
alumina addition on electrical resistivity of the grain boundaries are similar to those in the case of grain
resistivity. Again, the sample containing 0.5 mol.% of alumina and sintered at 1500°C exhibits the
lowest grain boundary resistivity.
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Figure 11.  Activation energy of the grains’ electrical conductivity (BULK) and of the grain
boundary conductivity (GB) of the samples sintered at 1500°C versus alumina content.

Fig. 11 illustrates the activation energy of electrical conductivity as a function of the
concentration of alumina for the samples sintered at 1500°C. The sample containing 0.5 mol.% of
alumina exhibits the highest activation energy of bulk electrical conductivity and the lowest activation
energy of grain boundary conductivity.

The contribution of grain boundary resistivity to the total resistivity can be determined through
the blocking factor (fg) [13 ]

fo= 72— (1)
Ry+Rgp

where Ry, and Ry, are bulk and grain boundary resistivities, respectively. This factor determines
the ratio of the number of electric carriers being blocked at the interfaces under the conditions of the
measurements to the total number of electric carriers in the sample.

Fig.12 presents the blocking factor as a function of alumina concentration at several
temperatures. The blocking factor assumes the lowest values for the sample containing 0.5 mol.%
A|203.
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Figure 12.  The blocking factor (fr= Rg/(RgptRp)) parameter as a function of alumina
concentration at several temperatures.

There are two main explanations of the observed effect of alumina additions on the electrical
conductivity of 3Y-TZP. The first one, named the ‘scavenger’ model, assumes that the low grain
boundary conductivity of 3Y-TZP is attributed to intergranular siliceous phases, which wet the grain
boundaries. The added alumina reacts with silica, forming a stable mullite:

341,0, + 25i0, — Al_Si,0,, )

According to Butler and Drennan’s [18 ] thermodynamic calculations reaction (2) is possible
when the activity of silica is at least 0.03 at 1600°C. On the other hand, the reaction between zirconia
and silica yields the unstable silicate ZrSiO4, which dissociates above 1540°C. However, this
compound is not stable in the presence of alumina:

2ZrSi0, + 3AL,0, — Al 5i,0,, + 2Zr0, ©)

The Gibbs free enthalpy of reaction (3) is negative above 920°C. The alumina/mullite system
act as a buffer for silica, absorbing SiO, from any sources where it is present and exhibits higher
activity than 0.03 [18 ]. Consequently, alumina acts as a silica scavenger.

The presented scavenger model provides a fitting explanation of the improvement in grain
boundary conductivity, but is unable to explain the increase in bulk electrical conductivity observed
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after the addition of the alumina. Moreover, according to Verkerk et al. [22] and Guo [38], zirconia
materials of high purity in which the siliceous phase was not observed, the specific grain boundary
conductivity was still ca. 2 orders of magnitude lower than that of the bulk.

The second model that explains the effect of addition alumina on the electrical properties of
zirconia materials, reported by Guo et al. [38-40], is based on a Schottky barrier model. According to
this model aluminum ions incorporate into the zirconium sublattice, forming defect associates with
oxygen vacancies. The space—charge depletion layer which is correlated with grain size plays an
important role in electrical conductivity.

5. CONCLUSIONS

The effect of adding various amounts of aluminum oxide and the influence of sintering
temperature on both the microstructure of ZrO, containing 3 mol.% Y03 (3Y-TZP) and its electrical
properties have been studied. The investigation revealed that the 3Y-TZP sample that contained 0.5
mol.% Al,O3; and was sintered at 1500°C shows the most desirable microstructure (smallest average
grain size) and the highest electrical conductivity. This effect can be explained not only by the
minimization of grain boundary resistivity as a result of the so-called scavenger effect but also by the
improvement in total electrical conductivity.
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