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Abstract

Dense 8YSZ was subjected to pulsed current activated sintering (PCAS) within 1 min of 8YSZ nanopowder preparation using a co-precipitation

method. Sintering was accomplished by combining a pulsed current and mechanical pressure. Highly dense 8YSZ with a relative density of up to

99% was produced under simultaneous application of a pressure of 80 MPa and the pulsed current. The effects of the addition of Al2O3 on the

sintering behavior, mechanical properties, and ionic conductivities of 8YSZ were investigated.
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1. Introduction

Solid oxide fuel cells (SOFCs) systems are very attractive

because of their high efficiency and very low pollutant

emissions. Yttria-stabilized zirconia (YSZ) has been exten-

sively used as an electrolyte in solid oxide fuel cells (SOFCs)

because of its attractive properties which include a high oxygen

ion conductivity and low electronic conductivity at high

temperature, stability in both oxidizing and reducing atmo-

spheres, and a relatively low cost [1,2]. In addition to these

advantages, their high fracture strength and toughness,

excellent thermal conductivity, and good thermal expansion

compatibility with other cell components make these materials

suitable for fabrication as self-supported electrolyte plates for

use in planar SOFC systems. Such systems have higher

volumetric power densities than those of alternative tubular

SOFC systems.

Cubic zirconia stabilized with 8 mol% yttria (8YSZ) is

commonly used as the electrolyte material in SOFCs due to its

high ionic conductivity at high operating temperature.

However, the main drawbacks of zirconia-based materials

are that they are difficult to fully densify at temperatures less
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than 1500 8C, and they cannot easily form a nanostructure due

to the fast grain growth during conventional sintering [3]. It has

been reported that some transition metal oxides such as MnO2,

Co3O4, and Fe2O3 are very effective sintering aids for the

densification of metal oxides [4,5].

In order to achieve a high ionic conductivity, the material must

be prepared in a dense and uniform state with a well controlled

stoichiometry. Recent studies concerning stabilized zirconia

have shown that the ionic conductivity may be influenced by the

microstructure and grain size. The total ionic conductivity of

8YSZ is mainly influenced by the grain boundaries rather than by

the grains [6]. A larger number of grain boundaries and the

existence of porosity lead to a greater resistivity in fine-grained

samples. Additionally, the reduction in grain size also changes

the mechanical properties and the sintering behaviors of

nanocrystalline materials [7,8]. The sintering temperature of

nanocrystalline zirconia is about 400–500 8C lower than that of

the corresponding microcrystalline material [9].

When conventional sintering processes are used to sinter

nano-sized zirconia powders, concomitant grain growth leads

to the destruction of the nanostructure. This has led to increased

interest in consolidation methods in which grain growth can be

eliminated or significantly reduced. To accomplish this, rapid

sintering methods have been widely used to sinter nano-sized

powders. The most obvious advantage of rapid sintering is that

the fast heating and cooling rates and the short dwell time lead
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Fig. 1. FE-SEM images of (a) 8YSZ powder and (b) Al2O3 powder synthesized

using a co-precipitation method.

Fig. 2. X-ray diffraction patterns of 8YSZ–Al2O3 powders synthesized using

the co-precipitation method with Al2O3 contents of (a) 0 mol%, (b) 0.5 mol%,

(c) 1 mol%, (d) 2 mol%, and (e) 3 mol%.
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to the bypass of low temperature, non-densifying mass

transport (e.g., surface diffusion) [10,11]. However, conven-

tional rapid heating can lead to temperature gradients and thus

differential densification (non-uniform microstructures), low

density, or specimen cracking. To overcome these issues, other

rapid sintering techniques such as the pulsed current activated

sintering method [12] have been developed.

In this work, we report the fabrication of nanosized 8YSZ

powders and the sintering properties of Al2O3-containing 8YSZ

materials using a pulsed current activated sintering (PCAS)

method under high pressure. We also investigated the effects of

Fe2O3 on the sintering behavior, mechanical properties and

ionic conductivity of the 8YSZ electrolyte.

2. Experimental procedure

Nanopowders of 8YSZ and Al2O3 were produced via a co-

precipitation method using diluted ammonia as a precipitant.

High purity (>99.99%) Y(NO3)3�6H2O, ZrO(NO3)2�6H2O, and

Al (NO3)3�9H2O reagents were used as the starting materials.

8YSZ and Al2O3 powders were milled in a universal mill with a

ball:powder weight ratio of 6:1. Milling was performed in

polyethylene bottles using zirconia balls and was carried out at

a horizontal rotation velocity of 250 rpm for 24 h.

The powder was placed in a graphite die (outer diameter of

45 mm, inner diameter of 20 mm, and a height of 40 mm) and

then introduced into the pulsed current activated sintering

system made by Eltek (South Korea), as shown schematically in

reference [12]. The PCAS apparatus consisted of an 18 V, 2800

A-DC power supply which provided a pulsed current with a

20 ms on-time and a 10 ms off-time through the sample and die

and a 50 kN uniaxial press. The system was evacuated, a

uniaxial pressure of 80 MPa was applied, and the DC current

was then activated. Sample shrinkage was monitored in real-

time using a linear gauge to measure the vertical displacement,

and the temperatures were measured with a pyrometer focused

on the surface of the graphite die. Depending on the heating

rate, the electrical and thermal conductivities of the compact

and its relative density, there was a difference in the

temperatures between the surface and the center of the sample.

The sample was sintered at 1200 8C at a heating rate of about

1000 8C/min. At the end of the process, the current was turned

off and the sample was allowed to cool to room temperature.

The process was carried out under vacuum at a pressure of

40 mTorr.

The relative densities of the synthesized samples were

measured using the Archimedes method. Microstructural

information was obtained from the thermally etched product

samples. Compositional and microstructural analyses of the

products were carried out using X-ray diffraction (XRD) and

scanning electron microscopy (SEM) evaluations with energy

dispersive X-ray analysis (EDAX). After polishing with SiC

paper, Pt was coated onto both sides of the sintered pellets. The

ionic conductivity was measured from 350 to 500 8C in air

using a two-probe impedance spectroscopy (Zahner IM6,

Germany) method in the frequency range of 100 mHz to 3 MHz

with a voltage amplitude of 50 mV.
3. Results and discussion

3.1. Powder characterization

Fig. 1 shows FE-SEM images of the precipitated 8YSZ

powder and Al2O3 powder calcined at 600 8C for 1 h in air. The

powder sizes of 8YSZ and Al2O3 were less than 50 nm. The

XRD results (Fig. 2) showed that all of the peaks for the powder



Fig. 3. Variations in temperature and shrinkage displacement with heating time

during PCAS of 8YSZ containing Al2O3.

Fig. 4. X-ray diffraction patterns of sintered 8YSZ with Al2O3 contents of (a)

0 mol%, (b) 0.5 mol%, (c) 1 mol%, (d) 2 mol%, and (e) 3 mol%.

Fig. 5. SEM images of the thermally etched 8YSZ with Al2O3 contents of

I.-J. Shon et al. / Ceramics International 37 (2011) 1873–1877 1875
calcined at 600 8C corresponded to the fluorite structure of

ZrO2 (PDF card number: 03-0640). The lattice parameter of the

sample calcined at 600 8C was determined to be 0.5100 nm

using the least square refinement method. This value agrees

well with the theoretical lattice parameter of the fluorite

structure of ZrO2 (theoretical lattice parameter,
(a) 0 mol%, (b) 0.5 mol%, (c) 1 mol%, (d) 2 mol%, and (e) 3 mol%.



Fig. 6. (a) Grain interior and (b) grain boundary conductivities of 8YSZ and

8YSZ with 0.5 mol% Al2O3 at various temperatures.

Fig. 7. Arrhenius plots of the grain interior (Gi) and grain boundary conduc-

tivities (Gb) of 8YSZ and 8YSZ with 0.5 mol% Al2O3.
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a = 0.5103 nm). There was a very slight difference between the

calculated and theoretical lattice parameter due to the

substitution of Zr4+ with Y3+ in the fluorite structure of ZrO2.

3.2. Densification behavior of 8YSZ

The variations in the shrinkage displacement and tempera-

ture of the surface of the graphite die with heating time during

the processing of 8YSZ doped with different concentrations of

Al2O3 under a pressure of 80 MPa are shown in Fig. 3. As the

pulsed current was applied, the shrinkage displacement

increased with temperature. In addition, Al2O3 doping was

extremely effective in promoting the densification of 8YSZ

when exceeding a dopant concentration of 0.5 mol%. The

addition of Al2O3 to the ZrO2 system led to the formation of

oxygen vacancies due to charge compensation. It was expected

that these oxygen vacancies enhanced the densification rate and

promoted grain boundary mobility. Moreover, the addition of

Al2O3 may induce a large distortion in the surrounding lattice

because Al3+ ions are much smaller than Zr4+ ions. It was also

expected that the lattice distortion would promote grain

boundary mobility due to the effect of the severely undersized

dopant [13].

Fig. 4 shows the XRD patterns of the specimens sintered

with various Al2O3 contents. Only the fluorite structure of the

ZrO2 peaks was detected. Fig. 5 shows the SEM images of

8YSZ sintered with 0, 0.5, 1, 2, and 3 mol% Al2O3. The average

sizes of the grains determined with the linear intercept method

were about 500, 700, 900, 900, and 900 nm for 8YSZ with

additions of 0, 0.5, 1, 2, and 3 mol% produced by PCAS at

1200 8C, respectively. The relative densities of 8YSZ with

additions of 0, 0.5, 1, 2, and 3 mol% were 96.5, 98, 99, 97, and

97%, respectively.

3.3. Ionic conductivity of 8YSZ

Fig. 6 shows the grain interior and grain boundary

conductivities of 8YSZ with Al2O3. The grain boundary

conductivity was lower than the grain interior conductivity. In

previous studies, it was assumed that the grain boundary

resistance was the result of a siliceous phase [14]. Recently,

however, it has been reported that the grain boundary

conductivity of samples with impurity-free grain boundaries

is still about two orders of magnitude lower than that of the bulk

or grain interior [15]. It has also been suggested that oxygen

vacancy depletion can be affected by dopant ion segregation

[16]. There was no great difference in the conductivities of the

grain interior and grain boundary in 8YSZ with Al2O3.

The ionic conductivity was fit as a function of temperature

by applying the Arrhenius law:

s ¼ so

T

� �
exp

�Ea

kBT

� �
; (1)

where Ea is the activation energy for ionic migration, kB is the

Boltzmann constant, and so is the pre-exponential factor, a

constant related to the carrier density (in this case, oxide
vacancies). Fig. 7 shows the Arrhenius plots of the grain interior

and grain boundary conductivities of 8YSZ with Al2O3 content;

there were no significant differences in the activation energies

according to Al2O3 content. The activation energies of the grain

interior and grain boundary of 8YSZ calculated from Eq. (1)

were 0.10 eV and 1.15 eV, respectively.



Fig. 8. The hardness and fracture toughness values of 8YSZ with various Al2O3

contents.
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3.4. Mechanical properties of 8YSZ oxides

To investigate the mechanical properties of the samples,

Vickers hardness and fracture toughness measurements were

performed on polished sections of the 8YSZ ceramics using a

1 Kgf load and a 15 s dwell time. The mechanical properties

were investigated on samples densified under a pressure of

80 MPa with a heating rate of 1000 8C/min up to 1200 8C.

Indentation with sufficiently large loads produced radial cracks

emanating from the corners of the indent. The fracture

toughness was calculated from the cracks produced in the

indentations under the large loads. The lengths of these cracks

allowed for the estimation of the fracture toughness of the

materials by applying the following expression [17]:

KIC ¼ 0:204
c

a

� ��3=2

� Hva1=2; (2)

where c is the trace length of the crack measured from the

center of the indentation, a is half of the average length of two

indent diagonals, and Hv is the hardness.

The mechanical property results are shown in Fig. 8. There

were no significant differences in the fracture toughness with

Al2O3 content. However, the hardness gradually increased with

Al2O3 addition up to 1 mol% and then decreased with further

addition of Al2O3 due to the relative density. The hardness and

fracture toughness of 8YSZ sintered at 1200 8C were about

1050 kg/mm2 and 3 MPa m1/2, respectively.

4. Summary

In this study, nanopowders of 8YSZ and Al2O3 were

fabricated using a co-precipitation method. Using the pulsed
current activated sintering (PCAS) method, the densification

of 8YSZ nanopowder was performed. The relative density of

8YSZ under an applied pressure of 80 MPa and a pulsed

current was 96.5%. The relative density increased with

addition of Al2O3, while the grain interior and grain

boundary conductivities of 8YSZ did not vary greatly. The

grain boundary conductivity was smaller than the grain bulk

conductivity, and the activation energies of the grain interior

and grain boundary of 8YSZ were 0.10 eV and 1.15 eV,

respectively.
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