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Abstract

Dense nanophase 8 mol% yttria-stabilized zirconia was sintered by high-frequency induction heated sintering (HFIHS) within 6 min from

8YSZ nanopowder prepared by co-precipitation method. Sintering was accomplished under the combined effects of an induced current and

mechanical pressure. Highly dense 8YSZ with relative density of up to 96% was produced under simultaneous application of a 60-MPa pressure

and the induced current. The effects of Fe2O3 additions on the sintering behavior, mechanical properties and ionic conductivities of the 8YSZ were

investigated.
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1. Introduction

Solid oxide fuel cells (SOFCs) have exceptional potential for

use in electric power generation systems because of their high

energy conversion efficiency, which can reach up to 65%. In

addition, SOFCs have many advantages such as multi-fuel

capabilities (hydrogen, carbon monoxide, methane, etc.),

simplicity of system design and very low emission of

pollutants. 8 mol% yttria-stabilized zirconia (8YSZ) has been

extensively used as an electrolyte on SOFCs from the

standpoint of its high oxygen-ion and low electronic

conductivity at high temperatures and relatively economical

cost [1,2].

Nanostructured materials have been widely investigated

because they display a wide functional diversity and exhibit

enhanced or different properties compared with bulk materials

[3]. Particularly, in the case of nanostructured ceramics, the

presence of a large fraction of grain boundaries can lead to

unusual or better mechanical, electrical, optical, sensing,

magnetic, and biomedical properties [4–9]. Nanocrystalline
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powders have been developed by co-precipitation, the

thermochemical and thermomechanical process called spray

conversion process (SCP) and high energy milling [10,11].

However, grain size in sintered materials becomes much larger

than that in pre-sintered powders due to a fast grain growth

during conventional sintering process. Therefore, even though

the initial particle size is less than 100 nm, the grain size

increases rapidly up to 500 nm or larger during the conventional

sintering [12]. So, controlling grain growth during sintering is

one of the keys to the commercial success of nanostructured

materials. In this regard, high-frequency induction heated

sintering (HFIHS) method has been shown to be effective in

achieving this goal [13]. And it has been reported that some

transition metal oxides, such as MnO2, Fe2O3 and Co3O4, are

very effective sintering aids for densification of ceria-based

samples [14,15].

In this work, we report results on the fabrication of nano-

sized 8YSZ powders and sintering of nanostructured 8YSZ

material with addition of Fe2O3 by high-frequency induction

heated sintering, a method, which combines induced current

with high-pressure application. The effect of Fe2O3 on the

mechanical properties and ionic conductivity of 8YSZ

electrolyte has been also investigated.
d.
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Fig. 1. Schematic diagram of apparatus for high-frequency induction heated

sintering.
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2. Experimental procedure

Nanopowders of 8YSZ and Fe2O3 were made by co-

precipitation method using diluted ammonia as precipitant.

High purity (>99.9%) reagents Y(NO3)3�6H2O, ZrO(-

NO3)2�6H2O and Fe(NO3)3�9H2O were used as starting

materials. 8YSZ and Fe2O3 powders were milled in an

Universal mill with a ball-to-powder weight ratio of 6:1.

Milling was done in polyethylene bottles using zirconia balls

and was performed at a horizontal rotation velocity of 250 rpm

for 24 h.

The powder was placed in a graphite die (outside diameter,

45 mm; inside diameter, 20 mm; height, 40 mm) and then
Fig. 2. FE-SEM image (a) and TEM image (b) of the
introduced into the induced current activated sintering system

made by Eltek in South Korea, shown schematically in Fig. 1.

The HFIHS apparatus includes a 15-kW power supply with

50 kHz frequency and 50 kN uniaxial press. The system was

first evacuated and a uniaxial pressure of 60 MPa was applied.

An induced current was then activated. Sample shrinkage was

measured in real time by a linear gauge measuring the vertical

displacement. Temperatures were measured by a pyrometer

focused on the surface of the graphite die. Depending on

heating rate, electrical and thermal conductivities of the

compact and on its relative density, a difference in temperature

between the surface and the center of the sample exists. The

sample was sintered at 1210 8C temperature with heating rate of

200 8C/min. At the end of the process, the current was turn off

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

process was carried out under a vacuum of 40 mTorr.

Relative densities of the synthesized sample were measured

by the Archimedes method. Microstructural information was

obtained from fracture surface of product samples. Composi-

tional and microstructural analyses of the products were made

using X-ray diffraction (XRD), scanning electron microscopy

(SEM) with energy dispersive X-ray analysis (EDAX) and

field-emission scanning electron microscopy (FE-SEM).

Vickers hardness was measured by performing indentations

at load of 1 kgf and a dwell time of 15 s on the samples. After

the sintered pellets were polished with SiC paper, silver wires

were used as the electrodes and Pt was coated on the both sides

of the sintered pellets. Ionic conductivity was measured over

300–400 8C in air using a two-probe impedance spectroscopy

(Zahner IM6, Germany) in the frequency range of 100 mHz to

3 MHz with an excitation voltage of 50 mV.

3. Results and discussion

3.1. Powder characterization

Fig. 2 shows FE-SEM image and TEM image of the

precipitated 8YSZ powder calcined at 600 8C for 1 h in air.
8YSZ powder made by co-precipitation method.



Fig. 3. XRD result of the 8YSZ powder made by co-precipitation method.

Fig. 5. Relative densities and grain sizes of the 8YSZ as a function of Fe2O3

contents.
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XRD results (Fig. 3) showed that all the peaks of the powder

calcined at 600 8C corresponded to the fluorite structure of

ZrO2.

The grain size and the internal stress are calculated by

Stokes and Wilson’s formula [16]:

b ¼ bd þ be ¼
kl

ðd cos uÞ þ 4e tan u
(1)

where b is the full width at half-maximum (FWHM) of the

diffraction peak after instrument correction; bd and be are

FWHM caused by small grain size and internal stress, respec-

tively; k is constant about 0.9; l is wavelength of the X-ray

radiation; d and e are grain size and internal stress, respectively;

u is the Bragg angle. b and bs follow Cauchy form with the

relationship: B0 = b + bs, where B0 and bs are FWHM of
Fig. 4. Variation of temperature and shrinkage displacement of Fe2O3 added the

8YSZ with heating time during HFIHS.
broadened Bragg peaks and the standard sample’s Bragg peaks,

respectively. The average grain size 8YSZ measured by Stoke–

Wilson equation was about 20 nm.

3.2. Densification behavior of the 8YSZ oxides

The variations in shrinkage displacement and temperature of

the surface of the graphite die with heating time during the

processing of 8YSZ doped with different concentration of

Fe2O3 under 60 MPa pressure are shown in Fig. 4. As the

induced current was applied, the shrinkage displacement

increased with temperature and Fe2O3 doping is extremely

effective in promoting the densification of 8YSZ when

exceeding a dopant concentration of 0.5 mol%. Fig. 5 shows

the density and grain size of 8YSZ as a function of Fe2O3

content when the sample was sintered at 1210 8C with a heating

rate of 200 8C/min under pressure of 60 MPa. Grain size

increased with addition of Fe2O3 and relative density increased

with increasing Fe2O3 content up to 0.5 mol% and then

decreased with further addition of Fe2O3. As can be seen from

Fig. 6, the average size of grains determined by linear intercept

method were about 200 nm, 700 nm, 800 nm, 850 nm and

1250 nm for 8YSZ with addition of 0 mol%, 0.5 mol%,

1 mol%, 2 mol% and 3 mol% produced by HFIHS at 1210 8C,

respectively.

Fig. 7 shows XRD patterns of the specimens with different

Fe2O3 contents. The shifts were shown with Fe2O3 addition.

The lattice constants were calculated from XRD patterns as a

function of Fe2O3 content, as shown in Fig. 8. The lattice

constant decreased with increasing Fe2O3 content. This

decrease is believed to the substitution of smaller Fe3+ ions

for Zr4+ in the ZrO2 structure. In line with the above-mentioned

explanation for the variation in lattice constant, there is a

possibility that Fe2O3 additions within the solubility limit

induce the substitution of Fe3+ ions for Zr4+ ions. The addition

of Fe2O3 in a ZrO2 system would lead to the formation of

oxygen vacancies because of charge compensation. It is

expected that these oxygen vacancies enhance the densification

rate and promote the grain boundary mobility. Moreover, the



Fig. 6. SEM images of the thermally etched 8YSZ with different Fe2O3 contents: (a) 0 mol%, (b) 0.5 mol%, (c) 1 mol%, (d) 2 mol% and (e) 3 mol%.
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addition of Fe2O3 may induce the large distortion of the

surrounding lattice because Fe3+ ion has much smaller size

compared with that of Zr4+ ion. It is also expected that the

lattice distortion promotes the grain boundary mobility due to

the effect of severely undersized dopant [17].

3.3. Mechanical properties of 8YSZ oxides

To investigate the mechanical properties, Vickers hardness

and fracture toughness measurements were made on polished

sections of the 8YSZ ceramics using a 1-kgf load and 15 s dwell

time. The mechanical properties were investigated on samples

densified under 60 MPa with a heating rate of 200 8C/min at

1210 8C. Indentation with large enough loads produced radial
cracks emanating from the corners of the indent. Fracture

toughness was calculated from cracks produced in indentations

under large loads. The length of these cracks permits an

estimation of the fracture toughness of the materials by means

of the expression [18,19]:

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 the half of average length of two

indent diagonals, and Hv is the hardness.

The results are shown in Fig. 9. There is no great difference

in fracture toughness with Fe2O3 contents. But the hardness



Fig. 9. Variation of hardness and fracture toughness of the 8YSZ as a function

of Fe2O3 contents.

Fig. 10. Variation of grain boundary conductivity of 8YSZ and 8YSZ with

addition of 0.5 mol% Fe2O3 contents.

Fig. 7. X-ray diffraction of the sintered 8YSZ with different Fe2O3 contents.
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gradually increased with the addition of Fe2O3 up to 1 mol%

and then decreased with further addition of Fe2O3 due to

relative density. The hardness and fracture toughness of 8YSZ

sintered at 1210 8C is about 1056 kg/mm2 and 2.2 MPa m1/2,

respectively.

3.4. Ionic conductivity of 8YSZ oxides

Figs. 10 and 11 show bulk conductivity and grain boundary

conductivity of 8YSZ and 8YSZ with addition of 0.5 mol%

Fe2O3. The grain boundary conductivity is less than one order

of magnitude smaller than the bulk conductivity. In prior

studies, it had been assumed that grain boundary resistance is

the result of a siliceous phase [20], but more recent observations

on samples with impurity-free grain boundaries show that the

grain boundary resistance is still about two orders of magnitude

higher than the bulk one [21]. In more recent investigation, it

has been suggested that oxygen vacancy depletion is effected by

dopant ion segregation [22]. There is no great difference in

grain interior conductivity and grain boundary conductivity of

Ce0.8Gd0.2O2�d with addition of Fe2O3. The ionic conductivity

has been fitted as a function of temperature (T) following the
Fig. 8. Lattice constant of 8YSZ as a function of Fe2O3 contents.
Arrhenius law:

s ¼ s0

T
exp

�
� Ea

kBT

�
(3)
Fig. 11. Variation of grain interior conductivity of 8YSZ and 8YSZ with

addition of 0.5 mol% Fe2O3 contents.



Fig. 12. Arrhenius plot of grain interior (Gi) conductivity and grain boundary

(Gb) conductivity of the 8YSZ and 8YSZ with addition of 0.5 mol% Fe2O3

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

Boltzmann constant, and s0 the pre-exponential factor is a

constant related to the density of charge carrier (in this case,

oxide vacancies). Fig. 12 shows Arrhenius plots of bulk con-

ductivity and grain boundary conductivity of 8YSZ and 8YSZ

with 0.5 mol% Fe2O3 contents, respectively. As shown in

Figs. 11 and 12, there is no great difference in activation energy

with Fe2O3 contents. The activation energies of bulk and grain

boundary of 8YSZ calculated from Eq. (3) are 0.98 eV and

1.17 eV, respectively.

4. Summary

Using high-frequency induction heated sintering, the

densification of nanostructured 8YSZ was accomplished from

nanopowder of 8YSZ. The relative density of the 8YSZ was

96% for the applied pressure of 60 MPa and the induced

current. Relative density increased with increasing Fe2O3

content up to 0.5 mol% and then decreased with further

addition of Fe2O3 but grain size increased with increasing

Fe2O3 content. There is no great difference in bulk conductivity

and grain boundary conductivity of 8YSZ and 8YSZ with

addition of 0.5 mol% Fe2O3. The grain boundary conductivity

is smaller than the grain bulk conductivity. The activation

energies of grain interior and grain boundary of 8YSZ are

0.98 eV and 1.17 eV, respectively. The hardness and fracture

toughness of 8YSZ sintered at 1210 8C is about 1056 kg/mm2

and 2.2 MPa m1/2, respectively. There is no great difference in

fracture toughness with Fe2O3 contents.
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