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In this study, 8 mol% yttria-stabilized cubic zirconia (8YSZ) powder as a matrix material and 0-15 wt.%
La2O3 powder as an additive were used to determine the effect of La2O3 addition and its amount on the
phase stability, microstructure, sintering, and mechanical properties of 8YSZ. Colloidal processing was
used to mix the powders uniformly and to obtain a homogenous microstructure. XRD results showed the
existence of only a cubic crystal structure for 1 and 5 wt.% La2O3 addition amounts. However, La2Zr2O7

with a hexagonal and cubic crystal structure was observed in 8YSZ specimens doped with 10 and 15 wt.%
La2O3. Further, up to 5 wt.% La2O3 was completely dissolved in the crystal structure of the specimens;
however, above 5 wt.%, La2O3 reacted with 8YSZ at high temperatures and formed pyrochloric La2Zr2O7.
Grain size measurements revealed that the grain size of 8YSZ increased up to 1 wt.% La2O3 addition, and
then decreased beyond this amount. The hardness and fracture toughness of 8YSZ decreased and
increased, respectively, with the increasing La2O3 amount.

Keywords fracture toughness (KIC), hardness, La2O3, La2Zr2O7,
8 mol% yttria-stabilized cubic zirconia (8YSZ)

1. Introduction

At atmospheric pressure and under equilibrium conditions,
three polymorphic forms of zirconia are stable at different
temperatures and composition ranges, namely, monoclinic,
tetragonal, and cubic. Moreover, a high-pressure orthorhombic
form of zirconia has also been reported (Ref 1). The successful
production of zirconia bodies is not possible all the time owing
to the large volume expansion associated with the martens-
itic tetragonal-monoclinic transformation. This phenomenon
restricts the applications of zirconia, in spite of its excellent
mechanical, electrical, and thermal properties. However, high-
temperature polymorphs at room temperature can be made
stable by the addition of suitable dopants. Fully stabilized cubic
zirconia and partially stabilized tetragonal zirconia show
interesting properties and are widely used as ionic conductors,
coatings, and gas sensors in solid oxide fuel cells (SOFCs) and
structural applications (Ref 2). The most frequently used
dopants include Y2O3, CaO, MgO, and CeO2, although other
oxides such as those of rare-earth elements can also act as
stabilizers for high-temperature structures. The incorporation of
aliovalent cations to the lattice, thereby forming substitutional
solid solutions, allows controlling the concentration of anionic

vacancies in the microstructure. This aspect is particularly
important while designing ionic conductors (Ref 3), and also
plays an important role in the stabilization process (Ref 4). The
process of stabilization with large-ionic-radius dopants is
rationalized by the crystal chemistry model (Ref 5) that
describes the dopant cations as typical stabilizers when they
have a larger ionic size, lower charged state, and higher ionicity
than Zr4+. The ionic radii of Zr4+ and La3+ are 0.84 and
1.016 Å, respectively (Ref 6).

Pyrochlore R2Zr2O7 (R = rare-earth metal) compounds have
been used as hosts of fluorescence centers and oxidation
catalysts. Therefore, many investigations have been carried out
to study the electrical, optical, and catalytic properties of these
materials (Ref 7-9). In particular, La2Zr2O7, which is a
pyrochlore compound, has been found to form at cathode
(La1�xSrxMnO3)/electrolyte (ytrria-stabilized zirconia; YSZ)
interfaces during high-temperature processing of SOFC
(Ref 10, 11). La2Zr2O7 compound has been synthesized in
various studies by utilizing this phenomenon via methods
including solid-state reaction (Ref 12, 13), nitric acid dissolution
route, and sol-gel technique (Ref 12, 14, 15). The formation of
pyrochlore La2Zr2O7 compound was only achieved by sol-gel
process (Ref 14). In addition to the possibility of stabilization of
high-temperature structures, the ZrO2-La2O3 system includes
La2Zr2O7 with a pyrochloric structure (Ref 16, 17). This
compound finds applications as a catalyst (Ref 9) and thermal
barrier (Ref 18). It can be synthesized by a solid-state reaction
between oxides at 1500-1600 �C, or by the sol-gel process
(Ref 14). Many studies on the La2O3-ZrO2 system have been
carried out. The phase stabilization and structure of nanocrys-
talline La2O3-ZrO2 were studied by Thangadurai et al. (Ref 19).
They prepared La2O3-doped nanocrystalline ZrO2 by the
chemical co-precipitation method with various dopant concen-
trations (3-30 mol%); further, they characterized the structural
phases of the compounds by XRD. They reported that all
specimens had a monoclinic phase. However, when the speci-
mens were annealed at 1200 �C, the monoclinic phase emerged
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again with new cubic pyrochlore La2Zr2O7 (Ref 19). Trombe and
Foex (Ref 20) reported the existence of pyrochlore La2Zr2O7 in
the La2O3-ZrO2 system for the La2O3 concentration of 15-
30 mol% in ZrO2. The effects of La2O3 addition on the phase
transition and crystal growth of nanocrystalline 8La2O3-8 mol%
yttria-stabilized cubic zirconia (8YSZ) were investigated by
Wang et al. (Ref 21). They reported that the crystal structure of
8La2O3-8YSZ varied from a pure cubic phase to a mixture of
cubic and pyrochlore dual phases when the calcination temper-
ature was higher than 1000 �C, and that the volume fraction of
pyrochlore La2Zr2O7 increased with the increasing calcination
temperature (Ref 21).

The objectives of this study were to improve the mechanical
property (fracture toughness) of 8YSZ by La2O3 addition to
make it suitable for use in SOFCs, and to investigate the
synthesis and phase forms of La2O3-doped 8YSZ. 8YSZ is
widely used as an oxygen sensor (Ref 9, 17), and as a solid
electrolyte in SOFCs because of its high ionic conductivity
(Ref 18). These applications require not only high conductivity
but also high mechanical, chemical, and electrical stabilities
(Ref 14). La2O3 was selected as a dopant for 8YSZ because of
the mismatch between the ionic radii of ZrO2 and La2O3, and
because their valences are nearly equal. In addition, the reason
for studying cubic zirconia (8YSZ) is that the ionic conduc-
tivity of 8YSZ is higher than that of tetragonal ZrO2. Therefore,
in the present study, the effects of various amounts of La2O3

addition on the phase equilibrium, microstructure, sintering,
and mechanical properties of 8YSZ were investigated.

2. Experimental Procedure

In this study, 8YSZ (Tosoh, Japan) powders as a matrix
material and La2O3 powders (Taimei, Japan) up to 15 wt.% as
an additive were used. The average grain sizes were 0.3 lm for
8YSZ and 0.25 lm for La2O3. The chemical compositions of
the powders used in the experiment are listed in Table 1.

The specimens for the microstructural and mechanical
investigations were produced by means of colloidal processing.
Doping was carried out in a plastic container by mechanical
mixing of La2O3 up to 15 wt.% and 8YSZ powders with
zirconia balls and ethanol. Mechanical mixing was performed
in a ‘‘speks’’-type mixer at 200 rpm for 12 h. The prepared
slurries were left to dry for 24 h by leaving the lid in open
condition. After the drying process, the agglomerated powders
with medium hardness were ball milled for 10 min to obtain a
good dispersion and to break-up the agglomerates. The
powders obtained were sieved through a 60-lm sift and
pressed under a 40-MPa pressure in a single-axis die with a
radius of 10 mm and a height of 4 mm. The inner surface of the
steel die was cleaned after each dry-pressing process, and
stearic acid was applied to the side walls of the die. Sintering
was carried out in a box-type furnace under normal atmospheric

conditions. The pressed pellets were first subjected to a
presintering process at 1000 �C, and were then sintered at
temperatures between 1200 and 1550 �C for 1 h at heating and
cooling rates of 5 �C/min. The density of the sintered
specimens with perfect shapes was calculated using the rule
of mixtures and obtaining their weight and volume ratio, which
was determined by a geometric method. The relative density of
the specimens was estimated by assuming that the sintered
bodies had a cubic phase, and on the basis of the theoretical
densities of 8YSZ and La2O3, i.e., 5.68 and 6.51 g/cm3,
respectively.

The surfaces of the specimens were ground and polished by
a normal metallographic method after the sintering process, and
the specimens were then thermally etched by keeping them in a
furnace at 50 �C below the sintering temperature for 1 h.
Microstructural investigation of the sintered specimens was
performed using a scanning electron microscope (SEM, JEOL
LV 6060). The grain sizes of the specimens were measured by
the mean linear intercept method. Further, the average grain
sizes of specimens were determined using the following
equation:

D ¼ Li
Ni �M

; ðEq 1Þ

where Li is the length of the line, Ni is the number of grain-
boundary intercepts, and M is the magnification in the photo-
micrograph of the material.

XRD (Shimadzu XRD 6000, CuKa, k = 1.5405 Å) was
used to determine the probable changes in the crystal structure
and lattice parameters of 8YSZ specimens doped with various
amounts of La2O3. The specimens doped up to 15 wt.% La2O3

were tested in the scan span 0-70� at a scan speed of 0.03, and
the diffraction angles were measured. The lattice parameters
were evaluated for each composition by using these diffraction
angles.

Both hardness and fracture toughness values of the speci-
mens were determined using a Vickers hardness tester under a
load of 2 kg and duration of 15 s. Hardness values were
calculated using the following equation:

Hv ¼ 1854P=d2; ðEq 2Þ

where P is the applied load (kg), and d is the mean value of
the diagonal length (mm). Fracture toughness values were
calculated by measuring the length of cracks that formed on
the edges of the track as a result of hardness tests. Cracks
were measured immediately after applying the load on the
specimen so that they would not be affected by environmen-
tal factors. Fracture toughness was calculated using the ‘‘half-
penny-crack’’ formula as suggested by Anstis et al. (Ref 22):

KIC ¼ 0:016ðE=Hv Þ1=2 P=C3=2
� �

; ðEq 3Þ

where E is the Young modulus, Hv is the Vickers hardness,
P is the applied load, and C is the crack length.

Table 1 The chemical compositions of the powders used in the experimental works

Powders

wt.%

ZrO2 Y2O3 La2O3 TiO2 FeO2 Na2O3 CaO Al2O3 SiO2

8YSZ 85.9 13.6 ÆÆÆ 0.1 0.003 0.01 0.02 0.25 0.1
La2O3 ÆÆÆ ÆÆÆ 99.99 ÆÆÆ 0.003 ÆÆÆ 0.005 ÆÆÆ 0.002
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3. Experimental Results and Discussion

XRD patterns for 8YSZ specimens doped with various
amounts of La2O3 are shown in Fig. 1. XRD results showed
that the specimens containing 1 and 5 wt.% La2O3 were
composed of only a cubic crystal structure. Further, these
specimens showed no La2O3 peaks, indicating that La2O3 was
completely dissolved in the 8YSZ matrix and did not remain as
a secondary phase around the grains and grain boundaries of
8YSZ. However, when more than 5 wt.% La2O3 was added,
peaks corresponding to pyrochloric La2Zr2O7 emerged, show-
ing that overdoped La2O3 was not solubilized in the 8YSZ
matrix and formed a secondary phase of La2Zr2O7 at high
temperatures. Trombe et al. (Ref 20) reported that La2Zr2O7

phase occured in the concentration of La2O3 between 15 and
30%. SEM and EDS analyses revealed that this new phase
preferentially precipitated around the grains and grain bound-
aries of 8YSZ. Further, XRD results showed that La2Zr2O7 was
composed of hexagonal and cubic crystal structures. Some of
the peaks of the 8YSZ specimens doped with 10 and 15 wt.%
La2O3 can be indexed to cubic-pyrochlore-structured La2Zr2O7

and hexagonal-crystal-structured La2Zr2O7, which result is in
agreement with JCPDS 30-1468 and JCPDS 17-0450 (Interna-
tional Center for Diffraction Data Files). Further examination of
the XRD peaks of the 8YSZ specimens doped with 10 and
15 wt.% La2O3 revealed that the cubic-pyrochlore-structured
La2Zr2O7 phase existed in (111), (200), (311), (411), and (330)
crystal planes, and the hexagonal-crystal-structured La2Zr2O7

phase existed in (3211), (2111), and (2211) crystal planes. The
formation of pyrochloric La2Zr2O7 was due to the difference in
the ionic radii and crystal structures of La3+ and Zr4+ ions. As is
known, the ionic radius of La3+ with a hexagonal structure
is 1.016 Å and that of Zr4+ with a cubic crystal structure is
0.84 Å. The pyrochloric structure is defined as two distinct and
intertwined structures. These two structures are distinguished as
a cation centered of octahedral ZrO6. An anion-cantered layout
of tetrahedral La4O. La2Zr2O7 is formed by the unification of
two octahedral and one tetrahedral structure, with La3+ cations
being situated in a hexagonal window of the octahedral lattice
(Ref 23, 24). The effect of La2O3 addition on the lattice

Fig. 1 XRD patterns of undoped and La2O3-doped 8YSZ specimens

Fig. 2 Lattice parameter variation of the 8YSZ with La2O3 content

Fig. 3 Relative density of the 8YSZ specimens doped with differ-
ent amounts of La2O3, sintered at various temperatures for 1 h
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parameter of 8YSZ is shown in Fig. 2. The lattice parameters of
all the specimens were obtained by applying Cohen�s method
(Ref 25). Thangadurai et al. (Ref 26) reported that the lattice
parameter of ZrO2 doped with 3-30 mol% La2O3 varied
between 5.14 and 5.23 Å. In this study, the lattice parameter
of undoped 8YSZ was 5.146 Å, and it increased to 5.181 A
upon the addition of 15 wt.% La2O3. Thus, the mean lattice
parameter of 8YSZ increased upon La2O3 addition. This
increase in the lattice parameter, which corresponds to Vegard�s
rule, can be attributed to the replacement of La3+ ions by Zr4+

and Y3+ ions in the cubic crystal of 8YSZ. In other words, La3+

ions, the ionic radius of which is 20% larger than that of Zr4+,
increased the lattice parameter of 8YSZ.

The effects of La2O3 addition and its amount on the
sinterability of 8YSZ are shown in Fig. 3. La2O3-doped 8YSZ
specimens were pressureless sintered at various temperatures
for 1 after presintering at 1000 �C. The results showed that the
relative density of the specimens increased with the increasing
sintering temperature and decreased with the increasing La2O3

Fig. 4 Grain size variation of the 8YSZ with La2O3 amount

Fig. 5 SEM micrographs of the thermally etched specimens with (a) undoped, (b) 1 wt.%, (c) 5 wt.%, (d) 10 wt.%, and (e) 15 wt.% La2O3-
doped 8YSZ specimens sintered at 1550 �C for 1 h
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amount at all temperatures. This decrease in the relative density
was due to the porosities in the main matrix and around the
grain boundaries, especially when the amount of La2O3 doping
was high. Moreover, La2Zr2O7, which was formed in 8YSZ
specimens doped with high amounts of La2O3 at high
temperatures and precipitated at the grain boundaries, pre-
vented 8YSZ grains from touching each other and thus slowed
the diffusion rate of the atoms at the grain boundaries as a result
of an increase in the grain boundary diffusion; this could be
another reason for the decrease in relative density. The change
in the grain size with La2O3 amount is shown in Fig. 4. It can
be seen from this figure that, up to 1 wt.% La2O3 addition

increased the grain size. Intergranular phases with the highest
solubility would have the lowest viscosity at high temperatures
and highest diffusivity (Ref 27). Thus, the increase in the grain
size of 8YSZ with the addition of 1 wt.% La2O3 could be due
to the complete dissolution of La2O3 in the 8YSZ structure,
thereby providing an easy diffusion path at grain boundaries.
However, further increase in the La2O3 content led to a
decrease in the grain size. This decrease in the grain size can be
explained by the fact that pyrochloric La2Zr2O7, which is
formed around and at the grain boundaries in 8YSZ at high
temperatures, increased the grain boundary cohesive resistance
by the pinning effect, and thus, the grain boundary mobility and
energy decreased.

The microstructures of the specimens doped with various
amounts of La2O3 after sintering at 1550 �C for 1 are shown in
Fig. 5. The undoped 8YSZ specimens and those doped with
1 and 5 wt.% La2O3 have a equiaxed, faceted, uniform, and
coarse-grained structures (Fig. 5a-c). The microstructures of the
8YSZ specimens doped with 10 and 15 wt.% La2O3, on the
other hand, have faceted 8YSZ grains together with round and
smaller La2Zr2O4 grains (Fig. 5d, e). Further, it can be observed
in Fig. 5 that the porosity level increased with the increasing
La2O3 content. The EDS analysis results for different parts of
an 8YSZ specimen doped with 15 wt.% La2O3 are shown in
Fig. 6. While the amount of La3+ ions in the 8YSZ grains
(point A) was 6.43 wt.%, this rate was 37.06 wt.% in the
secondary-phase La2Zr2O4 grains (point B). EDS results
showed that this phase around the grains and grain boundaries
of 8YSZ belonged to La2Zr2O4.

The hardness values of the 8YSZ specimens doped with
various amounts of La2O3 after sintering at 1550 �C for 1
shown in Fig. 7. The results showed that the hardness of the
specimens decreased as the La2O3 doping amount increased.
The decrease in hardness might be due to the difference
between hardness and Young�s modulus of pyrochloric
La2Zr2O7 and 8YSZ. Another reason may be the increasing
porosity level with the increasing amount of La2O3 doping. The
porosity dependence on hardness has been studied intensively.
In general, hardness decreases with porosity (Ref 28). The
effect of La2O3 doping amount on the fracture toughness of
8YSZ is shown in Fig. 8. The fracture toughness of the 8YSZ

Fig. 6 EDS results of 15 wt.% La2O3-doped 8YSZ specimen
sintered at 1550 �C for 1 h

Fig. 7 Effect of La2O3 amount on the hardness of 8YSZ specimens
sintered at 1550 �C for 1 h

Fig. 8 Effect of La2O3 amount on the fracture toughness of 8YSZ
specimens
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specimens increased with the increasing La2O3 doping amount.
The increase in the fracture toughness can be explained by the
decrease in the grain size of 8YSZ as a result of La2O3 addition.
Materials with smaller grains tend to have higher fracture
toughness. Cracks propagate either along the grain boundaries
or inside the grains. New surfaces form when grains split. The
formation of new surfaces results in greater surface energy and
higher fracture toughness. Therefore, fracture toughness can be
controlled by controlling the grain size. Another reason for the
high fracture toughness of the La2O3-doped 8YSZ specimens is
the presence of pyrochloric La2Zr2O7 around the grains and
grain boundaries of 8YSZ. As is known, pyrochloric La2Zr2O7

formed when the doping amount of La2O3 was greater than
5 wt.% La2Zr2O7 around the grains, and grain boundaries of
8YSZ caused the cracks to deflect, thereby leading to an
increase in the fracture toughness of the specimens. Crack
propagation modes observed in undoped 8YSZ specimens and
those doped with various amounts of La2O3 are shown in
Fig. 9. As observed in this figure, cracks propagated straight
through the 8YSZ grains, i.e., the transgranular fracture mode
appeared in the undoped 8YSZ specimens and those doped

with 1 and 5 wt.% La2O3. However, cracks were deflected by
the La2Zr2O7 grains in the 8YSZ specimens doped with 10 and
15 wt.% La2O3. This deflection was the reason for the increase
in the fracture toughness of the specimens. The deflection was
caused by residual stresses due to the difference between
Young�s modulus and the coefficient of thermal expansion of
8YSZ and La2Zr2O7 grains. In general, cracks propagate
between grains if their thermal expansion coefficient is smaller
than that of the reinforcing member (Ref 29).

Figure 10 shows the SEM micrographs of the cracks
generated by an indentation load of 2 kg applied for a duration
of 15 s. It should be noted that cracks emanate from the corners
of the indents and that crack lengths differed according to the
La2O3 content. For the undoped 8YSZ specimen, indents with
long crack lengths were observed. On the contrary, with an
increase in the La2O3 doping amount, crack lengths decreased
(Fig. 11). The increase in the fracture toughness and the
decrease in the crack length in specimens with high amounts of
La2O3 doping could be attributed to the smaller grain size of the
specimens and the presence of La2Zr2O7 at the grain boundaries
causing crack deflection.

Fig. 9 SEM micrographs of crack propagation modes (a) undoped, (b) 1 wt.%, (c) 5 wt.%, (d) 10 wt.%, and (e) 15 wt.% La2O3-doped 8YSZ
specimens sintered at 1550 �C for 1 h
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4. Conclusions

(1) XRD results showed that the 8YSZ specimens doped
with 1 and 5 wt.% La2O3 had cubic crystal structures,
and their structures did not change with the addition of
La2O3. Further, the specimens doped with 1 and 5 wt.%
La2O3 revealed no La2O3 peaks, indicating that La2O3

was completely dissolved in the 8YSZ matrix and did
not remain in the specimens as a secondary phase
around the grains and grain boundaries of 8YSZ. How-
ever, when the doping amount of La2O3 was increased
to more than 5 wt.%, peaks corresponding to pyrochlo-
ric La2Zr2O7 emerged, showing that overdoped La2O3

was not solubilized in the 8YSZ matrix and formed a
secondary phase of La2Zr2O7 at high temperatures.

(2) The relative density of the 8YSZ specimens decreased
as the La2O3 doping amount increased. This decrease
was probably due to the presence of pyrochloric La2
Zr2O7, which precipitated at the grain boundaries at high

Fig. 10 SEM micrographs of Vickers indentations with different crack lengths (a) undoped, (b) 1 wt.%, (c) 5 wt.%, (d) 10 wt.%, and
(e) 15 wt.% La2O3-doped 8YSZ specimens sintered at 1550 �C for 1 h

Fig. 11 Effect of La2O3 amount on the crack length of 8YSZ
specimens
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temperatures, and also due to the porosities observed in
the specimens with high La2O3 content.

(3) The grain size of 8YSZ specimens increased at 1 wt.%
La2O3 addition and further increase in the La2O3 content
( ‡ 5 wt.%) resulted in decrease in the grain size. These
results indicate that La2O3 addition within the solubility
limit accelerated grain growth. The decrease in the grain
size can be explained by the fact that the secondary
phase of pyrochloric La2Zr2O7, which was formed at
the grain boundaries at high temperatures, increased the
grain boundary cohesive resistance, and thus, limited the
grain boundary mobility and energy.

(4) The hardness of the La2O3-doped 8YSZ specimens
decreased with the increasing La2O3 doping amount.
This decrease in the hardness might be due to the differ-
ence between the hardness and Young�s modulus values
of pyrochloric La2Zr2O7 and 8YSZ grains. Another
reason may be the increasing porosity due to the
increase in the La2O3 doping amount.

(5) Fracture toughness of the La2O3-doped 8YSZ specimens in-
creased with the doping amount. La2Zr2O7, which is small
grained and is formed at the grain boundaries, was one of
the main causes of this increase in fracture toughness.
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