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ABSTRACT

Yttria and alumina segregations in annealed alumina-doped YSZ at 800°C and 1000°C for different
annealing times were discussed. Segregation of yttria into the grain boundaries of YSZ was detected
which leads to its deficiency in the YSZ grains. Low dopant concentration in YSZ grains may result in cubic
and/or tetragonal to monoclinic phase transformation. Hence, variation of the mechanical and electrical
properties of YSZ as a function of annealing temperature was studied. Finally, the material was studied
as an oxygen sensor implemented in a real engine where it exposed to the exhaust gas for 50,000 h.
Microstructural investigations show that these working conditions lead to the formation of monoclinic
phase; cubic YSZ is fully removed whereas tetragonal phase is partially disappeared which confirms the
proposed effect of yttria segregation upon the sensor lifetime. This study reveals the importance of con-
sidering the degradation of electrolyte material in the high temperature applications such as gas sensing.

Tetragonality
Oxygen sensor
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1. Introduction

Pure (undoped) ZrO, ceramics exhibit a monoclinic (m) to
tetragonal (t) phase transformation at 1170°C and tetragonal to
cubic phase transition at 2370 °C. Moreover, cubic to liquid phase
transformation occurs at 2680°C [1-3]. It is well known that a
reversible athermal martensitic transformation from monoclinic to
tetragonal occurs in pure zirconia during cooling, associated with
a large shear strain due to a volume change of 5-10%. This trans-
formation is destructive and leads to micro and macrocracks which
could annihilate the ceramic and result in the formation of crum-
bled parts of pure zirconia. Dopants, such as Y, 03, are usually added
to the sintered powder for improving the high temperature stabil-
ity of tetragonal and cubic phases. Fig. 1 depicts to the ZrO,-Y,03
phase diagram together with TO-lines proposed by Yashima et
al. [4]. Numerous phase diagrams correspond to YSZ could be
found in the literature [5-7]. These phase diagrams represent the
equilibrium phase diagram along with TO-lines for diffusionless
transformations of cubic to tetragonal (c-t) and tetragonal to mon-
oclinic (t-m). In fact, metastable equilibrium corresponds to the
local minimum of the Gibbs energy function, while TO-line cor-
responds to the situation when the Gibbs energy of one phase is
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equal to the other one. Hence, TO-line does not correspond to a
minimum of Gibbs energy for two-component system. TO-line in
Fig. 1 represents the solubility of the yttria into tetragonal phase in
non-equilibrium states.

Perpendicular dashed line in Fig. 1 indicates the yttria con-
centration in the samples and the main phases at different
temperatures. As the diffusion of the cations at low temperatures
is limited, it is impossible to attain the true phase transforma-
tion using conventional heat treatments. Additionally, monoclinic,
tetragonal and cubic phases may undergo diffusionless phase tran-
sitions and cause as well considerable discrepancies among the
proposed phase diagrams. It can be concluded from these dia-
grams that at higher temperatures, tetragonal YSZ converts to cubic
phase. Solid solution of zirconia stabilized with 4.5 mol% yttria is an
important solid electrolyte material, particularly in ceramic based
gas sensing applications. In fact, doping of oxides stabilizes the
high-temperature cubic and tetragonal phases at room tempera-
ture. Stabilizing the high temperature phases at room temperate
results in an enhancement in the density of the oxygen vacan-
cies and enrichment in the oxygen-ion conductivity. Higher ionic
conductivity facilitates to exploit this stabilized zirconia as an elec-
trolytic material [4,8]. Y-TZP is an 0%~ ion-conducting material
at temperatures above 300°C. The conductivity requirement for
the electrolyte determines the operating temperature of the gas
sensors to be about 1000 °C. Hence, the stability and phase trans-
formations of the YSZ electrolyte at 1000 °C are of greatimportance.
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Fig. 1. Phase diagram of the YSZ. Phases illustrated in the figure are as follows: T,
tetragonal; C, cubic and M, monoclinic.

An enhancement in mechanical properties with relatively con-
stant ionic conductivity has been already reported after addition
of alumina into YSZ [9]. However, oversaturation of alumina forms
precipitates predominantly at grain boundaries [10] which scav-
enge the silicon rich second phase from grain boundaries. In one
hand, scavenging the silicon phase from grain boundaries to triple
point boundaries decreases the grain boundary resistance [11] due
to diminishing their blocking effect. On the other hand, it could be
expected that oversaturation of alumina introduces extra precip-
itates on the grain boundaries and increases the grain boundary
resistance as a result of space charge layers around them [12].
The goal of this study on YSZ as electrolyte material in oxygen
sensing application is to investigate the effect of high tempera-
ture exposure upon segregation of dopants (alumina and yttria).
Segregation of dopants may introduce phase transformation inside
the grain and at the grain boundaries of YSZ which directly affects
the ionic conductivity and lifetime of the YSZ-based oxygen sen-
SOr.

2. Experimental

Specimens were made based on tape casting and multilayer planar ceramic
technologies through sintering of 4.5 mol% Y, 03, 9.4 mol% Al, 03, and zirconia (bal-
ance), as electrolyte [13-16]. The microstructure was examined by scanning electron
microscopy (SEM) (ESEM Quanta 200 FEI), transmission electron microscopy (TEM)
(Hitachi 800MT, 300kV) and high resolution transmission electron microscopy
(HRTEM) (JEOL JEM 2100, 200kV). Besides, nanoprobe energy dispersive spec-
troscopy (EDS) was conducted to investigate the segregation of dopants into the
grain boundaries. Specimens for TEM observations were prepared via conventional
preparation techniques, polishing, dimple grinding, and ion milling to obtain elec-
tron transparency.

All sensors were sintered at 1450 °C for 3 h. The crystalline structure was deter-
mined by X-ray diffraction (XRD) analysis in 6-20 scan by means of a 4-circle
X-ray diffractometer with Cu Ka radiation (MRD PHILIPS) (0.05° step size, 1 min
scan time/step) and high accuracy XRD (Pananalytical) (0.005° step size, 3 min scan
time/step). Measurements were done at various temperatures in order to investigate
the effect of temperature upon the phase structure of YSZ electrolyte with respect
to the variation of c/(a+v/2) ratio (tetragonality).

Additionally, Raman spectroscopy (Jobin Yvon T64000) was carried out to illus-
trate the structural properties of the as-produced and annealed samples.

Observations of the outer surface of samples by SEM allowed us both to deter-
mine their microstructure (mainly the grain size), and to accurately observe the
indentation prints and the morphology of cracks. Vickers indentations were made
on polished samples using a Galileo ISOSCAN hardness testing machine with a max-
imum load of 10N held for 15s. Each sample was tested for times with a spacing of
about 2 mm.

Furthermore, a mixture of platinum and YSZ was deposited over YSZ by means of
screen printing to serve as electrode [13-16]. To avoid any dependence on undesired

parameters, electrodes and heating elements had identical dimensions, composition
and fabrication method in all the designed sensors [13]. Impedance spectroscopy
(using both Solarton SI-1260 frequency response analyzer and a Gamry Potentio-
stat PC14/750) was implemented to compare the electrolyte resistance, heated from
450°C to 950°C, always exposed to air. Three cycles of measurements were carried
out in order to identify the effect of thermal cycles on the resistance of electrolyte.
Afterwards, a series of YSZ specimens were annealed at 800°C and 1000°C for
1h, 6h, 24h, and 48 h in air atmosphere. These annealing temperatures have been
selected to cover the working temperature of YSZ lambda sensors. In our previ-
ous study, it was shown that addition of alumina into YSZ leads to appearance of t'
metastable phases in the grain boundaries of sintered YSZ. Considering the operating
temperature of oxygen sensors (800-1000 °C), investigation on the phase transfor-
mations and structural changes of YSZ after heat treatment at those mentioned
temperatures is a must.

3. Results and discussion
3.1. Electron microscopy

Fig. 2(a) represents the morphology of the YSZ material,
obtained by SEM revealing a porous structure with a grain size
around 400 nm. Since alumina concentration is beyond the solubil-
ity limit of YSZ, alumina particles are expected to segregate in YSZ
matrix. However, there is no clue for existence of alumina segre-
gated particles in SEM image. Fig. 2(b) shows the TEM bright field
image of YSZ sample. Alumina (shiny particles) is precipitated in
the YSZ matrix which led to the formation of a glassy-like phase.
This image simply confirms the segregation of alumina particles
between YSZ grains. Fig. 2(c) corresponds to a triple grain bound-
ary between two YSZ (101) grains and an alumina one. Without
considering the Moire fringe which appeared in the grain bound-
ary of YSZ and alumina, apparently a second phase raised up in the
grain boundary between YSZ grains. The samples contain alumina
particles which are segregated in the YSZ matrix as well as alumina
and yttria particles which are segregated in the grain boundaries.
It is already confirmed that by adding alumina into YSZ, the grain
boundary structure becomes a mixture of tetragonal, cubic, and
metastable t’ phases whereas grain structure is mostly formed by
tetragonal and cubic.

3.2. Thermodiffractometry of the YSZ

Fig. 3 depicts the thermodiffractometry of the as-received sin-
tered YSZ powder at different temperatures. Temperature elevation
process was done in vacuum environment, as shown in Fig. 3(a).
XRD measurements were performed at room temperature in order
to compare the structural variation with temperature. Since all XRD
diffractions at room temperature are perfectly identical, it can be
concluded that there is no structural variation during the thermod-
iffractometry. Diffraction peaks were indexed and corresponding
phases were identified in order to detect the main phases which
are presented in YSZ samples [17,18].

As shown in Fig. 3(b), by increasing the temperature, no signif-
icant change in crystallographic direction of the YSZ is seen. Fig. 1
discloses the fact that above 2000 °C cubic phase is the dominant
phase. At temperatures lower than 400 °C, YSZ should be a mixture
of monoclinic and cubic phases. However, even at 100 °C and 400 °C,
no monoclinic phase was observed. Moreover, alumina diffraction
peaks were detected with low intensities. Presence of (400) crys-
tal diffraction at 26 of 74° confirms the existence of cubic phase
[18]. Therefore, Fig. 3(b) shows that YSZ is structured by stable and
metastable tetragonal phase and cubic phase.

Fig. 3(c) illustrates the coexistence of metastable t' and cubic
phases. In our previous study, it was shown that addition of alumina
into YSZ leads to the generation of t’ phases in the grain boundaries
of sintered YSZ. However, the grains of sintered YSZ are mostly
constructed by tetragonal and cubic phases. Hence, transformation
toughening may happen at the YSZ grains when YSZ exposed to
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Fig. 2. SEM image of the YSZ doped with alumina shows the grain size variation (a). Segregated alumina (shiny particles) was detected by TEM image (b), HRTEM image of
the grain boundaries between two YSZ grain and an alumina segregated grain (c). Second phase in the grain boundary was detected.

high temperatures for long period of time. No martensitic phase
was detected for short annealing time (50 h).

3.3. Heat treatment of YSZ

3.3.1. Lattice variation

Sintered YSZ specimens were annealed at 800°C and 1000°C
for 1h,6h,24h,and 48 hin air to simulate working temperature of
YSZ-based gas sensors. As it was already indicated in Fig. 1, above
2000°C, cubic phase is the dominant while at temperature between
800°C and 1000 °C, YSZ would be a mixture of tetragonal and cubic
phases. Therefore, any segregation of yttria and/or alumina might
be possible.

On one hand, the driving force for segregation of Y3* jons in YSZ
has been discussed previously from the view point of elastic energy
relaxation [19] and electric neutrality at the grain boundaries [20].
On the other hand, Matsui et al. [21] proved the segregation of Y3*
along the grain boundaries leading to appearance of cubic phase

inside the tetragonal grains along with the grain boundaries. Calcu-
lation of the lattice parameters based on XRD patterns is an effective
way to detect any probable segregation. In fact, any segregation
of yttria and/or alumina decreases the lattice size and the lattice
parameter merges to pure zirconia lattice parameter, assuming
that the generated stress because of particle segregation is negli-
gible. Therefore, lattice parameters were measured from d-spacing
of (101) and (110) crystallographic planes by means of Bragg’s
law for tetragonal lattice. As it is shown in Table 1, a and ¢ param-
eters of the lattice relatively reduced after annealing at 800 °C and
1000 °C whereas tetragonality remains constant. Viazzi et al. [18]
presented the relation between the domain stability of different
tetragonal forms of YSZ and the ratio of their cell parameters. By
considering the limited solubility of alumina in zirconia, YSZ sam-
ples are positioned in the transformable tetragonal region. Since
the grain boundaries mostly consist of t’ phase, the grain boundary
structure is non-transformable. This might be the origin of desirable
high temperature mechanical properties of alumina-doped YSZ.

Table 1
Lattice parameter and tetragonality variation after annealing for different times at 800°C and 1000 °C.
As-produced 1h 6h 24h 48 h
1000°C 800°C 1000°C 800°C 1000°C 800°C 1000°C 800°C
a 3.6052 3.6037 3.6014 3.6034 3.5980 3.6034 3.5968 3.6015 3.5943
c 5.1882 5.1866 5.1974 5.1839 5.1903 5.1838 5.1888 5.1804 5.1887
Tetragonality 1.0177 1.0176 1.0204 1.0172 1.0200 1.0172 1.0200 1.0171 1.0207
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Fig. 3. In situ XRD results of oversaturated YSZ at different temperatures; tem-
perature profile versus time (a), in situ XRD results at different temperatures (b),
variation of ¢ parameter and tetragonality versus temperature (c) which indicates
the presence of t’ phase, and presence of cubic and t' metastable phase (d).

SEM images of the annealed YSZ samples show that the
grain size did not vary by annealing at different temperatures
(Fig. 4(a)-(c)) and it is constant around 400 nm. In high temper-
ature devices, grain size variation is definitely important due to the
fact that increasing grain size causes destabilization of tetragonal
phase and attendant cracking. From SEM images of Fig. 4(a)-(c), it
could be concluded that grain size remains constant after annealing
and therefore, phase transformation induced by grain size variation
is not expected.

XRD patterns of annealed samples at 1000 °C are shown in Fig. 5.
The presence of t’ phase at room temperature is significant while
there is no evidence of monoclinic phase. Apparently, the peak cor-
responding to (4 00) plane of cubic phase is disappeared. However,

Fig.4. SEM images of the sintered YSZ doped with alumina after annealing at 800 °C
for24h(a)and at 1000 °C for 6 h (b) and 48 h (c). Grain growth has not been detected
after heat treatment and grain size did not vary.

(202) diffraction of cubic phase still exists. One could conclude
that the cubic phase is partially disappeared. Since there is no clue
for existence of monoclinic phase, this cubic phase may have been
transformed into tetragonal one. Segregation of yttria and/or alu-
mina might be the reason of the mentioned transformation.

3.3.2. Raman spectroscopy
Raman scattering from tetragonal to monoclinic zirconia is
eccentrically strong with unique spectrum, aiding identification
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Fig.5. XRDresults showing the presence of t' metastable phase at room temperature
after annealing and cooling process.

of complex systems containing many different materials [22]. As
shown in Fig. 6(a), Raman spectra of the annealed sample at 1000 °C
showed the tetragonal symmetry which has six active modes only.
However, no evidence of monoclinic phase is observed which is
in agreement with the XRD results. It can be seen that the center
positions of high intense band at 260 cm~! has been shifted after
annealing. However, Raman spectra are quite similar for differ-
ent annealing times at 1000 °C, illustrating the difference between
annealed and as-received samples (Fig. 6(b)). Additionally, the full
width at half maximum (FWHM) of the band at 260 cm~! became
narrower after annealing at 1000 °C. Lughi and Clarke [23] showed
the Raman spectra of the 5wt% yttria-stablized zirconia at high
temperatures. They indicated six band characteristics of tetrago-
nal zirconia throughout the temperature range until 1100°C with
all the bands broadened and shifted toward lower wave number by
increasing the temperature. They proved that the observed shift can
be attributed to volumetric contribution due to the piezospectro-
scopic shift associated with the thermal expansion of the material.
Hence, the shift of the Raman spectra to the higher wave numbers
after annealing might be due to a decrease in the lattice dimensions.

This is in agreement with the variation of a and c lattice parameters
obtained by XRD (Table 1). It is noteworthy that the intensity ratio
I4/Is (Fig. 6(c)) increased for longer annealing times at 800 °C. It has
been found previously that with increasing the Y, 03 concentration,
the intensity ratio (I4/Ig) decreases. This explains the lower oxygen
displacement at higher concentrations of Y,03 [4]. The variation
of I4/Ig ratio could be due to the deficiency of yttria and/or alu-
mina in YSZ. This deficiency may arise because of the segregation
of dopants within the grain boundaries. Considering the fact that
alumina solubility in zirconia is limited, its segregation would be
negligible. Hence, yttria may partly migrate from cubic YSZ toward
grain boundaries which may theoretically lead to transformation
of cubic to tetragonal phase.

3.3.3. Grain boundary composition of YSZ after thermal treatment

Fig. 7 presents the grain boundary composition of yttria and
alumina measured by means of EDS nanoprobe. Fig. 7(a) and (b)
corresponds to annealed YSZ at 1000°C for 6h and 48 h, respec-
tively. By comparing Fig. 7(a) and (b) with part 1 of this article, it
could be concluded that alumina concentration did not vary after
annealing at 1000°C. However, at the same temperature, yttria
concentration in grain boundaries increases for longer annealing
times. Besides, yttria concentration within the grains reduces from
4 mol% to around 3 mol% (Fig. 7(b)) by annealing. This confirms the
segregation of yttria after heat treatment which leads to the defi-
ciency of yttria in YSZ. Similar phenomenon was observed after
annealing at 800 °C, though the segregation rate was slower. This is
due to the fact that diffusion is a thermally activated phenomenon.
Therefore, it could be concluded that by long time annealing at
high temperature, cubic phase of alumina-doped YSZ transforms
into tetragonal along with the possibility of monoclinic phase for-
mation. In addition, grain boundaries become slightly wider (from
4-5nm to 5-6 nm) after segregation of yttria.

3.3.4. Hardness and mechanical properties
The Vickers microhardness (HV) was deduced from the diagonal
length (2a) of the indentation print and the contact load (P) by the

Fig. 6. Raman spectra for different annealing times at 800°C (a), magnified main active mode (b), and variation of I4/Is versus time of annealing at 800°C (c).
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Fig.7. Yttria and alumina concentration profile in the YSZ-YSZ grain boundary after
annealing at 1000°C for 6 h (a) and 48 h (b).

following equation [24]:

HV = 1.854L2 (1)
(2a)

For fracture toughness (Kic) calculations, a maximum load of
10N was used in order to produce cracks. The average crack length
(c)was measured with SEM images (Fig. 8(a)). The distance between
indents was selected to be of the order of 2 mm. Kjc was derived
from the equation proposed by Anstis et al. [25] for half-penny
cracks:

£ )1/2 L )

HV) 32
where E is the elastic modulus of the material, which is assumed to
be constant after annealing the samples.

Fig. 8(b) presents the variation of hardness and fracture tough-
ness after heat treatment at 800 °C for different annealing times. It
can be seen that hardness decreases until 24 h of annealing while
it increases afterwards. Surprisingly, this variation is in agreement
with variation of tetragonality obtained by XRD (Table 1). It can be
suggested that as much yttria goes out of the lattice, the hardness
value becomes smaller. However, there is no clear reason for further
increase of hardness and tetragonality after long time annealing
(>24 h).One possible explanation is, since YSZ is oversaturated with
alumina, alumina may diffuse in the octahedral sites of the lattice
and compensate the deficiency of yttria in the lattice partially. This

Kic = 0.0154(

Fig. 8. SEM image of indentation area by hardness test of the YSZ doped with alu-
mina after annealing at 800 °C for 6 h (a), the parameters to measure hardness and
fracture toughness were schematically shown in top right image of (a). Variation of
hardness and fracture toughness versus annealing time at 800 °C were presented in
(b). The average hardness was considered for fracture toughness measurement.

results in an increase in the tetragonality and hardness as well.
However, there is no clue about the onset of this compensation
(24 h annealing) and about the continuing of this trend for longer
annealing times. Besides, high porosity of the YSZ may affect upon
the accuracy of the hardness measurement as well.

Moreover, fracture toughness reduces by increasing the anneal-
ing time. This means that the ability of YSZ which contains cracks
to resist against fracture is decreased. Mathematically, fracture
toughness slope is getting horizontal at higher annealing time.
Particularly for 48 h annealing, increase in the hardness has been
compensated by higher crack length. Higher crack length repre-
sents brittleness of the annealed sample at higher annealing time.
A possible explanation is the segregation of yttria toward the grain
boundaries of YSZ. This segregation essentially introduces stacking
faults and dislocation around the grain boundaries which makes
YSZ more brittle.

3.4. Impedance spectroscopy at different temperatures

Fig. 9 shows the typical impedance curves of YSZ at different
temperatures in order to identify the effect of thermal cycles on
the resistance of YSZ as electrolyte. Measurements were carried out
with two platinum electrodes deposited on YSZ which may bring
redundant overlapping in the electrode impedance loop. However,
as electrolyte resistance has beenintended, it is reasonable to waive
the overlapping effects. This experiment was designed to simulate
temperature variation of YSZ gas sensor in the engine. YSZ heated
up not beyond 950 °C due to the fact that nominal temperature of
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Fig. 9. Impedance spectra of sintered YSZ doped with alumina at different temperatures (a), and the plot of YSZ resistivity versus temperature (b).

the YSZ-based gas sensors does not exceed 1000 °C. Besides, the
minimum temperature of sensor functionality was set to be 450°C
to assess the suitable ionic conductivity. The experiment was per-
formed in three cycles during which YSZ heated up from 450°C to
950°C and then cooled down in air atmosphere. Impedance spec-
troscopy has been done respectively in different temperatures from
450°C with 50 °C temperature increment.

As shown in Fig. 8(a), it could be seen that second cycle of
measurements shows electrolyte resistance higher than the ini-
tial value. Moreover, the third cycle of measurements showed also
a slight increase in the electrolyte resistance. These results have
been summarised in Fig. 8(b) whereas difference between plots
could be detected for lower quantities. However, a significant dif-
ference could be seen around 450°C. Higher resistance is due to
segregation of yttria into the grain boundaries. After each cycle, the
concentration of yttria slightly increases in the boundaries. Besides,
higher concentration of yttria in the grain boundaries means yttria
deficiency inYSZ grains. Therefore, ionic conductivity of the grains
is reduced and resistivity is increased correspondingly. In addition,
widening the grain boundaries raises the resistivity of the YSZ as
well, as a result of space charge layers around grain boundaries [12].
By considering numerous cycles that occur during operation of the
YSZ-based oxygen sensors, electrolyte resistance increases in each
cycle and thus, sensor lifetime is strongly dependent on this yttria
deficiency.

3.5. Real YSZ-base oxygen sensor after 50,000 h working in the
engine

YSZ-based oxygen sensor was fabricated by means of tape cast-
ing and multilayer planar ceramic technologies and implemented

Fig. 10. XRD diffractions of YSZ doped with alumina after sintering and after
50,000 h at 1000°C.
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in the engine to work in real ambient. The fabrication process and
experimental design is already described [13]. Fig. 10 depicts to
XRD results of YSZ electrolyte after 50,000 h working in the engine.
The examined area is far away from electrodes and is a part of the
sensor’s body. It can be seen that after long time exposure to high
temperature and realistic conditions, cubic phases disappeared and
monoclinic diffractions appeared in the XRD patterns. This confirms
the vital effect of yttria segregation upon sensor lifetime. Although
life time of this sensor is extremely longer than commercially avail-
able sensors, further study is necessary to enhance this property.

4. Conclusions

In conclusion, segregation of yttria in YSZ doped with alu-
mina was detected by various characterization methods. Yttria
concentration decreases in the YSZ grains as a result of anneal-
ing at 1000 °C. Although after annealing (50 h), the main phases in
the samples were tetragonal and cubic, very long annealing time
(50,000 h) resulted in the transformation of cubic and/or tetrago-
nal phase to monoclinic phase due to the yttria deficiency in the
structure. Besides, segregation of yttria brings about widening of
the grain boundaries which may increase the resistivity of YSZ.
Furthermore, segregated alumina was detected in the as-received
YSZ. However, there is no clue for further segregation of alumina
even though alumina content is significant in the YSZ material.
Moreover, the effect of yttria segregation on the mechanical and
electrical properties of YSZ was described. To confirm the proposed
effect of yttria segregation on the lifetime of YSZ-based oxygen
sensor, a sensor was fabricated and implemented into the engine
to work for 50,000 h in real conditions. Appearance of monoclinic
phase and disappearing of the cubic phase and partly tetragonal
phase confirms the proposed effect of yttria segregation upon sen-

sor lifetime. This study reveals the importance of considering the
degradation of electrolyte material in the high temperature appli-
cations of YSZ.
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