J Mater Sci (2008) 43:2631-2641
DOI 10.1007/s10853-008-2480-x

Microstructure and phase transformation of zirconia-based
ternary oxides for thermal barrier coating applications

Xiao Huang - Andrey Zakurdaev - Dongmei Wang

Received: 6 August 2007 / Accepted: 18 January 2008 / Published online: 19 February 2008

© Springer Science+Business Media, LLC 2008

Abstract Five dopant oxides, Sc;03;, Yb,0O3, CeO,,
Ta,0s5, and Nb,Os, were incorporated into 7YSZ to create
ternary zirconia-based oxides with varying oxygen vacan-
cies and substitutional defects. These ternary oxides were
consolidated using a high-temperature sintering process.
The resulting bulk oxides were subjected to microstructural
study using scanning electron microscopy (SEM), X-ray
diffraction (XRD), and differential scanning calorimetry
(DSC). The results show that the microstructures of the
ternary zirconia-based oxides are determined by the amount
of oxygen vacancies in the system, the dopant cation radius,
and atomic mass. Increasing the number of oxygen vacan-
cies in the lattice by the addition of trivalent dopant as well
as the use of larger cations promotes the stabilization of the
high-temperature cubic phase. The tetravalent cation, on the
other hand, has the effect of retaining tetragonal phase to
room temperature without the influence of oxygen vacancy.
The addition of pentavalent oxide leads to the formation of
monoclinic phase upon cooling.

Introduction

Thermal barrier coatings (TBCs) play an important role in
protecting superalloy substrate components in gas turbine
engines from reaching excessive temperatures. Typically,
the metal surface temperature can be reduced by as much
as 150 °C with the application of zirconia-based TBCs.
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The actual temperature reduction is also influenced by the
coating thickness and cooling scheme used. Continuous
development of new TBC materials and structures is driven
by the demand for higher turbine inlet temperature, as an
effective means to enable higher gas turbine efficiency and
reduced greenhouse gas emissions. The primary require-
ments for the new coating materials are lower thermal
conductivity, increased durability for operation at higher
temperatures, and compatibility with the bond coat and
substrate superalloys.

Since pure zirconia experiences a phase transformation
from tetragonal (#) phase to monoclinic () phase during
cooling, thermal stresses and subsequent crack formation
can be initiated by the volume changes related to the phase
transformation. For this reason, various metal oxides (or
dopants), such as CaO, MgO, CeO,, Sc,03, and Y,0s3,
have been added to ZrO, in order to stabilize or partially
stabilize either cubic (c¢) or tetragonal (f) phase to room
temperature [1]. Among these metal oxides, Y,O3 has been
regarded to be the most suitable dopant to stabilize ZrO,
for TBC applications [2—4] since YSZ exhibits compara-
tively low thermal conductivity, superior mechanical
properties and compatibility to the MCrAlY or aluminide
bond-coat than ZrO, stabilized by other dopants. The
optimum amount of yttria added to zirconia was found to
be near 7-8 wt.% (4-4.5 mol%), with this composition
offering the highest degree of resistance to coating spall-
ation and improved thermal stability [5, 6].

In addition to the phase stabilization effect, the incorpo-
ration of dopants can create more phonon scattering centers
and reduce the thermal conductivity of the zirconia-based
TBCs. It has been observed that the thermal conductivities
for ternary systems, based on 4 mol% Y,03—4 mol% of
Yb,03, Er,03, Gd,03, or Nd,O3-ZrO,, were significantly
lower than the thermal conductivities measured for binary
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YSZ [7]. Multiple component oxide systems, Nd,Os
(Gd;,03, Sm,03)-Yb,,05 (Sc,03) co-doped zirconia-yttria or
hafnia-yttria, have been shown to be very effective in
reducing thermal conductivity and enhancing high-temper-
ature phase stability [8]. Highly defective lattice structures
with nano-scaled defect clusters were observed in the mul-
tiple component oxide systems. While the improved
performance can be correlated to the amount of dopants and
their types, fundamentally the microstructure, including
phase compositions and chemistry in each phase, determines
the properties of the TBC materials [9]. Although the binary
ZrO,-Y,05 system has been extensively studied [10], the
microstructure and phase transformations of ternary and
higher orders of zirconia-based oxide systems are not well
understood. Depending on the type and percentage of the
dopant(s) and the heat treatment history, ZrO,-based mate-
rials can assume monoclinic (m), tetragonal (¢), and/or cubic
(c) crystal structures at a given temperature. The present
research was initiated to study the microstructure and the
relationship between microstructure and thermal and
mechanical properties of ternary zirconia-based ceramic
materials. In our previous study, the effect of dopant addi-
tion on the thermal conductivity of ternary ZrO,-based
materials was reported [9]. In this study, the microstructure
and phase transformation of ternary metal oxide co-doped
yttria-stabilized zirconia systems were evaluated. 7YSZ
(3.945 mol% Y,0s—Zr0O,) was used as the base material and
co-doped by oxides with varying valence, ionic mass, and
radius to achieve predetermined amounts of oxygen vacan-
cies and substitutional point defects. Fully dense materials
were fabricated, microstructures evaluated at room tem-
perature, and phase transformations studied during
subsequent heating and cooling cycles.

Materials and experimental methods
Materials

The co-dopant oxides selected for this study and their
properties are given in Table 1. The purities of all materials
were greater than 99.9%. Scandium oxide (Sc,0O3;) and
ytterbium oxide (Yb,O3) (Yb>* having larger radius and
mass than Sc>*) were selected to substitute Zr** in the
7YSZ lattice structure and create additional oxygen
vacancies. To examine the effect of co-dopant without the
influence of oxygen vacancies, tetravalent cerium oxide
(Ce0,) was added to 7YSZ. Pentavalent oxides, tantalum
pentoxide (Ta,0s), and niobium pentoxide (Nb,Os) were
used to eliminate the influence of oxygen vacancies in
7YSZ since the oxygen vacancies created by Y>* can be
annihilated by the addition of pentavalent cations in equal
mole percentages to trivalent cations. Since Ta>* has
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Table 1 Characteristics of selected metal oxides as co-dopant to
7YSZ

Co-dopant Cation Atomic Ionic  Suppliers
mass radius
(nm)
Y,04 Y3 88.91 0.089  Praxair
(dopant)
Sc,05 Sc* 44.96 0.072  Metall Rare Earth Ltd.
Yb,05 Yb*  173.04 0.086 Metall Rare Earth Ltd.
CeO, Ce*  140.11 0.092 Metall Rare Earth Ltd.
Ta,05 Ta>*  180.95 0.068 Metall Rare Earth Ltd.
Nb,Os Nb>* 9291 0.069  Sigma-Aldrich
ZrO, (Host) 7t 91.22 0.079  Praxair

similar ionic radii as Nb>* but double the mass, the effect
of dopant atomic mass on the microstructure can be studied
as well. The amount of co-dopant addition in each sample
is given in Table 2. The sample ID of ternary oxide was
determined based on the rounded molar percent of co-
dopant cation in 7YSZ. Also included in the table is the
composition of 7YSZ. 7YSZ was examined in this study to
provide a baseline for comparison.

Material fabrication

The powder materials were blended according to the
compositions given in Table 2. Ball milling method was
selected to alloy the powder material since it is simple,
effective, and has shown success in achieving complete
solid solution after 24-h milling time [11, 12]. ZrO, balls
with density of 6.27 g/cm® and ball diameter of 10 mm
were used as the grinding media. After 20 h milling, the
alloyed powders were compacted uniaxially at 200 MPa to
form 2-4 mm thick and 15 mm diameter disks. A sintering
temperature of 1,500 °C was used in this study. The sin-
tering time was calculated based on the longest distance,
determined by the powder particle size, the cations have to
travel in order to achieve homogeneous compositions. The
selected sintering time of 120 h allows cations to travel a
distance of 7 pm [13] at 1,500 °C. After sintering, the
samples were furnace cooled to room temperature at a
cooling rate of ~5 °C/min.

Microstructure characterization

A scanning electron microscope (SEM) (Hitachi S-570
SEM) was employed in this study to evaluate the surface
morphologies and cross-sectional microstructures of the as-
sintered samples. The grain size was determined using a
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Table 2 Compositions of co-

doped 7YSZ Sample ID Targeted co-dopant mol% Final co—dopant cation mol% Final Y** mpl%
(per 100 mol% 7SYZ) (per 100 cations) (per 100 cations)

7YSZ 3.945 mol% Y,0; 7.59

5ScYSZ 2.5 mol% Sc,03 471 (Sc¢*) 7.23

5YbYSZ 2.5 mol% Yb,0; 471 (Yb*) 7.23

5CeYSZ 5 mol% CeO, 471 (Ce*) 7.23

TTaYSZ 3.945 mol% Ta,05 7.05 (Ta>*) 7.06

TNbYSZ 3.945 mol% Nb,Os 7.05 (Nb™) 7.06

Clemex Vision PE 4.0 Image Analysis System (Clemex
Technologies, Inc) while the bulk densities of the co-doped
zirconia-based ceramic samples were measured using
Archimedes’ method.

The phase compositions in the sintered samples were
characterized by X-ray diffraction (XRD) technique. Prior
to XRD analysis, the sintered samples were manually
polished using diamond paste to achieve a smooth surface
and expose internal bulk material. The types of phases
present were determined by comparing the XRD patterns
of the samples with a reference database. The percentages
of various phases were calculated using relative integrated
intensity of the characteristic diffraction peaks [14]. The
mol% of the monoclinic phase M,, and tetragonal/cubic
phase M, in a system containing monoclinic, tetragonal,
and cubic phases were calculated using [15, 16]:

M, L,(111) + 1,,(111)

" 0.82" 1
M,. Lo(111) (1)
M, + M, = 100 (2)

where 1,(111) and 1,(111) are the X-ray diffraction
intensities reflected from the (111) and (111) planes of
m-phase, respectively, and [,.(111) is the diffraction
intensity reflected from the (111) planes of the 7 and
c-phases. This study was designed to study the effect of
co-dopant on the stability of high-temperature phases
(c and 1), rather than to quantify #- and c-phases. Therefore,
the mol% for c- or t-phase was not differentiated.

A RigakuTM XRD with a CuK, radiation source
(4 = 0.1542 nm) was used. The X-ray scan was taken in
the range 20 = 20-100° at a scan rate of 0.8°/min. The
X-ray peak identifications and intensity calculations were
carried out employing a Jade' 3.0 software package.

Differential scanning calorimetry (DSC) was used to
study the phase transformation of the sintered samples
during subsequent thermal cycles. DSC analysis involved
the detection of changes in enthalpy of a sample with
increasing or decreasing temperature using Y,O; as a ref-
erence material. A Netzsch DSC 404C Pegasus calorimeter
(Netzsch-Geratebau GmbH, Germany) was used. The
weight of the samples for DSC analysis was set to be 35—
45 mg and all the samples were ultrasonically cleaned and

blow-dried prior to test. In each DSC run, the temperature
was increased from 100 to 1,400 °C at a heating rate of
20 °C/min. Samples were held at 1,400 °C for 5 min, the
temperature was then decreased from 1,400 to 400 °C at a
cooling rate of 50 °C/min to examine the effect of faster
cooling.

Results and discussion
SEM analysis of the as-sintered samples

The particle size and morphology of the mechanically
alloyed powder material are shown in Fig. 1. Powder
particle sizes are of several micrometers in diameter in
contrast to 30 nm particle size for powders obtained by
co-precipitation [17]. The surface morphologies and cross-
sectional microstructures of the sintered materials in the
etched condition were examined using SEM and illustrated
in Figs. 2 and 3. As shown in Fig. 2, all samples exhibited
sufficient consolidation after 120-h sintering at 1,500 °C.
5CeYSZ and 7NbYSZ assumed smoother surface mor-
phologies and well-defined grain structures on the as-
sintered surface, while the other samples revealed some
porous surface features. Microstructural examination of the
cross sections (Fig. 3) illustrated similar results in terms of
the extent of sintering and the presence of porosities. Grain
size measurement was carried out on the cross sections of
the sintered samples using image analyzer, with the results
summarized in Table 3. The grain sizes, ranging from 3 to
8 um, were comparable to that reported in the literature
where YSZ co-doped with Ta,Os assumed a typical grain
size of 5 um after sintering at 1,500 °C for 120 h, despite
the use of co-precipitated powders [18]. This indicates that
the initial powder size does not have a direct impact on
the final grain size which is primarily determined by the
sintering condition.

The density values of the sintered samples were mea-
sured and are given in Table 3. A wide range of density
values, from 86 to 95%, was observed. Overall, the den-
sities were greater than the typical value for air plasma
sprayed coatings [19] but lower than the reported values of
94-99% for sintered materials with powders obtained by
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Fig. 1 Morphologies of the alloyed powders after 50 h grinding

co-precipitation [20]. The reduced densities found in this
study are likely due to large powder size after mechanical
alloying, affecting the packing density of the green com-
pact. Elemental mapping was also carried out on the
polished surfaces and confirmed the uniform distributions
of co-dopant cations in the sintered samples.

Phase composition analysis

To analyze the phases present at room temperature after
furnace cooling from 1,500 °C, XRD patterns were
obtained for the polished samples as shown in Figs. 4 and
5. A summary of the calculated phase compositions is
given in Table 2.

7YSZ

The sintered 7YSZ (3.9 mol% Y,0s3) consists of both m-
phase and c-phase at room temperature (Fig. 4). The molar
percentage of m-phase, calculated using Eqs. 1 and 2, is
about 46 mol% and the remainder is believed to be pri-
marily c-phase since a strong c(200) peak can be identified
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from Fig. 4. Traces of ¢-phase may also exist since a small
1(004) peak is discernable to the left of c(400). The equi-
librium molar percentages of c- and m-phase for 7YSZ
were estimated to be 31 and 69 mol%, respectively, from
the Y,03-ZrO, binary phase diagram at room temperature
[10]. The reduced amount of m-phase in sintered 7YSZ
indicated the non-equilibrium nature of the furnace cooling
used in this study.

However, the amount of m-phase in the sintered 7YSZ is
still higher than that observed in 3.9 mol%Y,03;—ZrO,,
which contained 32 mol% m-phase, after furnace cooling
from 140-h aging at 1,400 °C [21]. While both grain size
and density were not detailed in [21], the finer powder
obtained from sol-gel would be expected to result in
increased density. The increased amount of m-phase in
7YSZ can be attributed to the lower sintering density and
larger grain size, both of which have been identified to
have a significant impact on the extent of phase transfor-
mation from # — m. In particular, the phase transformation
temperature Ms (¢ — m) increases with grain size [22] and
porosity [23]. From a thermodynamic point of view, the
change in free energy from ¢ — m reduces as the strain
energy and surface energy associated with m-phase for-
mation are decreased. A porous structure allows more
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Fig. 3 Cross-sectional
microstructures of the sintered
samples

strain relaxation (since t — m accompanies volume
increase), while a larger grain size has low resistance to the
extension of m-phase from one grain to another [24].
Other factors that could contribute to the m-phase for-
mation during cooling from sintering include sintering
temperature, mol% of Y,O;5 [18], and cooling rate [25].
Assuming equilibrium conditions are achieved during

sintering, and based on the binary phase diagram [24], a
lower sintering temperature or a higher mol% of Y,O;3
reduces the amount of #-phase at sintering temperature,
hence reducing the subsequent transformation to m-phase
during cooling. Based on the phase diagram, a lower sin-
tering temperature also increases the mol% of Y,O; in the
t-phase, leading to a reduced Ms [22] and lesser m-phase.
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Table 3 Grain size and volume percentage of porosity in the sintered
samples

Sample Grain size Average grain Density
ID range size (Lm) (vol%)
(um)
7YSZ 1-6 43 87
5ScYSZ 14 3.0 97
5YbYSZ 1-6 3.0 86
5CeYSZ 2-10 4.6 95
7TaYSZ 3-10 8.0 91
TINbYSZ 3-15 6.7 95
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Fig. 4 XRD patterns of 7YSZ

The effect of cooling has also been investigated [25],
where it was found that furnace cooling (10 °C/min) after
aging at 1,482 °C for 100 h resulted in ~30 mol% m-
phase in 8YSZ but faster cooling after the same aging cycle
caused very little m-phase.

Lastly, for similar compositions, higher process tem-
peratures in the c-phase region or molten state were able to
retain high-temperature phases. Examples include SX
7.7YSZ (4.2 mol% Y,03) cooled from skull melting con-
tained a mixture of t-precipitates within a c-phase matrix
[26]; the 12 mol% m-phase in 7YSZ plasma spray powder
was eliminated after thermal spraying due to the higher
spraying temperature and possibly faster cooling rate [27].
Despite the lack of grain boundaries in SX YSZ, the matrix
surrounding the #-precipitates provided constraint to the
volume increase associated t — m and effectively stabi-
lized the ¢ phase.

@ Springer

58¢YSZ and 5YbYSZ

Sample 5ScYSZ consists of 94 mol% of c-phase and a
small amount of m-phase (6 mol%), while 5YbYSZ con-
tains 100 mol% c-phase, as determined from the XRD
patterns shown in Fig. 5a, b and summarized in Table 4.
The addition of 2.5 mol% Sc,03 to 7YSZ increased the
amount of c-phase from 54 to 94 mol% due to the
increased vacancy content from the addition of trivalent co-
dopant [28]. The mol% of c-phase was further increased to
100 mol% with the addition of 2.5 mol% Yb,0;. Exam-
ining the ternary phase diagram of ZrO,-Y,03;-Yb,0O; at
both 1,400 and 1,650 °C [17] indicated that upon reaching
equilibrium, 5YbYSZ assumed 100% c-phase at 1,500 °C;
the 100% c-phase in 5YbYSZ was retained to room tem-
perature despite the slow furnace cooling. This result is
consistent with another study in which 10 mol% of
Y,05 + Yb,03 in ZrO, effectively stabilized 100% c-
phase [17]. Since Sc>* has a smaller ionic radius than Yb>*,
it has a lesser influence in increasing the lattice parameters
of the crystal [29] and consequently less stabilizing effect
on the c-phase. While a ternary phase diagram for ZrO,—
Y,05-Yb,03 was not consulted at this time, it is reason-
able to assume that 5ScYSZ fell within a #- + c-phase
region during sintering at 1,500 °C. Dopants to zirconia
with smaller ionic radius (such as Sc3+) also have the effect
of increasing Ms (¢ — m) than larger ions (Y>*, Sm**) with
the same dopant concentration [13]. Both factors have
contributed to the occurrence of m-phase in 5ScYSZ upon
cooling. Although the oxygen vacancy concentrations in
5ScYSZ and 5YbYSZ are identical, the phase stability of
5YbYSZ is greater than 5ScYSZ in terms of both c-phase
retention and m-phase formation. Since 5ScYSZ has same
grain size as 5YbYSZ and higher density, the high density
could have only helped to stabilize the 7-phase.

It is to be pointed out that there is a small diffraction
peak seen at 20 = 44.5° on the XRD spectrum for
5YbYSZ. It is not certain what the nature of this phase is
and will require further study.

5CeYSZ

The XRD pattern for 5CeYSZ is quite different from the
others, as shown in Fig. 5c. It indicates the presence of a
very small amount of m-phase (2.5 mol%) and a large
percentage of #- and c-phase (97.5 mol%) mixture. It is
difficult to speculate the possible effect of Ce** on stabi-
lizing c-phase since the exact amount of c-phase in the
t- + c-phase mixture was not determined in this study.
However, it is certain that Ce** has an impact on the sta-
bilization of ¢-phase since distinct #(002) and #200) peaks
were observed on the XRD pattern for SCeYSZ while none
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Fig. 5 XRD patterns of the co-doped samples

Table 4 The mol% of m- and -, c-phases for the as-sintered samples

Sample ID M,, (mol %) M, . (mol%)
7YSZ 46 54 ¢
5ScYSZ 6 94 ¢
5YbYSZ - 100 ¢
5CeYSZ 2.5 9751t +¢
TTaYSZ 100 0

TNbYSZ 97 3¢

of these peaks were present on the XRD pattern for 7YSZ.
Since the Ce** does not induce extra oxygen vacancies in
7TYSZ, the stabilization effect on #-phase is attributed to the
larger ionic radius and higher atomic mass of the substi-
tutional Ce** ion in the ZrO, lattice. This is supported by a
previous study in which the addition of 9 mol% CeO, to
71O, alone was found to be able to stabilize 100% z-phase
with grain size in the range of 1-3 um and 94-97% density
(similar to the density of 5CeYSZ) after sintering at a
temperature range of 1,400-1,550 °C [30]. In general, it is
believed that the addition of a cation with a larger ionic
radius than Zr** can significantly stabilize the high-tem-
perature f-phase, even though the degree of such
stabilization may be less than that of oxygen vacancies
[29]. This mechanism of stabilization can be attributed to
the effect of CeO, addition on reducing Ms (¢t — m) tem-
perature [23]. Since no previous study on similar
compositions as SCeYSZ was found, the influence of grain
size, density, and cooling on m-phase formation cannot be
further commented.

7TaYSZ and 7NbYSZ

The XRD patterns for the sintered 7TaYSZ and 7NbYSZ
are shown in Fig. 5d, e. 7TaYSZ contains 100 mol%
m-phase while 7NbYSZ is comprised of 97 mol% m-phase
and 3 mol% t-phase. The identification of the z-phase rather
than c-phase in 7NbYSZ was based on the occurrence of a
small #(111) peak at 20 = 31° on the XRD pattern shown
in Fig. 5e. Additionally, the ternary phase diagrams show
that both 7TaYSZ [18] and 7NbYSZ [12] assume single
t-phase at the sintering temperature of 1,500 °C. The
addition of pentavalent oxides such Nb,Os and Ta,Os to
YSZ suppresses the oxygen vacancy and promotes the
occurrence of f-phase (as opposed to the stabilization of c-
phase by trivalent oxides discussed earlier) and subse-
quently encourages the formation of m-phase by increasing
the Ms (+ — m) temperature [18].

Results from another study showed that 100% ¢-phase
was measured for 10 mol% Nb,Os—10 mol% Y,03;—ZrO,
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(sample N5) and 10 mol% Ta,0Os—10 mol% Y,03-ZrO,
(sample T13) after aging at 1,500 °C for 200 h [31]. Since
no vacancy existed in samples 7NbYSZ, 7TaYSZ, N5, and
T13, the differences in the phase compositions are as a
result of the following factors: grain size, porosity level,
and the total amounts of substitutional defects in the zir-
conia lattice structure. While the grain sizes for sample N5
and T13 after aging were not given, the densities for N5
and T13 were greater than 97.5% in contrast to 91.2 and
95% for TTaYSZ and 7TNbYSZ, respectively. The increased
porosities in 7TaYSZ and 7NbYSZ could have contributed
to the phase transformation from ¢ — m during cooling
[24, 32]. Also, it has been observed that the m-phase for-
mation in ZrO,-Y,03-Nb,Os5 system can only be avoided
if the mol% for YNbOy, is greater than 10 mol% [12]. This
has been confirmed in systems with 4.3 mol% Y,0;—
1.1 mol% Nb,Os or 1.1 mol% Ta,0Os—ZrO, where 10 and
32 mol% m-phase, respectively, were reported after sin-
tering at 1,500 °C [20]. The smaller amount of m-phase in
TNbYSZ (compared to 7TaYSZ) and 4.3 mol% Y,0;3—
1.1 mol% Nb,Os—ZrO, (compared to 4.3 mol% Y,O3—
1.1 mol% Ta,0s—Zr0O,) can be attributed to the smaller
mass of Nb>* (half of Ta>*) and its influence on reducing
Ms (t — m) temperature. This is in agreement with that
observed in other studies [20, 23]. The smaller grain size
and higher density in 7NbYSZ, in comparison to 7TaYSZ,
could also have contributed to the reduced Ms.

Phase transformation of sintered samples during heat
and cooling

The DSC curves for the sintered samples upon heating
from room temperature to 1,400 °C and cooling from 1,400
to 400 °C are shown in Figs. 6, 7, and 9. On DSC curves,

endothermic (heat is taken in) and exothermic (heat is
given out) peaks provide indications of possible phase
changes. Additionally, since the specific heat of each
material is a function of temperature, this will give rise to
further fluctuations on the DSC curves. However, in this
study the DSC curves were used primarily as a tool to
indicate the occurrence of phase transformation and the
temperature at which the transformation takes place.

7YSZ

From XRD results reported in Table 4, it is known that
7YSZ contains 46 mol% m-phase in addition to 54 mol%
of c-phase. Observing the DSC curve in Fig. 6, it is found
that a phase transformation occurs at about 621 °C (onset
temperature) as indicated by the change in heat flux from
the baseline. Since the low temperature m-phase is unstable
upon heating, this phase transformation is represented by
m — t. With a further increase in temperature, the DSC
curve does not show any further peak up to 1,400 °C.
During the cooling cycle at a faster rate of 50 °C/min
(compared to the cooling rate of 5°/min used in sintering),
a reversed phase transformation corresponding to t — m is
observed at 483 °C. This phase transformation temperature
is much lower than that observed on the heating cycle due
to the nature of the non-equilibrium cooling rate. There are
no additional peaks observed below 483 °C.

58¢YSZ and 5YbYSZ
The DSC curves for samples 5ScYSZ and 5YbYSZ are

shown in Fig. 7a, b. As determined using XRD, samples
5ScYSZ and 5YbYSZ contain 94 and 100 mol% c-phase,

Fig. 6 DSC heat (solid line) DSC /{(mW/mg)
and cooling (dashed line) curves | exo
for 7YSZ 1.40 =
!
1.20 DSC - Sample 7YSZ heating |
----- cooling {
1.00 H
|
0.80 ™
Ud
//
0.60
Onset:6212°c T eak843.2°C /
0.40 End*: 663.9 °C
0.20 Peak: 466.0 °C -
‘4
-
0.0
End*: 4423 °C Onset*: 483.3 °C
200 400 600 800 1000 1200 1400
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Fig. 7 DSC heating (solid line)
and cooling (dashed line)
curves: (a) 5ScYSZ and (b)
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respectively. The DSC did not detect any phase change in
5ScYSZ during the heating cycle even though it contains
6 mol% of m-phase after sintering. This indicates the
limited detection capability of the DSC facility. Upon
cooling, there is no distinct peak to indicate phase trans-
formation occurring; however, there is a valley observed on
the DSC curve between the temperatures of 1,100 and
800 °C for both 5ScYSZ and 5YbYSZ, the nature of which
has not been identified at the moment.

5CeYSZ

The sintered sample 5CeYSZ contains primarily #- and
c-phases and limited amount of m-phase (2.5 mol%), as
shown in Table 4. However, the phase transformation of
m — tis not observed on the DSC curve. Upon cooling, no

Temperature °C

phase transformation can be identified from the DSC curve
down to 400 °C as shown in Fig. 8.

7TaYSZ and 7NbYSZ

The DSC curves for 7TaYSZ and 7NbYSZ are shown in
Fig. 9a, b. Upon heating, 7TaYSZ, with 100 mol% m-phase
at room temperature, exhibits a phase transformation at
632 °C (onset temperature), indicating the phase transfor-
mation of m- — t-phase taking place at this temperature.
During cooling, a phase transformation takes place at 522 °C
(onset temperature) corresponding to - — m-phase trans-
formation. For sample 7NbYSZ, the transformation from
m — tappears at a much lower temperature of 524 °C (onset
temperature) as shown in Fig. 9b. When the temperature is
further increased, another small deviation from the baseline

@ Springer
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Fig. 8 DSC heating (solid line)
and cooling curve (dashed line)
for 5CeYSZ

Fig. 9 DSC heating (solid line)
and cooling (dashed line)
curves: (a) 7TaYSZ and (b)
TNbYSZ
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is observed at around 580 °C. The nature of this reaction is
unclear. Unlike 7TaYSZ with an Ms (¢ — m) temperature of
522 °C, 7NbYSZ does not exhibit this transformation of
t — mbefore 400 °C during cooling, further confirming the
effect of its smaller mass (Nb>* has half the mass of Ta>"),
higher density, and smaller grain size on reducing Ms tem-
perature. It is expected that the phase transformation from #-
to m-phase will take place before reaching room
temperature.

Conclusion

In this study, the microstructure and phase transformation
of ternary zirconia-based oxides were studied. Ternary
oxides were formed by doping 7YSZ with various metal
oxides selected based on their specific valence, ionic
radius, and atomic weight. Upon mechanical alloying and
sintering at 1,500 °C for 120 h, homogeneous microstruc-
tures were obtained. The phase compositions were
determined using XRD and the phase transformation dur-
ing heating and cooling cycles was studied using DSC.
While in general the oxygen vacancy has significant
influence on the stabilization of high-temperature phases,
other factors such as sintering temperature and time,
cooling rate, grain size, and porosity all played important
roles. It was found in this study that trivalent dopant cat-
ions help to stabilize c-phase while the tetravalent cations
promote the formation and retention of f-phase to lower
temperature. Larger trivalent cations (such as Yb**) play
more roles in stabilizing high-temperature phases than
smaller ions (such as Sc>*). The additions of pentavalent
cations to 7YSZ destabilize the high-temperature phases
and increase the occurrence of m-phase upon cooling. It is
also believed that cations with smaller atomic mass (Nb>*)
may offer more stabilization effect on the high-temperature
t-phase by lowering the Ms.

Comparing the results obtained in this study to that
reported in the literature, it is concluded that several factors
can contribute to the final room temperature microstructure
of doped or co-doped zirconia-based material; these being
dopant type (valence, mass, and ionic radius), dopant
concentration, initial powder size and shape (affecting the
densities of the green compact and the sintered material),
sintering temperature and time, and cooling rate.

As also observed in this study, both XRD and DSC have
limited sensitivity to detect small fraction of phase chan-
ges. To overcome the disadvantage associated with the
techniques, high-temperature neutron diffraction will be

used in our further study to quantitatively evaluate the
phase compositions during heating and cooling cycles.
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