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Abstract

lonic oxide materials play a vital role in technical applications owing to their high-
temperature capability and when used as thermal barrier coating (TBC) materials, for
example, they have environmentally friendly effects such as improved fuel efficiency and
reduced emissions. Doped ZrO; based solid solution is attracting attention, whereas doping
effects on thermodynamic properties are not well understood. This work reports the synthesis
and characterization of doped ZrO, with Dy*" and Y** via a sol-gel route. The relationship
between chemical composition and thermodynamic properties is investigated via experiment
and molecular dynamics (MD) simulation. MD simulation has been employed to theoretically
explore the crystal structure and to calculate the intrinsic thermal conductivity, which agrees
well with the experiment measurement. The thermal conductivity of dense samples is lower
than that of conventional 8 wt.% Y03 stabilized ZrO; (equivalent to 4 mol% Y03 stabilized
Zr0O», 4YSZ) at room temperature. The coefficient of thermal expansion is higher due to the
doping Dy®*" ion compared with that of 4YSZ. The thermochemical compatibility of
Dyo.06 Y 0.072Zr0.86801.934 With Al203 which is critical for the durability of the TBC system has

been studied and can be maintained up to 1500°C.
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1. Introduction

Rare earth doped YSZ can be widely used in applications such as solid oxide fuel cells,
oxygen sensors, TBCs, thermographic phosphors and photonic devices, thanks to the
chemical stability, oxygen ion conductivity, thermodynamic properties and luminescence
properties [1-5]. Low thermal conductivity and a relatively high coefficient of thermal
expansion enable the 4YSZ to be used as ceramic TBCs in aero rotating components to
enhance the temperature of the allowable gas and to increase the aero engine efficiency [6, 7].
The limitation of 4YSZ is the operation temperature (~1200°C) above which a phase
transformation would occur during the thermal cycling process, decreasing the durability and
reliability of TBCs [8].

New ceramic TBC materials with various crystal structures and compositions have been
widely investigated in order to develop alternative materials that enable a higher operation
temperature. Rare earth oxide doped ZrO, ceramics such as A>Zr.O7 pyrochlore structure,
A>B207 fluorite structure, ABOz perovskite structure and magnetoplumbite LnMB11019,
(Ln=La*" to Gd**, M=Mg?, Mn* to Zn?*, B=AI** and Fe®*") have been considered as
promising candidates for new ceramic TBCs due to lower thermal conductivity and enhanced
thermomechanical properties [8-11]. Co-doping on the A-site of pyrochlore oxide is reported
to be effective in lowering the thermal conductivity than the un-doped pyrochlore oxide [12].
(La1-xYbx)2Zr.07 pyrochlore ceramics exhibited a quasi-eutectoid mixture with significantly
lower thermal conductivity attributed to enhanced scattering of phonons [13]. However, the
overall performance of new compositions with respect to the thermochemical compatibility,
the fracture toughness, and the coefficient of thermal expansion is critical in controlling the
reliability and durability of TBCs. The reaction between Al,O3z and new compositions such as
pyrochlore Gd»>Zr.O7 would form new interphases at a high temperature, decreasing the
integrity of TBCs [14]. Cubic YSZ has lower thermal conductivity than tetragonal YSZ,
whereas the mechanical property such as fracture toughness is inferior compared with that of
tetragonal YSZ [15, 16]. Tetragonal oxides have superior fracture toughness compared with
cubic oxides as a result of two toughening mechanisms, ferroelastic toughening and
transformation toughening [17]. The desirable phase composition for the commercial YSZ
coatings is the t’-tetragonal structure which has enhanced phase stability compared with the
tetragonal structure [18, 19]. The t’-tetragonal structure could form the tweed microstructure
which exhibited better thermo-mechanical properties due to structural toughening [20, 21].
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MD simulation can be utilized to calculate the intrinsic thermodynamic properties of ionic
oxide without the influence of microstructures. The thermal conductivity can be calculated
using equilibrium MD simulation and non-equilibrium MD simulation methods [22]. The
non-equilibrium MD simulation applies a temperature gradient on the simulation box, from
which the thermal conductivity can be determined. The equilibrium MD simulation imposes
heat current fluctuation across the simulation cell to compute thermal conductivity based on
the fluctuation-dissipation theory. The advantages of the direct method over the equilibrium
approach, include the fast convergence in the (N, P, T)-ensemble, the ability to model
complex structures and the incorporation of anharmonic effects with further assumptions [23].
The thermal conductivity of pyrochlore oxides has been predicted by MD simulation, which
shows great potential to analyse the effects of the composition and point-defect concentration
[24, 25].

The aim of the present work is to synthesize new composition Dyo.06Y0.072Zr0.86801.934
powders via a sol-gel processing route and to study the thermodynamic properties of
pelletized powders via experimental approaches combined with the non-equilibrium MD
simulation. Structural characterization has been conducted via a combination of scanning
electron microscope (SEM), x-ray diffraction (XRD), Raman spectroscopy and neutron
diffraction. Neutron diffraction is effective in studying crystal structure and is sensitive to
light elements such as oxygen, because the neutron is scattered by the nuclei while the x-ray
is diffracted by the electrons surrounding the nuclei [26]. The total scattering ratio of the x-
ray amount of oxygen and zirconium is 1:25, whereas the scattering ratio of the neutron
power of oxygen and zirconium is 1:3.9 [27]. A sol-gel approach for powder mixing
combined with high temperature calcination for the phase stability study have been utilized to

investigate the thermochemical compatibility with Al2O:s.

2. Method

2.1 Experiment

Dyo.06 Y0.072Zr0.86801.934 Ceramic powders were prepared via an alkoxide based sol-gel method.
The details of the sol-gel method have been described elsewhere [28]. The as-prepared
powders were sintered at 1200°C for 2 hours, followed by uniaxial compaction of the

powders into pellets and sintered at 1200°C for 6 hours.
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The thermodynamic stability between the as-synthesized powders and Al.Oz was studied via
a viscous sol-gel method. The starting materials included ethylene glycol (99.5%, Sigma-
Aldrich Company Ltd.) and aluminium nitrate nonahydrate (98%, Sigma-Aldrich Company
Ltd.). Aluminium nitrate nonahydrate was dissolved in deionized water followed by the
addition of ethylene glycol into the water solution containing AI®* cation under vigorous

stirring.

The as-synthesized powders were mixed with the AI** precursor solution, followed by
vigorous stirring for 30 min. The solution was heated in a water bath to form the composite
sol and dried at 120°C to form the composite xerogel. The composite gel was calcined at
900°C for 3 hours, followed by sintering between 1300°C and 1500°C for the

thermochemical compatibility study.

The crystal structure of ceramic powders was characterized via XRD, using a Siemens D500
x-ray diffractometer (Cu-Ka radiation, A=1.54 A) and neutron diffraction using a Wish
instrument at ISIS in the UK [29]. The molecular symmetry was investigated by Raman
spectroscopy using a Horiba Jobin-Yvon LabRAM spectrometer equipped with an Olympus
BX41 microscope (He-Ne laser source, 632.8 nm). The surface morphology and the
microstructure of the particles were examined by a Phillips XL30 SEM. The thermal
conductivity of the pellets was measured using a thermal conductivity analyser (C-Therm TCi)
at room temperature. The coefficient of thermal expansion was measured via a NETZSCH
DIL 402C dilatometer from room temperature to 1000°C with a heating rate of 5°C/min
under air atmosphere. The bulk density (p1) was determined by measuring the weight (w) and
the volume (v) of the pellet directly, where p1=w/v. The theoretical density pt was calculated
via the lattice parameters from XRD and the molecular weight. The porosity was estimated
from the ratio of the bulk density and the theoretical density (¢p=1-p1/pt). The bulk thermal
conductivity was calculated based on the porosity and the measured thermal conductivity

using,

— ©

where ¢ is the porosity, « is the measured thermal conductivity of porous materials and o is

the corrected thermal conductivity for the dense material [30]. The correction of the thermal
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conductivity is based on assumptions that spherical pores incorporated into a homogeneous

medium and the thermal conductivity for pores is infinite.

2.2 MD simulation

The MD simulation is based on a rigid-ion model via 6x6x32 tetragonal unit cells [31]. In the
simulation cell, Y** ions, Zr** ions and Dy** ions are randomly located in cation sites and O
ions are randomly located in anion sites. The starting positions are initialized in a tetragonal
lattice with an initial displacement and the initial crystal structure information is taken from
XRD results at room temperature. In the simulation, 5x10* MD steps (25 ps) are carried out
in the (N, P, T)-ensemble to equilibrate the system, and 2.5x10° MD steps (125 ps) are

carried out in the (N, V, E)-ensemble to calculate the thermodynamic properties.

The total forces between ions have been described via interatomic potentials in which a
Buckingham potential is utilized for the short-range interaction between ions, and a Coulomb

potential is applied for the long-range electrostatic effects [32].
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where Vijj is the potential energy between particles i and j associated with ionic charges Qi and
Qi, Aij, pij and Cj; are Buckingham potential parameters, rij is the separation of two particles,
and o is the vacuum permittivity [31]. Short-range forces are calculated via the direct
summation method where a cut-off radius is applied, and a long-range correction is added.
The long-range forces are determined via the Wolf method [33, 34]. Short-range potential
parameters for the simulation are presented in Table 1 and cation-cation short-range
parameters are zero. The potential parameters for YSZ are derived by Schelling et al. to better
describe the tetragonal and cubic phases [32]. The potential parameters for Dy-O are
determined by Stanek et al. based on a multistructural fitting approach to reproduce the lattice

parameters of pyrochlore structures [35].

Species A (eV) o (A) C (eV-A®) Ref
Y3+.0* 1366.35 0.348 19.6 [31]
Zr*+.0% 1502.11 0.345 5.1 [31]
0%-0% 9547.96 0.224 32 [31]
Dy**-0% 1807.84 0.3393 18.77 [35]

Table 1. Potential energy parameters of the short-range forces

5
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The non-equilibrium MD simulation is used to calculate the thermal conductivity from the (N,
V, E)-ensemble. The heat is added into a slab of materials and an equal amount of heat is
removed from another slab of materials in every time step, creating a temperature gradient

along the long dimension of the simulation cell, as depicted in Figure 1. A thermal plate
power (%) of 320 nW is incorporated into the system with a MD time step of 0.5 fs for the

calculation of the heat current along z-direction. Modified velocity rescaling algorithms
developed by Jund and Jullien, are used to apply and remove the constant energy Ae [36]. To
avoid the kinetic energy drift, the total momentum inside the ‘cold’ and ‘hot’ slices needs to
be conserved. The temperature is determined from the kinetic energy and is averaged over the
(N, V, E)-ensemble. Thus, the thermal conductivity can be computed via Fourier’s law of

heat conduction,

dT
]Z = _Kﬁ' (3)

where « is the thermal conductivity, Z—; is the temperature gradient along z-direction and J; is

the heat current [22].
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Figure 1. Schematic diagram of the heat conduction in a periodic simulation box (Ag is the
heat incorporated and removed from two slabs)

3. Results and Discussion

3.1 Characterization

a) SEM
The morphology and microstructure of calcined ceramic powders were characterized via
SEM, as presented in Figure 2. The particle shape of Dyo.06Y0.072Zr0.86801.934 is Similar to that

of 4YSZ, exhibiting irregular morphology with sharp edges. The particle size, estimated
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using the ImageJ software, is 13.121 + 1.218 pum for Dyo.06Y0.072Zr0.86801.934 particles and is
13.742 + 1.057 um for 4Y SZ particles.

(b)

Figure 2. SEM images of the surface morphology of: (a) 4YSZ particles; (b)
DYo0.06Y0.072Zr0.86801.934 particles

b) XRD

Figure 3(a) shows phase compositions of Dyo.06Y0.072Zr0.86801.934 and 4YSZ which consist of
the t’-tetragonal and tetragonal structure, respectively. The tetragonal peaks of
Dyo.06 Y0.072Zr0.86801.934 powders shift slightly to lower diffraction angles, owing to the
incorporation of 6 mol% Dy®* ions into the ZrO, lattice. This could enhance the lattice
constant, resulting in a smaller diffraction 26 angle. Slow-scan XRD patterns from 71 to 77°
20 angle are presented in Figure 3(b) and (c). The peak splitting level of

Dyo.06Y0.072Zr0.86801.934 decreases, as compared with that of 4YSZ, accompanied by the

decrease of the tetragonality (c/v/2a).
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Figure 3. (a) XRD patterns of: (i) Dyo.0sY0.072Zr0.86801.034 powders; (ii) 4YSZ powders; (b) a
slow-scan XRD pattern of Dyo.06Y 0.072Zr0.86801.934 powders; (c) a slow-scan XRD pattern of
4YSZ powders

Moreover, the crystal size was estimated via the line broadening using the Scherrer equation,
as presented in Figure 4. The crystal size of Dyo.06Y0.072Zr0.86801.934 powders is similar to that
of 4YSZ powders when sintered at 950°C, whereas the crystal size of Dyo.06Y0.072Zr0.86801.934
powders is lower, compared with that of 4YSZ due to the calcination at 1200°C. Therefore,
this suggests that the addition of Dy*" is effective in limiting the grain growth during the heat
treatment at 1200°C.
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Figure 4. The estimated crystal size of powders sintered at 950°C for 3 hours and at 1200°C
for 2 hours

c¢) Neutron diffraction

Neutron diffraction is a complementary technique to XRD with respect to structural
characterization, as the penetration depth of the neutron is larger than that of x-ray and can be
utilized to study magnetic structure [37]. Neutron diffraction combined with the Rietveld
refinement was conducted to verify the phase composition of Dyo.06Y0.072Zr0.86801.934 powders,
as presented in Figure 5. The observed data and the calculated data are in good agreement,
and the difference mainly results from the intensity and the curvature of the diffraction peaks.
The diffraction peaks of Dyo.06Y0.072Zr0.86801.934 cOrrespond to the tetragonal structure (P 42/n

m c). The fitness factors for the Rietveld refinement are listed in Table 2.

10
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Figure 5. Neutron diffraction patterns of Dyo.06Y 0.072Zr0.86801.934 powders

DY0.06Y0.072Zr0.86801.934

Rp 0.0625
Rwp 0.0577
Goodness of fit 2.98

Table 2. Fitness factors of the refinement

The lattice structure studied via the neutron diffraction agrees well with the lattice parameters
of Dyo.06Y0.072Zr0.86801.934 powders determined from MD simulation with a relative difference
of 0.02% and 0.5% for a and c, respectively (Table 3). The tetragonality of
Dyo.06 Y0.072Zr0.86801.934 Calculated via the MD simulation slightly decreases compared with
that of the experimental results. Moreover, c¢/v2a is 1.0054 for Dyo.06Y0.072Zr0.86801.934 from
neutron diffraction, further confirming that the crystal structure is t’-tetragonal with the

incorporation of the 6 mol% Dy®* ions [38].

a (A) b (A) c(A) a=p=y
Neutron diffraction 3628965  3.628965  5.158960 90°
MD simulation 3629803  3.629803  5.133016 90°

Table 3. Lattice constant of Dyo.06Y 0.072Zr0.86801.934 determined via neutron diffraction and
MD simulation at 300 K

11
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d) Raman Analysis

The Raman spectra represent the vibrational modes of a tetragonal structure, as presented in
Figure 6. Five active vibration modes are identified for Dyo.06Y 0.072Zr0.86801.934, including the
Eg stretching mode at 257 cm™, the Zr-O Big bending mode at 324 cm™, the Zr-O stretching
Ey mode at 464 cm™, the symmetric O-Zr-O Ayg stretching mode at 615 cm™ and the
asymmetric O-Zr-O Eq stretching mode at 638 cm™ [39]. As can be seen, the incorporation of
6 mol% Dy*' ions results in the red shift of the vibrational modes, particularly for the
symmetric O-Zr-O Ayqg stretching mode, from 620 cm™ to 615 cm™. The addition of Dy®*
ions to ZrO> can bring about the bond elongation and weakening, by which the Raman bands

shift towards low frequencies [40].

256

638
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464
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Figure 6. Raman spectra of: (a) 4YSZ; (b) Dyo.06Y0.072Zr0.86801.934

The Raman shift intensity ratio of l14/ls where 14 represents Zr-O stretching Eq mode and lg
corresponds to the asymmetric O-Zr-O Eq4 stretching mode, can be calculated so as to
determine the oxygen displacement in the tetragonal lattice (Table 4) [19]. The incorporation
of 6 mol% Dy®* ions decreases the ls/ls ratio, therefore indicating that the oxygen
displacement decreases. This can be the result of the creation of oxygen vacancies owing to

the substitution of Zr** by Dy** ions, which promotes the formation of the cubic structure.

12
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4YSZ DY0.06Y0.072Zr0.86801.934

la/16 0.4071 0.3724

Table 4. Raman shift intensity ratio of l4/le

3.2 Measured Thermal Conductivity

The thermal conductivity of ceramic materials is controlled by composition and
microstructure. Modifying the chemical composition can lower the thermal conductivity, and
it can be further decreased via optimizing the microstructure. The thermal conductivity was
measured at room temperature based on the modified transient plane source (MTPS) method
and was corrected to that of a dense sample using Equation (1), as presented in Table 5. In the
MTPS method, an interfacial sensor is used to heat the sample and measure the temperature
change simultaneously [41]. The time-dependent voltage change is directly proportional to +/t,

from which the effusivity is determined,
e=.k-p-C, 4)

where e is the effusivity, « is the thermal conductivity, p is the density and C is the specific
heat capacity [41]. Moreover, kmin has been estimated based on Clarke’s equation with the
assumption of the minimum mean free path, mean phonon velocity and Debye’s model for

thermal conductivity [42].

N| =

2
2m3

m3p6FE
Kmin = 0.87kN3 2

— (5)
M

wiN| o=

where E is the Young’s modulus, M is the molecular weight, m is the number of atoms per
molecular formula, ks is Boltzmann’s constant and Na is the Avogadro’s number [43]. The

bulk modulus was determined from,

YpCp
3B,

a= (6)
where o is the coefficient of thermal expansion, Cp is the isobaric heat capacity, p is the
density, Bm is the bulk modulus and y is the Grineisen constant [44-46]. Young’s modulus
was estimated via the bulk modulus and the Poisson’s ratio [47]. The Poisson’s ratio, v, and
Grineisen parameter, y, were assumed to be the same as those of 4YSZ (v=0.2, y= 1.40) [48-

50]. The assumption of the Griineisen parameter would undermine the influence of the lattice

13
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vibration anharmonicity [30]. However, the Grlineisen parameter is reported to change slowly
attributed to the chemical composition variation [46]. The composition difference can
influence the density, specific heat, lattice constants and oxygen vacancy concentration,
which are critical to the thermal conductivity. Poisson’s ratio is influenced by the
microstructure which is assumed to be similar for the bulk samples [50]. Table 5 shows that

the calculated xmin agrees well with the trend of experimental values.

Varying the chemical composition by the incorporation of Dy** ions decreases the thermal
conductivity of 4YSZ due to the mass difference and the ionic radii misfit between doping
cations and Zr*" ions, and the creation of oxygen vacancies. Furthermore, the crystal size of
DYo.06Y0.072Zr0.86801.934 IS Smaller than that of 4YSZ after the calcination at 1200°C, thus
providing more boundaries to scatter phonons and to decrease the phonon mean free path.
Moreover, kmin has been estimated from the measurement of the thermal conductivity,
coefficient of thermal expansion and density, which agrees well with the trend of

experimental values.

4YSZ Dyo0.06Y0.072Zr0.86801.934
Thermal conductivity (W/m-K) 2.3517 + 0.2610 2.1869 + 0.3337
Coefficient of thermal expansion 11.3932 11.8070
(x10° K1)
Specific heat capacity (J/kg-K) 329.24 330.05
Density (g/cm®) 6.0339 6.1955
Kmin (W/m-K) 1.1698 1.1400

Table 5. Thermal conductivity corrected to dense samples

Additionally, the key to decrease the phonon mean free path is to enhance the phonon
scattering process, including both Umklapp phonon-phonon and phonon-defect scattering.
Umklapp phonon-phonon scattering is a temperature-dependent process and becomes
dominated by the increase in temperature, whereas phonon-defect scattering process is a
temperature-independent process [49]. The phonon-defect scattering coefficient can be
calculated by,

F=in[(%)2+f(?)2]ﬂ’”””‘” )

14
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where [ is the scattering coefficient, v is the defect scattering coefficient attributed to the
mass misfit, I's is defect scattering coefficient due to the radius misfit, i is the concentration,
Mi is the mass, ¢i is the ionic radius of component i, M and ¢ are the mass and radius of the
substituted site in the lattice, and ¢ is the strain field factor,

€= %(6.4 Xy X 1+v)2, (8)

1-v

where y is the Griineisen parameter and v is Poisson’s ratio [45]. The scattering coefficient is
calculated, in which the Poisson’s ratio and Griineisen parameter are assumed to be the same
with those of 8 wt.% YSZ. This assumption could underestimate the influence of the
anharmonicity of the lattice vibration. This can be explained by the fact that the lattice
disorder would increase with the increase of the doping level, resulting in the increase of the
Grineisen parameter. However, the assumption can still reflect the trend of the scattering
coefficient due to composition variation because the Poisson’s ratio and Griineisen parameter
only determine the magnification of the scattering coefficient from the radius misfit. Table 6
lists the scattering coefficient which suggests that the addition of Dy®* ions can increase the
phonon-defect scattering process. This also corresponds well with the decrease of the thermal
conductivity due to doping effects.

Ty Ts e r
4YSZ 0.073 0.018 40 0.78
Dyo0.06 Y 0.072Zr0.86801.934 0.18 1.21 40 1.39

Table 6. The phonon-defect scattering coefficient

3.3 Non-equilibrium MD Simulation

The internal energy of 4YSZ at 295 K is -108.08 eV per unit cell which is in agreement with
the published value of t-ZrO> (-109.78 eV) [51]. The internal energy per chemical formula of
Dyo.06 Y0.072Zr0.86801.934 becomes less negative than that of 4YSZ, as presented in Figure 7.
Doping 6 mol% Dy** ions into YSZ enhances the internal energy by 2.25%.

15
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Figure 7. Internal energy from 295 K to 1873 K of: (a) DYo.06Y0.072Zr0.86801.934; (b) 4YSZ

The thermal conductivity was calculated using the non-equilibrium MD simulation from 295
K to 1873 K, as shown in Figure 8. The error bars were estimated by the temperature gradient
from different parts of the temperature profile of the simulation cell at each temperature. The
calculated thermal conductivity of Dyo.06 Y0.072Zr0.86801.934 is lower than that of 4YSZ. Doping
Dy** to 4YSZ can lower the theoretical thermal conductivity at 295 K, which agrees well
with the experimental measurement. Furthermore, at high temperatures, phonon-defect
scattering is less important as compared with the phonon-phonon process [45]. The thermal
conductivity decreases with the increase in temperature, due to the enhanced lattice vibration
which can increase the phonon scattering process. The lattice thermal conductivity of
DYo0.06 Y0.072Zr0.86801.934 at 1873 K is lower than that of 4YSZ by 30% attributed to the

increased phonon-phonon scattering.

16
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Figure 8. Thermal conductivity calculated via MD simulation

The difference in the thermal conductivity between the experiment and MD simulation can in
part be due to the influence of the microstructure such as the grain boundary, micro-cracks,
defect clusters, interfaces between dissimilar phases and nano-pores [43, 52, 53]. Such
microstructures enhance the phonon scattering process, whereas in the MD model, a single
crystal is applied. On the other hand, the theoretically calculated thermal conductivity of
DYo.06 Y0.072Zr0.86801.934 and 4YSZ exhibits a larger difference than that measured in the
experiment. Thus, the computation of the lattice thermal conductivity contributes to an
effective selection approach of novel low-thermal-conductivity materials.

The details of the electronic structure of particles are ignored in MD simulation, which can
influence the predicted dynamic property at low temperatures [54]. The model of doped ZrO>
is reported to include the high speed of sound and high-frequency vibrational modes at low
temperatures [31]. This can in part contribute to a relatively high thermal conductivity.
Furthermore, the thermal conductivity can be influenced by the length of the simulation cell

4

Lz, and li is proportional to (1i + )Where l,, is the phonon mean free path of an infinite
eff =)

Z

system and lefr is the effective mean free path [22]. Dyo.06Y0.072Zr0.86801.934 Which has a lower
thermal conductivity than 4YSZ, results from a smaller mean free path. In this case, the same
length of the simulation cell for Dyo.o6Yo0.072Zr0.86801934 and 4YSZ could influence the

calculated thermal conductivity of 4YSZ.
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3.4 Measured Coefficient of Thermal Expansion

The coefficient of thermal expansion for 4YSZ and Dyo.06Y0.072Zr0.86801.934 Was measured
from room temperature to 1000°C, as presented in Figure 9. The coefficient of thermal
expansion for each composition is an average of 2 times’ measurements, and the error is
estimated within 5%. The error bars are not presented for clarity. The coefficient of thermal

expansion of Dyo.06Y0.072Zr0.86801.934 is higher than that of 4YSZ from 600°C onwards.

The enhancement of the coefficient of thermal expansion of Dyo.0sY0.072Zr0.86801.934 as
compared with that of 4YSZ can be explained by the bonding energy of Dy-O (615 kJ/mol)
which is lower than that of Zr-O (766.1 kd/mol) [55]. The ionic radius of Dy** (1.03 A, CN=8)
is larger than that of Zr** (0.84 A, CN=8), and the radius misfit leads to larger lattice
distortion and increases the coefficient of thermal expansion. The addition of every two Dy**
ions to substitute two Zr** ions creates one oxygen vacancy to balance the charge neutrality.
The formation of the oxygen vacancy can weaken the bonding energy, which can also
enhance the lattice dilation with the increase in temperature. Furthermore, it is reported that
the coefficient of thermal expansion can be controlled by lattice energy variation [56]. The
internal energy of Dyo.06Y0.072Zr0.86801.934 IS less negative than that of 4YSZ, which could be
utilized to explain the coefficient of thermal expansion variation.
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Figure 9. Comparison of the coefficient of thermal expansion between 4YSZ and
DY0.06 Y 0.072Zr0.86801.934
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3.5 Thermochemical Compatibility

Thermochemical compatibility with Al,Oz at high temperature is studied via a sol-gel route.
The XRD patterns of powder mixtures before and after the calcination are depicted in Figure
10, suggesting that the thermochemical compatibility with Al,Os can be maintained at
temperatures up to 1500°C. No diffraction peaks from the reaction products have been
identified. This citric acid based sol-gel method can achieve a more homogeneous mixture of
Al>03 and multi-component doped ZrO, powders, hence providing a much severer condition

to assess the compatibility as compared with a solid-state reaction method.
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Figure 10. XRD patterns of the powder mixture via high-temperature calcination of
DY0.06 Y0.072Z10.86801.934 and Al203

4. Conclusions

In summary, tetragonal Dyo.06Y0.072Zr0.86801.934 has been synthesized via a Zr(OPr)s based
sol-gel method. The addition of a small amount of Dy3* can maintain the tetragonal structure.
For Dyo.06Y0.072Zr0.86801.934, the thermal conductivity is lower than that of 4YSZ and the

coefficient of thermal expansion can be increased compared with that of 4YSZ. The trend of
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the calculated thermal conductivity via MD simulation corresponds well with the measured
value. The thermochemical compatibility with Al.O3 can be maintained up to 1500°C. The
tetragonal Dyo.06Y0.072Zr0.86801.934 Can be considered as promising materials used in ultra-high
temperature applications such as thermal barrier materials in gas turbines to improve the

operation temperature and to reduce emissions.
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