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Abstract
Coefficient of thermal expansion (CTE) of a solid material plays a critical role for a variety of

high temperature applications such as thermal barrier coating (TBC) systems during the
thermal cycling process. Ceramics contain ionic bonds; hence they tend to exhibit lower CTE
values than alloys/metals. Developing new ceramic thermal barrier materials using promising
dopants and compositions that have higher CTE values than the conventional 6-8 wt.% Y203
stabilized ZrO> (8YSZ) will contribute to the decrease in thermal expansion mismatch between
a typical ceramic 8YSZ (10~11x10° °C™) top coat and a metal alloy based bond coat such as
NiCrAlY (14~17x10% °C™1),%:2 which is highly desirable. This work reports design, modelling,
synthesis, and characterization of promising new compositions based on Dy**, AI** and Ce**
doped YSZ that consist of the tetragonal structure and have an enhanced thermal expansion
than 8YSZ. The intrinsic CTE at the atomic level has been investigated via molecular dynamics
(MD) simulation. The atomic scale analysis provides new insights into the enhanced doping
effects of multiple trivalent and tetravalent cations on the lattice structure, lattice energy and
thermal expansion in ZrO,. The calculated lattice energy becomes smaller with the
incorporation of Dy**, AI¥*, and Ce** ions, which corresponds strongly to the increase in CTE.
The crystalline size is reduced due to the incorporation of the AI** and Ce**, whereas the

sintering resistance is enhanced ascribed to the addition of Dy** and AI**. Doping Dy**, AI*",
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and Ce** cations to YSZ increased the CTE value of YSZ and for Dyo.03Y0.075Zr0.89501.048, the

CTE is 12.494x10° °C at 900°C, which has an 11% increase, as compared with that of 8YSZ.

Keywords: Coefficient of thermal expansion; lattice structure; molecular dynamics simulation;

new thermal barrier materials;

Introduction
Structural oxide materials such as Y203 partially stabilized ZrO, (YSZ) have physical,

thermomechanical and electrochemical properties that are desirable in high-temperature
applications such as gas turbines, solid oxide fuel cells, gas sensors, and so forth.2* YSZ has a
relatively low density of 6.4 g.cm™ and its hardness is 14 GPa, contributing to high erosion
resistance and low parasitic forces on turbine blades.? The melting point of YSZ is reported to
be 2700°C and the tetragonal structure can be maintained up to 2370°C.> ® Oxygen vacancy
concentration in the lattice of YSZ modifies the atomic structure, hence impacting chemical,
physical and mechanical properties. For instance, the presence of oxygen vacancies in YSZ
contributes to the weakening of the ionic bond, induces a phase transformation from tetragonal
structure to cubic structure, and enhances the anion conductivity at high temperatures.” The
adsorption and dissociation of oxygen on YSZ surfaces contribute to the formation of O™ and
O that show catalytic activity in terms of oxidizing hydrocarbons.? It is reported that cubic
YSZ has a lower fracture toughness (6 J.m) than tetragonal YSZ (45-150 J.m2), thus leading

to a poor thermal cycling life.

In particular, one of the critical material properties of YSZ is high CTE for TBC materials. The
CTE of conventional TBC materials (6-8 wt.% YSZ) is 10~11x10° °C?, whereas the
underlying bond coat such as NiCrAlY has a higher CTE (14~17x10% °C1).% 2 During the
thermal cycling process at a high temperature (e.g. 1250°C), the thermal expansion mismatch
generates thermal stress and decreases the durability of TBCs. The thermal expansion of TBCs

needs to be improved to match that of the metallic substrate and bond coat in order to reduce
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the thermal stress and to increase the thermal cyclic life.X° Thermal expansion is a result of
anharmonic terms from the potential energy, higher than the quadratic terms.*! 12 When 2%-
6% Dy** and 5% Ce** were added to YSZ, the CTE values were reported to be increased,
whereas the higher doping contents of Dy** to YSZ can decrease the CTE and reduce the
thermochemical stability.®® * However, atomic scale insights into the doping effects of
trivalent and tetravalent cations on lattice structure, lattice energy and thermal expansion in
ZrO, have yet to be comprehensively established and reported. AI** is one of the smallest
trivalent metal cation, and Dy®* has a larger ionic radius and smaller bonding energy than Zr**
(Table 1),*® which could potentially enhance the thermal expansion coefficient of YSZ. CeO;
is a promising dopant for YSZ due to its potential capability to increase tetragonal phase
stability,® resistance to hot corrosion!’ and thermal cycling behaviour of YSZ.1® Dy**, AI**
and Ce** cations were selected to dope YSZ because of their unique valence, weight, ionic
radius, and bonding energy that are vital factors in controlling the ion vibration in the lattice

and thermal expansion of YSZ.%°

Dy%* AlP* Ce** zr+ Y3
lonic radius (A) 1.03 0.54 0.97 0.84 1.02
Bonding energy (kJ-molt) 615 501.9 790 766.1 714.1
Atomic weight (g-mol™?) 162.5 26.982 140.116 91.224 88.906

Table 1. lonic radius (CN=8 for Dy**, Ce**, Zr*" and Y**, CN=6 for AI**) and bonding
energy for the selected cations, adapted from °.

The novel aspect of this study is to: (a) use MD simulation to gain insights into enhanced
doping effects of multiple trivalent and tetravalent cations on the lattice structure and thermal
expansion in ZrO; to facilitate the development of new thermal barrier materials; and (b)
conduct the experimental validation of the new thermal barrier materials by synthesizing the
new compositions of Dy**, AIF* and Ce** doped YSZ using the sol-gel method in order to
achieve good stoichiometry control, and investigate their lattice structure and CTEs.

Combinations of trivalent and tetravalent cations with various ionic radius and bonding energy



have been selected and incorporated to ZrO» to comprehensively understand their effects on
CTEs, lattice structure and lattice energy. The fabricated Dy**, AI** and Ce** doped YSZ have
been characterized using a combination of X-ray diffraction (XRD) and Raman spectroscopy.
The CTE of the bulk samples is measured up to 1000°C. MD simulation is effective in terms
of calculating the dynamic properties of Dy**, AI** and Ce*" doped YSZ based on Newton’s
second law of motion.?° It enables the intrinsic transport properties which are sensitive to
microstructural features to be calculated without the influence of lattice imperfections.?! 22
Theoretical material properties including the lattice energy and anisotropic CTE are calculated
by MD simulation, with an in-depth understanding on the effects of doping on lattice structure

and thermal expansion in ZrO; that would greatly facilitate the materials design.

Computational Details
MD simulation was performed to calculate the lattice energy and CTE. A rigid ion model with

6x6x32 simulation cells of a tetragonal lattice was utilized to describe the simulation system.
The simulation box consisted of 2304 cation sites, which were fully filled or had one random
vacancy, and 4608 anion sites, which included a number of random vacancies. Lattice constants
were measured by XRD using a Siemens D500 X-ray diffractometer (Cu-Ka radiation, A=1.54
A) and DIFFRACP"s software was applied to processing the diffraction data. The measured
lattice constants were used as the starting parameters and input into the simulation for the
calculation. The potential, Vijj, was calculated using the Buckingham potential for the short-

range interaction between ions and a long-range Coulomb interaction,
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where Ajj, pij and Cjj are Buckingham potential parameters, Qi, Q;j and rij describe the Coulomb
interaction where Qi and Qj are the charges of two ions, rij is the separation of two ions, and €o

is the vacuum permittivity.?> 2* All simulations were carried out at 0 bar and in an isothermal



bath at temperatures between 295 K and 1873 K. The potential parameters are presented in

Table 2. Cation-cation short-range interaction parameters were set to zero.

Species A (eV) p (A) C (eV-A®) Ref.
Zr-0% 1502.11 0.345 51 23
Y3+.0* 1366.35 0.348 19.6 23
Dy3*-0% 1807.84 0.3393 18.77 2
AlF*-0% 1142.6775 0.2991 0 26
Ce**-0% 1986.8 0.3511 204 27
0*-0* 9547.96 0.224 32 23

Table 2. Buckingham potential parameters of Dy**, AI** and Ce** doped YSZ.

The charges were -2e for O atoms, +4e for Zr and Ce atoms, and +3e for Dy, Al, and Y atoms.
Dy®*, AP*, Y3 Zr** and Ce** were randomly distributed in the cation sites, while O? ions
were randomly located in the anion sites. Short-range forces were calculated using a direct
summation in which a cut-off radius was applied, and a long-range correction was added. The
long-range forces were determined using the Wolf method.?® 2 The temperature in the (N, P,
T)-ensemble was adjusted using the Berendsen barostat method and the pressure was controlled
using the Anderson thermostat method.*® 3! In the (N, P, T)-ensemble, the atoms were
equilibrated at each temperature. The (N, P, T)-ensemble consisted of 1x10° MD steps (50 ps)
which included 5x10* equilibration steps (25 ps). Based on the simulation, the equilibrated
lattice constant and the lattice energy were computed. A nonlinear regression equation with
forth order polynomial [Supporting Information, Equation (2)-(9)] was fitted to the lattice

constant data to calculate the theoretical CTE from equation 2,
a=—r— (2)

where a is the thermal expansion coefficient, Lo is the lattice constant at original temperature

and % is the lattice constant change against temperature.® j—i was calculated by the first



derivative of the nonlinear regression equation and Lo was the initial equilibrated lattice

constant (Table S1-S4).

Experimental Details
Samples of Dy**, AI** and Ce** doped YSZ and 8YSZ were synthesized using a sol-gel route

to facilitate the precise control of the stoichiometry of the multicomponent oxides. Initially,
metal salts and acetylacetone (AcAc) were dissolved in 1-propanol by vigorous stirring, with
the desired molar ratio under Ar atmosphere. Zirconium propoxide [Zr(OPr)4] in 1-propanol
were added to the solution of metal salts and AcAc in 1-propanol was added to the metal salts
solution. Deionized water was added to the 1-propanol, the solution was subsequently mixed
with the Zr(OPr)s solution. This solution was mechanically stirred for 30 minutes and was
heated at 50°C to form a gel. The gel was dried at 120°C, followed by a 3-hour calcination at
950°C in air to form oxide powders. Dy**, AI** and Ce** doped YSZ and 8YSZ powders were
sintered at 1200°C for 2 hours, subsequently compacted into bulk pellets and sintered at
1200°C for 6 hours. The typical thickness of samples was within the range of 2.27 - 4.20 mm

with a diameter of 5.00 mm.

The crystal structure was characterized by XRD using a Siemens D500 X-ray diffractometer
(Cu-Ka radiation, 1=1.54 A). Raman analysis was conducted using a Horiba Jobin-Yvon
LabRAM spectrometer equipped with an Olympus BX41 microscope (He-Ne laser source,
632.8 nm) and a Renishaw inVia Raman microscope equipped with an Ar ion laser at a
wavelength of 514.5 nm. The CTEs were measured using a NETZSCH DIL 402C dilatometer

from room temperature to 1000°C with a heating rate of 5°C.mint in air.

Results and Discussion

Modelling and Materials Design
In order to select the relevant cations to be doped into YSZ and the synergistic impact of doping

multivalent cations into YSZ on the intrinsic and anisotropic thermal expansion, MD
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simulation was utilised for the computation of lattice structure and energy changes at the atomic
scale. The lattice constant predicted by the simulation at 1073 K is presented in Table 3. The
lattice constant increased due to doping with larger cations such as Dy** and Ce**, whereas it

decreased because of doping with smaller cation such as AI** to 3Dy-YSZ.

8YSzZ DYo0.03Y0075Zr0.89501.948  DY0.03Al0.03Y0.081Zr0.85901.920  DY0.03C€0.05Y 0.080Zr0.8401.945

a=b (A) 3.6361 3.6420 3.6377 3.6577

c(A) 51429  5.1520 5.1445 5.1726

Table 3. Predicted lattice constants of multicomponent oxides at 1073 K.

In the tetragonal lattice, each cation is coordinated with 8 anions in a distorted cubic block
(Figure 1). The bond length of Zr**-0% and Zr**-Zr* was calculated using VESTA software
based on the predicted lattice constants from the MD simulation and is presented in Figure 2.
The bond length increased with the addition of 3% Dy®** and 5% Ce** to 8YSZ, whereas the

incorporation of 3% AI®* to 3Dy-YSZ decreased the bond length.

o
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Figure 1. Lattice structure of a tetragonal ZrO, (P42/nmc, Zr** is in blue and O% is in red): (a)
3D view; and (b) along the a-axis.
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Figure 2. Distance between Zr** and Zr** and bond length of Zr**-0? at 1073 K (units: A).

The predicted lattice energy (U) at 1073 K is shown in Table 4. The lattice energy becomes
smaller because of the incorporation of Dy®*, AI** and Ce** cations to 8YSZ. As the CTE
increases with the decrease in the lattice energy,® the addition of Dy®*, AI** and Ce** cations

could potentially contribute to the increase in CTE values.

8YSzZ DYo0.03Y0075Zr0.89501.9a8  DY0.03Al0.03Y0.081Zr0.85901.920  DY0.03C€0.05 Y 0.080Z0.8401.945

U(eVv) 107.77 106.54 105.34 105.95

Table 4. Predicted lattice energy of various rare earth cations doped zirconia at 1073 K.

The CTE of a tetragonal oxide is anisotropic with respect to a-, b- and c- crystallographic axes
in a unit cell. The predicted lattice constant against temperature was fitted to the nonlinear

regression equation in each axis [Supporting Information, Equation (2)-(9)], and the thermal

1.4

T 32 The experimental CTE was determined using

expansion was calculated from

NETSCH Proteus® software with a temperature difference of 100 K, and this does not
qualitatively affect the comparison. In the MD simulation, the incorporation of Dy**, AI** and
Ce** cations to 8YSZ has led to the increase in the CTE along the a- and b- axes, whereas

predicted CTE along the c- axis shows a decreasing trend due to Dy%*, APF* and Ce*



substitution. The predicted average CTE values of Dy**, AI** and Ce** incorporation to YSZ

are higher than that of YSZ, in a similar trend with experimental results. Measured and

calculated CTE data at 1073 K is displayed in Table 5.

8YSZ DYo0.03Y0.075Zr089501.048  DYo.03Al0.03Y 0.081Zr0.85001.929

DY0.03Ce0.05Y0.080Zr0.8401.945

CTE 3.6532 8.1313 5.5116
(a-/b-)

CTE (c-) 7.2237 6.9274 6.2273
Average 48434  7.7300 5.7501
CTE

Tetragonality 1.0001  1.0003 1.0000
Cc

(%2

CTE via 11.1214 12.1179 11.9893
experiment

6.7527

7.0460

6.8505

1.0000

12.0921

Table 5. CTEs of various cations doped zirconia as determined via MD simulation and

experiment at 1073 K (CTE units: 10%-K1).

Anisotropic thermal expansion along the a-, b- and c- axes of non-cubic crystalline solids such

as tetragonal structure, results from the elastic anisotropy.®* In anisotropic crystalline solids,

the volumetric CTE (ov) can be calculated from the linear CTEs of the a-/b- and c- axes by,

oy = 20,/ + O

©)

where oab and ac are CTEs along a-/b- direction and c- direction, respectively.® In a cubic

crystalline solid, the linear CTE is derived from the volumetric CTE by o = %av. Measured

AL
. d(o)
thermal expansion by  ™°

/ dT corresponds to an average of linear CTES over a-, b-, and c-

axes, due to isotropic crystalline phases in the longitudinal direction of a sample.

A Grineisen model has been proposed for the computation of thermal expansion (o) for the

isotropic system via,

vYCy
o, =
V' koVm'

(4)



where y is Griineisen parameter, Ko is the bulk modulus, Vr is the molar volume and Cy is the
isochoric specific heat per mole.®® The compositional dependence of isotropic CTEs of YSZ
on the Y3* concentration has been investigated using a MD simulation based on the Griineisen
model.3” The calculated CTEs were approximately 20% smaller, as compared with the
measured value, whereas the addition of Y3* to ZrO; lattice resulted in an increase in the bulk

modulus and a decrease in CTEs.

Furthermore, the addition of Dy** to YSZ decreases the anisotropy of CTE (ac/0a),%® whereas
adding AI** and Ce** to YSZ leads to an increase in CTE anisotropy. AI** has a smaller ionic
radius and atomic weight, while Ce** has a larger ionic radius and atomic weight, as compared
with Zr**, which enhances the anharmonic interaction of ions. Dynamic variation of the
tetragonality (c/+/2a ratio) has been calculated to assess phase stability at elevated temperatures.

Doping Dy** to YSZ enhances the tetragonality, whereas doping AI** and Ce** to YSZ leads
to a slight reduction in the tetragonality at 1073 K. The t’- (1.000<c/+/2a<1.010) and t>’-

(c///2a=1.000) tetragonal structures have been reported to be metastable phases with increased
resistance to phase transformation and high mechanical properties.®® Hence, the addition of
Dy®*, AI¥* and Ce** to YSZ facilitates the formation of the desirable t’- /t’’- tetragonal structure.
From the simulation, different doping of multi-cation and their concentrations as well as the
resultant stoichiometries of multi-cation doped YSZ have been established, as shown in Table
5, and this has guided the materials design of multi-cation doped YSZ and validated

experimentally.

Structural Characterization
The crystal structure of doped YSZ was characterized by XRD and the results are shown in

Figure 3. The main phase composition has a tetragonal structure and no diffraction peaks from
other phases are identified. Additionally, the double-peak (004) and (220) in the XRD in Figure
4 were obtained using a slow-scan process. The addition of Dy** to YSZ slightly decreased the
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differences of the 20 angles for (004) and (220), whereas doping Ce** resulted in the decrease
of (004) and (220) with a separation of 0.6792°. When Zr** is substituted by Dy** and AI**
cations, oxygen vacancies would form, bringing about the tetragonal distortion of the oxygen
sublattice. In contrast, doping Ce*" to YSZ would create less oxygen-sublattice distortion
because less oxygen vacancy can be formed in Ce** substituting Zr** than in Dy®* substituting
Zr** 4% The ionic radius of AI** (0.54 A) is smaller than that of Ce** (0.97 A), suggesting that
the lattice distortion due to the AI** incorporation would be larger than that resulting from the

Ce** incorporation.
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Figure 3. XRD patterns of Dy**, AI** and Ce** doped YSZ calcined at 1200°C for 2 hours: (a)
DY0.03Ce€0.05Y0.080Zr0.8401.945; (b) DY0.03Al0.03Y 0.081Zr0.85901.929; (C) DY0.03Y 0.075Zr0.89501.948;
and (d) 8YSZ, adapted from %.
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Figure 4. Slow-scan XRD patterns and 26-angle differences (o) between (004) and (220)
peaks of: (a) 8YSZ (6 =0.8768°), adapted from 22; (b) DYo.03Y 0.075Zr0.89501.948 (6 =0.8044°);
(c) Dy0.03Al0.03Y0.081Zr0.85901.920 (0 =0.8013°); and (d) Dyo.03Ce€0.05Y 0.080Zr0.8401.945 (0
=0.6792°).

The crystalline size as estimated by the line broadening using the Scherrer equation shows that
the addition of AI** and Ce** cations would limit the average crystalline size, as shown in Table

6. Moreover, the grain growth was decreased with the addition of Dy3* and AI®* cations,

that the sintering resistance of  Dyo0.03Ce0.05Y0080Zr0.8401945 and

implying

Dyo.03Al0.03Y0.081Zr0.85901.920 Was enhanced, which would be highly desirable for thermal

barrier applications.

Temperature 8YSZ

DYo0.03Y0.075Zr0.89501.948

Dyo.03Al0.03Y 0.081Z10.85001.929

Dyo0.03Ce0.05 Y 0.080Zr0.8401.945

950°C
1200°C

Difference

2251
62.03
39.52

25.19
57.11
31.92

21.63
54.50
32.87

19.74
63.61
43.87

Table 6. Average crystalline size of Dy**, AI** and Ce** doped YSZ at different temperatures
(units: nm). 8YSZ data is adapted from 22,
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Raman analysis was carried out to study the molecular symmetry as presented in Figure 5. Five
vibrational modes are observed from 200 cm™ to 800 cm, representing the tetragonal structure.
For Dyo.0sAloosYo0s1Zr0ss901.920, 256 cm™* represents the Eq stretching mode; 324 cm™ is the Zr-
O Byg bending mode; 465 cm™ indicates the Zr-O stretching Eq mode; 613 cm™ is the symmetric
O-Zr-O Aqgq stretching mode; 638 cm™ represents the asymmetric O-Zr-O Eg stretching mode.*
This corresponds well with the lattice structure, as determined by XRD, which confirms that
the molecular symmetry in Dy**, AIP* and Ce* doped YSZ is tetragonal rather than cubic,

which is desirable for thermal barrier coatings.

256

246 633
328 465

(b)

Intensity (a.u.)

200 300 400 500 600 700 800
Raman shift (cm™)

Figure 5. Raman spectra of Dy**, AI** and Ce** doped YSZ: (2) DYo.03Al0.03Y0.081Zr0.85901.929;
(b) Dyo.03C€0.05Y 0.080Zr0.8401.945; (C) DY0.03Y0.075Zr089501.948; and (d) 8YSZ, adapted from %2,
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Coefficient of Thermal Expansion
Figure 6 shows the CTE values of Dy**, AI** and Ce** doped YSZ from 300°C to 1000°C. The

CTE of each composition was measured twice and the errors were estimated within +5%. The
error bars are not presented because they will result in the difficulty of comparison between
different data points at high temperatures. The decrease of CTE above 900°C could be resulted
from sintering effect and diffusion of ions.*>*® The addition of 3 mol% Dy?* cations to ZrO:
increased the CTE by 9-14%. The increase of the CTE could be due to the lower binding energy
of Dy-O (615 kJ.mol™) than that of Zr-O (766.1 kJ.mol™) and the ionic radius of Dy** (1.03 A,
CN=8) is larger than that of Zr** (0.84 A, CN=8).1®> Lower binding energy can enhance the
dilation at high temperatures* 4°; a larger ionic radius misfit between the doping and host
cations leads to a lattice distortion which can weaken the ionic bond.***® Furthermore, the
addition of 3 mol% AI** and 5 mol% Ce** cations to ZrO; increased the CTEs. The binding
energy of Al-O (501.9 kJ.mol™?) is smaller than that of Zr-O, and the ionic radius of AI** (0.54
A, CN=6) is smaller than that of Zr**. Although the binding energy of Ce-O (790 kJ.mol™) is
larger than that of Zr-O, the ionic radius of Ce** (0.97 A, CN=8) is larger than that of Zr**
which could bring about the lattice distortion and weaken the ionic bond. The addition of
trivalent cations, such as AI** and Dy**, could create oxygen vacancies which can weaken the

chemical bond and increase the CTE values.®’
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Figure 6. Measured CTEs of Dy®*, AI** and Ce** doped YSZ. 8YSZ data is adapted from 22,

Model Validation
The predicted CTE has a deviation of 46-56%, as compared with the measured CTE data (Table

5). These differences could be due to the assumption of the polycrystalline in the bulk sample
which has the isotropic CTE over a-, b- and c- axes. Bulk polycrystalline structure tends to
contain the imperfections such as grain boundaries, micro-cracks, cation and anion vacancies
and porosity which can weaken the ionic bond and increase the CTE value. The simulation unit
cell consists of a single crystal that does not contain these imperfections, in part contributing
to lower predicted CTE values than the experimental results. Additionally, the interatomic
forces for the model are approximate, which means that the predicted CTE will not exactly
match that for a perfect crystal lattice. This molecular model of YSZ substituted by trivalent
and tetravalent cations has probed the lattice parameters at the atomic scale and predicted the
dynamic changes of tetragonality, providing a new and deeper insight into compositional

dependent CTE.
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Conclusions
In this work, MD simulation was used to investigate the impact of doping multiple trivalent

and tetravalent cations to 8YSZ on the lattice structure, lattice energy and CTE. Atomic scale
insights into synergetic doping effects of trivalent and tetravalent cations with various ionic
radius and bonding energy on thermal expansion in ZrO; are vital to the materials design and
facilitate the selection of suitable multi-cation dopants and their stoichiometries for the

development of novel thermal barrier materials, which have also been validated experimentally.

Exploiting the lattice structure and lattice energy of various cations doped YSZ enable us to
obtain an in-depth understanding on the anisotropic nature of the tetragonal structure, and
discover that doping Dy**, AI** and Ce** would stabilize the tetragonal phase and enhances the
thermal expansion properties. The incorporation of Dy** and Ce** cations to 8YSZ increased
the lattice size, whereas the incorporation of AI®* cation decreased the lattice constant. The
lattice energy was decreased due to doping Dy**, AI** and Ce*" cations to 8YSZ, while the
tetragonal structure has been maintained with the dynamic variation in tetragonality as
temperature increases from 295 K to 1873 K. From the experiment, the resistance to grain
growth at 1200°C was enhanced by incorporating Dy** and AI®* cations to 8YSZ, whereas the
grain size was reduced due to the addition of AI** and Ce**. CTEs of Dy**, AI** and Ce** doped
YSZ were increased, as compared with that of 8YSZ, and the doping effects agreed reasonably

well with the MD simulation.

Increased resistance to grain growth and enhanced CTEs would allow the thermal expansion
mismatch and thermal stress in coatings to be reduced, therefore significantly enhancing the
lifetime of thermal barrier materials during the thermal cycling process. Due to the ubiquitous
nature of the anisotropic thermal expansion of the tetragonal structure and its importance in
high-temperature devices such as solid oxide fuel cells and TBCs, this work gives theoretical

CTE values and could accelerate the discovery of novel materials for the technological
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applications. This current work and approach can be extended for future studies that focus on

comprehensive and systematic simulation of novel materials, for instance, tetragonal,

pyrochlore, fluorite and perovskite crystalline system with sophisticated compositions

including multiple dopants, for critical applications such as high temperature and extreme

environment.
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