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Rare-earth zirconates (RE2Zr2O7, RE= rare earth elements) are considered as promising thermal barrier coating
(TBCs)materials. However, their thermal expansion coefficient (TEC) is relatively low comparing with that of ei-
ther the state-of-the-art TBCs material Yttria-stabilized Zirconia (YSZ), or the metallic bond-coat. In present re-
search, Cerium was introduced as the substitution of Zirconium to improve the TEC of rare-earth zirconates. A
series of Yb2(Zr1−xCex)2O7 solid solutions were synthesized and investigated. Experimental results revealed
that their TEC is remarkably increased with the Cerium substitution content. Meanwhile, their thermal conduc-
tivity shows no obvious increase compared with that of Yb2Zr2O7due to the phonon scattering effect.

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Thermal barrier coatings (TBCs) are commonly employed in hot-
path components in gas turbines, jet engines and other propulsion sys-
tems to protect the super-alloy components, hence enable the engines
to operate at higher temperatures [1–9]. The state-of-the-art TBCs ma-
terials is 7–8 wt% Yttria-stabilized Zirconia (YSZ) with relatively low
thermal conductivity and good comprehensive mechanical properties
[1,5–7]. However, there are still some problems, such as the non-
equilibrium phase degradation, silicate melts generically known as
CMAS corrosion, thermally grown oxides, restricting the further appli-
cation of YSZ above 1200 °C [1–3,5]. In the past decade, an enhanced in-
vestigation of novel materials has led to the discovery of some
promising candidates for TBCs at higher temperatures [4–6]. Among
them, RE2Zr2O7-type rare-earth zirconates with pyrochlore or defective
fluorite structure are proposed as practical alternatives of YSZ and have
already been applied in some high temperature gas turbines [7]. How-
ever, the relatively low thermal expansion coefficient (TEC) is the fatal
problem of the rare-earth zirconates to be improved [5,6].

In present research, a series of Yb2(Zr1−xCex)2O7 compounds are de-
signed and investigated, in consideration that the lattice relaxation in-
duced by the substitutions may increase the TEC, while the phonon
scattering effect may also reduce the thermal conductivity. The Yb2
(Zr1−xCex)2O7 (x = 0, 0.1, 0.3, 0.5) specimens were synthesized by the
solid-state reaction method. The starting materials were Yb2O3
.

ier Ltd. All rights reserved.
(99.99%, Rare-Chem. Hi-Tech. Co., Ltd), ZrO2(99.9%, Guangdong Orient
Zirconic Ind. Sci & Tech Co., Ltd), CeO2(N99.5%, Tianjin Bodi Chemical In-
dustry Co. Ltd), which were precisely weighted to yield the designed
compositions and ball-milled with ethanol by a planetary-mill (Fritsch,
Pulverisette 6) for 12 h (300 r/min). Notably, all starting materials were
calcined at 1000 °C for 5 h before weighting to remove the gas absorp-
tions. The slurries were rotary evaporated and dried at 120 °C for 24 h
to complete the dehydration. The resulting powders were sieved and
pressed by uniaxial cold pressing (100 MPa) followed by isotactic cold
pressing (220 MPa, 5 min) to prepare the green bodies with proper
shapes and sizes. Then the green bodies were pressure-less sintered to
obtain the dense specimens. The sintering process, relative density
and phase structure of the specimens are shown in Table 1. The relative
density of all the specimens measured by the Archimedes method is
higher than 95%. Finally, the specimens were machined into 1 mm ×
Φ10mm discs and 4.5 × 4 × 25 mm cuboids for thermal conductivity
and TEC measurements, respectively.

Thephase structure of the specimenswas characterized byX-raydif-
fraction (XRD, D/max-RB, Rigaku, Japan, Cu/Kα) at a scanning speed of
10°/min and their microstructure was observed by scanning electron
microscopy (SEM, JSM-7001F, JEOL, Japan). Raman spectroscopy
(LabRAM HR800, Horiba, France, He\\Ne laser with radiation at
632.81 nm) was applied to estimate the detailed lattice structure of
the specimens, as a complement of the XRD results. The accuracy of
the recording of wave numbers is about 1 cm−1. Thermal diffusivity
(α) of the specimens wasmeasured by the laser flash method (Netzsch
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Table 1
The phase content, sintering process, relative density and phase structure of Yb2(Zr1−xCex)2O7 specimens.

x Composition Abbreviation Sintering process Relative density Phasea

0 Yb2Zr2O7 YZ 1600 °C/10 h N99% F
0.1 Yb2(Zr0.9Ce0.1)2O7 YZ9C1 1600 °C/10 h 95.1% F
0.3 Yb2(Zr0.7Ce0.3)2O7 YZ7C3 1600 °C/10 h 95.8% F
0.5 Yb2(Zr0.5Ce0.5)2O7 YZ5C5 1550 °C/5 h 96.1% F

a F represents the fluorite structure phase.
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LFA 427, Bavaria, Germany) from room temperature (RT) to 1000 °C in
an argon atmosphere and the results were corrected by Cape-Lehmann
model [10]. Thermal conductivity (κ0) was then calculated as

κ0 ¼ ρ � c � α ð1Þ

where c is the heat capacity estimated by Neumann–Kopp rule and ρ is
the bulk density of the specimens. Taking into account of the porosity
(ϕ),thermal conductivity (κ) of fully dense specimens can be modified
as [11].

κ0=κ ¼ 1−4=3ϕ ð2Þ

Besides, TEC was measured by thermal expansion instrument
(NETZSCH, DIL 402HP) within the temperature range of RT to 1500 °C.

As shown in Fig.1(a), all the specimens exhibit a fluorite phase struc-
ture (F-type) and no diffraction peaks of impurity phases were ob-
served, indicating that all the starting materials have completely
formed the solid solutions. The partial enlarged part of XRD patterns
in Fig.1(b) reveals that the peaks shift to the lower anglewith increasing
fraction of Ce4+due to its larger ionic radius comparing with Zr4+. The
Fig. 1. Structural characterization of specimens (a) XRD patterns, (b) Partial en
lattice parameters of substituted compounds increase linearly with
composition (Fig.1(c)), which is in agreementwith Vegard's law. There-
fore, it can be concluded than Ce4+ has entered the site of Zr4+and infi-
nite substitutional solid solutions have formed. Raman spectroscopy,
which is primarily sensitive to the short-range periodicity, was applied
to explore the lattice structure of the specimens and the results gives a
further insight. As shown in Fig.1(d), YZ specimen has almost no Raman
activity due to the disorder of its defective fluorite structure. However,
with the increase of the Ce4+ fraction, Raman intensity of the specimens
shows a gradual increase. It was reported that the Raman activity of
solid solutions increases due to the super-lattice structure (C-type) in-
troduced by the Ce4+ substitution [12]. In brief, all the substituted spec-
imens show a defective fluorite-type structure, yet as the Ce4+ fraction
increases, the ordering of the lattice is enhanced. Furthermore, accord-
ing to SEM images of the specimens shown in Fig.2, the grain boundaries
are clean and clear, no intermediate phases or precipitated particles
were observed, indicating the single phase structure and the good sta-
bility of the specimens at sintering temperature.

It is widely accepted that the failure of TBCs is mainly caused by the
TEC mismatch between top-coat, TGO and bond-coat, as well as the re-
lated thermal stress accumulation [1–3]. Thus, relatively high TEC is of
larged detail of XRD patterns, (c) Lattice parameters, (d) Raman spectrum.



Fig. 2. SEMmicrographs of hot corrosion surface of specimens (a)YZ, (b)YZ9C1, (c)YZ7C3, (d)YZ5C5.
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great importance to improve the lifetime of TBCs. Fig.3(a) shows the
temperature dependence of the thermal expansion rate ΔL/L0 of Yb2
(Zr1−xCex)2O7 specimens within the range from RT to1500 °C. Several
conclusions can be obtained: (i) the thermal expansion curve of all the
specimens keep a linear relation, indicating no phase transition occurs
over the temperature range; (ii) the expansion rates of the substituted
specimens are greater than that of Yb2Zr2O7; (iii) the higher fraction
of Ce substitution, the higher the thermal expansion rate. This can also
be seen more clearly in Fig.3(b) that the TEC increases rapidly with
the increasing Ce fraction x. Furthermore, the inset figure of Fig.3
(b) shows that the engineering TEC (ETEC) of Yb2(Zr1−xCex)2O7 has an
approximately linearly increasing relation with x. There are many fac-
tors that influence the TEC of ceramic materials, and dominant factors
are different for different materials. In present research, the improved
TEC of Yb2(Zr1−xCex)2O7 compounds can be attributed to several factors
as follows: (i) lattice relaxation and distortion caused by the larger ionic
size of Ce4+ substitutions than the Zr4+ matrix (as shown in Table 2);
(ii) partial reduction of Ce4+ to Ce3+ at elevated temperatures [13];
Fig. 3. Thermal expansion performance of specimens (a)
(iii) weakened binding energy. It is known that, for ionic compounds,
the crystal lattice energy can be expressed as [14]:

U ¼ N0Az
þz−e2

r0
1−

1
n

� �
ð3Þ

where N0, A, z, r0 and n represent the Avogadro's number, Madelung
constant, ionic charge, inter-ionic distance, unit charge of electron and
Born exponent, respectively. Considering the substituted compounds
are all isostructural, it is reasonable to assume the Madelung constant
and the Born exponent to be invariable. Hence, the lattice energy is
mainly dominated by the inter-ionic distance. As shown in Fig.1(c),
with an increasing x, the lattice parameter increases, which means an
increasing of the r0. Therefore, the lattice energy decreases with an in-
creasing x, leading to a rise of the TEC.

Need to be further mentioned, as shown in Fig.3(b), the TEC has a
sudden drop at about 200 °C for YZ7C3 and YZ5C5 specimens. A similar
phenomena has also been reported for La2Ce2O7 [13]. However, CeO2
Expansion rate, (b)Thermal expansion coefficients.



Table 2
The atomicmass and ionic radius of the relevant elements in the present research. For ox-
ygen vacancies, they are assumed to be zero for simplicity.

Element Zr4+ Ce4+ O2− □

Atomic mass (g/mol) 91.2 140.1 16.0 0
Ionic radius (pm) 72 87 137 0
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does not have such a property. By XRD tests at elevated temperatures, it
was shown that La2Ce2O7 maintains the fluorite structure within
25–300 °C, but the lattice parameter contracts at about 190 °C [13]. As
a comparison, the lattice parameter of La2Zr2O7 shows monotonic in-
crease with the increasing temperature. Considering there are a large
number of oxygen vacancies and both the strength of vibration and
the transverse vibration motions control the thermal expansion of the
La2Ce2O7, Cao et al. [13] attributed the thermal contraction of La2Ce2O7

to the reason that transversemotion is comparable to the strength of vi-
bration or even stronger than strength of vibration at the medium tem-
perature in crystal.

Thermal conductivity is another key property of TBCs dominating
the heat insulation ability. Reducing the intrinsic thermal conductivity
is a major topic for developing advanced TBCs [15–21]. As shown in
Fig.4(a), with Ce fraction increase, the thermal conductivity of Yb2(Zr1
−xCex)2O7 solid solutions decreased first and then increased. The in-
creased phonon scattering due to the substitutions is considered to be
mainly responsible for the thermal conductivity reduction [7]. Based
on elastic continuum treatments, the theoretical thermal conductivity
of the substituted compounds can be estimated [19]. The thermal con-
ductivity of Yb2(Zr1−xCex)2O7 compounds at temperatures above the
Debye temperature is inversely proportional to the square root of the
defect phonon scattering coefficient [22]:

κ∝Γ−
1=2 ð4Þ

For A2B2O7 fluorite-related compounds, taking oxygen vacancies as
imperfections on the O site, the scattering coefficient of solid solution
is the integration of the scattering coefficient on A, B and O sites:

Γ ¼ 1
6

MA

M

� �2

ΓA þ 1
6

MB

M

� �2

ΓB þ 2
3

MO

M

� �2

ΓO ð5Þ

whereM is the average atomic mass of the whole lattice.Mi and Γi refer
to the average atomic mass and scattering coefficient on the corre-
sponding site, respectively. Specifically for Yb2(Zr1−xCex)2O7 solid
Fig. 4. Thermal conductivity of specimens (a) Experimental values, (b)Simu
solutions, and the scattering coefficient on each site can be written as
(ΓA = 0):

ΓB ¼ x 1−xð Þ ΔMB

MB

� �2

þ ε
ΔδB
δB

� �2
" #

ð6Þ

ΓO ¼ 1
8
� 7
8

ΔMO

MO

� �2

þ ε
ΔδO
δO

� �2
" #

ð7Þ

where δi is the average ionic radius on the corresponding site, and ε the
strain field factorwhich can be expressed by theGrüneisen parameterγ
and Poisson ratio σ:

ε ¼ 2
9

6:4� γ � 1þ σ
1−σ

� �2

ð8Þ

γ ¼ 3αlKT

ρCp
ð9Þ

whereαl, KT, ρ and Cp represent the TEC, isothermal bulkmodulus, den-
sity and heat capacity, respectively. Using the atomic mass and ionic ra-
dius of the related elements as shown in Table 2, calculated results are
shown in Fig.4(b) to compare with the experimental values at room
temperature. One can see that, a comparison of the observed values
with calculated values of the thermal conductivities showed a relatively
good agreement, whereas the deviation becomes more and more obvi-
ous as doping concentration increased. The thermal conductivity of ex-
perimental values higher than the calculated results at high doping
concentration mainly due to rare-earth zirconate cannot be seen as a
matrix material at high doping concentration, and the RE2Ce2O7 have
higher thermal conductivity than that of RE2Zr2O7. Furthermore, as
mentioned above, the enhanced ordering of the lattice as Ce4+ fraction
increases also give rise to the reduction of scattering coefficient, leading
to the increase of thermal conductivity. However, as shown in Fig.4, the
thermal conductivity of all substituted compounds have no obvious in-
creased compared with the pureYb2Zr2O7 and lower than established
YSZ.

In conclusion, a series of substituted compounds Yb2(Zr1−xCex)2O7

(x = 0, 0.1, 0.3, 0.5) were synthesized and investigated. Due to the lat-
tice relaxation and the conversion of Ce4+ to Ce3+ at elevated tempera-
tures, the TEC of these solid solutions is remarkably increased. The
engineering TEC has an approximately linear increase with the fraction
of Ce substitution. It is also shown that, due to the strong phonon
lation results combing with experimental values at room temperature.
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scattering, the thermal conductivity of solid solutions decreased at low
doping concentration, and turn to almost stable at high doping concen-
tration. The thermal conductivity is similar with Yb2Zr2O7 and much
lower than that of YSZ. Considering the stable phase structure, im-
proved thermal expansion behavior and also the low thermal conduc-
tivity, Yb2(Zr1−xCex)2O7 (x ≤ 0.5) compounds may be promising
candidates for thermal barrier coatings.
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