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a b s t r a c t

Two kinds of rare earth cerium oxides Gd2Ce2O7 and (Gd0.9Ca0.1)2Ce2O6.9 were prepared by solid state
reaction method at 1600 ◦C for 10 h. The phase compositions, microstructures, and their thermal con-
ductivities of these materials were investigated. XRD results revealed that single phase Gd2Ce2O7 and
(Gd0.9Ca0.1)2Ce2O6.9 with fluorite structure were synthesized. Results of SEM and EDS showed that the
ccepted 28 September 2010
vailable online 8 October 2010
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microstructures of these materials were dense and no other phases existed among grains. Because of
phonon scattering resulted by the oxygen vacancies and difference in atomic mass between substitu-
tional atoms and host atoms, thermal conductivities of Gd2Ce2O7 and (Gd0.9Ca0.1)2Ce2O6.9 are lower than
that of 8YSZ at 800 ◦C, and thermal conductivity of (Gd0.9Ca0.1)2Ce2O6.9 is lower than that of Gd2Ce2O7.
These results imply the Gd2Ce2O7 and (Gd0.9Ca0.1)2Ce2O6.9 can be used as novel candidate materials for
thermal barrier coatings in the future.
hermal barrier coatings

. Introduction

Thermal barrier coatings (TBCs) are widely used in both gas
nd diesel turbine engines to protect hot-section metallic compo-
ents from corrosion and oxidation at elevated temperatures, and
o enhance component life and performance [1,2]. Zirconate-based
eramic TBCs have attracted increasing attention for advanced
ngine applications due to their ability to provide thermal insula-
ion for hot-section components. Some important requirements for
ood TBCs are low thermal conductivity, high thermal expansion
oefficient, high-phase stability, and low sintering rate at elevated
emperatures [3]. However, zirconate-based ceramic is limited to
pplications below 1200 ◦C due to its sintering resistance and phase
tructure stability during long-term service [3,4]. In order to further
ncrease the operating efficiency, it is urgently needed to develop
ew thermal oxides with a significantly lower thermal conductiv-

ty than YSZ for further improvements in engine’s performance to

ncrease gas inlet temperatures to 1650 ◦C or higher. Two important
roups of candidate materials, one based on the co-doped of yttria-
tabilized zirconia (YSZ) with one or more metal oxides and the
ther on the rare-earth zirconate ceramics, have been developed
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for advanced gas-turbine engines, which are intended to operate at
temperatures as high as possible [5,6].

The rare earth zirconates with general formula Ln2Zr2O7
(Ln = rare earth elements) with pyrochlore structures or defect
fluorite-type structures, show promising thermophysical proper-
ties. The thermal conductivities of Ln2Zr2O7 (Ln = La, Nd, Sm, Eu,
Gd, Dy, etc.) ceramics range from 1.1 to 1.2 W/m K, which are lower
than that of YSZ [7–10]. Because of their promising thermophysical
properties, efforts have also been made to investigate the co-doped
Ln2Zr2O7 ceramics with one or more metal oxides in recent years
[10–14]. However, their have relative low coefficients of thermal
expansion (CTEs) resulting in high thermal stress in TBC applica-
tions, which is harmful for TBC’s performance [15–17].

It is well known that CeO2 has high thermal expansion coef-
ficient because of its lower melting point compared to ZrO2,
which indicates that the thermal expansion coefficient may be
improved by the substitution of CeO2 for ZrO2. That is, the
Ln2Ce2O7 (Ln represents rare earth elements, too) ceramics may
have larger thermal expansion coefficients than correspond-
ing Ln2Zr2O7 ceramics. Thermophysical properties of La2Ce2O7
and Nd2Ce2O7 ceramics have been reported by C.X. Qiang, etc.
Results show that La2Ce2O7 and Nd2Ce2O7 have lower thermal

conductivities than YSZ, while their thermal expansion coeffi-
cients are higher than those of La2Zr2O7 and Nd2Zr2O7 ceramics.
Moreover, they also show better phase stability at high tempera-
tures [18,19]. These properties indicate sufficiently that La2Ce2O7
and Nd2Ce2O7 can be explored as new thermal barrier coating

dx.doi.org/10.1016/j.jallcom.2010.09.196
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:zhs761128@163.com
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Fig. 1. XRD patterns of synthesized ceramics.

Table 1
Relative densities of Gd2Ce2O7 and (Gd0.9Ca0.1)2Ce2O6.9 ceramics.

2 2
(Gd0.9Ca0.1)2Ce2O6.9 respectively. Results of EDS analysis displayed
in Fig. 3(b) and Table 2 also imply that Ca2+ ions have been dissolved
in the Gd2Ce2O7 through substitution, which is consistent with XRD
pattern of (Gd0.9Ca0.1)2Ce2O6.9.

Table 2
Element atomic ratio of Gd2Ce2O7 and (Gd0.9Ca0.1)2Ce2O6.9 ceramics.
H. Zhang et al. / Journal of Alloys a

aterials. Patwe’s research results show that thermal expansion
oefficient of Gd2Ce2O7 is 13.8 × 10−6/K [20], which is greater
han that of Gd2Zr2O7 (11.6 × 10−6/K). However, thermal conduc-
ivity of Gd2Ce2O7 has not been reported up to now. In order
o confirm whether Gd2Ce2O7 can be explored as new candidate

aterial for thermal barrier coating materials, Gd2Ce2O7 ceramic
amples were synthesized by solid reaction and the microstructure
nd thermal conductivity of this ceramic were examined in this
esearch. Because the doption of substitutional ions can increase
honon scattering which is useful to reducing thermal conductiv-

ty of ceramic compounds, and there is no research report about
hermophysical properties of rare earth cerium oxides up to now.
o, the properties of (Gd0.9Ca0.1)2Ce2O6.9 were investigated at the
ame time, too.

. Experimental

Samples of Gd2Ce2O7 and (Gd0.9Ca0.1)2Ce2O6.9 were synthesized by means of
he solid state reaction method, using CeO2 (Rare-Chem Hi-Tech Co., LTD, purity
99.99), Gd2O3 (Rare-Chem Hi-Tech, Co., LTD, purity ≥99.99%) and CaO (purity
99.99%) as the starting materials. After mixing the constituents thoroughly in an
gate mortar, the powder mixtures were calcined at 800 ◦C for 5 h in air. Then the
owders were uniaxially cold pressed into pellets, and the pellets were placed on
erium tiles and sintered at 1600 ◦C for 10 h. The pellets were subsequently cooled
n air from 1600 ◦C in the end.

Phase composition analysis of the synthesized samples were determined by
-Ray diffractometry (XRD, X’Pert PRD MPD Holand) with Ni filtered CuK� radi-
tion (0.1542 nm) at the scanning rate of 4◦/min. The morphology of fractured
ross-sections was analyzed using scanning electron microscope (SEM, HITACHI
-4800).

The thermal diffusivities (�) of synthesized samples were measured using laser-
ash method (Model FlashLineTM 3000, Anter, USA) in the range between ambient
nd 800 ◦C in an argon atmosphere. The sample dimension for thermal diffusiv-
ty measurement was about 12.7 mm in diameter and about 1 mm in thickness.
efore thermal diffusivity measurement, both the front and back faces of the sam-
les were coated with a thin layer of graphite. These coatings were done to prevent
irect transmission of laser beam through the translucent specimens. The thermal
iffusivity measurement of the specimens was carried out three times at 200 ◦C,
00 ◦C, 600 ◦C and 800 ◦C, respectively. The specific heat capacity (Cp) as a function
f temperature was calculated from the chemical composition of Gd2Ce2O7 and
Gd0.9Ca0.1)2Ce2O6.9 and the heat capacity data of the constituent oxides, in con-
unction with the Neumann–Kopp rule [21,22]. The thermal conductivities (k) of
he specimens were calculated by Eq. (1) with specific heat capacity (Cp), density
�) and thermal diffusivity (�).

= � · � · CP (1)

Because the sintered specimens were not full dense, the measured values of
hermal conductivities were modified for the actual value k0 using Eq. (2), where

is the fractional porosity and the coefficient 4/3 is used to eliminate the effect of
orosity on actual thermal conductivity.

k

k0
= 1 − 4

3
� (2)

. Results and discussion

.1. Phase compositions

The XRD patterns of Gd2Ce2O7, (Gd0.9Ca0.1)2Ce2O6.9 and
d2Zr2O7 prepared by solid reaction are shown in Fig. 1. Fig. 1

ndicates that the XRD patterns of the prepared ceramics are coin-
ident with the standard spectrum of Gd2Ce2O7 and no other
hases exist in these products. It can be seen that the XRD pat-
erns of Gd2Ce2O7 and (Gd0.9Ca0.1)2Ce2O6.9 are similar to that of
d2Zr2O7. But Gd2Zr2O7 has two additional weak peaks between
� = 40◦ and 50◦. These two peaks can help us to distinguish the
uorite and pyrochlore structures [18,19]. It can be concluded
hat pure Gd2Ce2O7 and (Gd0.9Ca0.1)2Ce2O6.9 ceramics with fluo-

ite structure were synthesized in this research. The early research
esults revealed that the ionic radius ratio, RR = (r3+

A /r4+
B ) of oxides

ith the type of A3+
2B4+

2O7, and the oxygen parameter (x) gov-
rn the formation and phase stability of these oxides. Pyrochlore
xides can form for RR = 1.46–1.78 at one atmosphere, and flu-
Ceramic block Gd2Ce2O7 (Gd0.9Ca0.1)2Ce2O6.9

Density (g/cm3) 7.295 6.586
Relative density (%) 98.5 91.9

orite oxides will form if RR is lower than 1.46 [23]. The RR of
Gd2Ce2O7 and (Gd0.9Ca0.1)2Ce2O6.9 ceramics are only 1.144 and
1.132, respectively, which also indicate that these two ceram-
ics have fluorite structure. The lattice constants of Gd2Ce2O7 and
(Gd0.9Ca0.1)2Ce2O6.9 are 1.043 and 1.091 which are calculated
according to their XRD patterns. The lattice constant and the XRD
pattern of (Gd0.9Ca0.1)2Ce2O6.9 in Fig. 1show that Ca2+ ions have
been dissolved in the Gd2Ce2O7 through substitution.

3.2. Microstructure

Fig. 2 shows the typical microstructures of Gd2Ce2O7 and
(Gd0.9Ca0.1)2Ce2O6.9 prepared by solid reaction synthesis. As can be
seen from Fig. 2, the microstructures of the synthesized products
are very similar. Their microstructures are very dense. The densi-
ties of these samples determined by Archimedes method with an
immersion medium of deionized water are shown in Table 1. It can
be seen from Table 1 that, the relative densities of Gd2Ce2O7 and
(Gd0.9Ca0.1)2Ce2O6.9 ceramic samples are 98.5% and 91.9%, respec-
tively. The interfaces between particles were very clean and no
other interphases or unreacted oxides existed in the interfaces,
which is confirmed by the corresponding EDS analysis as shown
in Fig. 3 [24]. The EDS microanalysis pattern in Fig. 3 performed
on selected areas revealed the presence of mixed oxide phases
for Gd–Ce–O and Gd–Ca–Ce–O. The results of element atomic
ratios of these prepared products are displayed in Table 2. As can
be seen from Table 2 that the element atomic ratios are consis-
tent with the stoichiometry ratios making up to Gd Ce O7 and
Sample Element atomic%

Gd Ce O Ca Totals

Gd2Ce2O7 16.3 16.77 66.93 – 100
(Gd0.9Ca0.1)2Ce2O7 14.2 17.51 67.25 1.22 100
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ig. 2. Microstructure of ceramic samples (a) Gd2Ce2O7 (b) (Gd0.9Ce0.1)2Ce2O6.9.
.3. Thermal conductivities

The specific heat capacities of Gd2Ce2O7 and
Gd0.9Ca0.1)2Ce2O6.9 for various temperatures increase with

ig. 3. EDS analysis results of ceramic samples (a) Gd2Ce2o7 (b) (Gd0.9Ca0.1)2Ce2O6.9.
Fig. 4. Specific heat capacities of Gd2Ce2O7 and (Gd0.9Ca0.1)2Ce2O6.9 ceramic mate-
rials at different temperatures.

the temperature increase in the range between ambient and
1000 ◦C, which is plotted in Fig. 4. The specific heat capacities of
these ceramics can be fitted as the following equations in this
temperature range.

Cp(Gd2Ce2O7) = 0.3652 + 0.0001 × T − 56.1143 × T−2 (3)

Cp(Gd0.18Ca0.2Ce2O6.9) = 0.37486 + 0.0001 × T − 81.72533 × T−2

(4)

The thermal diffusivities of Gd2Ce2O7 and (Gd0.9Ca0.1)2Ce2O6.9
ceramics at different temperatures are presented in Fig. 5. It can be
seen from Fig. 5 that thermal diffusivities of these ceramic materi-
als decrease with the temperature increase in the range between

200 ◦C and 800 ◦C. The T−1-dependence of diffusivities for these two
ceramic materials suggests a dominant phonon conduction behav-
ior, which is common for most of the polycrystalline materials [25].

Fig. 6 indicates the thermal conductivities of Gd2Ce2O7 and
(Gd0.9Ca0.1)2Ce2O6.9 as a function of temperature. Thermal conduc-

Fig. 5. Temperature dependence of thermal diffusivities of Gd2Ce2O7 and
(Gd0.9Ca0.1)2Ce2O6.9 ceramic materials.
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ig. 6. Thermal conductivities of Gd2Ce2O7 and (Gd0.9Ca0.1)2Ce2O6.9 ceramic mate-
ials for various temperatures.

ivity of Gd2Ce2O7 decreased from 3.10 W/m K to 1.96 W/m K in this
emperature of 200–800 ◦C, and the value of thermal conductivity
f (Gd0.9Ca0.1)2Ce2O6.9 decreased from 2.52 W/m K to 1.87 W/m K.
hese results are almost lower 10% and 20% than that of YSZ (about
.15 W/m K at 800 ◦C [19]), respectively. It is well known that the
hermal conductivity of CeO2 is higher than that of YSZ at temper-
tures below 1300 ◦C (2.77 W/m K at 1000 ◦C).

To rationalize these results, the theory of heat conduction is
onsidered. In electrical insulating solids, the thermal conductivity
esults from lattice vibrations or by radiation. The contribution to
hermal conductivity from lattice vibration (k), the quanta of which
re known as phonons, is given by:

= 1
3

Cvlp�v (5)

here Cv is the specific heat capacity, � is the density, v is the
honon velocity and lp is the mean free path for scattering of
honons.

To reduce the intrinsic thermal conductivity of a material, reduc-
ions in the specific heat capacity, phonon velocity, mean free path,
r density are needed. The specific heat capacity at constant volume
Cv) for any system is constant at a value of 3kbN ≈ 25 J K−1 mol−1

bove the Debye temperature. The value of v is related with elastic
atio (E) and density (�), the effect of temperature on the elas-
ic ratio and density is not obvious, so the value of v may be also
egarded as a constant approximately. Consequently, the value of
he thermal conductivity (k) is mainly decided by the law that
he mean free path of phonon decreases with increasing tempera-
ure among most polycrystalline ceramic materials. In real crystal
tructures scattering of phonons occurs when they interact with
attice imperfections in the ideal lattice. Such imperfections include
acancies, dislocations, grain boundaries, atoms of different masses
nd other phonons. Ions and atoms of different ionic radius may
lso scatter phonons by locally distorting the bond length and thus,
ntroducing elastic strain fields into the lattice. The effects caused
y such imperfections can be quantified through their influence on
he phonon mean free path (lp). This approach has been used by

any workers, for which the phonon mean free path is defined by:

1 1 1 1 1

lp

=
li

+
lvac

+
lgb

+
lstrain

(6)

here li, lvac, lgb and lstrain are the contributions to the mean path
ue to interstitials, vacancies, grain boundaries and lattice strain,
espectively [26].
mpounds 509 (2011) 1226–1230 1229

The decrease of the thermal conductivity due to the phonon
scattering at grain boundaries is not expected in the case of the
ceramic materials investigated here. For a significant decrease in
the high-temperature range, the average grain size has to be in
the nanometer region, whereas the current specimens have grain
size in the micrometer range. Also, radiation heat transfer can
be neglected because the maximum temperature considered here
is only 800 ◦C. Thus, the decrease in the phonon conductivity is
assumed to result solely from phonon scattering by point defect.
The two types of point defects expected in the materials studied
here are substitutional gadolinium solute cation replacing cerium
and the corresponding oxygen vacancies created by the substitu-
tion of tetravalent cerium by a trivalent gadolinium cation. The
defect chemistry due to co-doping can be represented using the
Kröger–Vink notation by the following equation,

Gd2O3
CeO2−→2Gd′

Ce + V ′′
o + 3Ox

o (7)

where Gd′
Ce represents an Gd3+ cation that occupies a Ce4+ cation

site (single negative charge), V′′
o is a doubly charged (positive) oxy-

gen vacancy, and Ox
o is an O2− anion on an oxygen site (neutral

charge). The electric charges are defined with respect to the pure
CeO2 lattice. Eq. (7) shows that the higher the content of Gd2O3
is, the more oxygen vacancies are created. The content of Gd2O3 is
33 mol% in Gd2Ce2O7, while that of Y2O3 is only 4.02 mol% in 8YSZ.
Clearly, the concentration of oxygen vacancies in Gd2Ce2O7 is sig-
nificant higher than in 8YSZ. Therefore, the thermal conductivity
of Gd2Ce2O7 is lower than that of 8YSZ due to the scattering of the
phonons by the oxygen vacancies.

In addition to the phonon scattering by the oxygen vacancies,
another reason of low thermal conductivity of Gd2Ce2O7 is the scat-
tering of phonons by the substitutional cation. Gd2Ce2O7 is a solid
solute of Gd2O3 in CeO2. For substitutional atoms existing in the
lattice of oxides, the mean free path of phonon lp is given by [27],

1
lp

= a3

4�v4
ω4c

(
�M

M

)2

(8)

where a3 is the volume per atom, v the transverse wave speed, ω
the phonon frequency, c the concentration per atom, M the aver-
age mass of the host atom, M + �M the average mass of the solute
atom. Eq. (8) shows that the phonon mean free path is proportional
to the square of the atomic weight difference between the solute
and host (Ce) cations. Because atomic weight of Zr and Y are 91 and
89, respectively, the phonon scattering by Y3+ solute is negligible.
On the other hand, the atomic weight of Cerium and gadolinium
are 157.26 and 140, respectively, the effective phonon scattering
induced by Gd3+ solute cations is significantly higher than that
led by Y3+ solute cations, which contributes to the lower thermal
conductivity of Gd2Ce2O7.

It also can be noted from Fig. 6 that the thermal conductivity
of (Gd0.9Ca0.1)2Ce2O6.9 is lower than that of Gd2Ce2O7, the lower
thermal conductivity of (Gd0.9Ca0.1)2Ce2O6.9 can also be ascribed to
the scattering of phonons by the oxygen vacancies. It is well known
that the substitutional solid solution is formed by the substitution
of Gd3+ cation by bivalent cation when a bivalent oxide is doped
into Gd2Ce2O7. The substitution of two Gd3+ cations with two Ca2+

cations is accompanied by the incorporation of one oxygen vacancy,
to maintain the electroneutrality of the lattice. The defect chemistry
due to doping can be expressed using Kröger–Vink notation by the
following equation,

2Gdx
Gd + 2CaO → Gd2O3 + 2Ca′ + V′′

o (9)
where Ca′
Gd represents a Ca2+ cation that occupies a Gd3+ site. Eq.

(9) shows that doping of Ca2+ introduces more oxygen vacancies,
so the concentration of oxygen vacancies in (Gd0.9Ca0.1)2Ce2O6.9 is
greater than that in Gd2Ce2O7, which contributes to the lower ther-
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al conductivity of (Gd0.9Ca0.1)2Ce2O6.9 than that of Gd2Ce2O7. In
ddition, the atomic weights of Ca and Gd are 40 and 157.26, differ-
nce in atomic weight also contributes lower thermal conductivity
f (Gd0.9Ca0.1)2Ce2O6.9.

It is well known that low thermal conductivity is one of the most
ritical requirements for TBC. A good TBC material should have
much lower thermal conductivity [28]. The lower thermal con-
uctivity of Gd2Ce2O7 and (Gd0.9Ca0.1)2Ce2O6.9 in the temperature
ange between ambient and 800 ◦C indicates that these ceramic
aterials can be explored as novel candidate prospective ceramic
aterials for use in TBCs.

. Conclusions

1) Single phase Gd2Ce2O7 and (Gd0.9Ca0.1)2Ce2O6.9 with fluorite
structures were synthesized by solid state reaction methods
between Gd2O3, CeO2 and CaO powders at 1600 ◦C for 10 h.

2) The lower thermal conductivities of Gd2Ce2O7 and
(Gd0.9Ca0.1)2Ce2O6.9 can be attributed to the significantly
higher concentration of oxygen vacancies and the significantly
larger atomic weight of the solute cations in these two ceramic
materials.

3) Gd2Ce2O7 and (Gd0.9Ca0.1)2Ce2O6.9 can be explored as novel
candidate ceramic materials for use in thermal barrier coatings.
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