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Abstract

Sm2(Ce1-xTix)2O7 (where x = 0, 0.1,0.3, 0.5) solid solutions were synthesized by conventional solid state re-
action method using Sm2O3, CeO2 and TiO2 as raw reactants. The synthesized powders were pressed into
pellets by cold isostatic pressing and pressure-less sintered at 1600 °C for ten hours. Their phase-structure
and thermophysical properties were studied. The synthesized samples exhibit single defect fluorite-type struc-
ture. Due to the phonon scattering by substitutional atoms, the thermal conductivities of the Sm2(Ce1-xTix)2O7

solid solutions decrease with the increasing Ti4+ content over the entire temperature range, which are signifi-
cantly lower than that of yttrium stabilized zirconia (YSZ). The thermal expansion coefficients of the prepared
Sm2(Ce1-xTix)2O7 solid solutions also decrease with the increasing Ti4+ fraction, which can be attributed to the
lower titanium ion radius.
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I. Introduction

The yttrium stabilized zirconia (YSZ) thermal barrier

coatings have been applied to protect underlying hot-

section components of gas turbine engines from the hot

gas streams [1]. However, the main defect of YSZ is the

limited operating temperature for long-term application

due to the inherent phase-transformation and the en-

hanced sintering at high temperatures [2,3]. Therefore,

exploration of novel candidates for thermal barrier coat-

ings is the key challenge for hotter turbine engines. Re-

cently, the A2B2O7 oxides (where A = La, Nd, Sm, Gd,

Dy etc. and B = Zr, Ce) oxides with a pyrochlore-type

or a defect fluorite-type structure have attracted intense

interest due to their desirable thermophysical proper-

ties [4–8]. In recent studies, it has been reported that

the thermal conductivities and expansion coefficients of

the A2B2O7 oxides can be modified by doping with

one or more quadrivalent oxides [9–13]. For example,

Nd and Ce simultaneous substitution has significant in-

fluence on the crystal-structure of Gd2-xNdxZr2-yCeyO7

solid solutions. The Gd2-xNdxZr2-yCeyO7 (1.6 ≤ x ≤ 2,

0 ≤ y ≤ 0.4) ceramics have pyrochlore-type struc-
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ture, while the Gd2-xNdxZr2-yCeyO7 (0 ≤ x ≤ 2,

0.8 ≤ y ≤ 2) ceramics exhibit a defect-fluorite struc-

ture [9]. Wang et al. studied the thermal conductiv-

ity of La2(Zr1-xBx)2O7 (B = Hf, Ce, 0 ≤ x ≤ 0.5)

solid solutions, and found that the size difference domi-

nates the phonon scattering by point defects [10]. The

(Sm0.5Gd0.5)2(Ce1-xZrx)2O7 ceramics exhibit a defect-

fluorite structure, and the thermal expansion coefficients

and conductivities decrease gradually with increasing

Zr contents [11]. The thermal conductivities and expan-

sion coefficients of Gd2(Zr1-xTix)2O7 solid solutions de-

crease with increasing Ti content [12,13]. Furthermore,

several quadrivalent oxides, such as TiO2, SnO2 and

ThO2, were also used to reduce the thermal conductivity

of Y2O3-ZrO2 [14–16] and LaMgAl11O19 [17]. How-

ever, there were few reports about the thermophysical

properties of Sm2(Ce1-xTix)2O7 solid solutions. There-

fore, the influence of Ti substitution for Ce on thermo-

physcial properties of fluorite-type Sm2Ce2O7 was in-

vestigated in the current work.

II. Experimental procedure

In the current study, the Sm2(Ce1-xTix)2O7 solid solu-

tions were prepared by conventional solid state reaction

method. Sm2O3 (Ruier Advanced Materials Co., Ltd.,
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China; purity ≥99.9%), CeO2 (Ruier Advanced Materi-

als Co., Ltd, China; purity ≥99.9%) and TiO2 (Shen-

zhen Nanbo Structure Ceramics Co., Ltd, China; pu-

rity ≥99.9%) were selected as the precursor powders.

Appropriate amounts of Sm2O3, CeO2 and TiO2 were

weighted and mixed fully in an agate mortar, and the

resultant powders were pressed into pellets (17 mm di-

ameter and 2 mm thickness) under pressure of 10 MPa,

which were further compacted by cold isostatic press-

ing method at 200 MPa for five minutes. The compacted

samples were then pressure-less sintered at 1600 °C for

ten hours. The phase constituents of the synthesized

samples were identified by X-ray diffraction (XRD,

Bruker, D8 Advance, Germany) with CuKα radiation.

The RM2000 Raman system (Renishaw RM2000, Eng-

land) was used to record the Raman spectra of the ob-

tained samples at room temperature.

The actual density measurements of the sintered sam-

ples were carried out via the Archimedes principle with

deionized water as an immersion medium. In order to

observe the microstructure, the sintered samples were

polished by diamond paste and were then thermally

etched at 1500 °C for 2 h. The field emission scanning

electron microscope (SEM, Hitach S-4800, Japan) and

energy dispersive X-ray spectrometer were used to anal-

yse the surface microstructure. The Neumann-Kopp rule

was employed to calculate the specific heat capacity

based on the chemical composition of the sintered sam-

ples and the heat capacity data of the constituent ele-

ments. The thermal expansion properties of the obtained

bulk samples were studied via a high-temperature ther-

mal expansion instrument (Netzsch DIL 801, Germany)

between room temperature and 1200 °C. The sample

size for thermal expansion measurement was about 3 ×

4 × 5 mm. The thermal diffusivity investigation was per-

formed by a laser thermal apparatus (Netzsch LFA 427,

Germany) from 200 to 1000 °C. Two thin graphite films

were coated on the back and front faces of every sample

before measurement. In light of the investigated density,

specific heat capacity and thermal diffusivity, the Eq. 1

and Eq. 2 were used to calculate the thermal conductiv-

ities of the sintered samples [16,17]:

k = Cp · ρ · λ (1)

k

k0

= 1 −
4

3
ϕ (2)

where k, k0 and ϕ represent the thermal conductivity, ac-

tual thermal conductivity and porosity of the bulk sam-

ples.

III. Results and discussion

3.1. Phases and microstructure

XRD patterns of the sintered Sm2(Ce1-xTix)2O7 sam-

ples were plotted in Fig. 1 together with the data

of standard CeO2. It can be observed that the pure

Sm2(Ce1-xTix)2O7 solid solutions with single fluorite-

Figure 1. XRD patterns of sintered Sm2(Ce1-xTix)2O7 solid
solutions

Figure 2. Lattice parameters of sintered Sm2(Ce1-xTix)2O7

solid solutions

type structure were prepared successfully without any

XRD peaks of secondary phases. With increasing Ti

content, the positions of all reflections shift gradually to

the higher angles, which imply that Ce4+ ions were sub-

stituted partially by Ti4+ ions. The calculated lattice pa-

rameters for the synthesized samples are depicted in Fig.

2. Clearly, an appropriate linear decrease of the lattice

parameters for Sm2(Ce1-xTix)2O7 solid solutions can be

noted with increasing Ti-content.

For A2B2O7-type oxides, the crystal-structure is al-

ways determined by the ionic radius ratio of rA/rB.

In the range of 1.46 ≤ rA/rB ≤ 1.78, the stable

pyrochlore-type oxides can be formed. Below 1.46, the

defect fluorite-type oxides can be produced [19,20].

For Sm2(Ce1-xTix)2O7 solid solutions, the ionic radii

of Sm3+, Ce4+ and Ti4+ are 0.1079 nm, 0.097 nm and

0.606 nm. The rA/rB can be estimated by Eq. 3 in light
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Figure 3. Raman spectra of Sm2(Ce1-xTix)2O7 solid solutions

of the ionic radii of the component elements:

rA

rB

=
r(Sm3+)

(1 − x)r(Ce4+) + xr(Ti4+)
(3)

Thus, computed rA/rB values of the Sm2(Ce1-xTix)2O7

solid solutions are 1.11, 1.16, 1.25 and 1.37 for x = 0,

0.1, 0.3 and 0.5, respectively. Therefore, the synthesized

Sm2(Ce1-xTix)2O7 solid solutions are expected to exhibit

a defect fluorite-type structure, which agrees well with

the XRD patterns. Compared with XRD patterns, Ra-

man spectrum is considered to be more sensitive in char-

acterising the structural details and detecting the change

of ordering degree of pyrochlore or fluorite [20–24]. As

shown in Fig. 3, the Sm2(Ce1-xTix)2O7 solid solutions

have broad Raman bands, which confirms their fluorite

structure [20]. The bands at about 380 cm-1, 465 cm-1

and 580 cm-1 can be attributed to the F2g vibration mode

in light of the space group Fm3m of fluorite structure,

and the band at about 260–270 cm-1 is assigned to the

(a) (b)

(c) (d)

Figure 4. Microstructure of sintered Sm2(Ce1-xTix)2O7 solid solutions: a) x = 0, b) x = 0.1, c) x = 0.3 and d) x = 0.5

23



X. Chen et al. / Processing and Application of Ceramics 12 [1] (2018) 21–26

Eg mode [21–24]. In these compounds, the broad Ra-

man bands are believed to stem from structural disorder

[22], and these high-intensity broad bands are due to

the creation of a large number of oxygen vacancies [23].

Thus, the Raman spectra displayed in Fig. 3 further con-

firmed the possibility of the incorporation of Ti4+ into

Sm2Ce2O7 lattice, which is consistent with the XRD re-

sults.

Typical surface morphologies of Sm2(Ce1-xTix)2O7

solid solutions with x = 0.0, 0.1, 0.3 and 0.5 are exhib-

ited in Fig. 4. Obviously, the dense microstructures with

well-defined and closely packed grains can be obtained

in all the compositions. The grain size of these solid so-

lutions is several micrometers and the grain interfaces

are clean. With the increasing Ti content, relative den-

sities of the Sm2(Ce1-xTix)2O7 solid solutions measured

by Archimedes principle are 95.4%, 95.8%, 92% and

91.4% of theoretical density for x = 0, 0.1, 0.3 and 0.5,

respectively.

3.2. Thermal conductivity

The specific heat capacities of the Sm2(Ce1-xTix)2O7

solid solutions calculated by Neumann-Kopp rule at var-

ious temperatures are plotted in Fig. 5. From Fig. 5, the

calculated specific heat capacities are directly propor-

tional to temperature. As the TiO2 content increases, the

calculated specific heat capacities of Sm2(Ce1-xTix)2O7

solid solutions firstly decrease, with the minimum value

at composition of x = 0.1, and then starts increasing,

which can be fitted by the following Eq. 4–6:

Cp[Sm2(Ce0.9Ti0.1)2O7] =

0.37493 + 0.00009 × T − 4525.57935× T−2 (4)

Cp[Sm2(Ce0.7Ti0.3)2O7] =

0.3954 + 0.00009 × T − 4935.66579× T−2 (5)

Cp[Sm2(Ce0.5Ti0.5)2O7] =

0.41839 + 0.00009 × T − 5396.11733× T−2 (6)

In the temperature range of 200–1000 °C, the mea-

sured thermal diffusivities of the Sm2(Ce1-xTix)2O7

solid solutions are displayed in Fig. 6, which are the

arithmetic means of three measurements. The error bars

were not included in Fig. 6 because they are smaller than

the symbols. From Fig. 6, the thermal diffusivities of

all the specimens decrease with increasing temperature,

which exhibits dominant phonon conduction behaviour

as in most polycrystalline materials [23,24]. On the base

of thermal diffusivity, density and specific heat capacity,

the thermal conductivities of the Sm2(Ce1-xTix)2O7 solid

solutions were calculated by Eq. 1 and calibrated by Eq.

2, as displayed in Fig. 7. Clearly, Ti addition effectively

reduces the thermal conductivity of the pure Sm2Ce2O7,

and the thermal conductivities of the Sm2(Ce1-xTix)2O7

solid solutions at 1000 °C are within the range of 0.75–

1.17 W/m·K. The composition with x = 0.5 shows the

lowest thermal conductivity among all the investigated

solid solutions. It is well known that the thermal con-

Figure 5. Specific heat capacity of Sm2(Ce1-xTix)2O7 solid
solutions as a function of temperature

Figure 6. Thermal diffusivity of Sm2(Ce1-xTix)2O7 solid
solutions as a function of temperature

Figure 7. Thermal conductivity of Sm2(Ce1-xTix)2O7 solid
solutions as a function of temperature
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ductivity is proportional to the phonon mean free path.

The Sm2(Ce1-xTix)2O7 solid solutions were formed by

substituting Ti4+ for Ce4+ in Sm2Ce2O7. Due to the sig-

nificant difference in mass and ionic radius between Ti4+

and Ce4+, the substitutional point defects are introduced

in Sm2Ce2O7, which can increase the phonon scattering

and reduce the phonon mean free path [25]. Therefore,

the thermal conductivity of the pure Sm2Ce2O7 can be

reduced by Ti4+ doping, and the thermal conductivities

of the Sm2(Ce1-xTix)2O7 solid solutions are obviously

lower than that of YSZ [26].

3.3. Thermal expansion coefficient

Figure 8 plots the thermal expansion rate depen-

dence of the Sm2(Ce1-xTix)2O7 solid solutions on tem-

perature. Obviously, the thermal expansion rates of

all the samples are linear, which implies that the

Sm2(Ce1-xTix)2O7 solid solutions have excellent phase

stability up to 1200 °C. The relationship between ther-

Figure 8. Calibrated dilatometric data of Sm2(Ce1-xTix)2O7

solid solutions as a function of temperature

Figure 9. Thermal expansion coefficient of Sm2(Ce1-xTix)2O7

solid solutions as a function of temperature

mal expansion coefficient and temperature for all the

bulk samples was presented in Fig. 9. Clearly, own-

ing to the enlarged atomic-distance at high tempera-

tures [27], the thermal expansion coefficients for the

Sm2(Ce1-xTix)2O7 solid solutions increase with increas-

ing temperature from 20 to 1200 °C. In addition, the

Ti-doped Sm2Ce2O7 exhibits higher thermal expansion

coefficient than YSZ, and the thermal expansion co-

efficients of Sm2(Ce1-xTix)2O7 solid solutions decrease

with increasing TiO2 fraction in the entire temperature

range. It is well known that the thermal expansion coef-

ficient varies inversely with crystal energy [28]. As de-

scribed by Eq. 7, the crystal energy is closely related

with the Avogadro’s number (NA), the Madelung con-

stant (A), the ionic charge (z), the ionic charge of an

electron (e), the inter-ionic distance (r0) and the Born

exponent (n) [29]:

U =
NAAz+z−e2

r0

(

1 −
1

n

)

(7)

From Eq. 7 it can be deduced that the thermal expan-

sion coefficient is proportional to the inter-ionic distance

(r0), which can be reduced by doping smaller radius

Ti4+. Therefore, the thermal expansion coefficients of

the Sm2(Ce1-xTix)2O7 solid solutions decrease with in-

creasing Ti fraction. The thermal expansion coefficients

of the Sm2(Ce1-xTix)2O7 solid solutions at 1200 °C are

12.18×10−6 K−1, 11.92×10−6 K−1, 11.6×10−6 K−1 and

11.31 × 10−6 K−1 for x = 0, 0.1, 0.3 and 0.5, respec-

tively, which match the requirement for thermal barrier

coatings.

IV. Conclusions

The Sm2(Ce1-xTix)2O7 solid solutions with single

fluorite-type structure were successfully synthesized by

conventional solid state reaction method and sintered at

1600 °C. Their thermophysical properties exhibit obvi-

ous dependence on the Ti-doping fraction. Due to the

enhanced phonon scattering by point defects, the ther-

mal conductivities of the Sm2(Ce1-xTix)2O7 solid solu-

tions decrease with the increase in Ti content. The re-

duced thermal expansion coefficients of all the sam-

ples can be attributed to the smaller ion-radius of

Ti4+. The synthesized Sm2(Ce1-xTix)2O7 solid solutions

also exhibit excellent phase-stability up to 1200 °C.

The excellent thermophysical properties imply that the

Sm2(Ce1-xTix)2O7 solid solutions are promising candi-

date ceramics for thermal barrier coatings.
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