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Abstract

To optimize thermophysical performances, Sm3TaO7 was doped with Lu3+ and pressureless sintered at 1600 °C.

It was shown that Sm3+ is partly substituted by Lu3+ cations and the (Sm1-xLux)3TaO7 ceramics with a single
pyrochlore structure are obtained. With increasing x value from 0 to 0.5, the band gap increases gradually from
4.677 to 4.880 eV. Owing to the enhanced phonon scattering caused by Lu3+ doping, the thermal conductivities
at 800 °C of the prepared samples are in the range of 0.95–1.44 W·K−1

·m−1. It was also confirmed that the
phase transition is restrained effectively by substituting Sm3+ with Lu3+. Due to the reduction of crystal lattice
energy and average electro-negativity difference, the thermal expansion coefficient (TEC) is heightened with
increasing Lu content. TEC achieves the highest value (10.45 × 10−6 K−1 at 1200 °C) at the equal molar ratio
between Sm3+ and Lu3+ cations (i.e. x = 0.5), which is much higher than those of 7YSZ and Sm2Zr2O7 ceramics.
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I. Introduction

Increased working efficiency of gas turbines and

spacecraft engines can be achieved by thermal-barrier

coatings (TBCs) having more effective thermal insula-

tion for key metallic components at high-temperatures.

Due to the inherent phase-transformations and enhanced

shrinkage during sintering of 7–8 wt.% Y2O3-stabilized

ZrO2 (7YSZ) above 1200 °C, the current YSZ thermal

barrier coatings cannot undertake long-term applicabil-

ity [1–7]. Therefore, it is necessary to explore novel can-

didates for TBCs with excellent thermophysical proper-

ties.

Recently, rare earth tantalate compounds with for-

mula RE3TaO7 have drawn extensive attention due to

their excellent thermophysical properties [8–12]. For

example, it is reported that thermophysical properties

of Eu3TaO7 can be improved by ZrO2 addition, which

weakens the bonding strength of Eu3TaO7 [8]. Gd3TaO7

has lower thermal conductivity than YSZ, which can
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be reduced further by La3+ substitution for Gd3+ [9].

Thermal conductivity of Gd3TaO7 is also decreased by

Al2O3 addition, while coefficients of thermal expansion

for (AlxGd1-x)3TaO7 are in the same order with that of

7–8 wt.% YSZ [10]. Compared to La3TaO7, La2AlTaO7

has relatively low thermal expansion coefficient and

high thermal conductivity [11].

In addition, it is found that TiO2 addition can slightly

reduce thermal conductivity of Sm3TaO7, while the

phase transition cannot be suppressed effectively, and

the reason for this phase transition in Sm3TaO7 is not

explained [12]. It has been reported that phase transition

can be restrained via cation substitution with the same

chemical valence [13,14]. For example, the phase tran-

sition can be successfully moved to below room tem-

perature with increasing Fe3+ substitution with Sc3+ in

Fe2-xScxMo3O12, which induces no phase transition at

operating temperature [13]. The phase transition from

orthorhombic phase to tetragonal phase is suppressed

by Cr3+ substitution for Mn3+ in LiMn2O4 [14]. The in-

fluence of RE3+ substitution for Sm on crystal-lattice

and thermophysical properties of Sm3TaO7 ceramics

has not been studied openly up to now. Therefore, the

(Sm1-xLux)3TaO7 (x = 0, 0.1, 0.3 and 0.5) ceramics were
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processed and their microstructure and thermophysical

properties were examined in the present paper.

II. Experimental

In this study, the (Sm1-xLux)3TaO77 ceramics (where

x = 0, 0.1, 0.3 and 0.5) were prepared through solid state

sintering technique using Sm2O3, Lu2O3 and Ta2O5 as

raw oxides. All raw oxides were bought from Hzrare

Chem. Co. Ltd, Guangdong, China, whose purities are

greater than 99.9%. The selected precursors were cal-

cined at 1000 °C in air for 120 min to completely re-

move of adsorbed H2O and CO2. Subsequently, the

raw reactants were weighted in stoichiometric ratio and

ground fully for 1 h in an agate mortar. After 200-mesh

standard sieving, the mixtures were pressed at 12 MPa

for 5 min by hydraulic pressing, and then at 200 MPa for

10 min by cold isostatic pressing to form green samples.

Finally, the bulk samples were obtained by pressureless

sintering at 1600 °C for 12 h in air.

Crystal structure of the bulk specimens was con-

firmed employing X-ray diffractometer (XRD, D/Max-

2500M, Rigaku, Japan). Raman spectra of the bulk

specimens were collected by a laser Raman spec-

troscopy (inVia Reflex, Renishaw, England). Subse-

quently, surface microstructure of the sintered samples

was observed by scanning electron microscope (SEM,

Sigma 500, Zeiss, Germany). Elemental composition

was analysed via an energy dispersive spectroscopy

(EDS, Oxford, England). The bulk density (ρ) was con-

firmed by the Archimedes method and porosity (φ) was

obtained by the formula φ = 1 − ρ/ρ0 (ρ0 is the theoret-

ical density).

Reflectance (R∞) of the samples between 200 and

800 nm wavelength using BaSO4 as reference was ob-

tained by UV-Vis scanning spectrophotometer (UV-

3600plus, Shimadzu, Japan). Then the absorption (A)

and Kubelka-Munk remission function F(R∞) were

converted from reflectance by the following equations,

respectively:

A = − log R∞ (1)

F(R∞) =
(1 − R∞)

2R∞
(2)

The band gap (Eg) of the samples could be derived

from the Kubelka-Munk method [15]. Thermal diffusiv-

ity (λ) of the (Sm1-xLux)3TaO7 samples was tested by

a laser flash diffusivity thermal instrument (LFA 1000,

German Linseis); the specimen dimension was about

1 mm in thickness and 12.7 mm in diameter. To prevent

the laser penetrating through the translucent specimens

at high temperatures, both the back and front faces of the

samples were coated with a thin graphite film. Based on

the reference specific heat values of Sm2O3, Lu2O3 and

Ta2O5, the specific heat capacity (Cp) of specimens was

computed by the Neumann-Kopp rule [16]. The thermal

conductivity (k) of bulk samples was calculated accord-

ing to thermal diffusivity (λ), density (ρ) and specific

heat capacity (Cp) by Eq. 3. In order to eliminate influ-

ence of pore content (φ), the actual thermal conductivity

(k0) was computed by Eq. 4 [17,18].

k = Cp · λ · ρ (3)

k

k0

= 1 −
4

3
φ (4)

Thermal expansion performance of specimens

(25 mm × 4 mm × 3 mm) was investigated by the

thermal expansion apparatus (DIL 402 C, Netzsch,

Germany) between 50 and 1200 °C.

III. Results and discussion

3.1. Crystal structure and microstructure

XRD patterns of the (Sm1-xLux)3TaO7 ceramics (Fig.

1a) are consistent with PDF #38-1412 and eleven

diffraction peaks can be indexed to (111), (311), (222),

(400), (511), (440), (622), (444), (800), (662) and (840)

planes. The intense and sharp peaks of the patterns in-

dicate the high crystallinity of the synthesized ceramics

and no other phase is found. The XRD patterns of the

(Sm1-xLux)3TaO7 are very similar to that of Gd3TaO7

Figure 1. XRD charts of (Sm1-xLux)3TaO7 ceramics: a) 10° ≤ 2θ ≤ 90° and b) 25° ≤ 2θ ≤ 33°
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Figure 2. Raman spectrums under 532 nm of (Sm1-xLux)3TaO7 ceramics: a) normalized Raman spectrums and
b) the main Raman peaks

and La2Zr2O7 reported in the literature [9,19]. Espe-

cially, three typical pyrochlore super-lattice diffraction

peaks at 2θ around 14° (111), 28° (311) and 44° (511)

indicate that (Sm1-xLux)3TaO7 ceramics with pure py-

rochlore structure are synthesized. XRD patterns of

the Lu3+ doped samples keep consistence with that of

the parent Sm3TaO7, which indicates that Lu3+ doping

does not distort the basic pyrochlore network. Figure

1b shows that the diffraction peaks shift toward higher

angle with raising Lu3+ content. This phenomenon can

be attributed to the decreased average ionic radius of

r(RE3+), which is computed according to the ionic ra-

dius of the chemical constituents by the following equa-

tion [20]:

r(RE3+) = (1 − x) · rSm3+ + x · rLu3+ (5)

The contraction of the unit cell owing to smaller

ionic radius of Lu3+ (0.098 nm) than that of Sm3+

(0.108 nm) means that Lu3+ cations have successfully

entered the pyrochlore Sm3TaO7 lattice according to the

Bragg diffraction law [21–23]. From Fig. 1b, the pres-

ence of slight peak splitting at 2θ around 29° for the

Sm2.7Lu0.3TaO7 can also be observed, which may be

ascribed to lattice distortion caused by smaller ion ra-

dius Lu3+ dopped in Sm3TaO7, but the finite doping ra-

tio makes the deviation of the diffraction peak position

incompletely.

Figure 3. Typical microstructure of (Sm1-xLux)3TaO7 for x: a) 0, b 0.1, c) 0.3 and d) 0.5
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Figure 4. BSE photograph and corresponding surface EDS scanning of (Sm0.5Lu0.5)3TaO7 ceramics

Fig. 2a shows the Raman spectra of the

(Sm1-xLux)3TaO7 ceramics are nearly similar. There are

at least six independent Raman characteristic vibration

modes around 109, 169, 212, 248, 370 and 749 cm−1,

which are similar to that of pyrochlore-type Gd3TaO7

[24]. The Raman vibration modes near 100–300 cm−1

arise from Sm–O bonds. The Raman peak V2 belongs

to the collinear Ta–O–Ta bonds in TaO6 octahedra.

Obviously, Raman spectra broadening and shifting to

higher wavenumber can be observed with increasing Lu

contents, and no extra peaks of secondary phase can be

found. From Fig. 2b, the intensity of the Raman peak

is depressed as Lu3+ progressively substitutes for Sm3+

ions, which can be attributed to the decreased average

ionic radius of r(RE3+) and the lattice ordering of

(Sm1-xLux)3TaO7 caused by Lu3+ doping [25,26]. From

the Raman analysis results, it can also be concluded

that Sm3+ sites in Sm3TaO7 lattice are occupied by

Lu3+ ions and the (Sm1-xLux)3TaO7 ceramics exhibit

single pyrochlore phase, which is consistent with XRD

results.

Typical microstructures of the (Sm1-xLux)3TaO7 ce-

ramics are shown in Fig. 3. Clearly, the grain bound-

aries of the (Sm1-xLux)3TaO7 ceramics are clean and mi-

crostructures are quite dense. With the increasing Lu3+

content, the grain size decreases gradually from around

5 µm to below 1 µm. The backscattered electron (BSE)

photograph and corresponding surface EDS scanning of

the (Sm0.5Lu0.5)3TaO7 ceramics are shown in Fig. 4. No

second phase is detected, which is in agreement with the

results of XRD and Raman. Furthermore, no obvious el-

ement agglomeration can be detected and their distribu-

tion is homogeneous in samples. Atomic mass percent-

ages of Sm, Lu, Ta and O are 13.32%, 13.08%, 8.92%

and 64.68%, respectively. It is basically consistent with

stoichiometry of the bulk sample.

3.2. Optical performance

UV-Vis diffuse reflectance of (Sm1-xLux)3TaO7 ce-

ramics (Fig. 5a) increases from 5% to 85% with in-

creasing wavelength. This finding is similar with that

of Sm2O3 and Sm3+ complexes involving in 4 f energy

Figure 5. Optical performances of (Sm1-xLux)3TaO7 ceramics: a) reflectance and b) absorption
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Figure 6. [F(R∞) · hν]2 vs. hν plots of (Sm1-xLux)3TaO7

ceramics and corresponding band gap values

levels transition and characteristic f-f transition of Sm3+

cation [12,27]. The absorption variation curves of the

samples from 200 to 800 nm are shown in Fig. 5b. Ow-

ing to the charge transition from O2 – ligands to metal-

lic cations, the absorption is excellent in the UV region

just above 250 nm. Due to the thermal radiation resis-

tance being enhanced by excellent absorption of the UV

light, graphite films are coated on the (Sm1-xLux)3TaO7

specimens to weaken thermal radiation before thermal

diffusivity measurement.

The band gap (Eg) is derived from extrapolating

the linear part of the [F(R∞) · hν]2 vs. hν plot to

zero (Fig. 6). With the increasing Lu contents, the

value of Eg increases from 4.677 to 4.880 eV. Out-

standing insulation performance on the account of the

broad band gap shows that the thermal conduction

of the (Sm1-xLux)3TaO7 ceramics is mainly carried by

phonons, and influence of the hole and electron conduc-

tion should be ignored.

3.3. Thermal conductivity

Calculated specific heat capacities for the

(Sm1-xLux)3TaO7 ceramics increase with tempera-

ture rising from 25 to 1400 °C (Fig. 7a). Due to the

lower specific heat values of Lu2O3 than that of Sm2O3

at identical temperature levels, the specific heat capac-

ities decrease with increasing Lu contents. According

to Fig. 7b, thermal diffusivities of the samples decrease

gradually from 0.777 to 0.254 mm2/s between 25 and

800 °C, which shows typical feature of phonon heat

conduction. The calculated thermal conductivities

for the (Sm1-xLux)3TaO7 ceramics are between 0.95

and 1.44 W·K−1
·m−1 at 800 °C (Fig. 7c). The thermal

diffusivities and conductivities of the (Sm1-xLux)3TaO7

ceramics are much lower than those of 7YSZ [2] and

Sm2Zr2O7 [12] and the sample (Sm0.5Lu0.5)3TaO7 has

the lowest value.

Figure 7. Thermophysical performance of (Sm1-xLux)3TaO7 ceramics: a) specific heat capacity, b) thermal diffusivity and
c) thermal conductivity
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Generally, the lattice thermal conductivity is propor-

tional to the mean free path of phonons, which can be

influenced by the atomic weight and ion radius differ-

ences between the substituted and the substituting ions

as expressed by Eqs. 6 and 7 [28,29]:

1

τ∆M(ω)
=

c · α3
· ω4

4π · v3

(

∆M

M

)2

(6)

1

τ∆R(ω)
=

2c · α3
· ω4

π · v3
· J2
· γ2

(

∆R

R

)2

(7)

Here, c, α3, ω, v, J, γ, M and R are the concentration

per atom, atomic volume, the phonon frequency, veloc-

ity of transverse wave, the constant and the Gruneisen

parameter, the mean atomic weight and inter-ionic dis-

tance of the substituting atoms, respectively. ∆M and

∆R are the differences of weight and inter-ionic distance

between the substituted and substituting cations, respec-

tively. According to Eqs. 6 and 7, the average free path

of phonons can be abated by the elevated ∆M and ∆R,

which results in increasing the anharmonic vibration of

phonons and enhancing the scattering of phonon.

In light of the XRD and Raman results, struc-

ture of the (Sm1-xLux)3TaO7 can be deemed as the

solid solution of Sm3+ occupying the Lu3+ location in

Lu3TaO7, or one in which Sm3+ is substituted by Lu3+ in

Sm3TaO7. Therefore, the atomic mass and ionic-radius

differences between Lu3+ and Sm3+ can depress the av-

erage free path of phonons in the (Sm1-xLux)3TaO7 ce-

ramics. The smallest average free path can be obtained

in when Sm3+ and Lu3+ are in equal molar ratio in the

(Sm1-xLux)3TaO7 ceramics.

3.4. Thermal expansion performance

Thermal expansion rates of (Sm1-xLux)3TaO7 (x >

0) ceramics increase linearly from room temperature

to 1200 °C (Fig. 8a), which arises from the crystal

cell expansion and average atom-distance augment with

increasing temperature [30]. The phase transition in

Sm3TaO7 caused by the lattice transformation of Sm2O3

is restrained by substituting Lu3+ for Sm3+ [31], which

indicates that the phase transition may be suppressed ef-

fectively by cation substitution with the same chemical

valence. The linear feature of thermal expansion rates

for the (Sm1-xLux)3TaO7 (x > 0) ceramics indicates the

excellent lattice stability up to 1200 °C.

As it is shown in Fig. 8b, thermal expansion coef-

ficients (TECs) of the (Sm1-xLux)3TaO7 ceramics are

elevated with increasing Lu contents. Above 800 °C,

thermal expansion coefficient of Sm3TaO7 decreases

abruptly. This may be related to the phase transition

from monoclinic to cubic phase of Sm2O3 around

850 °C [31]. The (Sm0.5Lu0.5)3TaO7 (x = 0.5) sample

has the highest TEC of 10.45 × 10−6 K−1 at 1200 °C.

Clearly, it is much higher than those of YSZ and

Sm2Zr2O7 [2,29].

It is well-known that TECs are related to the ionic

bond strength [32,33]. According to Eq. 8, the elec-

tronegativity difference of A and B ions has direct in-

fluence on the ionic bond strength (IA−B) between ions

at A and B sites:

IA−B = 1 − exp

[

−
(χA − χB)2

4

]

(8)

where χA and χB are the mean electronegativity at A

and B sites. For the (Sm1-xLux)3TaO7 ceramics, the ions

at A sites are Sm3+, Lu3+ and Ta5+, the ion at B site is

only O2 – . The electronegativities of O2 – , Sm3+, Lu3+

and Ta5+ are 3.44, 1.17, 1.27 and 1.5, respectively. Ob-

viously, addition of Lu decreases the value of χA − χB,

which results in the reduction of IA−B.

Furthermore, the thermal expansion coefficient is re-

versely proportional to the lattice energy, as it is ex-

pressed by the following equation [33]:

U =
N0 · A · z

+
· z− · e2

r0

(

1 −
1

n

)

(9)

where n, r0, N0, e, z and A are the Born exponent,

inter-ionic distance, the Avogadro’s number, charge of

Figure 8. Thermal expansion performance of (Sm1-xLux)3TaO7 ceramics: a) thermal expansion rate and
b) thermal expansion coefficient

311



W. Sang et al. / Processing and Application of Ceramics 15 [3] (2021) 306–313

an electron, ionic charge and Madelung constant, re-

spectively. Clearly, the lattice energy (U) is reduced by

enhanced inter-ionic distance (r0). Due to the smaller

ion radius of Lu3+ (0.098 nm) than that of Sm3+

(0.108 nm), the inter-ionic distance is increased, which

leads to the elevated thermal expansion coefficient in

(Sm1-xLux)3TaO7. Moreover, the crystal lattice energy

of oxides decreases with the decreased lattice order de-

gree and increased structural complexity, which also

contributes to the elevated thermal expansion coefficient

for the obtained samples [34,35]. Therefore, TECs of

the (Sm1-xLux)3TaO7 ceramics are enhanced effectively

with increasing Lu contents, which help to reduce the

TEC mismatching between TBC materials and super-

alloy substrate.

IV. Conclusions

(Sm1-xLux)3TaO7 ceramics (where x = 0, 0.1, 0.3 and

0.5) with single pyrochlore structure are prepared via

solid state synthesis and pressureless sintering. Each

element distributes uniformly and grain size decreases

with the increased value of x. The phase stability is im-

proved effectively by Lu substitution for Sm3+.

Due to the phonon scattering being enhanced

by increased differences of the inter-ionic distance

and the atomic mass, thermal conductivities of the

(Sm1-xLux)3TaO7 ceramics decrease with increasing Lu

contents. The sample (Sm0.5Lu0.5)3TaO7 shows the low-

est value (0.95 W·K−1
·m−1, 800 °C), which is much

lower than that for 7YSZ. Because the lattice energy

and the average electronegativity difference are re-

duced as Lu3+ substitutes for Sm3+, the TEC of the

(Sm0.5Lu0.5)3TaO7 sample achieves the highest value

(10.45×10−6 K−1 at 1200 °C). The thermophysical prop-

erties of the prepared (Sm1-xLux)3TaO7 ceramics satisfy

the requirements for thermal barrier coatings.
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