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bstract

o increase operating temperature and improve performance of gas-turbine engines, it is urgently needed to develop new thermal barrier oxides with
lower thermal conductivity than 6–8 wt.% yttria-stabilized zirconia. (YbxSm1−x)2Zr2O7 (0 ≤ x ≤ 1.0) ceramics were synthesized by pressureless-

intered at 1700 ◦C for 10 h in air. The relative density, phase structure, morphology and thermal diffusivity coefficients of (YbxSm1−x)2Zr2O7

eramics were investigated by the Archimedes method, X-ray diffraction, scanning electron microscopy and laser-flash method. Sm2Zr2O7 and
Yb0.1Sm0.9)2Zr2O7 ceramics exhibit a pyrochlore structure, while (YbxSm1−x)2Zr2O7 (0.3 ≤ x ≤1.0) ceramics have a defect fluorite-type structure.

he thermal conductivities of (YbxSm1−x)2Zr2O7 ceramics first gradually decrease with increasing temperature, and then increase slightly above
00 ◦C due to the increased radiation contribution. YbSmZr2O7 ceramics have the lowest thermal conductivity over the entire temperature range,
hich is caused by the reduction of cation mean free path in ytterbium–samarium zirconate system.
2008 Elsevier Ltd. All rights reserved.
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. Introduction

Six to 8 wt.% yttria-stabilized zirconia (YSZ) thermal bar-
ier coatings (TBCs), which are generally produced by plasma
praying or electron beam physical vapor deposition, are
idely used to provide thermal insulation for hot-section com-
onents of superalloys against hot gas streams to enhance
perating temperature and improve performance of gas-turbine
ngines.1–3 However, 6–8 wt.%YSZ is limited to applications
elow 1200 ◦C due to its sintering resistance and phase struc-
ure stability during long-term service.4,5 YSZ TBCs system
s currently capable of reducing metal temperature by about
40 ◦C, whereas potential benefits are estimated to be greater
han 170 ◦C.6 In order to further increase the operating effi-
iency, it is urgently needed to develop new thermal barrier
xides with a significantly lower thermal conductivity than YSZ.

wo important groups of candidate materials, one based on the
o-doping of YSZ with one or more metal oxides and the other
n the rare-earth zirconate ceramics, have been developed for
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odern gas-turbine engines, which are intended to operate at
emperatures as high as possible.7–9

The rare-earth zirconates with the general formula of
n2Zr2O7 (Ln = rare-earth elements) have a distinctly lower

hermal conductivity than 6–8 wt.%YSZ, and exhibit a
yrochlore structure or a defect fluorite-type structure, which
s mainly governed by the ionic size difference between Ln
nd Zr sites.10 The rare-earth zirconate ceramics have high
elting points, and undergo order–disorder transition on heat-

ng. However, the order–disorder transformation temperatures
or rare-earth zirconate ceramics are quite different, such as
300 ◦C for Nd2Zr2O7, 2000 ◦C for Sm2Zr2O7 and 1530 ◦C
or Gd2Zr2O7, respectively.11 The thermal conductivities of
nitary Ln2Zr2O7 (Ln = La, Nd, Sm, Gd, Eu, etc.) ceram-
cs vary from 1.1 to 2.0 W m−1 K−1 in certain temperature
ange, although there are discrepancies among the different
tudies owing to the presence of significant residual poros-
ty in the nominally dense specimens and the use of different

easurement techniques.9,10,12,13 It was claimed that the sub-

titution on Ln site by other cations in Ln2Zr2O7 ceramics
ed to a low thermal conductivity as contrasted with unitary
are-earth zirconates.13–15 However, no data on phase structure
nd thermophysical properties of ytterbium–samarium zirconate

mailto:ouyangjh@hit.edu.cn
dx.doi.org/10.1016/j.jeurceramsoc.2008.07.033
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ystem have been reported in the literatures. In this paper,
tterbium–samarium zirconate ceramic powders were synthe-
ized by chemical-coprecipitation and calcination method. They
ere then pressureless-sintered at 1700 ◦C in air. The struc-

ural evolution and thermal conductivity of ytterbium–samarium
irconate ceramics were analyzed.

. Experimental procedure

Zirconium oxychloride (Zibo Huantuo Chemical Co. Ltd.,
hina; Analytical), samarium oxide and ytterbium oxide pow-
ers (Rare-Chem Hi-Tech Co., Ltd., Huizhou, China; purity
99.99%) were chosen as starting materials. Rare-earth oxide

owders were heat-treated at 900 ◦C for 2 h before further using.
eramic powders of (YbxSm1−x)2Zr2O7 (x = 0, 0.1, 0.3, 0.5,
.7, 0.9, 1.0) were synthesized by chemical-coprecipitation and
alcination method. For each composition, the appropriate quan-
ity of rare-earth oxides was dissolved in diluted nitric acid,
nd zirconium oxychloride was dissolved in distilled water.
hese solutions were mixed, stirred, filtered and slowly added

o dilute ammonium hydrate solution to obtain gel-like precip-
tates. These gels were washed with distilled water for several
imes, and then washed in analytically pure alcohol. These pre-
ipitates were dried, and the residual calcined at 800 ◦C for
h in air. The obtained powders were compacted by cold iso-

tatic pressing at 280 MPa for 5 min. Finally, the compacts were
ressureless-sintered at 1700 ◦C for 10 h in air.

The phases of sintered bulk ceramics were characterized by
-ray diffraction (XRD, Rigaku D/Max 2200VPC, Japan) with
u K� radiation at a scan rate of 4◦/min at room temperature.
he diffraction peaks of (3 1 1)F/(6 2 2)Py were also recorded in a
tep scan mode with a step-width of 0.02◦and a step-time of 3 s.
n order to evaluate the lattice constant, the silicon powder was
sed as the calibration reference. The bulk density of the samples
as measured by the Archimedes method with an immersion
edium of deionized water. The theoretical density of each

omposition was calculated using lattice parameters acquired
rom XRD results and the molecular weight in an elementary
ell. The microstructure of sintered specimens was observed by
canning electron microscopy (SEM, Hitachi S-4700, Japan).
or SEM observations, the specimens were polished with 1 �m
iamond paste, and then thermally etched at 1600 ◦C for 1 h in
ir before a thin carbon coating was evaporated onto the surfaces
f specimens for electrical conductivity. Qualitative X-ray ele-
ental analysis of specimens was carried out using scanning

lectron microscope (SEM) equipped with energy dispersive
pectroscopy (EDS).

The measurement of thermal diffusivity was carried out
n argon gas atmosphere using the laser-flash apparatus (Net-
sch LFA 427, Germany). The flash source is a neodymium:
allium–gadolinium–garnet (Nd: GGG) laser with a wavelength
f 1064 nm, a working voltage of 450 V and a pulse duration
f 0.8 ms. Cylindrical disc-shaped samples with a diameter

f 12.7 mm and a thickness of 1.5 mm were obtained from
he sintered specimens and ground so that both surfaces were
oplanar. The thermal diffusivity measurements were made
rom room temperature to 1400 ◦C at a temperature interval of

d
t
r
t
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00 ◦C at atmospheric pressure. To enhance the absorption and
mission of the laser beam, both the front and the rear surfaces
f the specimens were coated with a thin layer of colloidal
raphite. Each specimen was heated in a graphite furnace and
he temperature was measured with a W–3%Re/W–25%Re
hermocouple. Each sample was measured three times at
elected temperatures. During measuring, the front surface of
he sample was irradiated with laser beam, which provided
n instantaneous energy pulse. The laser energy was absorbed
y the front surface of the sample and travelled through the
ample. The temperature at the rear surface of the sample was
mmediately monitored by using an In–Sb detector. The thermal
iffusivity was calculated by using the rear surface temperature
s. time trace. The experimental uncertainty was estimated to
e less than 5%. The specific heat capacities were calculated as
function of temperature from the chemical compositions of

YbxSm1−x)2Zr2O7 ceramics with the Neumann–Kopp rule16

nd the heat capacity data of the constituent oxides (Yb2O3,
m2O3 and ZrO2) obtained from the literature.17

The thermal conductivity k (W m−1 K−1) is given by Eq. (1)
ith the heat capacity Cp (J g−1 K−1), density ρ (g cm−3) and

hermal diffusivity λ (mm2 s−1):

= Cpλρ (1)

ecause all specimens were not fully dense, the measured ther-
al conductivity data were corrected for the residual porosity ϕ

f the specimens, using the following equation10:

k

k0
= 1 − 4

3
ϕ (2)

here k0 is the corrected thermal conductivity for fully dense
aterials.

. Results and discussion

.1. Densification, phase constituent and microstructure

Fig. 1(a) reveals the X-ray diffraction patterns of
YbxSm1−x)2Zr2O7 ceramics. It can be seen that all
YbxSm1−x)2Zr2O7 ceramics are with a single-phase structure.
rom Fig. 1(a), Sm2Zr2O7 and (Yb0.1Sm0.9)2Zr2O7 ceramics
xhibit a pyrochlore structure, which is characterized by the
resence of typical super-lattice peaks at 2θ values of about
4◦ (1 1 1), 28◦ (3 1 1), 37◦ (3 3 1) and 45◦ (5 1 1) using Cu K�
adiation.18–20 With the incorporation of smaller Yb3+ cations
artially instead of larger Sm3+ cations, (YbxSm1−x)2Zr2O7
0.3 ≤ x ≤1.0) ceramics transform into a defect fluorite-type
tructure.

In the Ln2Zr2O7 system, the phase structure is mainly gov-
rned by the ionic radius ratio of r(Ln3+)/r(Zr4+). The stability
f pyrochlore structure in zirconates at an atmospheric pres-
ure is limited to the range of 1.46 ≤ r(Ln3+)/r(Zr4+) ≤ 1.78.21

elow 1.46, the array of unoccupied anion sites disorders, to pro-

uce a defect-fluorite structure. Above 1.78, there is a transition
o a monoclinic phase with La2Ti2O7-type structure. The ionic
adius of Zr4+ is 0.72 Å in the sixfold coordination; however,
he ionic radius of Yb3+ and Sm3+ are 0.985 and 1.079 Å in the
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Fig. 1. X-ray diffraction patterns and derived lattice parameters of
(
(
f
s

e
r
e
c

r

F
o

Table 1
Relative densities of (YbxSm1−x)2Zr2O7 ceramics sintered at 1700 ◦C for 10 h

Ceramic bulk
materials

Measured
density (g cm−3)

Theoretical
density (g cm−3)

Relative density
(%)

Sm2Zr2O7 6.494 6.654 97.6
(Yb0.1Sm0.9)2Zr2O7 6.525 6.762 96.5
(Yb0.3Sm0.7)2Zr2O7 6.642 6.970 95.3
(Yb0.5Sm0.5)2Zr2O7 6.936 7.178 96.6
(Yb0.7Sm0.3)2Zr2O7 7.156 7.385 96.9
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grain size of (YbxSm1−x)2Zr2O7 ceramics is several microme-
ters. The grain boundaries in (YbxSm1−x)2Zr2O7 ceramics are
very clean. The chemical compositions of sintered ceramics

Table 2
Chemical compositions of (YbxSm1−x)2Zr2O7 bulk ceramics detected by EDS

Ceramic bulk materials Mol ratio

Yb Sm Zr

Sm2Zr2O7 0 49.6 50.4
(Yb0.1Sm0.9)2Zr2O7 5.0 44.8 50.2
(Yb0.3Sm0.7)2Zr2O7 14.8 35.2 50.0
YbxSm1−x)2Zr2O7 ceramics: (a) in the 2θ range of 10–90◦; (b) a single
3 1 1)F/(6 2 2)Py peak in a 2θ range of 56–60◦; (c) lattice parameters derived
rom (b) above. The symbol (�) in (c) marks the composition with a pyrochlore
tructure.

ightfold coordination, respectively.22 The average ionic radius,
(Lnav.

3+), of the Ln-sites in the (YbxSm1−x)2Zr2O7 system is
stimated from the ionic radius of the component ions and the
hemical composition using the following equation23:
(Ln3+
av. ) = x r(Yb3+) + (1 − x) r(Sm3+) (3)

or Sm2Zr2O7 and (Yb0.1Sm0.9)2Zr2O7 ceramics, the values
f r(Ln3+)/r(Zr4+) are equal to 1.50 and 1.48, respectively.

(
(
(
Y

Yb0.9Sm0.1)2Zr2O7 7.315 7.593 96.3
b2Zr2O7 7.388 7.696 96.0

herefore, it is not surprising that both Sm2Zr2O7 and
Yb0.1Sm0.9)2Zr2O7 ceramics exhibit a pyrochlore structure.
s for the other zirconate ceramics in this investiga-

ion (YbxSm1−x)2Zr2O7 (0.3 ≤ x ≤ 1.0), the ratio value of
(Ln3+)/r(Zr4+) is clearly lower than 1.46, therefore the
YbxSm1−x)2Zr2O7 (0.3 ≤ x ≤ 1.0) ceramics exhibit a defect
uorite-type structure.

X-ray diffraction patterns of (YbxSm1−x)2Zr2O7 ceram-
cs in the 2θ range of 56–60◦ are shown in Fig. 1(b).
he (3 1 1)F/(6 2 2)Py peaks gradually shift to the high angle
ide for (YbxSm1−x)2Zr2O7 ceramics when the composition
hanges from x = 0 (Sm2Zr2O7) to x = 1.0 (Yb2Zr2O7). The
attice parameters calculated from these peaks in relation to
he defect fluorite-type unit cell are depicted in Fig. 1(c).
n approximately linear decrease of the lattice parameter is
bserved for (YbxSm1−x)2Zr2O7 ceramics with compositions
rom x = 0 (Sm2Zr2O7) to x = 1.0 (Yb2Zr2O7), which is in
ood agreement with Vegard’s rule. It indicates that Yb2Zr2O7
nd Sm2Zr2O7 ceramics are infinitely solid solvable. Table 1
hows relative densities of (YbxSm1−x)2Zr2O7 ceramics sin-
ered at 1700 ◦C for 10 h. Clearly, all (YbxSm1−x)2Zr2O7
eramics have a high relative density of more than 95%.
ig. 2 shows typical morphologies of (YbxSm1−x)2Zr2O7
eramics sintered at 1700 ◦C for 10 h. The grain size and
orphology of (YbxSm1−x)2Zr2O7 ceramics with various

hemical compositions are very similar, although Sm2Zr2O7 and
Yb0.1Sm0.9)2Zr2O7 ceramics have a different phase structure
rom (YbxSm1−x)2Zr2O7 (0.3 ≤ x ≤ 1.0) ceramics. The average
Yb0.5Sm0.5)2Zr2O7 24.9 24.8 50.3
Yb0.7Sm0.3)2Zr2O7 35.2 14.7 50.1
Yb0.9Sm0.1)2Zr2O7 44.7 4.9 50.4
b2Zr2O7 49.7 0 50.3
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Fig. 2. Morphologies of (YbxSm1−x)Zr2O7 ceramics sintered at 1700 ◦

ere determined by EDS. Table 2 shows the chemical com-

osition analyses of (YbxSm1−x)2Zr2O7 ceramics. According
o the results of EDS analysis, the mol ratios of different metal-
ic elements in (YbxSm1−x)2Zr2O7 ceramics are ±2% different
rom stoichiometry.

c
t

able 3
pecific heat capacities of (YbxSm1−x)2Zr2O7 bulk ceramics calculated with the Neu

eramic bulk materials Specific heat capacities (J g−1 K−1)

25 ◦C 200 ◦C 400 ◦C 6

m2Zr2O7 0.380 0.443 0.472 0
Yb0.1Sm0.9)2Zr2O7 0.378 0.440 0.468 0
Yb0.3Sm0.7)2Zr2O7 0.372 0.433 0.462 0
Yb0.5Sm0.5)2Zr2O7 0.367 0.427 0.455 0
Yb0.7Sm0.3)2Zr2O7 0.362 0.421 0.448 0
Yb0.9Sm0.1)2Zr2O7 0.357 0.415 0.442 0
b2Zr2O7 0.355 0.412 0.439 0
10 h: (a) x = 0; (b) x = 0.1; (c) x = 0.3; (d) x = 0.5; (e) x = 0.9; (f) x = 1.0.

.2. Thermal conductivity
The specific heat capacities of (YbxSm1−x)2Zr2O7 ceramics
alculated with the Neumann–Kopp rule at different tempera-
ures were shown in Table 3. Table 4 shows the measured thermal

mann–Kopp rule at different temperatures

00 ◦C 800 ◦C 1000 ◦C 1200 ◦C 1400 ◦C

.491 0.506 0.519 0.532 0.544

.487 0.502 0.515 0.528 0.540

.480 0.494 0.508 0.520 0.532

.472 0.487 0.500 0.512 0.524

.466 0.480 0.493 0.505 0.517

.459 0.473 0.486 0.498 0.509

.456 0.470 0.483 0.494 0.506
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Table 4
Measured thermal diffusivity of (YbxSm1−x)2Zr2O7 bulk ceramics at different temperatures

Ceramic bulk materials Thermal diffusivity (mm2 s−1)

25 ◦C 200 ◦C 400 ◦C 600 ◦C 800 ◦C 1000 ◦C 1200 ◦C 1400 ◦C

Sm2Zr2O7 0.771 ± 0.002 0.558 ± 0.001 0.476 ± 0.002 0.455 ± 0.003 0.438 ± 0.001 0.440 ± 0.003 0.459 ± 0.002 0.473 ± 0.004
(Yb0.1Sm0.9)2Zr2O7 0.704 ± 0.001 0.539 ± 0.002 0.458 ± 0.003 0.428 ± 0.001 0.416 ± 0.002 0.412 ± 0.001 0.427 ± 0.002 0.445 ± 0.003
(Yb0.3Sm0.7)2Zr2O7 0.658 ± 0.002 0.528 ± 0.001 0.464 ± 0.001 0.423 ± 0.001 0.411 ± 0.002 0.407 ± 0.005 0.416 ± 0.001 0.430 ± 0.002
(Yb0.5Sm0.5)2Zr2O7 0.619 ± 0.001 0.493 ± 0.002 0.438 ± 0.001 0.407 ± 0.003 0.396 ± 0.001 0.392 ± 0.004 0.394 ± 0.003 0.414 ± 0.002
(Yb0.7Sm0.3)2Zr2O7 0.633 ± 0.003 0.510 ± 0.001 0.450 ± 0.002 0.422 ± 0.003 0.405 ± 0.001 0.401 ± 0.002 0.407 ± 0.005 0.422 ± 0.003
(Yb0.9Sm0.1)2Zr2O7 0.671 ± 0.002 0.514 ± 0.001 0.448 ± 0.003 0.420 ± 0.001 0.404 ± 0.002 0.402 ± 0.005 0.409 ± 0.003 0.424 ± 0.005
Yb2Zr2O7 0.720 ± 0.001 0.526 ± 0.001 0.456 ± 0.001 0.426 ± 0.004 0.409 ± 0.002 0.405 ± 0.001 0.411 ± 0.003 0.427 ± 0.004

Table 5
Calculated thermal conductivity of (YbxSm1−x)2Zr2O7 bulk ceramics at different temperatures according to Eq. (1)

Ceramic bulk materials Thermal conductivity (W m−1 K−1)

25 ◦C 200 ◦C 400 ◦C 600 ◦C 800 ◦C 1000 ◦C 1200 ◦C 1400 ◦C

Sm2Zr2O7 1.903 1.605 1.459 1.451 1.439 1.483 1.565 1.671
(Yb0.1Sm0.9)2Zr2O7 1.736 1.547 1.399 1.366 1.363 1.384 1.471 1.568
(Yb0.3Sm0.7)2Zr2O7 1.606 1.519 1.424 1.349 1.348 1.373 1.437 1.519
(Yb0.5Sm0.5)2Zr2O7 1.576 1.460 1.382 1.339 1.337 1.359 1.399 1.505
( 1
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than those of fully dense 7 wt.% YSZ (3.0 at room tempera-
ture to 2.3 W m−1 K−1 at 700 ◦C reported by Wu et al.10). Thus
(YbxSm1−x)2Zr2O7 ceramics are potential candidates for ther-
mal barrier coatings applications.
Yb0.7Sm0.3)2Zr2O7 1.640 1.536 1.442
Yb0.9Sm0.1)2Zr2O7 1.752 1.560 1.448
b2Zr2O7 1.889 1.601 1.479

iffusivity of (YbxSm1−x)2Zr2O7 bulk ceramics at different tem-
eratures. All the values of thermal diffusivity in Table 4 are the
rithmetic means of three measurements. The error derived from
he mean standard deviation of three measurements for each
pecimen is less than 1.5%. Clearly, the thermal diffusivities
f (YbxSm1−x)2Zr2O7 ceramics monotonically decrease with
ncreasing temperature up to 1000 ◦C, which is similar to most
olycrystalline materials.24 However, above 1000 ◦C, the ther-
al diffusivities of (YbxSm1−x)2Zr2O7 ceramics show a very

light increase, which is attributed to a small contribution from
adiative transport through these specimens. In this investiga-
ion, the measured thermal diffusivities of (YbxSm1−x)2Zr2O7
eramics are located within a range of 0.392–0.771 mm2 s−1

rom room temperature to 1400 ◦C.
According to Eq. (1), the calculated thermal conduc-

ivity of (YbxSm1−x)2Zr2O7 ceramics before correction is
hown in Table 5. The corrected thermal conductivity of
YbxSm1−x)2Zr2O7 ceramics according to Eq. (2) and Table 1
s plotted as a function of temperature in Fig. 3. The error
ars are omitted as they are smaller than the symbols. The
hermal conductivity of (YbxSm1−x)2Zr2O7 ceramics decreases
radually with increasing temperature up to 800 ◦C, which is
ttributed to the lattice thermal conduction. However, the ther-
al conductivities increase very slightly above 800 ◦C for these

pecimens, which may be attributed to the increased radiation
ontribution with increasing temperature, also known as pho-
on thermal conductivity. From Fig. 3, co-doping of ytterbium
nd samarium oxides clearly reduces thermal conductivities of

irconate solid solutions over the entire temperature range, and
he YbSmZr2O7 ceramics have the lowest thermal conductivity
n this investigation. It is well known that the lattice thermal
onductivity is proportional to the mean free path of phonon.25

F
a

.407 1.391 1.415 1.471 1.561

.410 1.398 1.429 1.490 1.579

.435 1.417 1.452 1.500 1.596

ccording to above results (YbxSm1−x)2Zr2O7 ceramics could
e regarded as the solid solution of Yb3+ taking the site of
m3+ in Sm2Zr2O7 ceramics or Yb3+ is substituted by Sm3+

n Yb2Zr2O7 ceramics. The smallest cation mean free path is
hat in which every other cation is different, as in the case of the
qual molar of Yb3+ and Sm3+ in (YbxSm1−x)2Zr2O7 system.
herefore, YbSmZr2O7 ceramics should have the lowest ther-
al conductivity in (YbxSm1−x)2Zr2O7 system. The thermal

onductivities of (YbxSm1−x)2Zr2O7 ceramics in this investi-
ation were located within the range of 1.40–1.99 W m−1 K−1

rom room temperature to 1400 ◦C, which are obviously lower
ig. 3. The corrected thermal conductivity of (YbxSm1−x)2Zr2O7 ceramics as
function of temperature according to Eq. (2) and Table 1.
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. Conclusions

1) (YbxSm1−x)2Zr2O7 ceramics were synthesized by
pressureless-sintering of rare-earth zirconate powders
obtained by chemical-coprecipitation and calcination
method. The relative densities of (YbxSm1−x)2Zr2O7
ceramics are higher than 95%. Sm2Zr2O7 and
(Yb0.1Sm0.9)2Zr2O7 ceramics exhibit a pyrochlore
structure, while (YbxSm1−x)2Zr2O7 (0.3 ≤ x ≤ 1.0)
ceramics have a defect fluorite-type structure.

2) The thermal conductivities of (YbxSm1−x)2Zr2O7 ceram-
ics first gradually decrease with increasing temperature,
and then slightly increase above 800 ◦C due to the
increased radiation contribution. The thermal conductivities
of (YbxSm1−x)2Zr2O7 ceramics are located in the range of
1.40–1.99 W m−1 K−1 from room temperature to 1400 ◦C.
YbSmZr2O7 ceramics have the lowest thermal conductivity
over the entire temperature range.
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