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a  b  s  t  r  a  c  t

A  series  of  compositions  with  the  general  formula  La2(Zr2−2xCe2x)O7 (0  ≤  x ≤ 0.75)  were  prepared  by  the
coprecipitation–calcination  method  and  characterized  by  powder  XRD.  The  composition  of prepared
ceramic  materials  changed  from  single  pyrochlore  structure  to the  mixture  with  pyrochlore  structure
and  fluorite  structure  as  x increased.  The  lattice  parameters  decreased  firstly  and  then  increased  while
the amount  of  Ce4+ at 298  K was  increased.  The  thermal  expansion  coefficient  of La2Zr2O7 was  improved
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by  a  number  of  Ce4+ adoptions  at high  temperature.
© 2012 Elsevier B.V. All rights reserved.
-ray diffraction

. Introduction

Thermal barrier coatings (TBCs) made of low-thermal conduc-
ivity ceramics are now being used to provide thermal insulation
or metallic components from the hot gas stream in gas-turbine
ngines used for aircraft propulsion, power generation, and marine
ropulsion [1]. Yttria stabilized zirconia (YSZ), is currently used
s the standard material of TBCs due to its low thermal conduc-
ivity, relatively high thermal expansion coefficient and chemical
nertness in combustion atmospheres [2,3]. However, the major
isadvantage of YSZ is the limited operation temperature (<1473 K)
or long-term application. At higher temperatures, the phase trans-
ormed gives rise to the spallation failure of the coatings [4].  On
he other hand, in the next generation of advanced engines, further
ncrease in thrust-to-weight ratio will require even higher gas tem-
erature. This means that higher surface temperatures and larger
hermal gradients are expected in advanced TBCs as compared to
he conventional YSZ coating [5].  For seeking other viable candi-
ate materials, attention has turned to the pyrochlores, A2

3+B2
4+O7,

ecause several zirconate pyrochlores have lower thermal conduc-
ivity than YSZ. The pyrochlores are also attractive because many
re refractory up to temperatures well in excess of 1773 K and

hermally stable [5,6].

La2Zr2O7 which has a cubic pyrochlore structure was recently
roposed as a promising TBCs material [7,8]. The crystal structure

∗ Corresponding author. Tel.: +86 27 67885168.
E-mail address: shenhou@cug.edu.cn (S. Hou).
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consists of the corner-shared ZrO6 octahedra forming the back bone
of the network and La3+ ions fill the holes which are formed by
6ZrO6 octahedra. It can largely tolerate vacancies at the La3+, Zr4+

and O2−-sites without phase transformation [9].  Both La3+ and Zr4+-
sites can be substituted by a lot of other elements with similar ionic
radii in case that the electrical neutrality is satisfied, giving rise to
the possibility of its thermal properties to be tailored. However,
the coating of this material did not give a longer thermal cycling
life than YSZ coating which might be explained by its relatively
low thermal expansion coefficient and poor toughness [10–13].  The
main advantages of La2Zr2O7 as TBCs material are the low thermal
conductivity and no phase transformation at high temperatures,
but the lower thermal expansion coefficient limits its application. It
is reported that cerium doping can improved the thermal expansion
coefficient [14–17].

In this work, the phase relation studied in the La2(Zr2−2xCe2x)O7
(x = 0, 0.05, 0.10, 0.15, 0.20, 0.25, 0.50, 0.75) system and thermal
expansion behavior of these solid solutions are being reported.
Thermal expansion behavior, an important property from the
viewpoint of mechanical integrity of such a system, will also be
discussed.

2. Experimental

2.1. Sample preparation
In the present study, lanthanum oxide, cerium nitrate hexahydrate and zir-
conium oxychloride octahydrate were chosen as the reactants. The Ce4+-doped
La2Zr2O7 was prepared by coprecipitation–calcination method [13]. Firstly, the lan-
thanum oxide was  dissolved in nitric acid, zirconium oxychloride octahydrate and
cerium nitrate hexahydrate were dissolved in distilled water, respectively. For the

dx.doi.org/10.1016/j.jallcom.2012.02.077
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:shenhou@cug.edu.cn
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the lattice parameter would be decreased, and if Zr was replaced
by Ce4+, the lattice parameter would be increased. Thus, it could
be inferred that the initial decrease in lattice parameter was due to
the relatively smaller ionic radius difference between La3+ and Ce4+
Fig. 1. XRD patterns of different co

reparation of La2(Zr2−2xCe2x)O7 (x = 0, 0.05, 0.10, 0.15, 0.20, 0.25, 0.50, 0.75) ceramic
owders, these solutions were mixed in appropriate proportions and stirred for
0  min. The precursor solution was slowly added to ammonia solution with pH 10,
ith  stirring, to obtain gel-like precipitates, which were then centrifugated and
ashed with distilled water. After that, the precipitates were washed and centrifu-

ated with absolute ethyl alcohol for 2 times and with normal propyl alcohol for
 time. The washed precipitates were dried at 393 K for 12 h and the precursor
owders were gained. The powders were calcined at 1473 K for 2 h.

.2.  X-ray diffraction

X-ray diffraction (XRD) data collection was performed with a Philips X’Pert PRO
iffratometer with Ni filtered Cu K� radiation (� = 0.154056 nm). For lattice thermal
xpansion studies, the XRD patterns of samples were recorded from 2� = 10–120◦ , in
he temperature range 298–1673 K on a Philips X’Pert PRO unit equipped with Anton
aar HTK attachment with the Pt sample holder at the vacuum (6.3 Pa). The tem-
erature was  controlled by a PID-type temperature controller unit to with in ±1 K
uring the XRD measurements. The samples were heated by the rate of 10 K/min
nd  equilibrated for 5 min  at each temperature before XRD measurement. In order
o  determine the solubility limits, the lattice parameters were refined by a least
quares method.

. Results and discussion

The XRD patterns of all the products in La2(Zr2−2xCe2x)O7
0.00 ≤ x ≤ 0.75) were recorded in Fig. 1 and analyzed. When

 ≤ 0.20, all the products were found to have pyrochlore super-type
attice, which was characterized by the presence of typical super-
attice peaks at 2� ≈ 37◦ (3 3 1), 45◦ (5 1 1) (using Cu K� as radiation
ource). These two peaks could help us to distinguish the fluorite
nd pyrochlore structures. As x increased to 0.25, two  different
tructures of pryochlore type lattice and fluorite type lattice could
e observed. In the series of La2(Zr2−2xCe2x)O7, La2(Zr1.4Ce0.6)O7
as a mixture of pyrochlore and fluorite. The main phase in

a2(Zr1.4Ce0.6)O7 was La2Zr2O7 with a small solubility of La2Ce2O7,
nd this phase kept pyrochlore structure. The second phase was a
olid solution with fluorite structure [14,15,17].  As x = 0.5, two dif-
erent structures were observed too, and the major phase showed

uorite structure. As x = 0.75, the structure transformed into flu-
rite. The ionic radius of Ce4+ (0.092 nm)  was larger than that of
r4+ (0.072 nm)  [18], so as x > 0.25, La2(Zr2−2xCe2x)O7 did not form
omplete solid solutions.
tions in La2(Zr2−2xCe2x)O7 at 298 K.

The cell parameters for the each solid solution, along with both
the end members were calculated. The variation of lattice param-
eter as a function of x was included in Table 1. The variation of
lattice parameter of these solid solutions increased on incorpora-
tion of Ce4+ as also shown in Fig. 2. There was a decrease in lattice
parameter as the x value increases to 0.10, then a rapid increase
could be found in lattice parameter up to 0.20.

The composition of the products obtained after sintered pro-
cess could be generalized as La2(Zr2−2xCe2x)O7 considering the
possible aerial oxidation of Ce3+ ions to Ce4+ [19]. The ionic radii
difference between Ce4+ (0.097 nm in 8-fold coordination) and La3+

(0.105 nm in 8-fold coordination) was near to the ionic radii dif-
ference between Ce4+ (0.092 nm in 6-fold coordination) and Zr4+

(0.072 nm in 6-fold coordination) [19], so it is possible that both
La3+ and Zr4+ can be replaced by Ce4+. If La3+ was  replace by Ce4+,

4+
Fig. 2. Lattice parameter as a function of x in La2(Zr2−2xCe2x)O7 at 298 K.
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Table  1
Lattice parameters (Å) at different temperature for different compositions in La2(Zr1−xCex)2O7.

Temperature (K) 0.00 0.05 0.10 0.15 0.20

298 10.811(4) 10.787(2) 10.776(2) 10.815(3) 10.837(3)
473 10.828(4) 10.806(2) 10.793(2) 10.829(2) 10.851(3)
673 10.848(4) 10.830(2) 10.819(3) 10.851(2) 10.869(3)
873  10.869(4) 10.850(2) 10.841(2) 10.873(3) 10.898(3)
1073 10.892(3) 10.872(2) 10.866(2) 10.894(3) 10.919(2)
1273  10.910(4) 10.899(2) 10.899(2) 10.926(3) 10.945(2)
1323  10.915(4) 10.906(2) 10.907(2) 10.930(3) 10.951(3)
1373  10.921(4) 10.912(2) 10.914(2) 10.938(3) 10.962(3)
1423 10.927(4) 10.918(2) 10.921(2) 10.946(3) 10.964(3)
1473  10.933(4) 10.924(2) 10.926(2) 10.956(3) 10.970(3)
1523 10.939(3) 10.931(2) 10.932(2) 10.960(3) 10.980(3)
1573  10.945(4) 10.936(2) 10.937(2) 10.966(2) 10.986(3)
1623  10.951(4) 10.942(2) 10.942(2) 10.969(3) 10.991(2)
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at high temperature. The investigation of this work indicated
1673  10.957(4) 10.947
Thermal expansion coefficient

(×10−6 K−1) (298–1673 K)
9.82 10.79 

ons and the ionic radii of La3+ is larger than that of Ce4+. Based on
he relative ionic size considerations, we could explain the increase
n the lattice parameter as x > 0.10.

The observation of the pyrochlore phase throughout the homo-
eneity range could be attributed to the range of rA/rB (rA and
B are the ionic radii of the A and B cations respectively) ratio
hich varied from 1.47 (in La2Zr2O7) to 1.41 (in La2(Zr1.6Ce0.4)O7),
ithin the limiting radii ratio required for the stabilization of
yrochlore structure. An interesting observation was that the

ntensity of characteristic pyrochlore super-structure peaks sys-
ematically diminished and the full width at half-maximum of other
eaks systematically increased from La2Zr2O7 to La2(Zr1.6Ce0.4)O7

n La2(Zr2−2xCe2x)O7 series. This observation can also be explained
ased on the radii ratio. As the radii ratio decreased, the pyrochlore

attice tended to get converted to defect-fluorite lattice [20]. As x
alue increased to 0.25, besides the pyrochlore super-structure, the
uorite-type structure had been shown by the XRD pattern, which
ad also proven it.

The lattice thermal expansion behavior of all the samples which
ad nominal composition La2(Zr2−2xCe2x)O7 were also investi-
ated. The XRD patterns recorded for each sample at different
emperatures were refined to get the lattice parameters as a func-
ion of temperature (Table 1). The variation of lattice parameters

s a function of temperature was shown in Fig. 3. It could be
een that the lattice parameter increased linearly with increas-
ng temperature for all the composition. Few typical XRD patterns

Fig. 3. Lattice parameter of La2(Zr2−2xCe2x)O7 vs. temperatures.
10.948(2) 10.970(3) 10.993(3)
11.61 10.42 10.47

of La2(Zr1.8Ce0.2)O7 at different temperatures were shown in
Fig. 4. There was  no difference among the XRD patterns, imply-
ing that La2(Zr2−2xCe2x)O7 (x ≤ 0.20) was  thermally stable in the
temperature range of interest for TBC applications (<1673 K). In
zirconia-based materials, below 1473 K, stabilizers such as CeO2
and Y2O3 either precipitate from the material or at 1673 K, selec-
tively diffuse into cubic zirconia giving rise to the instabilization of
the coating [21].

The average lattice thermal expansion coefficients, ˛a

(298–1673 K) were also included in Table 1. Lattice thermal
expansion coefficients were measured in the range of 298–1673 K.
The variation of ˛a as a function of temperatures were shown
in Fig. 5. For comparison, the thermal expansion coefficients of
both the bond coat and 8YSZ were also indicated in Fig. 5 [21]. It
could be seen that part of Ce4+ replaced Zr4+ into La2Zr2O7, which
could improve the thermal expansion coefficient and the thermal
expansion coefficient of La2(Zr1.8Ce0.2)O7 was larger than 8YSZ at
high temperature (1473–1673 K). Compared to the bond coat, the
thermal expansion coefficients of La2(Zr2−2xCe2x)O7 (0 < x ≤ 0.20)
were also lower. The main advantages of La2(Zr2−2xCe2x)O7
(0 < x ≤ 0.20) as TBC material were the high thermal expansion
coefficient, low thermal conductivity, and no phase transformation
that this is a very promising TBC candidate for applications up to
1673 K.

Fig. 4. High temperature XRD patterns of La2(Zr1.8Ce0.2)O7 at different tempera-
tures.
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. Conclusions

1) Lanthanum zirconate and Ce4+-doped La2(Zr2−2xCe2x)O7
(x = 0.05, 0.10, 0.15, 0.20, 0.25, 0.50, 0.75) ceramics were
synthesized by the coprecipitation–calcination method. When
x ≥ 0.25, the composition of the prepared ceramic materials
changed from single pyrochlore structure to the mixture of
pyrochlore structure and fluorite structure.

2) The effect of doping concentration of Ce4+ on the lattice param-
eters was studied. The lattice parameters decreased firstly
and then increased while the amount of Ce4+ was  increased.
La2(Zr1.80Ce0.20)O7 powder had a minimum value of lattice
parameter (10.776(2) Å) at 298 K.
3) The thermal expansion coefficients of La2Zr2O7 were improved
by a number of Ce4+ adoptions at high temperature, but then
deteriorated as the amount of Ce4+ was increased continually.
The optimum amount of Ce4+ was about x = 0.10.
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