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a b s t r a c t

Lanthanum zirconate (La2Zr2O7, LZ) was synthesized by a coprecipitation–calcination method with differ-
ent dropping orders for the raw materials. We investigated synthesis procedures, including the chemical
compositions of precipitate mixtures, the calcination process and the phase composition at different
calcination temperatures. Simultaneous thermogravimetric and differential thermal analysis (TG–DTA)
results of the mixtures show two different calcination processes for precipitates by the natural dropping
eywords:
anthanum zirconate
ropping order
oprecipitation
eramic
hermal conductivity

and reverse dropping methods. Reactions starting in a basic solution (the reverse dropping method) can
precipitate La and Zr ions simultaneously and form a –La–O–Zr– composite, resulting in a homogeneous
composition on a molecular scale, and pure, high-crystalline LZ powders after calcination. When start-
ing from an acid solution (the natural dropping method), the precipitate was a mixture of lanthanum
hydroxide and zirconium hydroxide. Consequently, the final product was LZ with impurities. The overall
thermal conductivity of LZ obtained by the reverse dropping method was about 50% lower than that by

hod.
the natural dropping met

. Introduction

Advanced gas-turbines are being developed for high operating
emperatures in order to increase thermal efficiency. Hot section
omponents working in the combustion system must meet the
igorous requirements for extreme conditions, such as high tem-
erature, thermal stress, thermal shock and severe corrosion [1–4].
he application of thermal barrier coatings (TBCs) can result in a
arge temperature decrease between the hot gas and the metal sub-
trate. State-of-the-art TBC is currently made of yttria-stabilized
irconia (YSZ) [5–7]. However, a major disadvantage of YSZ is its
imited operation temperature (1200 ◦C) for long-term application
8]. Recently, lanthanum zirconate (LZ), a novel candidate for next
eneration TBC ceramic materials, has attracted much interest due
o its low thermal conductivity, high melting point (2280 ◦C), high
intering-resistance and phase stability [9–12].

The performance of TBCs depends largely on the synthesis pro-
edures and conditions. Different methods, including solid-state
eaction, solution routes using organic and inorganic precursors,
nd hydrothermal synthesis [5,13–15], can be used to prepare

Z with various sizes, morphologies and crystalline properties.
he coprecipitation–calcination method [16] is an easy, effective
ethod to obtain tiny precursor particles that are needed for fab-

icating TBCs with a fine structure and a low thermal diffusivity.

∗ Corresponding author. Tel.: +86 21 5241 5270; fax: +86 21 5241 5270.
E-mail address: yfgao@mail.sic.ac.cn (Y. Gao).
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Grain boundaries are favorable for increasing the scatter probabil-
ity of phonons, leading to a low thermal conductivity and enhanced
thermal cycling resistance [17].

Although the coprecipitation–calcination method was
employed to synthesize LZ, little attention has been paid to
this procedure. If more effort is put into investigating the synthesis
procedure, we will better understand the parameters, such as
hydrolysis-complex reactions, calcination time and temperatures,
all of which affect the quality of the final powders, such as phase
compositions, particle sizes and morphologies. An increase in the
quality of powders is of special importance to the subsequent
preparation of TBCs and their performance. Coatings fabricated via
the solution precursor plasma spray and air plasma spray (APS)
usually show the same phase composition, but the microstructure
and thermophysical properties are remarkably different because
of the different feedstock [18,19]. Even employing the same pro-
cess, APS, to prepare TBCs, using powders produced by different
methods causes the performance of the TBCs to vary remarkably.
The design of starting powders, including their crystalline phases,
particle sizes, morphologies and surface physical chemistry, is
crucial for improving the properties of coatings.

In a typical coprecipitation process, several solutions may be
involved, usually including precursor solutions containing Zr4+

3+
and La and a precipitate agent, such as ammonium hydrate.
Adding ammonium hydrate to a mixture solution of Zr4+ and La3+

(hereafter termed the natural dropping method) or adding the
latter solution to the former one (the reverse dropping method)
may support different hydrolysis-complex conditions. The natural

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:yfgao@mail.sic.ac.cn
dx.doi.org/10.1016/j.jallcom.2009.02.081
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Fig. 1. Schematic diagram of coprecipitation by two methods: (a) the natural drop-
ping method; (b) the reverse dropping method.

Table 1
EDS results of precipitate obtained by the reverse dropping method (molar ratio;
measurement spots shown as a cross in Fig. 2).

Element Spot 1 Spot 2 Spot 3 Spot 4 Spot 5

3.1.2. Morphologies of precipitate mixtures
The morphologies of the precipitates were observed by TEM

(Fig. 4). The majority of precipitate gels obtained by both methods

Table 2
EDS results of precipitate obtained by the natural dropping method (molar ratio;
measurement spots shown as a cross in Fig. 3).
44 H. Chen et al. / Journal of Alloys

ropping method occurs in an initial acidic reaction environment
hat subsequently changes slowly to basic, whereas the reverse
ropping method occurs in a constant strong basic reaction envi-
onment. These different reaction environments can alter the
ydrolysis-complex processes, resulting in changes in morphology,
ize, crystalline phase and even the chemical composition of the
nal precipitates. Using two opposite dropping methods, Kawano
nd Imai [20] selectively synthesized ZnO spherical grains and rods
ith various aspect ratios in an aqueous system. It was believed

hat the selection of the preparation routes was essential for the
ontrol of the morphology of ZnO particles. Furthermore, the differ-
nt dropping methods can also affect the size of the final products
21]. If the coprecipitation mechanism was well understood, such
s how coprecipitation develops using these two methods and the
ominant factors therein, we could prepare high-quality powders
ith optimized particle size and morphology.

This study aims to investigate the formation mechanism of the
oprecipitation–calcination process by studying in detail how the
wo methods affect the morphology of LZ powders and the crystal-
ization process during calcination. The LZ ceramics were produced,
nd their thermal conductivities were measured.

. Experimental

.1. Powder synthesis and specimen preparation

In this study, lanthanum nitrate (La(NO3)3·6H2O), zirconium oxychloride
ZrOCl2·8H2O) and ammonium hydrate (NH3·H2O) were chosen as reactants. All
hemicals used in this study were analytical-grade from Shanghai Chemical Regent
o., China. Lanthanum nitrate and zirconium oxychloride were separately dissolved

n deionized water with proper molar amounts. The concentration of both solutions
as 0.1 M. Then, two solutions were mixed. After stirring for about 30 min, two
ethods, the natural dropping and reverse dropping were carried out with stirring.

he rate of dropping was about 30 drops min−1. The same amount of ammonium
ydrate solution was used in two methods. After reaction, gel-like precipitates were
btained, subsequently filtered and washed with deionized water three times. Then
he washed precipitates were dried at 110 ◦C for 4 h and ball-milled. Calcinations
ere carried out at different temperatures ranging from 500 ◦C to 1000 ◦C in air for
h. Finally, the products were milled into fine powder.

The powder used for specimen fabrication was synthesized by the reverse drop-
ing method. Specimens for the determination of thermal diffusivity were prepared
y uniaxially cold pressing at 80 MPa. The green body was then sintered at 1500 ◦C
n air for 6 h to yield disc-shaped specimen about 11 mm in diameter and 0.8 mm in
hickness.

.2. Characterization techniques

The phase compositions of the powders were determined by X-ray diffraction
XRD, Rigaku RINT2200) using Cu K� radiation. The bulk density of the specimen
as measured by the Archimedes method with an immersion medium of deionized
ater. Transmission electron microscopy (TEM) images were taken by a JEM-2010

ransmission electron microscope (Tokyo, Japan) equipped with an energy dispersive
pectrometer (EDS).

Simultaneous thermogravimetric (TG) and differential thermal analysis (DTA)
ere performed in air using a Polymer Lab. Thermal Science System, with platinum

ups as sample holders. The thermal analysis experiments were performed at a heat-
ng rate of 10 K min−1. The thermal diffusivity of the sintered sample was measured,
sing the laser-flash method, as a function of specimen temperature (in the range
etween 200 ◦C and 1200 ◦C) in an argon atmosphere. For thermal diffusivity mea-
urement, both the front and back faces of the specimen were coated with a thin
ayer of graphite, which can prevent the laser beam from direct transition through
he specimen.

. Results and discussion

.1. Procedure studies of the coprecipitation–calcination method

.1.1. Chemical compositions of as-prepared precipitate mixtures

Stable zirconium hydroxide precipitate can be formed at about

H 4.5 [22], while La(NO3)3 begins to form stable precipitates at
bout pH 8.35 [23]. In the precipitation process, the pH value of
he solution varied from 0.6 to 10 with the addition of ammonium
ydrate using the natural dropping method. Precipitation can be
O 38.50 37.42 35.36 37.21 38.12
Zr 31.33 32.05 32.52 31.36 31.53
La 30.16 30.53 32.12 31.42 30.35

regarded as a process of cations scrambling for OH− in solution.
When pH < 8.35, Zr4+ is better than La3+ in the ability to combine
with OH−. Therefore, through the natural dropping method, a zir-
conium hydroxide precipitate is formed first. When the pH value
attains about 8.35, a majority of Zr4+ has already been precipi-
tated and La3+ begins to combine with OH− to form a precipitate
gel. Thus, the precipitates obtained by this method are more likely
to be a mechanical mixture of zirconium and lanthanum hydrox-
ide rather than a real “coprecipitation”. However, when using the
reverse dropping method, the pH value decreases from 13 to 10 after
reactions, and the amount of OH− is in excess for the formation of
Zr4+ and La3+ precipitates. Zr4+ and La3+ can coprecipitate simulta-
neously (Fig. 1). Moreover, in terms of a quantitative analysis of EDS
(Table 1), where five spots on different parts of the precipitate were
measured, the molar ratio of La/Zr/O is about 1/1/1. Accordingly,
the precipitate may possess a network structure like –La–O–Zr–,
which can also be proven by the TG–DTA analysis (see below for
details). On the other hand, an amorphous precipitate obtained by
the natural dropping method was a mixture of zirconium and lan-
thanum hydroxide (spot 1 to spot 4 is shown in Table 2). In addition,
some “rods” were observed to have dispersed among the precipi-
tate. These rods may be lanthanum oxide or hydroxide (spot 5 in
Table 2), in good agreement with the results that show that the
amount of La is slightly less than Zr (spot 1 to spot 4 in Table 2).
Element Spot 1 Spot 2 Spot 3 Spot 4 Spot 5

O 65.35 68.94 68.12 67.68 38.12
Zr 19.37 18.42 17.65 18.96 1.31
La 15.28 12.64 14.22 13.36 60.56
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ig. 2. TEM image of as-prepared precipitate by the reverse dropping method.

ig. 4. TEM images of precipitate gel prepared by the natural dropping method (a and c)
rying.
Fig. 3. TEM image of as-prepared precipitate by the natural dropping method.

and by the reverse dropping method (b and d) before (a and b) and after (c and d)
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re amorphous. The gel particles prepared by the reverse drop-
ing method (Fig. 4b) seem to be more uniform and smaller than
hose prepared by the natural dropping method (Fig. 4a). Both pre-
ipitates consist of needle-shaped particles. However, some large
od-shaped ones can also be seen with the natural dropping method
Fig. 4a). After drying at 110 ◦C for 4 h, the rod-shaped particles
Fig. 4a) disappeared, and replaced by a small amount of rectangular
rystals (Fig. 4c). The precipitate from the reverse dropping method
eveloped into large spherical particles (Fig. 4d). The presence of
od-like particles and rectangular crystals is unexpected, since no
rystal phases were observed in XRD patterns at such low temper-
tures. According to EDS and electron diffraction results, these rods
nd rectangle crystals were a kind of lanthanum oxide or lanthanum
ydroxide single crystal (Table 2, spot 5), whose presence can be
scribed to the fluctuation of energy in solution and the instability
f the precipitate. Through the natural dropping method, the pre-
ipitates of Zr4+ and La3+ disperse heterogeneously, and no tight
nterconnections between them form. A relatively stable precipi-
ate with the –La–O–Zr– networks can be formed by the reverse
ropping method and the chemical bond binds the two cations
ogether, which disables the lanthanum-related precipitates from
ggregating to form large crystals. The great difference in product
orphology from the two methods can be related to the structural

volution of zirconia sol–gels during the preparation. Under vari-
nt pH conditions, the hydrolyzing products of Zr4+ derived from
iverse coordination chemistry can differ in the structure from each
ther [24]. Because the difference in pH value for the two methods,
r4+ coordinated with both La3+ and OH− in the reverse dropping
ethod, nevertheless Zr4+ only coordinated with OH− in the natural

ropping method (Fig. 1). The difference in coordination structures
n atom scale led to the microstructural differences in size and
orphology. However, further studies are needed to investigate the

elationship between coordination structure and morphologies, as
ell as the formation process of the particles.

.1.3. XRD studies
The XRD profiles of precipitates by the reverse dropping method

alcined at different temperatures are present in Fig. 5. It can be
een that below 700 ◦C, the product is almost amorphous. When

◦
he temperature is increased to 750 C, peaks, such as (2 2 0), (4 0 0),
nd (4 4 0), can be recognized clearly in Fig. 5c, indicating the for-
ation of a new phase. This phase should be lanthanum zirconate
ith a fluorite structure [25]. Increasing the temperature to 850 ◦C

nd 900 ◦C causes the diffraction peaks to become sharper. When

ig. 5. XRD patterns of precipitate by the reverse dropping method calcined at
ifferent temperatures for 4 h.
Fig. 6. XRD patterns of precipitate by the natural dropping method calcined at
different temperatures for 4 h.

the temperature reaches 1000 ◦C (Fig. 5f), two small peaks (3 3 1)
and (5 1 1) appear which cannot be seen at 900 ◦C. Generally, the
existence of peaks such as (3 3 1), (5 1 1), (1 1 1) is used as a confir-
mation of the pyrochlore structure [26,27]. In addition, according
to the standard XRD profile of La2Zr2O7 (JCPDS Card No. 73-0444),
it is believed that lanthanum zirconate with a pyrochlore structure
is obtained at this temperature. Apparently, it is transformed from
the fluorite phase. This synthesis temperature is much lower than
that of solid-state reaction (1500 ◦C) [28], which is one advantage
of the coprecipitation method in the preparation of complex oxides
at low temperatures from ultra-fine precursor powders mixed uni-
formly at the molecular level. The grain size of the synthesized LZ,
about 10 nm, was calculated by the Scherrer formula.

Fig. 6 shows the XRD patterns of the precipitate formed from
the natural dropping method and calcined at different tempera-
tures. Below 500 ◦C, the precipitate is amorphous, similar to the
case of the reverse dropping method. At 700 ◦C, several small peaks
can be observed, but cannot be assigned to LZ. In addition to the
unexpected phase, from 750 ◦C to 1000 ◦C, the characteristic peaks
of LZ (2 2 0), (4 0 0), and (4 4 0) also appear and become sharper
with increasing temperature. At 1000 ◦C, the impure phase can be
completely identified as LaOCl. The formation of this compound can
result from the combination of lanthanum hydroxide (these needle-
like particles) and Cl− (see Table 3), which remains in solution even
after washing three times.

In addition to the difference in the phase compositions of the
powders prepared by the two methods, the differences also include
the following characteristics. After calcination at a temperature
above 750 ◦C for 4 h, the degree of crystallinity of the powders
obtained by the reverse dropping method is obviously higher than
those prepared by the natural dropping method (see Figs. 5 and 6).

The major components of the precipitate synthesized by the
natural dropping method are zirconium hydroxide and lanthanum
hydroxide, while a –La–O–Zr– compound was created by the
reverse dropping method, as analyzed above. The La, Zr and O are
more homogeneously dispersed in –La–O–Zr–. When calcined, the
–La–O–Zr– compound transformed to LZ more smoothly. However,
the hydroxides formed by the natural dropping method needed to
transform to the corresponding oxides that subsequently react to

form LZ. Note that some of the precipitates prepared by the natural
dropping method can not form LZ particles completely, suggesting
that the reverse dropping method is easier to control in terms of
the stoichiometry.
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Table 3
Chemical composition and crystallinity of products by the natural and reverse dropping methods.

Sample La (at.%) Zr (at.%) Cl (at.%) Composition Purity (LZ) Crystallinity

N 0.977La2O3·2ZrO2; LaOCl 97.13% Polycrystal
R 1.001La2O3·2ZrO2 99.91% Single crystal
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suggesting an inverse temperature dependence (i.e. ˛ ∝ 1/T). This
change suggests a dominant phonon conduction behavior, which
atural 49.39 48.36 2.15
everse 49.96 49.89 NFa

a Not find.

.1.4. Thermal analysis
The TG–DTA results for the gel prepared by the natural dropping

ethod are shown in Fig. 7. Before thermal analysis, the gel was
ried at 110 ◦C for 4 h. The DTA curve shows an endothermic peak
t around 126.6 ◦C, with a weight loss in the TG curve. This change
rises from desorption of the adsorbed water.

With the increase of temperature, the weight loss continues,
nd two endothermic peaks at around 325 ◦C and 400 ◦C can be
bserved in the DTA curve. The two peaks can be attributed to the
elease of structural water from lanthanum hydroxide and zirco-
ium hydroxide, respectively.

Above 500 ◦C, the weight loss continues gently. At about 502 ◦C,
n endothermic peak in the DTA curve can be observed, probably
ue to the further release of structural water or the decomposi-
ion of some impure compounds, such as lanthanum oxychloride
Fig. 6), that may be formed during operations. The product can
e conjectured to be a compound of La/Zr/O at this temperature,
ecause in the XRD patterns in Fig. 6, from 500 ◦C to 700 ◦C, a
road peak is present, which may be a sign of the transformation
o an intermediate state of LZ with the fluorite structure (F). At
bout 854 ◦C, there is an exothermic peak in the DTA curve with
lmost no weight loss in the TG curve. It indicates a crystallization
ransition from the amorphous La/Zr/O compound to LZ (F). The
xothermic peak around 1050 ◦C suggests a phase transition from
he fluorite structure to the more ordered pyrochlore (P) structure
25].

The TG–DTA curve of the gel produced by the reverse drop-
ing method is different from that of the natural dropping method.
s shown in Fig. 8, the most obvious difference is that no clear

hermal effects can be seen in the range from 300 ◦C to 700 ◦C.
he endothermic peak at 122.8 ◦C, accompanied by weight loss,
ndicates desorption of the physically absorbed water. The flat
TA curve in the region of 300–700 ◦C indicates that no struc-

ural changes occur at this stage. The sharp exothermic peak at

round 874.5 ◦C can be attributed to the crystallization transition
rom –La–O–Zr– to LZ (F), and the relatively small exothermic peak
t around 1045 ◦C suggests a phase transition from LZ (F) to LZ (P),
hich is in accordance with the XRD pattern in Fig. 5.

ig. 7. TG–DTA traces of precipitate gel prepared by the natural dropping method.
Fig. 8. TG–DTA traces of precipitate gel prepared by the reverse dropping method.

3.2. Thermophysical property

The specific heat values of La2Zr2O7 at various temperatures are
taken from the literature [29] and a density of 4.2 g cm−3 for both
was measured by the Archimedes method. The values of thermal
conductivity are then obtained by multiplying the thermal diffu-
sivity (˛), density (�) and specific heat (Cp), according to Eq. (1):

k = Cp · ˛ · � (1)

The thermal diffusivity of La2Zr2O7 decreases with increasing
temperature in the range between 200 ◦C and 1200 ◦C (Fig. 9),
is found in most polycrystalline materials [30]. In the tempera-
ture range between 900 ◦C and 1200 ◦C, the thermal diffusivity
decreases, while the thermal conductivity increases, which are

Fig. 9. Thermal diffusivity of LZ versus temperature by the natural and reverse
dropping method.
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ig. 10. Temperature dependence of thermal conductivity of LZ obtained by the
atural and reverse dropping method.

hown in Fig. 10. It is attributed to the effects of thermal radiation
t high temperature (>900 ◦C) [31].

The thermal conductivity of samples obtained with the reverse
ropping method decreased by about a half compared to those
roduced by the natural dropping method, as shown in Fig. 10.
he difference in the thermal property between two samples can
e related to their compositions (Table 3), microstructure and the
roperties of the second phase. As analyzed in the former section,
he sample obtained by the reverse dropping method is composed
f pure LZ (P), while the sample produced by the natural dropping
ethod contains a small amount of impure phase, LaOCl. According

o the calculation model for the effective thermal conductivity for
two-phase material [32], the overall thermal conductivity of LZ

nd LaOCl will be higher than that of a pure phase LZ, because the
hermal conductivity of LaOCl is higher than that of LZ. Addition-
lly, the difference in microstructures also results in changes in the
hermal conductivity. As shown in Fig. 3c, the compound particles
omposed of lanthanum and oxygen are much larger than those
btained by the reverse dropping method. Large particles are not
uperior as thermal insulation compared to tiny powders [17,33]
ince small particles, especially nanoparticles, can provide more
rain boundaries to scatter phonons.

. Conclusion

We studied the synthesis process of LZ by two different
oprecipitation–calcination methods. Adding reactants in a dif-
erent order affects the product composition and structure; the
atural dropping method and reverse dropping method produce
recipitates with different compositions: a mixture of lanthanum
ydroxide and zirconium hydroxide, and a –La–O–Zr– compound,
espectively. These solids undergo different decomposition and
rystallization routes. At about 850 ◦C, LZ with fluorite structure was
ynthesized, and LZ with pyrochlore structure can be obtained at
000 ◦C by the reverse dropping method. The precipitates from the

everse dropping method can produce pure and highly crystalline
Z, while the product obtained by the natural dropping method is
mixture of LZ with a small amount of LaOCl.

Ceramics were prepared by subsequently sintering the powders
t 1500 ◦C for 6 h. The thermal conductivity of the LZ specimen from

[

[

mpounds 480 (2009) 843–848

the reverse dropping method was about half of that produced by the
natural dropping method. The compositions and microstructures of
the precipitates, along with the property of the second phase, are
the main factors that should be responsible for the difference in
thermal conductivity.
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