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Thermal barrier coatings (TBCs) have very important applications in gas turbines for higher thermal
efficiency and protection of components at high temperature. TBCs of rare earth materials such as
lanthanum zirconate (La2Zr2O7, LZ), lanthanum cerate (La2Ce2O7, LC), lanthanum cerium zirconate
(La2(Zr0.7Ce0.3)2O7, LZ7C3) were prepared by electron beam-physical vapor deposition (EB-PVD). The
composition, crystal structure, cross-sectional morphology and cyclic oxidation behavior of these coat-
ings were studied. These coatings have partially deviated from their original compositions due to the
different evaporation rates of oxides, and the deviation could be reduced by properly controlling the
hermal barrier coatings
are earths
lectron beam-physical vapor deposition
as turbine

deposition condition. A double ceramic layer-thermal barrier coatings (DCL-TBCs) of LZ7C3 and LC could
also be deposited with a single LZ7C3 ingot by properly controlling the deposition energy. LaAlO3 is
formed due to the chemical reaction between LC and Al2O3 in the thermally grown oxide (TGO) layer.
The failure of DCL-TBCs is a result of the sintering-induced of LZ7C3 coating and the chemical incompat-
ibility of LC and TGO. Since no single material that has been studied so far satisfies all the requirements

licati
for high temperature app

. Introduction

In recent years, further increase in thrust-to-weight ratio and
igher gas temperature are required in advanced turbine engines.

n order to meet these requirements, ceramic thermal barrier
oatings (TBCs) have been widely used in hot-section metal com-
onents in gas turbine either to increase the inlet temperature
ith a consequent improvement of the efficiency or to reduce

he requirements for the cooling system [1,2]. The application
f TBCs greatly enhances the operation temperature and ther-
al efficiency of gas turbines, and reduces fuel consumption and

as emission at elevated temperatures [1–4]. The selection of TBC
aterials is restricted by some basic requirements such as high
elting point, low thermal conductivity, thermal expansion match
ith the metallic substrate, no phase transformation between

oom temperature and operation temperature, chemical stabil-

ty, good adherence to the metallic substrate, and low sintering
ate of the porous microstructure [5,6]. Typically, the TBC material
resently used in gas turbines is partially stabilized zirconia con-
aining 6–8 wt.% Y2O3 on a MCrAlY bond coat, deposited either by
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ons, DCL-TBCs are an important development direction of TBCs.
© 2010 Elsevier B.V. All rights reserved.

plasma spraying (PS) or by electron beam-physical vapor deposi-
tion (EB-PVD) [7]. A major disadvantage of yttria-stabilized zirconia
(YSZ) is the limited operation temperature of 1473 K for long-term
application. At higher temperatures, phase transformations from
the t′-tetragonal to tetragonal and cubic (t + c) and then to mono-
clinic (m) occur, giving rise to the coating failure [8,9]. Moreover, the
sintering-induced volume shrinkages would degrade the columnar
structure of EB-PVD coatings and raise the elasticity modulus and,
as a result, restrict the favorable strain tolerance of the coating [10].

In the next generation of advanced engines, further increases
in thrust-to-weight ratio will require even higher gas temperature.
This means that higher surface temperatures and larger thermal
gradients are expected in advanced TBCs as compared with the con-
ventional YSZ TBCs. Recently, some candidate materials for TBCs’
application at higher temperature are under investigation, such as
LaMgAl11O19, La2Zr2O7 (LZ), 3 wt.% Y2O3–La2Zr2O7, La2Ce2O7 (LC)
and La2(Zr0.7Ce0.3)2O7 (LZ7C3) [1–10]. Among the interesting can-
didates for TBCs, the rare earth zirconates and cerates (LZ, LC and
LZ7C3) have been investigated and the results indicate that these
materials show promising thermo-physical properties and have

attracted a great attention [5].

It has been reported that LZ, LC and LZ7C3 coatings could be
manufactured by PS method [5,8,11]. TBCs produced by EB-PVD
have shown considerable improvement in tolerance to thermal
cycling compared with those coatings made by PS [12]. The superior

dx.doi.org/10.1016/j.jallcom.2010.04.160
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Table 1
Chemical compositions of the as-deposited LZ, LC and LZ7C3 coatings.

Oxides LZ LZ7C3 LC
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Theoretical value Coating surface Theore

La2O3 (wt.%) 56.9 59.47 54.16
ZrO2 (wt.%) 43.1 40.53 28.68
CeO2 (wt.%) – – 17.16

erformance of EB-PVD coatings has been attributed to develop-
ent of a feather-like columnar microstructure. Additionally, due

o the large thermal expansion coefficient of LC, and the high sinter-
ng resistance of LZ7C3, it is a great hope that these materials will
xhibit new-layered coatings with LZ7C3 coating on top of LC coat-
ng for good thermal protection. Hence it is necessary to investigate
Z, LC and LZ7C3 TBCs prepared by EB-PVD. Meanwhile, a double
eramic layer-thermal barrier coatings (DCL-TBCs) of LZ7C3 and LC
ould be deposited with a single LZ7C3 ingot by properly control-
ing the deposition energy, and their thermal cycling behaviors are
lso investigated.

. Experimental

In the present study, rare earth oxide powders (La2O3, ZrO2 and CeO2) were heat-
reated at 1273 K for 2 h in air before weighing as rare earth oxides are hygroscopic.
wo ingot compositions (LZ and LZ7C3) were produced via a powder route by using
are earth oxides. After the cast-formation, the ingots were densified at 1773 K for
2 h.

The substrates (30 mm × 10 mm × 1.5 mm) were ground before bond coat (BC)
f MCrAlY was deposited by arc ion-plating (A-1000 Vacuum Arc Ion-Plating Unit).
C has a nominal composition of 20–25Cr, 6–10Al, 0.08–0.4Y, 0.4–0.8Si, and Ni as
alance (wt.%). The thickness of BC was in the range of 35–45 �m. After BC was
eposited, substrates were heat-treated in high vacuum. The topcoats of rare earth
irconate or cerate coatings were deposited by EB-PVD and their thicknesses were
bout 100–200 �m. Electron beam current for deposition of zirconate and cerate
oatings was in the range of 350–600 mA. Meanwhile, the accelerated high-voltage
kV) was in the range of −9.60 to −10.15. The deposition pressure of EB-PVD working
hamber was about 7 × 10−3 Pa and no oxygen was introduced into the vacuum
hamber. The average substrate temperature was 1098 ± 25 K and the rotation speed
as 7 rpm.

The cyclic oxidation test of samples was heated in an air furnace at 1373 K for
0 min followed by removing out for cooling with airflow for 5 min. The heating-up
nd then cooling-down makes one oxidation cycle, and this process was repeated
ntil 5% area of the ceramic coat was delaminated, and the cycling number was then
egarded as the thermal cycling life of TBCs. The coating samples were embedded in
transparent cold-setting epoxy and then sectioned, ground and polished with dia-
ond pastes down to 1 �m. Scanning electron microscope (SEM, FEI-Quanta 600)

quipped with EDS (Oxford INCAx-sight 6427) was applied for the microstructure
nd composition evaluation. X-ray diffraction (XRD, Bruker D8 Advance) with Cu
� radiation at a scan rate of 8◦ min−1 was used for the phase determination of
owders and coatings. Coatings without polishing were used directly for XRD mea-
urement. In order to evaluate the lattice parameter, the silicon powder was used
s the external standard.

. Results and discussion

.1. Composition and phase structure of the coatings

Partial decomposition of rare earth-zirconia (or -ceria) compos-
te oxides ceramics could occur during EB-PVD due to different
apor pressures of the deposited oxides, which leads to compo-
ition derivation of the deposited ceramic coating from the original
ngot [10,12,13]. In such case, it is necessary to optimize the chem-
cal composition of original ingot and processing parameters for
eposition of coating, in order to obtain the optimal phase with
early stoichiometry composition. In this study, the optimized EB-
VD processing conditions were adopted for deposition of LZ, LZ7C3
nd LZ7C3/LC (LZ7C3 on top of LC) DCL coatings. Chemical composi-

ions of the as-deposited LZ, LC and LZ7C3 coatings are respectively
isted in Table 1. Obviously, the ratio of two or three oxides in the as-
eposited coatings analyzed by EDS has slightly deviated from the
heoretical value after deposition. The contents of La2O3 and CeO2
re higher in the coatings compared with the theoretical value.
alue Coating surface Theoretical value Coating surface

58.18 48.63 51.49
23.19 – –
18.63 51.37 48.51

However, for the ZrO2, the situation is just opposite. The possible
reasons for these phenomena are: (1) the surface temperature of
the ingot is very high during deposition, and different evaporation
rates of the constituents might lead to the stoichiometry change
when the material is heated; (2) from the calculation of Madelung
energy of the pyrochlore structure (A2B2O7), ZrO2 is thermally
more stable than La2O3 [14]; (3) the composition deviation seems
to be a result of evaporation difference of CeO2, La2O3 and ZrO2
during deposition. Vapor pressures of the above oxides at 2773 K
are 2 × 10−5 atm, 8 × 10−5 atm and 2 × 10−2 atm for ZrO2, La2O3 and
CeO2, respectively [12,13]; (4) the amount of CeO2 increase during
deposition is higher than that of La2O3 (or ZrO2) due to its high
vapor pressure; (5) it exists a correlation between the chamber
pressure and composition change during deposition [10,13]. The
change in vapor pressure during deposition probably turns out to
affect heavily the chamber pressure leading to deviate of compo-
sition. Additionally, the melting and evaporation behavior of the
source material, ingot density, deposition rate and efficiency, gun
power, e-beam focus, dwell time, melt pool, chamber pressure and
vapor cloud geometry are predominant factors to control the coat-
ings’ composition during deposition [12,13].

On the other hand, there exists a correlation between depo-
sition energy, vapor pressure and temperature during deposition
[15]. When the ingot surface is heated by electron beam to a
certain extent, the solid phase La2(Zr0.7Ce0.3)2O7 reaches firstly
a molten state, and then attains a solid–liquid equilibrium, the
gasification is finally initiated. Therefore, the chemical balance of
La2(Zr0.7Ce0.3)2O7 can be expressed as:

La2(Zr0.7Ce0.3)2O7 (s)

= La2O3 (g) + 0.6CeO2 (g) + 1.4ZrO2 (g) (1)

According to the formula of Gibbs free energy, Eq. (2) is obtained
when the reaction reaches the chemical balance:

�G = −RT ln(Kp) (2)

In the above equation, �G is the free energy change (kJ mol−1),
Kp is the equilibrium constant, T is the temperature (K) and R is
the gas constant (J mol−1 K−1). Corresponding, their �G values can
be roughly calculated to be −47.9 kJ mol−1, −105.14 kJ mol−1 and
−22.4 kJ mol−1 for La2O3, CeO2 and ZrO2, respectively.

This calculation indicates that the absolute values of �G are in
the order of CeO2 > La2O3 > ZrO2. In other words, when the ingot
surface is heated by electron beam, evaporations of Ce and La are
relatively faster than that of Zr. As a result, Ce and La decomposed
from La2(Zr0.7Ce0.3)2O7 ingot can be selectively deposited when the
deposition energy is properly controlled. After that, the evaporation
of Zr is gradually achieved with the increase of deposition energy.

Additionally, the melting points for ZrO2, CeO2 and La2O3 are
estimated to be ∼3173 K, ∼2673 K and ∼2490 K, respectively, which
indirectly proves that the deposition energy adopted for deposition
of Zr is correspondingly higher than those of Ce and La. There-
fore, these simple calculations give a qualitative explanation that

DCL coating of LZ7C3/LC could be prepared by single LZ7C3 ingot
with properly controlling the deposition energy. The composition
analysis along the cross section of DCL coating by EDS is shown
in Fig. 1, whose result is in good agreement with the explanations
mentioned above.
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Fig. 1. SEM micrograph an

Due to the fast cooling after deposition, before XRD experiment,
hree kinds of coating samples are heated in air at 1373 K for 20 h in
rder to improve the crystallization degree. Fig. 2a and b shows the
RD patterns of the as-deposited LZ coating and its original pow-
er. It is obvious that the coating has a similar XRD pattern with its
owder. It can be seen from Fig. 2b that the cubic pyrochlore struc-
ure is the main phase even though some La2O3 and t-ZrO2 are also
etected in the coating. It is also interesting to see that the peaks
elonging to the pyrochlore structure slightly shift to the smaller
�-value (the larger d-values) compared with the starting powder.
eanwhile, the lattice parameter of the as-deposited LZ coating

10.822 Å) is larger than that of the theoretical value (10.793 Å)
ecause the former has a higher content of La2O3 than the latter.
a3+ (1.06 Å) has a larger ionic radius than Zr4+ (0.79 Å). The excess
a2O3 in the coating is dangerous to the coating. It would absorb
oisture from the air with the formation of La(OH)3, leading to the

welling and then spalling of the coating. It was observed in our
xperiments that some LZ coatings with a high content of La2O3

palled automatically after being stored for a few days. Therefore,
he deposition condition of LZ coating should be properly controlled
o keep the content of excess La2O3 as low as possible.

ig. 2. XRD patterns of (a) LZ, (c) LC and (e) LZ7C3 powders, and the as-deposited
oatings of (b) LZ, (d) LC and (f) LZ7C3. (Note: “F” and “P” represent “fluorite” and
pyrochlore” structures, respectively.)
line scanning of DCL-TBCs.

On the other hand, in order to further prove the composition of
DCL coating, the surface of DCL coating and the exposed LC coating
after gradually grinding (No. 2500-SiC paper) of the coating layer
by layer were analyzed by XRD. The distance after gradual grinding
of the coating layer is measured by video microscope. The results
obtained along the thickness of DCL coating are given in Fig. 2d and
f. For comparison, XRD patterns of original powders of LC and LZ7C3
are also presented in Fig. 2c and e, respectively. It can be seen from
Fig. 2c and d that LC coating has a very similar XRD pattern with
its starting powder, implying that LC coating is deposited. It fur-
ther proves that LC coating can be fabricated by properly adjusting
the deposition parameters. This phenomenon is in good agreement
with the result mentioned in Fig. 1. The cubic pyrochlore and flu-
orite structures are the main phases observed in Fig. 2e and f. For
LZ7C3 powder, XRD peaks belonging to the pyrochlore structure are
stronger than those of fluorite structure as shown in Fig. 2e. How-
ever, for the coating, the situation is opposite (Fig. 2f). It indicates
that a solid solution of LC and LZ with fluorite structure is preferen-
tially formed in LZ7C3 coating as compared with that of pyrochlore
structure. Meanwhile, the preferred orientation growth of fluorite
structure occurs in the 〈0 0 1〉 crystal direction. The reason may be
that the different vapor pressures of La2O3, CeO2 and ZrO2 partially
lead to the chemical composition deviation of LZ7C3 coating from
that of the ingot during the EB-PVD process. It is also interesting to
see that all the peaks (Fig. 2f) slightly shift to the larger 2�-value
(the smaller d-values) compared with the powder (Fig. 2e). The
main reason is probably that the former has a higher content of
CeO2 than the latter, and Ce4+ (0.092 nm) has a smaller ionic radius
than La3+ (0.106 nm).

3.2. Thermal cycling behavior of the coatings

The cross-sectional SEM images of the LZ, LZ7C3 and DCL coat-
ings after thermal cycling test are presented in Fig. 3. After thermal
cycling, a black thin layer with a thickness of 6–8 �m between the
ceramic layer and BC is clearly observed in Fig. 3a and b, and this
thin layer is so-called as the thermally grown oxide (TGO) layer,
implying that BC oxidation is still an important factor for coating
failure. The internal-oxidation of BC usually occurs by both the oxy-
gen penetration through the inter-columnar gaps in the ceramic
layer and oxygen-diffusion through the crystal lattice of the coat-
ing material [16]. Indeed, the degree of internal-oxidation of BC in
LZ coating and the inhomogeneous morphology of TGO are signif-
icantly stronger than that of LZ7C3 coating as compared in Fig. 3a

and b. The TGO layer consists of mainly Al2O3 and some oxides of
Ni, Cr and Co as proved by EDS, which data is not shown in this
paper. Differently, the TGO layer between LC coating and BC is not
observed in Fig. 3c. The possible reason is that LC coating reacts
with the TGO layer after such a long-term cycling. It indirectly indi-
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Fig. 3. Cross-sectional SEM images of LZ, LZ7C3 and DCL

ates that the chemical compatibility of LC coating and TGO layer is
nstable. In order to further study the stability of LC coating when

t contacts TGO layer, a mixture of LC and Al2O3 in a molar ratio of
0:50 was heated at 1373 K for 48 h, and XRD results are shown in
ig. 4. After the heat-treatment, a new phase of LaAlO3 is observed
nd only a little bit Al2O3 are detected in Fig. 4, and the possible
eactions are following:

a2Ce2O7 + Al2O3 = 2LaAlO3 + 2CeO2 (3)

At high temperatures, LaAlO3 can be formed due to the chemical
eaction between LC and Al2O3, implying that LC is unstable at the
pplication temperature of TBCs which is at least 1373 K after long-
erm cycling. This result further confirms that TGO layer is hardly
bserved as shown in Fig. 3c. LaAlO3 has perovskite structure above
23 K and it undergoes a phase transformation to a rhombohedral
ymmetry when it is cooled, leading to the structure inhomogeneity
17,18].

The vertical cracks run through the ceramic layer, which are
imultaneously observed in Fig. 3a and b and have further prop-
gated down to BC surface. As a consequence, the occurrence of
ransverse cracks in BC surface causes the abnormal oxidation of BC
nd builds up growth stresses due to the volume swelling, which
ould reduce the adhesion strength of the interface between the
eramic layer and BC. As compared with LZ7C3 coating, the delam-
nation of LZ coating from BC induced by transverse cracks is more
erious, and one separation zone occurred between LZ coating and

C is more obvious (Fig. 3a). Additionally, its low thermal expan-
ion coefficient and low fracture toughness are also responsible for
pallation failure of LZ coating [5,10,19]. In this case, it is consid-
red that air goes through those cracks to BC surface, and causes the

ig. 4. XRD patterns of the mixture of LC and Al2O3 powders after being heated at
373 K for 48 h.
ngs after 588, 851 and 654 thermal cycles, respectively.

abnormal oxidation of BC [20]. Therefore, a transverse (or vertical)
crack is developed when the stress (i.e. thermal stress) is accumu-
lated to some extent, leading to the initiative spallation of ceramic
layer in TBCs. On the other hand, as shown in Fig. 3c, some trans-
verse cracks are formed not only at the interface between LZ7C3
and LC coatings, but also inside LC7C3 coating. Part of LZ7C3 coat-
ing spalled from above (or near) the LC surface is also observed in
Fig. 3c, and the spallation of DCL coating is layer by layer in LZ7C3
coating. It is concluded that the failure of DCL coating may start at
the surface of LZ7C3 coating. The reason is that the surface temper-
ature of LZ7C3 top coat is higher than that of LC bottom coat, and
the sintering-induced effect of LZ7C3 coating surface occurs after
long-term thermal cycling probably due to the elemental interdif-
fusion between these two coats induced by concentration gradient,
which results in parallel contraction of LZ7C3 coating surface. On
the other hand, one explanation for the occurrence of microcracks
could be attributed to the reduction–oxidation of cerium oxide. The
LZ7C3 ingot is heated in vacuum by electron beam source during
deposition which is a reduced atmosphere and the cerium oxide is
reduced to Ce3+ to a certain extent. When the reduced cerium oxide
is annealed in air, it would be oxidized and the coating would swell.
Therefore, the microcracks are easy to be formed due to the pres-
ence of cerium in both Ce3+ and Ce4+ oxidation states within LZ7C3
coating. In addition, the LZ and LZ7C3 coatings still keep columnar
structure even after long-term thermal cycling (Fig. 3a–c), which is
a typical and characteristic feature of the coating made by EB-PVD.
This phenomenon further confirms that the LZ and LZ7C3 coatings
still have a low sintering ability to a certain extent. Namely, the
rare earth zirconates and cerates are candidate materials for TBCs’
application.

4. Conclusions

The LZ, LZ7C3 and LC coatings were prepared by EB-PVD in this
work. These coatings have slightly deviated from the theoretical
values after deposition due to the different evaporation rates of
oxides, and the deviation could be reduced by properly control-
ling the deposition condition. DCL-TBCs of LZ7C3 and LC could also
be deposited with a single LZ7C3 ingot by properly controlling the
deposition energy. The failure of LZ and LZ7C3 coatings is probably
a result of the abnormal oxidation of bond coat, the mismatch ther-
mal expansion coefficient of ceramic layer and bond coat and the
visible cracks initiation, propagation and extension. Additionally,
the sintering-induced of LZ7C3 coating, the extension of transverse
cracks and the chemical incompatibility of LC and TGO seem to be
the primary factors for the spallation of DCL coating.
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