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bstract

anthanum–zirconium–cerium composite oxide (La2(Zr0.7Ce0.3)2O7, LZ7C3) coatings were prepared under different conditions by electron beam-
hysical vapor deposition (EB-PVD). The composition, crystal structure, surface and cross-sectional morphologies, cyclic oxidation behavior of
hese coatings were studied. Elemental analysis indicates that the coating composition has partially deviated from the stoichiometry of the ingot,
nd the existence of excess La2O3 is also observed. The optimized composition of LZ7C3 coatings could be effectively achieved by the addition of
xcess CeO2 into the ingot or by properly controlling the deposition energy. Meanwhile, when the deposition energy is 1.15 × 104–1.30 × 104 J/cm2,

he coating has a similar X-ray diffraction (XRD) pattern to the ingot, and the thermal cycling life of the coating is also superior to other coatings.
he spallation of the coatings occurs either within the ceramic layer approximately 6–10.5 �m above its thermally grown oxide (TGO) layer or at

he interface between ceramic layer and bond coat.
2008 Elsevier Ltd. All rights reserved.
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. Introduction

An increase of thermal efficiency in gas turbine is directly
onnected with a high gas inlet temperature and, therefore, leads
o the increased thermal loads on the materials used for turbine
omponents.1,2 The application of the advanced nickel-based
uperalloy in turbine blade material aiming at elevating inlet tem-
erature is becoming more and more difficult. In addition, the
mount of air that can be used for cooling in high-performance
ngines is limited.3 To meet these requirements, thermal barrier
oatings (TBCs) have been applied in aircraft propulsion and
and-based power generation systems to increase turbine inlet
emperature and the thermal efficiency. Consequently, there is

n enormous interest in the use of TBCs in aircraft engines.
he state-of-the-art and conventional TBC system usually con-
ists of a ceramic topcoat of YSZ, a metallic bond coat (BC,
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CrAlYX, M = Ni/Co, X = Hf, Ta, Re, Si) and a Ni-based super-
lloy substrate.4 Currently, TBCs are usually produced by either
B-PVD or atmospheric plasma spraying (APS).

Yttria-stabilized zirconia (YSZ), especially zirconia contain-
ng 8 wt% yttria (8YSZ) is currently used as the standard material
f TBCs due to its low thermal conductivity (2.1 W m−1 K−1),
elatively high thermal expansion coefficient (11 × 10−6 K−1)
nd chemical inertness in combustion atmospheres.5 However,
he major disadvantage of YSZ is the limited operation tem-
erature of 1200 ◦C for the long-term application.6 At higher
emperatures, the t′-tetragonal phase transforms into the tetrag-
nal and the cubic (t + c) phases. During cooling, the t-phase
ill further transform into the monoclinic (m) phase, giving

ise to the volume increase and resulting in the formation
f cracks in the coating.7,8 Moreover, the sintering-induced
olume shrinkages would degrade the columnar structure of

B-PVD coatings and raise the elasticity modulus and, as a

esult, restrict the favorable strain tolerance of the coating.5 On
he other hand, in the next generation of advanced engines,
urther increases in thrust-to-weight ratio will require even

mailto:he_limin@yahoo.com
dx.doi.org/10.1016/j.jeurceramsoc.2008.10.005
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igher gas temperature. This means that higher surface tem-
eratures and larger thermal gradients are expected in advanced
BCs as compared to the conventional YSZ TBCs. In order

o overcome these disadvantages of YSZ and meet the ambi-
ious design goal, the search for new candidate materials with
ven lower thermal conductivity, higher operating tempera-
ure, better sintering resistance and phase stability at even
igher temperature has been intensified in the last decade.
everal ceramic materials such as Al2O3, TiO2, mullite,
aO/MgO + ZrO2, CeO2 + YSZ, silicates, lanthanum alumi-
ate, zircon, metal–glass composite, garnet (Y3AlxFe5−xO12)
nd zirconium phosphate ((Ca/Mg)Zr4–(PO4)6) have been eval-
ated as TBCs materials.9 The selection of TBCs materials is
estricted by some basic requirements such as: (1) high melting
oint, (2) no phase transformation between room temperature
nd operation temperature, (3) low thermal conductivity, (4)
hemical inertness, (5) thermal expansion match with the metal-
ic substrate, (6) good adherence to the metallic substrate, and
7) low sintering rate of the porous microstructure.8–10 There-
ore, the number of materials that can be used as new TBCs is
ery limited. So far, although a few materials have been evalu-
ted as the candidates for TBCs, no single material satisfies all
equirements.

Among the interesting candidates for TBCs, the rare earth
irconates have been investigated and the results indicate that
hese materials are significant for the top ceramic materials for
uture TBCs. Especially those materials with pyrochlore struc-
ures and high melting points, lanthanum zirconate (La2Zr2O7,
Z) shows promising thermo-physical properties and has
ttracted a great attention. LZ has a lower thermal conductiv-
ty (1.56 W m−1 K−1) than YSZ, a cubic pyrochlore structure
hich is stable up to its melting point (2300 ◦C), and it has been
roposed as a promising TBCs material.5,8,11–15 However, the
elatively low thermal expansion coefficient of LZ leads to high
hermal stress between the LZ coating and the metallic bond
oat, and it also has a low fracture toughness. It is well known
hat, CeO2 has high thermal expansion coefficient, which indi-
ates that the thermal expansion coefficient of La2Zr2O7 may
e enhanced by CeO2 doping.16,17

However, La2Zr2O7 ceramic material doped by
eO2 for TBCs has not been investigated in detail
p to now, and no thermal cycling life result is avail-
ble. Lanthanum–zirconium–cerium composite oxide
La2(Zr0.7Ce0.3)2O7, LZ7C3) as a candidate material for
BCs made by APS had previously reported by Cao.3,16,18

n the other hand, EB-PVD coatings offer the potential for

chieving higher engine operating temperatures and longer
BCs lifetimes due to its unique columnar microstructure.19,20

B-PVD has been recognized as an attractive method for
abricating TBCs for gas turbine hot section components.

a
T
L
s

able 1
he nominal compositions (wt.%) of substrate DZ125 and bond coat.

uperalloy Al Cr Co Y

ubstrate (DZ125) 4.8–5.4 8.4–9.4 9.5–10.5 –
ond coat (NiCrAlYSi) 6–10 20–25 – 0.08–0.4
amic Society 29 (2009) 1771–1779

ence it is necessary to investigate LZ7C3 TBCs prepared by
B-PVD. As previously reported in Refs. 19 and 21, during
B-PVD process, deposition energy has a significant effect on
omposition and performance of the coatings. Nevertheless,
Z7C3 TBCs prepared by EB-PVD under the different deposi-

ion energies have not been carried out up to now. The purpose
f this study is to clarify the influence of the deposition energy
n the composition and thermal cycling behavior of LZ7C3
oatings, and also study the failure behaviors of the coatings.

. Experimental

.1. Synthesis of LZ7C3

LZ7C3 powder with the desired composition was synthesized
y solid-state reaction at 1400 ◦C for 12 h with La2O3 (99.99%,
henghai Chemicals of Guangdong), CeO2 (99.99%, Cheng-
ai Chemicals of Guangdong) and ZrO2 (99.5%, Chenghai
hemicals of Guangdong) as the starting materials. A deionized
ater-based suspension of LZ7C3 powder was ball-milled for
4 h with zirconia balls. The suspension was completely dried
n a model with a diameter of 80 mm. After the cast-formation,
he ingot was densified at 1500 ◦C for 12 h.

.2. Preparation of bond coat and top ceramic coat

The directionally solidified Ni-based superalloy DZ125
30 mm × 10 mm × 1.5 mm) was used as the substrate whose
ominal composition was shown in Table 1. The substrates were
and-blasted for 15 min to remove the oxide layer before they
ere cleaned in ultrasonic bath. The substrates were fixed by the
echanical arm in the Arc Ion-plating (A-1000 Vacuum Arc Ion-
lating Unit, AIP) for the deposition of NiCrAlYSi bond coat
BC). The BC thickness was between 35 �m and 45 �m. The
ominal composition of the BC was also listed in Table 1. After
he deposition of BC, the substrates were heat-treated under high
acuum at 870 ◦C for 3 h. The top coating of LZ7C3 (90–110 �m
n thickness) was fabricated by EB-PVD with mainly controlling
he deposition energies, and these parameters for four LZ7C3
oating samples were listed in Table 2. The deposition energy
sed in this study was calculated in combination with current
f electron beam, high-voltage, deposition time and e-beam
ocus. During the deposition, the substrate pre-heating power
as set to be 8 kW, and the pattern of e-beam focus was basically
ept constant on the surface of ingot. The averaged deposition
ressure of EB-PVD working chamber was about 3 × 10−3 Pa

nd no oxygen was introduced into the vacuum chamber.
he averaged substrate temperature for the depositions of
Z7C3 coating was 825 ± 25 ◦C. The substrate was rotated at a
peed of 7 rpm.

Si Ta Ti W Mo Ni

– 3.5–4.1 0.7–1.2 6.5–7.5 1.5–2.5 Balance
0.4–0.8 – – – – Balance
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Table 2
The LZ7C3 coating samples used in this study.

Sample Deposition energya (×104 J/cm2)

A 1.45–1.60
B 1.30–1.45
C 1.15–1.30
D 1.0–1.15
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a Note: Energy density (J/cm2) used in this study is to express of deposition
nergy.

.3. Oxidation and microstructure analysis

To evaluate the thermal shock resistance of the coatings, the
yclic oxidation test of samples A–D were heated in a furnace at
100 ◦C for 30 min followed by removing out for cooling down
ith airflow for 5 min. The heating-up and then cooling-down
akes one oxidation cycle, and this process was repeated until

% area of the ceramic coat was delaminated, and the cycling
umber was then regarded as the thermal cycling life of TBCs.
eanwhile, after the cyclic oxidation for a certain time, the sam-

les were also weighted with a balance, and the weight change
s a function of oxidation time was recorded.

The coating samples were embedded in a transparent cold-
etting epoxy and polished with diamond pastes down to 1 �m
ollowed by etching with an acid solution of HCl and HNO3
volume ratio HCl/HNO3 = 3/1). Scanning electron microscope
SEM, FEI-Quanta 600) equipped with EDS (Oxford INCAx-
ight 6427) was applied for the microstructure and composition
valuation. X-ray diffraction (XRD, Rigaku D/Max 2500) with
u K� radiation at a scan rate of 4◦/min was used for the phase
etermination of LZ7C3 ingot and coatings.

. Results and discussion

.1. Composition of the coating

Chemical compositions of LZ7C3 ingot and the as-deposited
oatings for samples A–D are listed in Table 3. The ingot
s basically stoichiometric La2(Zr0.7Ce0.3)2O7 by taking into
ccount the experimental error. After deposition, the ratio of
a2O3/ZrO2/CeO2 in the as-deposited coatings for samples A–D
nalyzed by EDS has deviated from the starting ingot. Obvi-

usly, as compared to the starting ingot, the content of La2O3
n the four coatings has increased, whereas the content of ZrO2
as decreased. Differently, the content of CeO2 has fluctuated in
he range of 13.85–20.08 wt.%, and no visible trend is gained.

s
L
F
d

able 3
DS analysis of chemical compositions of LZ7C3 ingot and coatings.

ample La2O3 (wt.%) ZrO2 (wt.%

heoretical value 54.16 28.68
tarting ingot 53.86 28.19

67.12 16.97
64.13 15.79
56.55 27.36
65.84 20.31
amic Society 29 (2009) 1771–1779 1773

he possible reasons for these phenomena are: (1) the surface
emperature of the ingot is very high during the deposition,
nd different evaporation rates of the constituents might lead
o the stoichiometry change when the material is heated; (2) the
hree constituents have different vapor pressures (8 × 10−5 atm,
× 10−7 atm and 2 × 10−2 atm at 2500 ◦C for La2O3, ZrO2 and
eO2, respectively6,22); (3) from the calculation of Madelung
nergy of the pyrochlore structure (A2B2O7), ZrO2 is thermally
ore stable than La2O3.23 It can be seen from Tables 2 and 3, the

igher is the deposition energy, the more is the content of La2O3
n the coating. It could further explain the faster evaporation of
a2O3 than ZrO2 during deposition. Additionally, the amount
f CeO2 loss during deposition is higher than that of La2O3 (or
rO2) due to its high vapor pressure. (4) It exists a correlation
etween the chamber pressure and composition change during
eposition.5,24 The change in vapor pressure during deposition
robably turns out to affect heavily the chamber pressure lead-
ng to deviate of composition. (5) The melting and evaporation
ehavior of the source material, ingot density, deposition rate
nd efficiency, gun power, e-beam focus, dwell time, chamber
ressure and vapor cloud geometry are predominant factors to
ontrol the coatings’ composition during deposition.18,22,25

It can be seen from Table 3, however, only the sample C has a
toichiometric composition near to the starting ingot, samples A,
and D have deviated from the theoretical values to some extent.

n order to optimize the composition of the LZ7C3 coating, the
ontents of La2O3 and CeO2 are synchronously adjusted in the
tarting ingot, and the content of ZrO2 is kept constant. Corre-
pondingly, the deposition parameters adopted during deposition
re the same with the sample C, implying that the deposition
nergy is in the range of 1.15 × 104–1.30 × 104 J/cm2. Fig. 1
hows the change of La/Ce ratio in coating with La/Ce ratio in
ngot. The La/Ce ratio increases with increasing La/Ce ratio in
ngots under the same evaporating and depositing parameters.
o a certain extent, the desired composition of ceramic coating
an be achieved either by changing the ingot composition or by
lightly modifying the deposition parameters.

La2Zr2O7 (LZ, pyrochlore) and La2Ce2O7 (LC, disordered
uorite) have different crystal structures. In the series of
a2(Zr1−xCex)2O7, LZ7C3 is a mixture of pyrochlore and
uorite.16 The main phase in LZ7C3 is LZ with a small sol-
bility of LC, and this phase keeps pyrochlore structure. The
econd phase is a solid solution of LC and LZ with fluorite

tructure. In order to further understand the crystal structure of
Z7C3, XRD patterns of LZ and LC are also displayed in Fig. 2.
ig. 2 shows the XRD patterns of LZ7C3 ingot and the four as-
eposited LZ7C3 coatings with different deposition energies. It

) CeO2 (wt.%) Composition

17.16 La2Zr1.4Ce0.6O7

17.82 La1.98Zr1.37Ce0.62O7

15.91 La2.67Zr0.90Ce0.60O7

20.08 La2.55Zr0.84Ce0.77O7

16.09 La2.10Zr1.35Ce0.57O7

13.85 La2.58Zr1.05Ce0.51O7
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Fig. 1. La/Ce ratios before and after deposition.

Fig. 2. XRD patterns of (a) LZ, (b) LC, (c) LZ7C3 ingot and (d)–(g) are four as-
deposited LZ7C3 coatings, respectively. (Note: “F” and “P” represent “Fluorite”
and “Pyrochlore” structures, respectively.)
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Fig. 3. SEM micrographs of the as-deposited LZ7C3 coating (sample C): (1) top sur
A of (a); (2) (c) fractured cross-section.
amic Society 29 (2009) 1771–1779

an be seen from Fig. 2c and f, it is obvious that sample C has
similar XRD pattern with the ingot. The cubic pyrochlore and
uorite structures are the main phases even though two weak
eaks of the t-ZrO2 phase are also observed in the sample C.
-ZrO2 phase is observed probably due to the partial decompo-
ition of LZ7C3 during the overheating of EB-PVD, which is not
etected in the samples A, B and D. These results are consistent
ith the elemental analysis as shown in Table 3. For the LZ7C3

ngot, the XRD peaks which belong to the pyrochlore structure
re stronger than those of fluorite structure as shown in Fig. 2c.
owever, for the sample C, the situation is opposite. It indi-

ates that a solid solution of LC and LZ with fluorite structure is
ore preferred formed in the LZ7C3 coating as compared to that

f pyrochlore structure. Meanwhile, the preferred orientation
rowth of fluorite structure occurs in the 〈0 0 1〉 crystal direction.
s previously reported in Refs.16 and 18, La2(Zr0.3Ce0.7)2O7

LZ3C7) is composed of mainly fluorite with only a trace of
yrochlore. Interestingly, XRD patterns of samples A, B and D
Fig. 2d, e and g) are very similar to LZ3C7 and LC (Fig. 2b),
nly shift slightly the peaks to the smaller 2θ-value for sam-
les A, B and D as compared with LC. Namely, it indicates that
Z3C7 coating might be prepared by LZ7C3 ingot under the
eposition energy in the range of 1.30 × 104–1.60 × 104 J/cm2.
t is also interesting to see that all the peaks (Fig. 2d–g) slightly
hift to the smaller 2θ-value (the larger d-values) compared with
he ingot (Fig. 2c), because the formers have higher content of
a2O3 than the latter. La3+ (0.106 nm) has a larger ionic radius

han Zr4+ (0.079 nm) and Ce4+ (0.092 nm).

.2. Microstructure of the coating

Fig. 3 shows the top surface and fractured cross-sectional
EM images of one of the representative as-deposited LZ7C3
oatings (sample C). As shown in Fig. 3a, the column tips show a
auliflower-like appearance, which is similar to the microstruc-
ure reported in Ref. 15. The surface morphology is basically
imilar to that of the YSZ coating which is previously reported
n Ref. 26. Obviously, the gaps introduced due to the “shadow-
ng effect” between column tips are also observed in Fig. 3a,

hich may partially release the concentration of thermal stress
uring long-term service. Namely, the tip edge of a columnar
rain blocks the vapor flux and produces a shadow during rota-
ion, which results in the formation of inter-columnar gaps.27

face with different magnifications: (a) 500×, (b) 5000×, the selected location
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ig. 4. Weight gains of samples A–D after thermal cycling test (1100 ◦C) for
ifferent periods of time.

rom Fig. 3b, the column tips have a somewhat pyramidal shape,
hich refers to the cubic lattice of the pyrochlore (and/or flu-
rite) compound. The pyramidal diameters are measured to be
pproximately 2–4 �m. The fine pyramids appear to be con-
ected with subset-prism, which may have displayed a different
rientation than the main pyramid.

As shown in Fig. 3c, the feather-like microstructure within
he columns normal to the bond coat surface is a representa-
ive morphology of the coating made by EB-PVD, and such

columnar structure has a very high tolerance to the thermal
hock and is further helpful to the improvement of thermal
ycling life.6 It is found that each column consists of a number
f subcolumns with different misorientations. Meanwhile, each
olumn is irregularly distributed and the length of each feather-
rm is different from each other. On the other hand, without
dditional heating, the substrate temperature is determined by a
ombination of radiant heating from the melt, reflected electrons
nd vapor condensation.19 Although the substrate temperature
an be influenced to some extent owing to the different deposi-
ion energies used in this study, it is worth emphasizing that the
veraged substrate temperature is basically kept at 825 ± 25 ◦C
uring deposition by properly adjusting the substrate pre-heating
ower.

.3. Oxidation and thermal cycling behaviors of the coating

The weight changes of samples A–D during thermal cycling
t 1100 ◦C are shown in Fig. 4. For samples A–D, their weights
re gradually increased and then decreased due to the spallation
f the top ceramic layer. After 338 cycles, the weight changes of
amples A and D have unexpectedly decreased, which is differ-
nt from samples B and C. However, the visible weight loss of
amples B and C is balanced after 457 and 736 cycles, respec-
ively. It is interesting to see from Fig. 4 that sample C has the
owest weight gain than that of the others before 338 cycles. The

ontinuous weight loss of samples A–D after long-term expo-
ure cycles is perhaps attributed to both edge chipping of the
op ceramic coat and formation of non-adherent spinel phases
t those parts of the sides of the specimens, where the bond

f
g
o
t

Fig. 5. The lifetimes of samples A–D after thermal cycling test.

oat surface is free of ceramic layer due to the TBCs process-
ng. The weight increases of these coatings are in the order of

> D > A > C.
The lifetimes of samples A–D after thermal cycling test are

hown in Fig. 5. Sample C has the longest lifetime of 851
ycles which corresponds to a total cycling time of 497 h. It
as exceeded the criterion value of thermal cycling test in the
eld. In other words, it is not necessary to use an 8YSZ inter-

ayer in this investigation. The results of thermal cycling test
nd EDS analysis (Figs. 4 and 5, and Table 3) indicate that: (1)
he lower is the weight gain, the longer is the lifetime (sample
); (2) the earlier is the spallation of ceramic layer during cool-

ng, the shorter is the lifetime (sample D); (3) the higher is the
rO2 content, the longer is the lifetime (sample C); (4) the lower

s the CeO2 content, the shorter is the lifetime (sample D); (5)
lthough the lifetimes of samples A and B do not have remark-
ble differences, the excess content of La2O3 is likely to result
n the premature failure of sample A compared with sample B.
he possible reason is that it would absorb moisture from the
ir with the formation of La(OH)3, leading to the swelling and
hen spalling of the coating. Therefore, the excess La2O3 in the
oating is dangerous to the coating.

Fig. 6 shows the SEM images of LZ7C3 coatings’ surface
fter spallation and corresponding EDS analyses. The gaps
etween column tips are closer and the micro-cracks originated
n the surface of ceramic layer are correspondingly more for
amples A and D than that of samples B and C. The possible
eason is that the top ceramic layer is subjected to a tensile
tress during heating. Micro-cracks between columnar grains
ould be easily induced because micro-cracks are able to release
tresses in the top ceramic layer. It is expected that those micro-
racks would be beneficial in extending the thermal cycling
ifetime of TBCs when they do not grow on a large-scale,28 and
his can explain the longer lifetimes of samples B and C than
hose of samples A and D. After thermal cycling, it can be seen

rom Fig. 6a and d that the grain boundaries between columnar
rains become unclear, and the densification phenomenon is also
bserved. It is considering that the excess of La2O3 contained in
he samples A and D due to the unreasonable deposition ener-
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ig. 6. SEM surface morphologies of the LZ7C3 coatings after spallation duri
DS spectra of area “A” in sample A and area “B” in sample C, respectively.

ies adopted is likely to influence the sintering-resistance ability
f the coatings. The densified coatings can also reduce ther-
al stress/strain tolerance, which will have significant adverse

ffects on the durability of the TBCs.29 On the other hand, as
hown in Figs. 6a–d, the column tips are still cauliflower-like
icrostructure after spallation failure, indicating that LZ7C3

as a good thermal cycling behavior and low sintering ability. It
as been proved that the LZ7C3 coating prepared by plasma-
praying has a very good sintering-resistance.16,18 The EDS

esult presented in Fig. 6e indicates that the elements of La,
e, Zr and O still exist on the surface of the spallation zone, it
eans that the spallation of the top ceramic layer (sample A) is

ikely to occur a little bit above the interface between ceramic

b
T
A

rmal cycling test: (a)–(d) represent samples A–D, respectively. (e) and (f) are

ayer and bond coat. The analogical EDS results for samples
–D are carried out, and one representative result is presented

n Fig. 6f. The relative contents of Al, Ni and O are high, but
ontents of other elements such as Cr, Co, Zr, Ti or Si are low,
mplying that the spallation of the top ceramic layer is probably
o occur at the interface between ceramic layer and bond coat.
he possible failure mechanism of samples B–D is that a brittle
i(Cr, Al)2O4 spinel phase developed during thermal cycling

eads to the spallation of the coatings.

The cross-sectional SEM images of the LZ7C3 coatings

efore and after thermal cycling test are compared in Fig. 7.
he cross-sectional SEM images of the as-deposited samples
–D are basically identical, and one of them is displayed in
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and the XRD results are shown in Fig. 8. Obviously, the peaks
belonging to LaAlO3 are detected in Fig. 8, which further proves
that LZ7C3 coating could react with the as-formed TGO layer
during thermal cycling. Additionally, some transverse cracks are
ig. 7. Cross-sectional SEM (backscattered electron) images of the LZ7C3 co
hermal cycling, respectively.

ig. 7a. After thermal cycling, a black thin layer (∼6 �m in thick-
ess) between the LZ7C3 coating and BC is clearly observed
n Fig. 7b–e, and this thin layer is described as the thermally
rown oxide (TGO) layer, implying that bond coat (BC) oxi-
ation is still an important factor for coating failure. The TGO
ayer consists of mainly Al2O3 and some oxides of Cr, Co and
i as proved by EDS, which data is not shown in this paper. As

hown in Fig. 7a, the TGO layer with a thickness of ∼3.5 �m is
lso clearly observed in the coating before thermal cycling, and
his thin layer is a result of the pre-oxidation of BC before depo-
ition. The pre-oxidation can effectively prevent BC from the
urther oxidation during thermal cycling, leading to an increase
f thermal cycling life of TBCs.4 The internal-oxidation of BC
or samples B and C seems to be more serious than that of sam-
les A and D, it is possible attributed to the larger gaps existed
nterior of ceramic layer of the formers as compared to the lat-
ers. It seems that this phenomenon is consistent with the results
hown in Fig. 4. The internal-oxidation of BC usually occurs
y both the oxygen penetration through the inter-columnar gaps
n the ceramic layer and oxygen-diffusion through the crystal
attice of the coating material.30

It can be carefully seen from Fig. 7b to d that a thin layer
ith a thickness of 0.7–1.2 �m is observed on the surface of
GO layer. Some cracks and pores below this layer are simul-

aneously appeared. Interestingly, it is found that the thicker is
his layer, the shorter is the lifetime of the coatings. It is con-
idering that the spinel phase of Ni(Cr, Al)2O4 could be largely
ccumulated into this layer, which is very brittle and harmful to
ow the interface bonding. On the other hand, at high temper-

ture, the LaAlO3 might be formed inside of this layer due to
he chemical reaction between excess La2O3 and the as-formed
l2O3 at the interface between ceramic layer and TGO layer.
aAlO3 has perovskite structure for temperature above 450 ◦C

F
a

s: (a) sample A before thermal cycling; (b)–(e) represent samples A–D after

nd it undergoes a phase transformation to a rhombohedral sym-
etry as the temperature is decreased, which results to structure

nhomogeneity.31,32 This could influence the thermal cycling
ifetime of the LZ7C3 coatings. However, the exact mechanism
ehind is still unclear. In order to study the stability of LZ7C3
oating when it contacts TGO, a mixture of sample C and Al2O3
owders in a molar ratio of 50:50 was heated at 1100 ◦C for 48 h,
ig. 8. XRD patterns of the mixture of LZ7C3 coating (sample C) and Al2O3

fter being heated at 1100 ◦C for 48 h.
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bserved at the interface between the top ceramic layer and TGO
ayer for all samples after thermal cycling. Whereas the crack
xisted in sample C is not visible as compared to the others. This
henomenon may be regarded as one of factors to prolong the
hermal cycling lifetime of sample C. As expected, the quality
f sample C after thermal cycling test is better than other three
amples, and the top ceramic layer is still adhered to the BC. For
ample D, several cracks are produced inside of TGO layer and
ven prolonged down to the interface between TGO layer and
C surface. The acceleration of TGO degradation will have a

ignificant impact on the durability of the TBCs, and further lead
o TBCs delamination, resulting in the early failure of sample D.
rom Fig. 7b, the spallation zone is appeared in sample A within

he ceramic approximately 6–10.5 �m above its TGO layer dur-
ng cooling, consequently, this phenomenon is in accord with
he EDS analysis presented in Fig. 6e. On the other hand, the

ismatch in coefficient of thermal expansion between the top
eramic layer and BC results in residual stresses that can cause
oatings’ failure for samples A–D. In addition, during cooling of
he thermal cycling process, a compressive stress is introduced,
hich tends to separate the LZ7C3 coatings from BC and finally

auses the failure of TBCs. As shown in Fig. 7b–e, the LZ7C3
oatings still keep feather-like microstructure even after long-
erm thermal cycling, this phenomenon further confirms that the
Z7C3 coating has a good sintering-resistance.

. Conclusions

LZ7C3 TBCs were prepared by EB-PVD under the differ-
nt deposition energies, and the thermal cycling behaviors of
he four coatings were also systematically studied. From our
xperimental investigation, the following conclusions can be
btained:

1) The ratio of La2O3/ZrO2/CeO2 in the as-deposited LZ7C3
coatings has partially deviated from the starting ingot. The
excess of La2O3 is contained in all the four coatings, indi-
cating that LZ7C3 is decomposed during deposition. The
optimized composition of LZ7C3 coatings could be effec-
tively achieved by changing the ingot composition or by
properly controlling the deposition energy.

2) The main phases of the sample prepared under the deposi-
tion energy of 1.15 × 104–1.30 × 104 J/cm2 has a similar
XRD pattern to the ingot. However, other three sam-
ples have a very similar XRD pattern with LZ3C7 and
LC. The sample deposited with a deposition energy of
1.15 × 104–1.30 × 104 J/cm2 has the most optimal stoichio-
metric composition close to the ingot, and the best oxidation
resistance performance and the longest thermal cycling life
are among these coatings.

3) The spallation of the top ceramic layer of the
sample prepared under the deposition energy of
1.45 × 104–1.60 × 104 J/cm2 may occur within the

ceramic approximately 6–10.5 �m above its TGO layer,
and the spallation locations of the other three samples are
observed at the interface between ceramic layer and bond
coat.
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