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Hot Corrosion of Lanthanum
Zirconate and Partially Stabilized
Zirconia Thermal Barrier Coatings
The hot corrosion resistance of lanthanum zirconate and 8 wt. % yttria-stabilized zirco-
nia coatings produced by thermal spraying for use as thermal barriers on industrial gas
turbines or in aerospace applications was evaluated. The two ceramic oxide coatings

were exposed for various periods of time at temperatures up to 1000°C to vanadium- and
sulfur-containing compounds, species often produced during the combustion of typical
fuels used in these applications. Changes in the coatings were studied using a scanning
electron microscope to observe the microstructure and x-ray diffraction techniques to
analyze the phase composition. The results showed different behaviors for the two mate-
rials: the zirconia-based coating being rapidly degraded by the vanadium compounds
and resistant to attack by the sulfur materials while the lanthanum zirconate was less
damaged by exposure to vanadia but severely attacked in the presence of sulfur-
containing species. �DOI: 10.1115/1.1924534�

1 Introduction

Thermal barrier coatings �TBCs� are widely used in jet engines
and land-based turbines as insulating layers to shield the underly-
ing components from the high temperatures arising from combus-
tion. The TBCs consist of a duplex structure comprised of a me-
tallic bond coat and a ceramic top coat. The bond coat is applied
directly to the roughened surface of the component and plays an
important role in reducing oxidation of the high temperature metal
alloy in the underlying part. The top coat is normally a porous
layer of a ceramic oxide applied either by thermal spraying or by
an electron beam physical vapor deposition �EB-PVD� process. It
serves as a thermal insulator, reducing the temperature experi-
enced by the surface of the underlying component during opera-
tion. The combination of internal air cooling using channels both
within and at the back face of the component together with the
insulating effect of the TBC can result in a temperature drop of
approximately 150°C across the coating �1�.

Because of the protection offered by the TBC, it is possible to
extend the life of the underlying component and increase the cycle
time between stoppages for overhaul and repair. This cycle time
has been reported to be approximately 8000 h for commercial
aircraft and 24,000 h for turbines used for power generation �2�.
In these applications, TBCs are not currently required to serve as
the “last line of defense” and most components can function for at
least a short time without them. However, it is projected that new,
higher-performance engines will be developed having higher op-
erating temperatures and larger temperature drops across the TBC
�1�. It is expected that at some point TBCs will become “prime
reliant” parts of the system. In other words, failure of the coating
would lead to failure, in some cases in a catastrophic fashion, of
the underlying component.

The requirement for increased insulation to protect components

from hotter combustion gases will necessitate a change in the
TBC system to achieve a higher temperature drop across the coat-
ing. Thicker ceramic coatings are one possible approach to im-
proving the insulating value of the TBC �3,4�. However, produc-
ing thicker coatings presents challenges, particularly when
deposited using plasma spraying, because of the build up of
stresses that can cause the coating to spall. There are also con-
cerns associated with the increased weight of thicker coatings and
the possibility of creep at higher temperatures when the coatings
are being employed on rotating components. And even if thicker
coatings can be produced and employed on rotating components,
there is a question concerning the ability of the most widely used
top coat composition, 8 wt. % Y2O3–ZrO2, to resist sintering at
the higher temperatures to which it will be exposed. Sintering and
densification can degrade the coating �5� and raise the thermal
conductivity, making it a less effective thermal barrier.

There is a need, therefore, for the development of new design
strategies or new materials for TBCs in order to address the chal-
lenges of more demanding operating environments. One compo-
sition that has been shown to posses some very interesting prop-
erties for this application is lanthanum zirconate, La2Zr2O7 �6,7�.
The results of early work have shown that this material has a
stable phase structure and, when engineered correctly, can outper-
form a standard yttria-stabilized zirconia TBC in high-temperature
thermal cycling tests �8�.

The present study focuses on another aspect of the performance
of these materials—resistance to hot corrosion. This is one of
several degradation processes identified as contributing to the de-
terioration of TBCs �9�. Much of the body of work performed in
the area of hot corrosion of TBCs was reviewed and summarized
in a relatively recent paper by Jones �10�. Under normal operating
conditions, hot corrosion of TBCs used in power generation and
jet engine components arises due to reactions involving impuri-
ties, particularly vanadium, sulfur and sodium, present in the fuel.
The present study compares the hot corrosion performance of
ZrO2–8 wt. % Y2O3 and La2Zr2O7 in the presence of vanadium
and sulfur compounds.
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2 Experimental Procedure

2.1 Thermal Spray Processing. Coatings were produced by
plasma spraying onto 19 mm diameter metal substrates containing
Ni as the major element and Cr, Mo, Nb, and Fe as the principal
minor constituents �IN-625, Rolled Alloys, Mississauga, Canada�.
Before depositing the coatings, the surface of the substrate was
roughened by grit blasting with alumina particles. To produce the
bond coat, a Ni–Cr–Al–Y alloy �Ni-164-2, Praxair Surface Tech-
nologies, Indianapolis, IN� was deposited to a thickness of ap-

proximately 150–220 �m using two different processes. For the
TBC system designed to have a zirconia-based top coat, the bond
coat was produced by atmospheric plasma spraying �APS� �SG-
100 Plasma Spray Gun, Praxair Surface Technologies, Concord,
NH�. The bond coat for the TBC system involving La2Zr2O7 as
the ceramic top coat was deposited using vacuum plasma spraying
�VPS�. This was accomplished using a plasma spray gun �Model
F4, Sulzer Metco, Wohlen, Switzerland� mounted in a VPS unit
manufactured by the same company.

The ceramic top coats were deposited onto the bond coat to a
thickness of approximately 250 �m using two different APS sys-
tems. The zirconia-based TBC top coat was produced using a
yttria-stabilized zirconia powder containing 8 wt. % yttrium oxide
and having a reported size distribution in the range 10–106 �m
�204NS, Sulzer Metco, Westbury, NY�. This was accomplished
using the same APS gun as used for depositing the bond coat for
this TBC system. In the remaining sections of this paper this
yttria-stabilized zirconia top coat will be referred to as 8YSZ, a
designation now widely used in the TBC literature. The lantha-
num zirconate top coat was deposited using a second APS system
�Triplex I Plasma Spray Gun, Sulzer Metco, Wohlen, Switzerland�
and an experimental powder being developed and evaluated for
use as a TBC material �6–8�. The spray conditions employed for
depositing the various coatings are shown in Table 1.

2.2 Hot Corrosion Testing. Testing was performed to com-
pare the changes in these coatings when exposed to compounds
containing either vanadium or sulfur at elevated temperatures. A
detailed description of the approach used to perform these types of
tests is presented elsewhere �11�. To briefly summarize, the cor-
rosion tests in the presence of vanadium compounds were per-
formed by placing approximately 3.5 mg of high-purity V2O5
powder on a 0.25 cm2 area of the surface of the TBC and heating

Table 1 Spray parameters used to deposit the various TBC
materials

Spray
conditions

Coating

Bond coat
for 8YSZ

8YSZ
top coat

Bond coat
for La2Zr2O7

La2Zr2O7
top coat

Process APSa APSa VPSb APSc

Voltage �V� 37 43 76 69
Current �A� 700 400 650 300
Primary Gas Ar Ar Ar Ar
Flow �lpm� 50.0 38.7 40 20
Secondary Gas He H2 H2

He
Flow �lpm� 23.6 2.0 15 13
Carrier Gas Ar Ar Ar Ar
Flow �lpm� 6.5 8.6 1.7 2.5
Powder Feed
Rate �g/min�

17.0 22.6 38.4 27.0

Spray Distance
�cm�

6.4 6.4 27.5 9.0

aSG-100 plasma spray gun, Praxair Surface Technologies, Concord, NH.
bF4 Plasma Spray Gun, Sulzer Metco, Wohlen, Switzerland.
cTriplex I Plasma Spray Gun, Sulzer Metco, Wohlen, Switzerland.

Fig. 1 Overall appearance of the 8YSZ „a–c… and La2Zr2O7 „d–f… TBCs at various stages: in the as-deposited state „a… and „d…,
after a 3-h dwell at 1000°C „b… and „e…, and following a 3-h corrosion test at 1000°C in contact with V2O5 „c… and „f…
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�600°C/h� the sample in a furnace to 1000°C in ambient air.
Following a 3-h dwell under these conditions, the samples were
left to cool in the furnace. Samples that had not been treated with
V2O5 powder were subjected to an identical heat treatment.

Exposure of the TBCs to sulfur compounds was performed by
applying sulfate salts and then heating the samples in a furnace to
900°C under a flow of SO2-containing dried air. This was accom-

plished by first cleaning the TBC and then performing a salting
procedure involving heating the samples in a furnace to 300°C
and then spraying the hot coating with a salt solution �containing
sulfate salts in a mole ratio of 3Na2SO4 :2MgSO4� to achieve a
salt coverage of 4 mg/cm2. These samples �two from each com-
position� were then heated in a furnace at 900°C under a gas flow
consisting of 2000 ml/min of dried air and 5 ml/min of SO2. An

Fig. 2 Structure of 8YSZ „a–c… and La2Zr2O7 „d–f… coatings in the as-sprayed state „a and d…, after 3 h at
1000°C „b and e…, and following contact with V2O5 at 1000°C for 3 h „c and f…
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exposure interval of 20 h was employed, following which the
samples were removed, inspected and resalted. The samples were
then reinserted into the furnace for another 20-h interval. When
significant degradation of a coating was observed during the in-
spection step, one of the samples of that composition was re-
moved from the corrosion test for further analysis. A total expo-
sure at 900°C of up to 360 h was employed for some samples.

Another test was performed to determine the combined effect of
sulfur and vanadium compounds on these TBC materials when
exposed simultaneously to these two substances at elevated tem-
peratures. For this test, a dry mixture comprised of 85 wt. %
Na2SO4 and 15 wt. % V2O5 was placed on the TBC to a coverage
of 4 mg/cm2. These samples were heated in a furnace at 900°C
under the same gas flow described above using an exposure inter-
val of 20 h. After each interval, the samples were inspected, re-
salted and then reinserted into the furnace. However, if there was
significant degradation of a coating, the sample was not subjected
to any further exposure to the corrosive conditions. Maximum
exposure time for these samples was 60 h.

2.3 Characterization. Coatings were studied using a scan-
ning electron microscope �SEM� and x-ray diffraction �XRD�
techniques. To characterize the changes in microstructure during
the hot corrosion tests, polished cross sections of resin vacuum-
impregnated samples of the as-sprayed, heat-treated and corroded
samples were observed under an SEM �JSM-6100, JEOL, Tokyo,
Japan�. The SEM was equipped with an energy dispersive x-ray
spectrometer �EDS� �Analyzer eXL, Link Systems, High Wy-
combe, U.K.�, which was used to obtain information on the dis-
tribution of the various elements within the samples. The phases
present in the various samples were identified by XRD �Model
D8, Bruker AXS, Karlsruhe, Germany� using Cu K� radiation, a
step size of 0.1 deg, a step time of 0.5 s and a 2� scan window
from 15 deg to 90 deg.

3 Results

3.1 Corrosion by Vanadium Compounds. The overall ap-
pearance of the two groups of samples used to determine the
effect of exposure to vanadium compounds is shown in Fig. 1. It
is apparent that, as observed in earlier work �11�, the presence of
V2O5 has a negative effect on the 8YSZ coating, which results in
a serious degradation. Whereas the as-sprayed �Fig. 1�a�� and
heat-treated �Fig. 1�b�� 8YSZ coatings appeared to be well bonded
to the substrate, delamination and spalling of the ceramic top coat
is apparent in Fig. 1�c�. The dark stain seen on this coating was
maroon in color and was caused by the reaction and spreading of

the V2O5.
In the case of the La2Zr2O7 top coat, a simple heat treatment at

1000°C did not appear to cause a significant change in the coating
or lead to debonding �Figs. 1�d� and 1�e��. When this treatment
was performed in the presence of V2O5, a green-colored substance
�gray deposits seen in Fig. 1�f�� was observed on the surface of the
coating following the test. However, any reactions that may have
occurred during the corrosion test did not appear to have affected
the bonding of the TBC to the substrate.

Micrographs of the cross sections of the six samples shown in
Fig. 1 are presented in Fig. 2. The micrographs show that both top
coat compositions have a stable microstructure, exhibiting little
change when subjected to a heat treatment at 1000°C �compare
Figs. 2�a�, 2�b�, 2�d�, and 2�e��. This was also observed at higher
magnifications �not shown�. The micrographs shown in Figs. 2�c�
and 2�f� confirm the observation from Fig. 1 concerning the effect
of exposure of the TBCs to V2O5 at 1000°C on bonding; delami-
nation of the 8YSZ occurs in the ceramic layer just above the
bond coat �Fig. 2�c�� and the La2Zr2O7 remains well bonded to the
substrate �Fig. 2�f��.

Results of element mapping for the samples exposed to V2O5
indicated that, in the case of 8YSZ, significant infiltration of the
vanadium compound into the top coat had occurred. In the case of
La2Zr2O7, overlap of the K� peak for vanadium and the L�1 peak
for lanthanum made it difficult to determine the distribution of
vanadium using this technique.

Earlier XRD work showed that for 8YSZ, the phase present in
the as-sprayed coating and in a coating heated at 1000°C was
tetragonal zirconia. However, heating in contact with V2O5, pro-

Fig. 3 X-ray diffraction spectra for the La2Zr2O7 coating in the
as-sprayed state and following a 3-h treatment at 1000°C in
contact with V2O5

Fig. 4 Photographs of the coated test specimens following
360 h of exposure to sulfur-containing salts at 900°C: „a…
ZrO2–8 wt. % Y2O3 and „b… La2Zr2O7
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duced peaks attributed to monoclinic zirconia and to YVO4.
These results, presented elsewhere �11�, were reconfirmed in the
present work.

For the coating produced using a lanthanum zirconate powder,
XRD analysis indicated that the as-sprayed coating exhibited
peaks of a defect fluorite structure while the feedstock showed
peaks characteristic of a stoichiometric La2Zr2O7 pyrochlore. As
found earlier, the as-sprayed coatings transform into the pyro-
chlore structure after annealing at 1400°C and below �12�. Expo-
sure of the coating to V2O5 at 1000°C resulted in the appearance
of peaks attributed to LaVO4 together with the additional pyro-
chlore peaks �Fig. 3�. However, this new LaVO4 phase was
present as a minor component and its appearance did not have the
disruptive effect on the integrity of the coating as that observed
with the YSZ material.

3.2 Corrosion by Sulfur Compounds. The overall appear-
ance of the YSZ and the La2Zr2O7 coatings following the hot
corrosion test in the presence of sulfur compounds can be seen in
Fig. 4. While the La2Zr2O7 material experienced severe attack, the
YSZ underwent little change following this 360-h treatment at
900°C. More detailed information on the level of attack can be
obtained by observing the micrographs presented in Fig. 5 show-
ing a cross-sectional view of the coatings at two levels of magni-
fication. The YZS coating has remained intact, with little change
in the microstructure �compare to Fig. 2�a��. No major changes

were observed in the XRD spectra from that of the as-sprayed
coating except for the appearance of very minor peaks at 2� val-
ues in the range 28 deg to 29 deg and 31 deg to 32 deg. These
peaks were attributed to the presence of monoclinic ZrO2 pro-
duced during the high-temperature corrosion test.

The La2Zr2O7 coating shown in Fig. 5�b� experienced severe
cracking and delamination, reducing its thickness by more than
half during the test �compare to Fig. 2�d��. As shown in Fig. 6 for
a sample subjected to a 4.5-h test, degradation of this coating
occurred rapidly under the conditions used in this study. The
X-ray spectrum for the coating shown in Fig. 5�b� is presented in
Fig. 7. By comparing this result to the spectrum of the as-sprayed
coating shown in Fig. 3, it can be observed that the major change
following heat treatment is the presence of peaks attributed to
MgO. This material is the residue from decomposition of the sul-
fate salts used in the corrosion test. The absence of other com-
pounds or phases suggests that either the coating was degraded by
reactions producing volatile phases, if the attack was of a chemi-
cal nature, or, other factors contributed to deterioration of the
coating.

3.3 Corrosion in the Presence of both Vanadium and Sul-
fur Compounds. The condition of the two coatings following
exposure to a combination of sulfur and vanadium compounds can
be seen in Fig. 8. Due to the significant degradation of the
La2Zr2O7 material following the first 20 h of exposure, the test

Fig. 5 Micrographs of the coated test specimens following 360 h of exposure to sulfur-containing salts at 900°C: „a…
and „c… ZrO2–8 wt. % Y2O3 and „b… and „d… La2Zr2O7
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was terminated for this sample at that point. The YSZ sample was
subjected to two additional 20-h intervals, for a total exposure
time of 60 h. Micrographs of the polished cross-sections of these
samples are shown in Fig. 9. It is clear that both coatings were
affected by this treatment. Although the bulk of the YSZ sample
has remained on the substrate, delamination has begun, as evi-
denced by the relatively large crack located near the surface of the
coating. The La2Zr2O7 material was much more severely de-
graded, with more than half of the coating having been removed
�compare Figs. 1�b� and 2�d��. The EDS maps shown in Fig. 10
indicate that vanadium is present within both coatings. Similar
maps for sulfur did not reveal the presence of this material within
the coatings.

The x-ray spectra for these coatings together with those for the
as-sprayed coatings are shown in Fig. 11. The spectra for YSZ
�Fig. 11�a�� show that the zirconia has been almost completely
transformed from the tetragonal to the monoclinic phase during
the corrosion test. In the case of La2Zr2O7 �Fig. 11�b��, the mate-
rial that remains following the corrosion test exhibits diffraction
peaks little changed from the as-sprayed coating. Peaks are also
found for a minor new phase identified as LaVO4.

4 Discussion

The results indicate that there are important differences be-
tween the hot corrosion resistance of 8YSZ and that of La2Zr2O7.
An 8YSZ coating is quite prone to attack by V2O5 but relatively
stable in the presence of sulfur-containing compounds. In contrast,
La2Zr2O7 coatings are rapidly degraded when exposed to sulfur-
containing compounds at 900°C; however, contact with V2O5

causes only very limited reaction at 1000°C. It is believed that the
differences in performance of the two TBC systems can be ex-
plained solely on the basis of the difference in chemical compo-
sition of the tops coats and are not caused by the different thermal
spray processes used to produce the bond coats and top coats.

The reactions that lead to the high-temperature degradation of
yttria-stabilized zirconia coatings in the presence of vanadium
compounds have been studied and explained by various other
groups of researchers including Hamilton and Nagelberg �13� and
Hertl �14� and discussed in earlier work by some of the present
authors �11�. The yttria, added to zirconia to stabilize the tetrago-
nal �and, in some cases, the cubic� zirconia structure, is attacked
by vanadia via the following reaction:

Y2O3�ss� + V2O5�l� → 2YVO4�s� �1�

As this reaction progresses, the amount of yttria remaining to
serve as a stabilizing agent diminishes. Below a threshold yttria
level, phase transformation of the zirconia will occur as repre-
sented by

ZrO2�tetragonal/cubic� → ZrO2�monoclinic� �2�

This transformation would normally occur upon cooling and is
accompanied by a volume expansion. These structural changes
generate stresses that can cause cracking and fragmentation of the
coating. In the present study it was shown that the V2O5 �which
melts at approximately 690°C� infiltrated the porous ceramic
layer to reach the bond coat. The subsequent reactions led to an

Fig. 6 Photograph of a La2Zr2O7 coating following only 4.5 h
of exposure to sulfur-containing compounds at 900°C

Fig. 7 X-ray diffraction spectra for the La2Zr2O7 coating fol-
lowing 360 h of exposure to sulfur-containing salts at 900°C
†sample shown in Fig. 5„b…‡.

Fig. 8 Appearance of the coatings following exposure to a
combination of sulfur- and vanadium-containing compounds at
900°C: „a… YSZ after 60 h and „b… La2Zr2O7 after 20 h.
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increased level of microcracking through the thickness of the
coating �see Fig. 2�c�� and eventual spallation. The level of sever-
ity of attack was similar to that observed in earlier work �11�. It is
worth noting that for YSZ samples in contact with vanadia, spal-
lation typically occurred within 50 �m of the interface between
the top coat and the bond coat, indicating that the maximum
�delamination� stresses generated by the changes occurring during
the corrosion test were concentrated in this region. For the YSZ
sample exposed to both sulfur- and vanadium-containing com-
pounds, delamination was observed much nearer the surface of the
top coat.

In the case of lanthanum zirconate only minor amounts of a
new phase, LaVO4, were detected following exposure to V2O5. A
possible reaction that would have produced this phase can be writ-
ten as

La2Zr2O7 + V2O5�l� → 2LaVO4 + 2ZrO2 �3�

In contrast to the deleterious effect of vanadia on the 8YSZ coat-
ing, this reaction did not appear to have any major effect on the
coating microstructure and did not lead to spallation of the coat-
ing. These preliminary results suggest that if resistance to expo-
sure to vanadia, as might be the case when fuels containing a
relatively high concentration of vanadium are employed, is a
prime factor in selecting a TBC, then La2Zr2O7 would probably
be a better candidate than 8YSZ.

The reactions with sulfur-containing compounds that led to the
rapid degradation of the La2Zr2O7 coating could not be fully iden-
tified. In general the x-ray spectra �see Fig. 7� did not reveal the
presence of new phases in the coating following the high-
temperature tests in contact with sulfur salts. However, in one
case, following a 40-h test, the oxysulfate La2O2SO4 was detected
in the coating. A reaction leading to the formation of this species
could be

La2Zr2O7 + MgSO4 → La2O2SO4 + MgO + 2ZrO2 �4�

It has been reported that at these temperatures �900°C� the ox-
ysulfate rather than the sulfate, La2�SO4�3, is the dominant species
�15�.

The occurrence of reaction �4� as part of the degradation se-
quence remains to be confirmed. However, these findings clearly
show that, regardless of the mechanism of attack, in its current
state this coating does not appear to be suitable for use in high-
sulfur environments. Additional work is required to develop strat-
egies such as the use of sealants or protective layers to improve
the resistance of this material to hot corrosion by sulfur-containing
compounds. Therefore, if one of the prime considerations in se-
lecting a TBC material is high-temperature resistance to sulfur
compounds �e.g., for use in applications involving the combustion

Fig. 9 Micrographs of the cross section of coatings exposed to a combination of sulfur- and vanadium-
containing compounds at 900°C: „a… and „c… YSZ after 60 h and „b… and „d… La2Zr2O7 after 20 h
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of high-sulfur fuels�, the results of this study indicate that 8YSZ
would be a more suitable candidate than La2Zr2O7.

It should be noted that in the search for new TBC materials to
meet the needs of increasingly demanding operating conditions,
hot corrosion is only one of the many factors that must be taken
into account. Other aspects such as thermal conductivity, high-
temperature phase stability, resistance to sintering/densification,
compatibility with bond coat and substrate materials �in terms of
both thermal expansion coefficient and chemistry�, and mechani-
cal properties are among those that must also be considered.
Therefore, when designing TBC systems for specific service con-
ditions, the results of this research on the hot corrosion resistance
must be used in conjunction with those from studies in which
other aspects of these materials were evaluated.

5 Summary and Conclusions

This study on the hot corrosion of La2Zr2O7 and yttria-
stabilized zirconia thermal barrier coatings by vanadium- and

sulfur-containing compounds has shown a significant difference in
the resistance of these materials to degradation by these two spe-
cies. Lanthanum zirconate was relatively resistant to attack by
vanadia. These coatings remained well bonded to the substrate
following high-temperature exposure to this vanadium compound,
contained only minor amounts of a new phase, LaVO4, and ex-
hibited a microstructure little changed from the as-sprayed state.
For this same La2Zr2O7 material, contact with sulfate salts at
900°C resulted in very rapid disintegration of the coating, which
occurred within 4 h under the conditions used in this work.

The performance of 8YSZ in the same tests was markedly dif-
ferent. Exposure to vanadia resulted in increased microcracking
within the coating, reaction with the yttria stabilizer to produce
YVO4, an increase in the amount of monoclinic zirconia, and
spallation of the coating. In contrast, this material exhibited ex-
cellent resistance to high-temperature attack by sulfate salts. Fol-
lowing 360 h of exposure to these species, the 8YSZ coating ap-

Fig. 10 EDS dot maps showing the distribution of „a… zirconium and „b… vanadium in a region of the YSZ coating
from the micrograph shown in Fig. 9„a… and maps for lanthanum „c… and vanadium „d… for a region of the La2Zr2O7

coating shown in Fig. 9„b…. It is important to note that, due to the similarity of the energies for the VK� and LaL�1

peaks, the V map for the La2Zr2O7 coating has a component due to La.
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peared to have maintained its structural integrity and remained
well bonded to the substrate.

Not surprisingly, when the La2Zr2O7 and 8YSZ coatings were
exposed to a mixture of vanadia and sulfate salts, both coatings

were degraded, the 8YSZ by vanadia and the La2Zr2O7 by the
sulfate. These results underline the need for designing thermal
barrier coatings taking into account the level of impurities in the
fuel being used in the application and the operating conditions
during service.
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