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bstract

as tunnel type plasma sprayed free-standing La2Zr2O7 coating specimens with a thickness of 300–400 �m were prepared under optimized
perating conditions and were subjected to hot corrosion test in the presence of corrosive impurities such as V2O5, Na2SO4, and Na2SO4 + V2O5

ixtures (60:40 wt%) at two different temperatures for duration of 5 h, i.e. 1000 and 1350 K for V2O5 and Na2SO4 + V2O5 mixtures, 1200 and
350 K for Na2SO4. For temperatures at 1350 K, the reaction mechanism of V2O5 and the mixture of Na2SO4 + V2O5 are similar and LaVO4 is

ormed as the corrosive product, which leads to massive phase transformation from pyrochlore to tetragonal and monoclinic phases. Microstructural
bservations from planar reaction zone (PRZ) and melt infiltrated reaction zone (MIRZ) reveals that the present La2Zr2O7 coating exhibits good
ot corrosion resistance in V2O5 environment and moderate for the mixture of Na2SO4 + V2O5, but is worst in Na2SO4 environment.

2011 Elsevier Ltd. All rights reserved.

eywords: La2Zr2O7; Thermal barrier coating; Gas tunnel type plasma; Hot corrosion; Surfaces; Microstructure
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. Introduction

Plasma-sprayed thermal barrier coatings (TBC) are tradition-
lly applied to critical hot sections of the industrial gas turbines,
articularly, turbine blades, vanes and combustion chambers in
rder to protect the hot sections from this high operating tem-
erature and increase the component durability. Simultaneously,
he need for enhancing the fuel efficiency has lead to increase
n the operating temperatures of gas turbines year after year.
ence, the reliability of the most widely used TBC top coat

omposition, i.e. yttria stabilized zirconia (YSZ) coatings, has
een weakened due to its phase transformation and sintering or
ensification behavior at higher operating temperatures and cor-
osive environments, which might result in disintegration of the
oating.1–4

Therefore, development of new materials for TBC in order

o address the challenges of the highly demanding operating
nvironments is essential to fulfill the industrial requirements.
ecently, it has been found that some very interesting properties

∗ Corresponding author. Tel.: +81 6 6879 8694; fax: +81 6 6879 8694.
E-mail address: kobayasi@jwri.osaka-u.ac.jp (A. Kobayashi).
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re possessed by one composition, i.e. pyrochlore phase lan-
hanum zirconate (La2Zr2O7). The results of the earlier works
ave shown that this material has excellent thermal stability,
which is stable up to its melting point: 2573 K), low thermal
onductivity (1.56 W m−1 K−1, compared to 2.12 W m−1 K−1

or YSZ4), low sintering rate, and thus becomes a very promis-
ng candidate for new TBC material.5–7 However, relatively low
hermal expansion coefficient of about 9 × 10−6 K−1 compared
o YSZ with 10–11 × 10−6 K−1 leads to higher thermal stresses
ue to thermal expansion mismatch between the coating inter-
aces and causes severe damage in the coating system.8,9

Vassen et al.10 studied the thermo-physical properties of
a2Zr2O7 material and successfully produced a coating through
PS technique. Observation from their results clearly under-

ines that La2Zr2O7 has good potential as a new material for
dvanced TBCs, even though it has lower Young’s modulus
nd thermal expansion than that of YSZ. Furthermore, their
esults proved that the thermal conductivity of La2Zr2O7 which
s approximately 20% lower than that of YSZ is favorable at ele-

ated temperatures, and also shows excellent thermal stability.
ubsequently, they developed YSZ/La2Zr2O7 multilayer layer
oating systems in order to enhance the cyclic life time of the
oating under high operating temperatures.11,12 Likewise, Chen

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2011.10.049
mailto:kobayasi@jwri.osaka-u.ac.jp
dx.doi.org/10.1016/j.jeurceramsoc.2011.10.049
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sectioned from the as-sprayed free-standing La2Zr2O7 coat-
ings. Then, fine grained corrosive salts such as V2O5 and
Na2SO4 + V2O5 mixture at 60:40 wt% were individually spread
24 S. Yugeswaran et al. / Journal of the Eu

t al.13 stated that the graded YSZ/La2Zr2O7 coating offers
dmirable thermal shock resistance in comparison to that of
ts duplex and single layer coatings. Actually they have pre-
ared six-layered YSZ/La2Zr2O7 bicomponent graded coatings
hrough plasma spraying. These authors also prepared structured
a2Zr2O7 coatings through plasma spraying and studied their

hermophysical properties. Astonishingly, the coating exhibited
inimum thermal conductivity, i.e. 0.73 W m−1 K−1, which was

bout 50% lower than previously reported results of conven-
ional microstructure coatings.14

It should be noted that the hot corrosion mechanism of the
BC material against different kinds of corrosive environment is
lso one of the imperative factors that must be taken into account
long with other factors such as thermal conductivity, phase sta-
ility, thermal expansion coefficient and mechanical properties
f the TBC material while searching for new TBC materials or
hile validating the existing one as a promising TBC material.
ence the understanding of hot corrosion reaction mechanisms
f the La2Zr2O7 against different kinds of corrosive ashes at
levated temperatures is a must for categorizing or widening
he application of La2Zr2O7. Since in most of the cases, the
BCs are subjected to face low-quality fuels during operation,

he impurities in the highly contaminated fuel can combine to
orm molten salts, such as sodium sulfate and vanadium com-
ounds and deposit on the coating surface in the combustion
nvironment, giving rise to hot corrosion problems.15

There are only a few earlier reports16,17 that exemplify the
ot corrosion behavior of plasma sprayed La2Zr2O7 coatings
gainst V2O5, Na2SO4 and V2O5, Na2SO4 + V2O5 corrosive
nvironments at elevated temperatures and different time dura-
ions, but they are insufficient when compared to the reports of
onventional YSZ coating hot corrosion results.18–20 Hence in
his paper, further examinations of the hot corrosion behavior
f plasma sprayed La2Zr2O7 coatings against V2O5, Na2SO4,
nd Na2SO4 + V2O5 mixtures (60:40 wt%) corrosive salts at ele-
ated temperatures was conducted and the results are discussed
ith regard to corrosive product formation and microstructural

hanges. For this purpose, free-standing La2Zr2O7 coating spec-
mens with thickness of around 300–400 �m were prepared by
sing gas tunnel type plasma spray torch under optimized oper-
ting conditions. Superiority, unique features of gas tunnel type
lasma spraying and the influence of its processing parameters
n the ceramic coating formation are well reported in previous
ublications.21–23

. Experimental procedure

Fig. 1 shows a schematic of the gas tunnel type plasma spray-
ng torch and a photographic image of its high energy density
lasma jet, which was used for producing La2Zr2O7 coatings
equired for this study. For this purpose, La2Zr2O7 powder was
ommercially procured and its typical surface morphology is

hown in Fig. 2. The SEM morphology reveals that the feed-
tock grains are irregular in nature with average size range of
0–40 �m. Argon gas was used as carrier gas with a flow rate of
lpm to carry the La2Zr2O7 powder from the feeder at the rate of
ig. 1. Schematic of gas tunnel type plasma spraying torch and the image of
ense plasma jet.

5 g/min to form a coating on SUS304 substrate under a spraying
urrent of 350 A with a total (primary and vortex) gas argon flow
ate of 180 lpm. The powder was fed at the nozzle exit and the
orch to base (substrate) distance was 50 mm. The torch operat-
ng parameters used in the present coating were selected in order
o get dense coating with thickness of around 300–400 �m and
lso taking caution that there is minimal deviation from the ini-
ial stoichiometric ratio. The optimum spraying parameters for
a2Zr2O7 coatings in gas tunnel type plasma spray torch were

dentified based on numerous trial experiments. After spraying,
ree-standing La2Zr2O7 coating specimens were obtained by a
imple heat treatment in an open atmosphere electrical furnace.
or this purpose, La2Zr2O7 feedstock was sprayed on smooth
urface of SS-304 substrate. After that the coated substrates were
ut into samples of dimension 2 cm × 2 cm and heated in electri-
al furnace up to 1000 ◦C for 3 h. This temperature was sufficient
o peel out the ceramic coating from the substrate.

Hot corrosion testing was performed to study the reaction
echanisms of La2Zr2O7 coating against V2O5, Na2SO4 and
a2SO4 + V2O5 mixture at elevated temperatures. For this pur-
ose, coating specimens with dimension of 2 cm × 2 cm were
Fig. 2. SEM image of La2Zr2O7 feedstock powder.
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Table 1
Chemical compositions and lattice parameter of La2Zr2O7 powder and coating.

Samples Chemical compositions Lattice
parameter
(a)

La (wt%) Zr (wt%) (Å)

La2Zr2O7 powder 46.58 33.60 10.824
La2Zr2O7 coating 41.95 36.28 10.884
T
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Diffraction angle, 2θ  (degree)

ig. 3. XRD pattern of La2Zr2O7 powder and sprayed coating (at 350 A).

ver the as-sprayed free-standing coating surfaces by using a
ery fine glass rod at a concentration of 20 mg/cm2 and then the
oating was subjected to isothermal heat treatments at tempera-
ures of 1000 and 1350 K for 5 h duration in air. For hot corrosion
xperiments with Na2SO4, the salt was applied at higher concen-
rations such as 40 mg/cm2 and then the coating was subjected to
sothermal heat treatments at temperatures of 1200 and 1350 K
or 5 h duration because of the less reactive nature and relatively
igh melting point of Na2SO4. The reactions with each com-
ound were isolated, thereby eliminating mixed interactions and
ombined effects. For all the experiments, the sample heating
nd cooling rates were kept at 10 ◦C/min and 5 ◦C/min respec-
ively. The concentrations of the corrosive salts chosen during
his study are only to examine the hot corrosion mechanisms
f the coating, not for actual condition of TBC while at oper-
tion. Finally, the specimens were removed from the furnace
fter they reached room temperature and then were subjected to
haracterization.

“X-ray diffraction (XRD) studies were performed on the
ot corrosion-tested samples to examine the resulting corrosion
roducts and the phase transformations. This was performed by

sing a JEOL JDX-3530M diffractometer with Cu-K� radia-
ion source at a voltage of 40 kV and current of 40 mA. The
nalysis was performed at a scan speed of 5◦/min for val-
es of 2θ between 10◦ and 90◦. Surface and cross-sectional

5
3
r
t

Fig. 4. Cross-section SEM images of La2Zr2O7
heoretical value25 48.6 31.9

icrostructural analysis was carried out to examine corrosive
roduct formation and degradation reaction mechanisms using
n ERA8800 field-emission scanning electron microscope (FE-
EM) equipped with an energy dispersive spectrometer (XEDS).
or the microstructural characterization, corrosive specimens
ere embedded in epoxy resin and were metallographically pre-
ared. Information on the phase and the microstructure of the
nitial feedstock and the as-sprayed free-standing coatings was
lso obtained using the same equipments.

. Results and discussion

Fig. 3 shows the XRD patterns of the La2Zr2O7 powder and
ts plasma sprayed coating. The XRD pattern revealed that the
yrochlore phase of La2Zr2O7 was stable even in the coating
btained at higher plasma current (350 A) under the optimized
lasma torch spraying conditions. The main feature of this
RD investigation is that the obtained peaks belonging to the
yrochlore structure shift slightly towards smaller 2θ value and
ause larger lattice parameter than that of the initial powder.
urthermore, the stoichiometric ratios of ZrO2/La2O3 varied
ignificantly in the coating compared to the ratio in the initial
owder, which was confirmed by the EDX analysis and is shown
n Table 1. This deviation can be attributed to the in-flight loss of
a2O3 in La2Zr2O7 during the plasma spray process.24,25 How-
ver, the above variation does not affect the pyrochlore structure
ecause of the considerable solubility range of La2Zr2O7 from
3.6 wt% La2O3 and 46.4 wt% ZrO2 to 60.4 wt% La2O3 and

9.6 wt% ZrO2 whereby the crystalline structure and properties
emain unaffected.24 In general, ZrO2 is thermally more stable
han La2O3 in pyrochlore structure26 and this will cause different

coatings (a) and its splat orientation (b).
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ig. 5. XRD patterns of La2Zr2O7 coating after hot corrosion test against V2O5

t 1000 and 1350 K for a duration of 5 h.

vaporation rates of the components leading to stoichiometric
hange while spraying in high temperature plasma jet.

The typical cross-sectional micrographs of the gas tunnel type
lasma sprayed La2Zr2O7 free standing coatings and its higher
agnification are shown in Fig. 4. The thickness of all the coat-

ngs is around 300–400 �m and the distribution of porosity along
he cross section was measured at four different areas by image
nalysis and is around 9–11%. The coatings present a porous and
amellar structure which is a unique characteristic for this kind
f spraying, but it could be controlled by optimizing the spray-
ng conditions. Herein, the splats are separated by interlamellar
ores resulting from rapid solidification of the lamellae. Spo-
adically, fine voids also appear nearby the un-melted particles
long with few cracks due to thermal stresses and tensile quench-
ng relaxation stresses. Favorably, the presence of cracks also
ncreases the strain tolerance and enhances the thermal shock
esistance of TBCs in service.

.1. Hot corrosion of La2Zr2O7 coating against V2O5

In this investigation, hot corrosion studies were performed
t a temperature of 1000 K and also 1350 K. Fig. 5 shows
he XRD patterns obtained from the reaction zone of V2O5
oated La2Zr2O7 heat treated at 1000 K and 1350 K for a dura-
ion of 5 h. The reactions at elevated temperatures lead to
he formation of new phases such as cubic phase zirconium
yrovanadate (ZrV2O7), tetragonal phase lanthanum vanadate
LaVO4), tetragonal and monoclinic phases of zirconia (ZrO2)
long with pyrochlore phase of La2Zr2O7. However, the pres-
nce of corrosion products and the intensities of the transforming
hases drastically differ between the two hot corrosion temper-
tures. At 1000 K, La2Zr2O7 was found to react with molten
2O5 and form ZrV2O7 as the major corrosion product along
ith substantial amount of LaVO4. The formation of the cor-

osive products resulted in the disruptive La2Zr2O7 phase

ransformation partially from pyrochlore to tetragonal and mon-
clinic phase ZrO2. The formation of ZrV2O7 should enrich
a2O3 in La2Zr2O7 due to depletion of ZrO2 during reaction

Z
T
f

Fig. 6. ZrO2–V2O5 phase diagram.28

ith V2O5, and promote the formation of LaVO4 from the
esidues of La2O3 and V2O5. The reactions involved in the for-
ation of ZrV2O7 are slow which has been clearly stated in

arlier reports and literature,27 but the results of the studies by
hen et al.15 show that this is certainly not the case for reaction

emperatures below 1000 K, where the V2O5 and the YSZ coat-
ng react to form ZrV2O7 within minutes of reaching 973 K. A
ossible reaction that could have produced these phases can be
ritten as:

a2Zr2O7(s) + 3 V2O5(l) → 2ZrV2O7(s) + 2LaVO4(s)

(≤ 1000 K) (1)

The interpretation of the ZrO2–V2O5 phase diagram which
s shown in Fig. 6 might be useful to explain the results of the
RD pattern. According to the phase diagram, pure V2O5 liq-
id in contact with ZrO2 at 973 K can dissolve approximately
0 mol.% zirconia in solution before the first solid reaction
roduct (ZrV2O7) can form. For compositions of 50 mol.%
2O5/50 mol.% ZrO2, only ZrV2O7 should be present. Hence,
rV2O7 should be the first reaction product formed from the

eaction of ZrO2 and V2O5, followed by precipitation of m-ZrO2
s the vanadium oxide concentration continues to diminish. Sim-
larly at this stage in the La2O3–V2O5 system, pure liquid V2O5
ill dissolve significant amounts of La2O3 and produce LaVO4

s a minimally soluble precipitate which is highly stable up to
083 K.29

Meanwhile, the XRD pattern obtained from the reaction zone
f V2O5 coated La2Zr2O7 which was heat treated at 1350 K
or 5 h clearly shows that it is different from that obtained at
000 K. Only LaVO4 seems to be the major corrosion product
long with considerable amount of tetragonal and monoclinic
hases of ZrO2. The other corrosion product phase ZrV2O7
as absent at this temperature due to the thermal decomposi-

ion of ZrV2O7 which starts at 1020 K. At temperatures above
020 K, the molten ZrV2O7 decomposes into monoclinic phase

rO2 and a mixture of monoclinic phase ZrO2 and liquid V2O5.
hen the molten V2O5 from ZrV2O7 reacts with La2Zr2O7 to

orm ZrV2O7 and LaVO4, as shown in Eq. (1). Concomitantly,
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starts at 1020 K. Hence, the correlation between the XRD and
microstructure results confirms that the presence of ZrV2O7 in
the samples heat treated at 1000 K is the main reason for the
Fig. 7. Typical surface micrographs of La2Zr2O7 coating after the hot c

rV2O7 melts and decomposes into monoclinic ZrO2 and a
ixture of monoclinic ZrO2 and liquid V2O5. This process is

epeated until V2O5 is completely depleted and LaVO4 and
onoclinic ZrO2 are formed as the final products. However,

he excess La2O3 in partially dissociated pyrochlore phase
a2Zr2O7 can serve as a stabilizing agent up to its threshold

imit and predominantly stabilize the ZrO2 in tetragonal phase.
his reduces the amount of monoclinic phase ZrO2 and con-
equently the tetragonal ZrO2 becomes the predominant phase
ather than monoclinic phase in the XRD pattern of the present
tudy. The reaction mechanism at temperatures above 1020 K is
iven by the following chemical equation:

a2Zr2O7(s) + V2O5(l) → 2LaVO4(s) + 2ZrO2(s)

(≥ 1020 K) (2)

Typical surface micrographs of La2Zr2O7 coatings after the
ot corrosion test against V2O5 for 5 h at 1000 and 1350 K
re shown in Fig. 7. In both cases, the reaction of the molten
2O5 on the La2Zr2O7 coating resulted in the conversion of

he typical plasma sprayed splat-lamellae structure into clusters
f fine equiaxed particles. Moreover, the magnified images of
he corroded surfaces from Fig. 7(c) and (d) revealed that the
icrostructure of the corroded surfaces seemed to be slightly

iffering from each other. The clusters of fine equiaxed par-
icles of the corrosion products such as LaVO4, ZrV2O7 and

rO2 on the surface heat-treated at 1000 K were well bounded
ith each other, whereas the above equiaxed particles are well

solated from each other on the surface heat-treated at 1350 K,
hich is confirmed by EDX spectrum shown in Fig. 8. Previous F
ion test against V2O5 for 5 h at: (a) and (c) 1000 K; (b) and (d) 1350 K.

RD results showed that one of the major hot corrosion prod-
cts, ZrV2O7 is absent on the coating surface heat treated
t 1350 K due to thermal decomposition of ZrV2O7 which
ig. 8. EDX spectrum of V2O5 reacted La2Zr2O7 coating zone at 1350 K.
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Fig. 9. Cross-sectional micrographs of La2Zr2O7

ifferences in the microstructural features occurring in the sur-
aces of La2Zr2O7 coatings after hot corrosion reaction of V2O5
t 1000 and 1350 K.

Furthermore, the interconnected network of interlamellar
ores and intralamellar cracks of the plasma sprayed La2Zr2O7
oating, affords the penetration of molten V2O5 liquids within
he coating. Generally, plasma sprayed coating is built-up
y lamellae with pores and cracks between them. Most of

he interlamellar pores are oriented parallel to the coating
urface and similarly intralamellar cracks are oriented along
he boundaries of columnar grains, and interlamellar pores
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g zone after corroded by V2O5 at 1000 K for 5 h.

etween lamellae. Hence, the penetration of molten V2O5 into
he coating microstructure through the pore network can pro-
uce two different kinds of microstructures such as the planar
eaction zone (PRZ) and melt infiltrated reaction zone (MIRZ).
ig. 9 shows the different morphology of the La2Zr2O7 coat-

ng cross-section after corrosion by molten V2O5 at 1000 K for
duration of 5 h. During the reaction, the lamellae near the

urface of the coating completely dissolve in the molten V2O5
iquid and precipitate out as clusters of sub-micron equiaxed
articles such as LaVO4, ZrV2O7 and or ZrO2. Moreover, melt-
ng of V2O5 and transformation of lamellae to particles were
ompleted in this region. This fully reacted region is called the
lanar reaction zone (PRZ) which appears as a porous layer
long with slackly connected corroded particles. The depth of
he PRZ varied from 15 to 25 �m throughout the reaction zone
ith respect to La2Zr2O7 coating surface morphology. Earlier,
hen et al.30 have described the comprehensive mechanism
f PRZ and MIRZ formation in plasma sprayed YSZ thermal
arrier coating against V2O5 corrosive environment at elevated
emperatures.

Below the PRZ, the coating microstructure seems to be dense
ith preserved lamellar structure and a thickness ranging from
50 to 200 �m. This dense region is called the melt infiltrated
eaction zone (MIRZ), which is formed by melt infiltration of
he molten V2O5 into the coating through the cracks and pores.
onversely, some part of the MIRZ was filled with equiaxed
orroded particles as in PRZ, prior to which they were macro

ores in the as-sprayed coating. This observation might act
s an evidence of the pore network and its vital role in the
oating microstructure evolution during the hot corrosion.
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+ La2(SO4)3(s) + 4ZrO2(s) + 2SO3(g) + 6Na2O(l)

(at1350 K) (3)
Fig. 11. Typical surface micrographs of La2Zr2O7 coating after ho

owever, beyond the region of MIRZ, the La2Zr2O7 coating
icrostructure has remained unaffected nearly around 100 �m,
hich is clearly observed from Fig. 9. Thus, the unaffected

egions have a unique plasma sprayed microstructure, i.e. with
lamellar microstructure along with residual pores and microc-

acks. The thickness of the unaffected regions plays an essential
ole in determining the life time of TBC during operation in hot
orrosion environments.

.2. Hot corrosion of La2Zr2O7 coating against Na2SO4

Na2SO4 melts at 1157 K, so the hot corrosion studies of
a2Zr2O7 specimens were conducted at temperatures of 1200 K
nd 1350 K. For all the experiments, the sample heating and
ooling rates were kept at 10 ◦C/min and 5 ◦C/min respectively.
RD results obtained from the reaction zone of Na2SO4 coated
a2Zr2O7 heat treated at 1200 K and 1350 K for a duration of 5 h
re shown in Fig. 10. The reaction zone pattern at 1200 K for 5 h
evealed the presence of only the initial phases of La2Zr2O7 and
a2SO4 with no evidence of phase transformation or reaction
etween La2Zr2O7 and Na2SO4. At this temperature, Na2SO4
ets melted and the molten Na2SO4 infiltrates through the open
ores and interlamellar gaps of La2Zr2O7 coating and after that
he molten salt was found to have crystallized in the cracks and
ores of the coating during cooling. X-ray diffraction results did
ot reveal the presence of any new phase confirming that there

as no reaction between La2Zr2O7 and Na2SO4.
The pattern of the 1350 K heat treated Na2SO4 coated

a2Zr2O7 reaction zone appears with initial phases of La2Zr2O7
long with lanthanum oxide sulfate (La2O2SO4) as the corrosion F
rosion test against Na2SO4 for 5 h at: (a) 1200 K; (b)–(d) 1350 K.

roduct. At this temperature, the molten Na2SO4 reacts with
a2O3 in La2Zr2O7 and forms La2O2SO4 by the following
ossible reaction mechanism which can be expressed as:

La2Zr2O7(s) + 6Na2SO4(l) → La2O2SO4(s)
ig. 12. EDX spectrum of Na2SO4 reacted La2Zr2O7 coating zone at 1350 K.
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Fig. 13. Cross-sectional micrographs of La2Zr2O7 coat

The above chemical reaction also indicates the formation of
anthanum sulfate (La2(SO4)3) as a possible corrosion product in
he Na2SO4 - La2Zr2O7 reaction zone, but at this study temper-
ture it is decomposing via an oxysulfate. Previous researchers
bserved that the initial decomposition temperatures for lan-
hanum sulfate (La2(SO4)3) ranges from 973 K to 1113 K31 and
373 K for the oxysulfate.32 These oxysulfate crystal forms
ncreased in concentration with increasing temperature and
ecame the dominant species at 1173 K. Hence, in the present
tudy at 1350 K, lanthanum oxide sulfate, La2O2SO4 is the pos-
ible corrosion product existing in the Na2SO4 reacted zone.
his observation is consistent with the results obtained by
arple et al.,16 where they have prepared La2Zr2O7 coating

hrough conventional plasma spraying technique and studied its
ot corrosion resistance behavior against vanadium or sulfur
ompounds at elevated temperatures and exposure time. Further-
ore, these results are compared with 8 wt.% yttria-stabilized

irconia coating hot corrosion results.
Typical surface micrographs of La2Zr2O7 coating after hot

orrosion testing against Na2SO4 at 1200 K and 1350 K for
h are shown in Fig. 11. The melting temperature of Na2SO4

s 1157 K, thus at this study temperature, i.e. 1200 K, it gets
ompletely melted and the molten Na2SO4 disperses over the
a2Zr2O7 coating splat surfaces and gets crystallized during
olidification. There is no significant reaction which occurs at
his temperature, as was confirmed from the XRD result. Hence,
he observed microstructure from Fig. 11(a) appears as sprayed
oating splats with Na SO phase intermingled or dispersed in
2 4
t. On the contrary, the reaction of molten Na2SO4 on La2Zr2O7
oating at 1350 K shown with different levels of magnification in
ig. 11(b)–(d) clearly indicates that the coating has experienced

b
t
i

ter hot corrosion reaction of Na2SO4 at 1350 K for 5 h.

evere microstructural changes; the lamellar microstructure of
a2Zr2O7 coating turned into cohesive clusters of equiaxed
rains. These grains are precipitates of La2Zr2O7 and La2O2SO4
hich has been already confirmed from the XRD results as

hown in Fig. 10 and EDX spectrum in Fig. 12.
Further comprehensive information on the microstructural

hanges can be obtained by observing the micrographs pre-
ented in Fig. 13, which shows a cross-sectional view of the
a2SO4 reacted La2Zr2O7 coating zone at 1350 K with some
agnified areas. The overall microstructure of the corroded

oating seems to be almost intact, but it has been well distin-
uishable through different kind of microstructures such as PRZ
nd MIRZ, which are mentioned previously. Concurrently, the
verall microstructure of the coating after Na2SO4 reaction dras-
ically differed when compared to the V2O5 reacted La2Zr2O7
oating microstructure. Formation of a number of vertical cracks
nd the deep penetration of PRZ through MIRZ, which formu-
ate the complex microstructure are primarily responsible for
his deviation. Most part of the coating was affected by hot
orrosion reaction and experienced complete microstructural
hanges. Furthermore, formation of large crack (parallel to the
oating surface) on the corroded coating surface is due to the
hemical reaction, which weakens the inter-lamellar binding and
he coating–substrate interface.

According to Eq. (3), formation of lanthanum sulfate is the
ajor intermediate corrosive product after hot corrosion reac-

ion of Na2SO4 on La2Zr2O7 coating, but it decomposes above
73 K. Though, decomposition occurs at the phase boundary

etween the undecomposed sulfate and the oxide product, where
he boundary proceeds regularly from the surface towards the
nterior, a phenomena analogous to the sharp interface shrinking
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ig. 14. XRD patterns of La2Zr2O7 coating after hot corrosion test against
a2SO4 + V2O5 mixture (60:40, wt%) at 1000 and 1350 K for a duration of 5 h.

ore models, which may lead to drastic changes in the coating
icrostructure.33,34 Results from the microstructural observa-

ions reveal that the La2Zr2O7 coating is an unsuitable TBC
aterial in Na2SO4 hot corrosion environment; as it may reduce

he life time of TBC system.

.3. Hot corrosion of La2Zr2O7 coating against
a SO + V O mixture (60:40 wt%)
2 4 2 5

The previous results confirm that Na2SO4 does not react with
a2Zr2O7 up to around 1200 K due to its melting point (1157 K).

r

2

ig. 16. Typical surface micrographs of Na2SO4 + V2O5 mixture (60:40, wt%) reacte
350 K.
Fig. 15. V2O5–Na2SO4 phase diagram.28

imultaneously, addition of V2O5 into Na2SO4 can entirely
hange the reaction mechanism and produce corrosive products
ven at temperatures below the melting point of Na2SO4. The
RD pattern of hot corrosion reaction of Na2SO4 + V2O5 mix-

ure (60:40 wt%) on La2Zr2O7 coating at 1000 and 1350 K for a
uration of 5 h is shown in Fig. 14. In both the 1000 and 1350 K
atterns, LaVO4 is the only corrosive product formed along with
onsequent phase transformation from pyrochlore to tetragonal
nd monoclinic phases as previously mentioned in the corrosion

eaction of V2O5 on La2Zr2O7.

According to the Na2SO4–V2O5 phase system (Fig. 15), from
5 to 50 mol% of V2O5 i.e. 56 wt% in Na2SO4 mixture gives

d La2Zr2O7 coating zone heat treated for 5 h at: (a) and (c) 1000 K; (b) and (d)
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molten mixture of Na2SO4 + V2O5. Recently, similar kind of
severe cracking and delamination was reported by Xu et al.17 for
their 3 wt.% Y2O3 added La2Zr2O7 coating when it came into
Fig. 17. EDX spectrums of Na2SO4 + V2O5 m

odium metavanadate (NaVO3) as the major reaction product
or a temperature range from 773 to 883 K rather than other
ossible products such as NaV3O8 or Na4V2O7.35 Hence, the
eight ratio taken in the present studies may also give NaVO3

s the only reaction product. Consequently, the molten NaVO3
ontinues to react with La2Zr2O7 to form LaVO4 as the final cor-
osion product in the interface between the top Na2SO4 + V2O5
ayer and La2Zr2O7 coating. The possible reaction mechanism
s given by the following chemical equations:

a2SO4(l) + V2O5(l) → 2NaVO3(l) + SO3(g) (4)

NaVO3(l) + La2Zr2O7(s) → 2LaVO4(s) + 2ZrO2(s)

+ Na2O(l) (5)

Moreover, minimal amount of Na2SO4 peaks appear in the
attern of 1000 K reaction XRD due to inappropriate mixing of
2O5 and consequent failure to melt, but the above crisis has

ntirely disappeared in 1350 K pattern. Concurrently, the phase
ransformations from pyrochlore to tetragonal and monoclinic
hase ZrO2 due to the depletion of La2O3 from La2Zr2O7 did
ot significantly differ in both the patterns. Hence, the above
esults show that the formation of corrosive products from the
eaction of Na2SO4–V2O5 (60:40 wt%) mixture and La2Zr2O7
oes not depend on its operating temperature when it is above
he formation temperature of NaVO3, i.e.773 K.

Typical surface micrographs depicting the reaction of
0:40 wt% of Na2SO4 + V2O5 mixture on La2Zr2O7 coating
one at 1000 and 1350 K are shown in Fig. 16. At 1000 K, the sur-
ace combines with clusters of equiaxed corrosive grains and the
ayer of un-reacted Na2SO4 or some other residues of Na. Typ-
cal plasma sprayed lamella structure was completely distorted
ue to corrosion effects followed by simple diffusion of liquid
aVO3, which was formed at 873 K from the above combina-
ion. Similarly at 1350 K, the corroded surface of the reaction
one appears with the combination of equiaxed and flake like
tructured corrosive grains. The EDX spectrum shown in Fig. 17
eveals the difference between these structures. It is seen from

F
L

re reacted La2Zr2O7 coating zone at 1350 K.

he figure that the equiaxed grains contain reaction products
f both LaVO4 and a significant quantity of ZrO2. On the con-
rary, the flake like structure predominantly contains LaVO4 and

very small quantity of ZrO2. These results signify that the
mount of ZrO2 makes a difference in LaVO4 crystallization.
ell crystallized LaVO4 has uneven morphology and its length

aries from 10 to 20 �m. Furthermore, this new kind of corro-
ive product formation causes significant changes in the PRZ
nd MIRZ microstructure formation. A typical PRZ structure
ppears with cracks and some of the vertical cracks penetrated
n MIRZ also. Thus, MIRZ appears as a PRZ embedded matrix

icrostructure as shown in Fig. 18. Formation and propagation
f these cracks from the result of chemical interaction between
he La2Zr2O7 and molten mixture of Na2SO4 + V2O5 is the
mportant factor resulting in degradation of the coating. Accord-
ng to the Lewis acid–base mechanism, metal oxides with the
trongest basicity will react most severely with the highly acidic
2O5.15 Moreover, the basicity of La2O3 is relatively higher

han ZrO2 in La2Zr2O7 and it will react severely with the highly
ig. 18. Cross-sectional micrograph of Na2SO4 + V2O5 mixture reacted
a2Zr2O7 coating zone heat treated at 1350 K for 5 h.
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ontact with molten mixture of Na2SO4 + V2O5. The above
oating was prepared by EB-PVD technique and is relatively
esistant to attack from V2O5.

. Summary and conclusions

Gas tunnel type plasma sprayed free-standing La2Zr2O7 coat-
ng specimens with a thickness of about 300–400 �m were
repared under optimized operating conditions and character-
zed. The coatings retain the pyrochlore phase except for trivial
osses of La2O3 and the coatings reflect the unique plasma
praying microstructure, i.e. lamella structures with pores. Fur-
hermore, the coating specimens were subjected to hot corrosion
esting in the presence of corrosive impurities such as V2O5,
a2SO4, and Na2SO4 + V2O5 mixtures (60:40, wt%) at two dif-

erent temperatures for a duration of 5 h, i.e. 1000 and 1350 K
or V2O5 and Na2SO4 + V2O5 mixtures, 1200 and 1350 K for
a2SO4.
After the hot corrosion testing against V2O5, depending

n the temperature, two different reaction mechanisms were
bserved from the La2Zr2O7 coating. The formation of ZrV2O7
as observed to be the predominant reaction rather than LaVO4

t 1000 K. For temperatures at 1350 K, V2O5 reacts with La2O3
n La2Zr2O7 to form LaVO4 as the corrosive product and
his leads to massive phase transformations from pyrochlore to
etragonal and monoclinic phases. Similarly, two different mor-
hologies could be clearly identified from the cross-sectional
iews of V2O5 reacted La2Zr2O7 coatings that correspond to a
lanar reacted zone (PRZ) and a melt infiltrated reaction zone
MIRZ). The morphology of the PRZ was mainly composed of
lusters of sub-micron equiaxed particles such as ZrO2, LaVO4,
nd or ZrV2O7, and is almost similar at both temperatures. The
IRZ appeared as a dense infiltrated region with the lamella

tructure still evident, although the pores and cracks were filled
ith reaction products as in PRZ.
Hot corrosion test results against Na2SO4 showed that molten

odium sulfate is chemically inert in La2Zr2O7 coating up to
200 K. At 1350 K, it reacts with La2O3 to form lanthanum oxide
ulfate, La2O2SO4 as a corrosion product. Furthermore, it infil-
rates into the interlamellar gaps and pores of La2Zr2O7 coating
nd crystallizes while cooling, thus causing severe thermo-
echanical damage in both PRZ and MIRZ microstructures.
At the temperature range of 773 to 883 K, sodium meta-

anadate (NaVO3) the major reaction product arising from the
eaction of Na2SO4 + V2O5 mixture and the molten NaVO3 con-
inues to react with La2Zr2O7 coating to form LaVO4 as the final
orrosion product at both temperatures, i.e. 1000 and 1350 K.
he reaction mechanism showed LaVO4 formation without
rV2O7, similar to that for La2Zr2O7–V2O5 at 1350 K. Thus,
ross-sectional morphologies also appear to be similar to that of
2O5 reacted La2Zr2O7 coating microstructure except for the

xistence of few cracks in PRZ and MIRZ.
From the aspect of microstructural observations, the present
a2Zr2O7 coating serves as an appropriate thermal barrier
aterial in V2O5 environment. On the contrary, in Na2SO4

nvironment at high temperatures, the La2Zr2O7 coatings fail to
unction as an effective thermal barrier material. Meanwhile, in
n Ceramic Society 32 (2012) 823–834 833

a2SO4 + V2O5 corrosive environment at elevated temperatures
t performs moderately.
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