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Abstract

Gas tunnel type plasma sprayed free-standing La,Zr,O; coating specimens with a thickness of 300-400 pm were prepared under optimized
operating conditions and were subjected to hot corrosion test in the presence of corrosive impurities such as V,0s, Na,SOy, and Na,SO4 + V,05
mixtures (60:40 wt%) at two different temperatures for duration of 5h, i.e. 1000 and 1350 K for V,05 and Na,SO,4 + V,0s mixtures, 1200 and
1350 K for Na,SO,. For temperatures at 1350 K, the reaction mechanism of V,0s and the mixture of Na,SO, + V,0s are similar and LaVO, is
formed as the corrosive product, which leads to massive phase transformation from pyrochlore to tetragonal and monoclinic phases. Microstructural
observations from planar reaction zone (PRZ) and melt infiltrated reaction zone (MIRZ) reveals that the present La,Zr,0; coating exhibits good
hot corrosion resistance in V,0s environment and moderate for the mixture of Na,SO,4 + V,0s, but is worst in Na,SO,4 environment.

© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

Plasma-sprayed thermal barrier coatings (TBC) are tradition-
ally applied to critical hot sections of the industrial gas turbines,
particularly, turbine blades, vanes and combustion chambers in
order to protect the hot sections from this high operating tem-
perature and increase the component durability. Simultaneously,
the need for enhancing the fuel efficiency has lead to increase
in the operating temperatures of gas turbines year after year.
Hence, the reliability of the most widely used TBC top coat
composition, i.e. yttria stabilized zirconia (YSZ) coatings, has
been weakened due to its phase transformation and sintering or
densification behavior at higher operating temperatures and cor-
rosive environments, which might result in disintegration of the
coating.!#

Therefore, development of new materials for TBC in order
to address the challenges of the highly demanding operating
environments is essential to fulfill the industrial requirements.
Recently, it has been found that some very interesting properties
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are possessed by one composition, i.e. pyrochlore phase lan-
thanum zirconate (LaZr,O7). The results of the earlier works
have shown that this material has excellent thermal stability,
(which is stable up to its melting point: 2573 K), low thermal
conductivity (1.56 Wm~!K~!, compared to 2.12Wm~! K~!
for YSZ*), low sintering rate, and thus becomes a very promis-
ing candidate for new TBC material.>~’ However, relatively low
thermal expansion coefficient of about 9 x 1076 K~! compared
to YSZ with 10-11 x 10~ K~! leads to higher thermal stresses
due to thermal expansion mismatch between the coating inter-
faces and causes severe damage in the coating system.5?
Vassen et al.!” studied the thermo-physical properties of
LayZr,O7 material and successfully produced a coating through
APS technique. Observation from their results clearly under-
lines that LayZr,O7 has good potential as a new material for
advanced TBCs, even though it has lower Young’s modulus
and thermal expansion than that of YSZ. Furthermore, their
results proved that the thermal conductivity of LayZr,O7 which
is approximately 20% lower than that of YSZ is favorable at ele-
vated temperatures, and also shows excellent thermal stability.
Subsequently, they developed YSZ/LayZr,O7 multilayer layer
coating systems in order to enhance the cyclic life time of the
coating under high operating temperatures.' !> Likewise, Chen
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et al.!? stated that the graded YSZ/La;Zr,0O7 coating offers
admirable thermal shock resistance in comparison to that of
its duplex and single layer coatings. Actually they have pre-
pared six-layered YSZ/La;Zr,O7 bicomponent graded coatings
through plasma spraying. These authors also prepared structured
LayZr,O7 coatings through plasma spraying and studied their
thermophysical properties. Astonishingly, the coating exhibited
minimum thermal conductivity,i.e. 0.73 W m~! K~!, which was
about 50% lower than previously reported results of conven-
tional microstructure coatings.'*

It should be noted that the hot corrosion mechanism of the
TBC material against different kinds of corrosive environment is
also one of the imperative factors that must be taken into account
along with other factors such as thermal conductivity, phase sta-
bility, thermal expansion coefficient and mechanical properties
of the TBC material while searching for new TBC materials or
while validating the existing one as a promising TBC material.
Hence the understanding of hot corrosion reaction mechanisms
of the LaZr,O7 against different kinds of corrosive ashes at
elevated temperatures is a must for categorizing or widening
the application of LayZr,O7. Since in most of the cases, the
TBCs are subjected to face low-quality fuels during operation,
the impurities in the highly contaminated fuel can combine to
form molten salts, such as sodium sulfate and vanadium com-
pounds and deposit on the coating surface in the combustion
environment, giving rise to hot corrosion problems. !>

There are only a few earlier reports!®!7 that exemplify the
hot corrosion behavior of plasma sprayed LayZr,O7 coatings
against V705, NaSO4 and V,05, NaySO4 + V205 corrosive
environments at elevated temperatures and different time dura-
tions, but they are insufficient when compared to the reports of
conventional YSZ coating hot corrosion results.!®2 Hence in
this paper, further examinations of the hot corrosion behavior
of plasma sprayed La;Zr,O7 coatings against V,0s, NapSOy,
and Nap SOy + V05 mixtures (60:40 wt%) corrosive salts at ele-
vated temperatures was conducted and the results are discussed
with regard to corrosive product formation and microstructural
changes. For this purpose, free-standing La;Zr» O7 coating spec-
imens with thickness of around 300400 wm were prepared by
using gas tunnel type plasma spray torch under optimized oper-
ating conditions. Superiority, unique features of gas tunnel type
plasma spraying and the influence of its processing parameters
on the ceramic coating formation are well reported in previous
publications.?!~23

2. Experimental procedure

Fig. 1 shows a schematic of the gas tunnel type plasma spray-
ing torch and a photographic image of its high energy density
plasma jet, which was used for producing LayZr,O7 coatings
required for this study. For this purpose, LayZr,O7 powder was
commercially procured and its typical surface morphology is
shown in Fig. 2. The SEM morphology reveals that the feed-
stock grains are irregular in nature with average size range of
1040 pm. Argon gas was used as carrier gas with a flow rate of
5 Ipm to carry the LayZr, O;7 powder from the feeder at the rate of
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Fig. 1. Schematic of gas tunnel type plasma spraying torch and the image of
dense plasma jet.

15 g/min to form a coating on SUS304 substrate under a spraying
current of 350 A with a total (primary and vortex) gas argon flow
rate of 1801pm. The powder was fed at the nozzle exit and the
torch to base (substrate) distance was 50 mm. The torch operat-
ing parameters used in the present coating were selected in order
to get dense coating with thickness of around 300-400 m and
also taking caution that there is minimal deviation from the ini-
tial stoichiometric ratio. The optimum spraying parameters for
LayZr,0O7 coatings in gas tunnel type plasma spray torch were
identified based on numerous trial experiments. After spraying,
free-standing La;Zr,O7 coating specimens were obtained by a
simple heat treatment in an open atmosphere electrical furnace.
For this purpose, LayZr,O7 feedstock was sprayed on smooth
surface of SS-304 substrate. After that the coated substrates were
cut into samples of dimension 2 cm x 2 cm and heated in electri-
cal furnace up to 1000 °C for 3 h. This temperature was sufficient
to peel out the ceramic coating from the substrate.

Hot corrosion testing was performed to study the reaction
mechanisms of LayZr,O7 coating against V,0s, Na;SO4 and
NapSO4 + V205 mixture at elevated temperatures. For this pur-
pose, coating specimens with dimension of 2cm x 2cm were
sectioned from the as-sprayed free-standing LayZr,O7 coat-
ings. Then, fine grained corrosive salts such as V;0Os and
NaySO04 + V705 mixture at 60:40 wt% were individually spread

Fig. 2. SEM image of LayZr,O7 feedstock powder.
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Fig. 3. XRD pattern of La;Zr,O7 powder and sprayed coating (at 350 A).

over the as-sprayed free-standing coating surfaces by using a
very fine glass rod at a concentration of 20 mg/cm? and then the
coating was subjected to isothermal heat treatments at tempera-
tures of 1000 and 1350 K for 5 h duration in air. For hot corrosion
experiments with Nay SOy, the salt was applied at higher concen-
trations such as 40 mg/cm? and then the coating was subjected to
isothermal heat treatments at temperatures of 1200 and 1350 K
for 5 h duration because of the less reactive nature and relatively
high melting point of Na;SOj4. The reactions with each com-
pound were isolated, thereby eliminating mixed interactions and
combined effects. For all the experiments, the sample heating
and cooling rates were kept at 10 °C/min and 5 °C/min respec-
tively. The concentrations of the corrosive salts chosen during
this study are only to examine the hot corrosion mechanisms
of the coating, not for actual condition of TBC while at oper-
ation. Finally, the specimens were removed from the furnace
after they reached room temperature and then were subjected to
characterization.

“X-ray diffraction (XRD) studies were performed on the
hot corrosion-tested samples to examine the resulting corrosion
products and the phase transformations. This was performed by
using a JEOL JDX-3530M diffractometer with Cu-Ka radia-
tion source at a voltage of 40kV and current of 40 mA. The
analysis was performed at a scan speed of 5°/min for val-
ues of 26 between 10° and 90°. Surface and cross-sectional

Table 1
Chemical compositions and lattice parameter of La;Zr,O7 powder and coating.
Samples Chemical compositions Lattice
parameter
(@
La (wt%) Zr (Wt%) A)
LaZr,O7 powder 46.58 33.60 10.824
LayZr,O7 coating 41.95 36.28 10.884
Theoretical value? 48.6 31.9

microstructural analysis was carried out to examine corrosive
product formation and degradation reaction mechanisms using
an ERA8800 field-emission scanning electron microscope (FE-
SEM) equipped with an energy dispersive spectrometer (XEDS).
For the microstructural characterization, corrosive specimens
were embedded in epoxy resin and were metallographically pre-
pared. Information on the phase and the microstructure of the
initial feedstock and the as-sprayed free-standing coatings was
also obtained using the same equipments.

3. Results and discussion

Fig. 3 shows the XRD patterns of the La;Zr,O;7 powder and
its plasma sprayed coating. The XRD pattern revealed that the
pyrochlore phase of LayZr,O7 was stable even in the coating
obtained at higher plasma current (350 A) under the optimized
plasma torch spraying conditions. The main feature of this
XRD investigation is that the obtained peaks belonging to the
pyrochlore structure shift slightly towards smaller 26 value and
cause larger lattice parameter than that of the initial powder.
Furthermore, the stoichiometric ratios of ZrQ,/LayQ3 varied
significantly in the coating compared to the ratio in the initial
powder, which was confirmed by the EDX analysis and is shown
in Table 1. This deviation can be attributed to the in-flight loss of
Lay0s3 in LapZr,O7 during the plasma spray pI‘OCGSS.24’25 How-
ever, the above variation does not affect the pyrochlore structure
because of the considerable solubility range of La;Zr,O7 from
53.6 wt% LayO3 and 46.4 wt% ZrO; to 60.4 wt% LayO3 and
39.6 wt% ZrO; whereby the crystalline structure and properties
remain unaffected.?* In general, ZrO» is thermally more stable
than La, O3 in pyrochlore structure® and this will cause different

Fig. 4. Cross-section SEM images of La;Zr,O7 coatings (a) and its splat orientation (b).
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Fig. 5. XRD patterns of LayZr, O7 coating after hot corrosion test against V205
at 1000 and 1350 K for a duration of 5 h.

evaporation rates of the components leading to stoichiometric
change while spraying in high temperature plasma jet.

The typical cross-sectional micrographs of the gas tunnel type
plasma sprayed LayZr,O7 free standing coatings and its higher
magnification are shown in Fig. 4. The thickness of all the coat-
ings is around 300-400 pwm and the distribution of porosity along
the cross section was measured at four different areas by image
analysis and is around 9—11%. The coatings present a porous and
lamellar structure which is a unique characteristic for this kind
of spraying, but it could be controlled by optimizing the spray-
ing conditions. Herein, the splats are separated by interlamellar
pores resulting from rapid solidification of the lamellae. Spo-
radically, fine voids also appear nearby the un-melted particles
along with few cracks due to thermal stresses and tensile quench-
ing relaxation stresses. Favorably, the presence of cracks also
increases the strain tolerance and enhances the thermal shock
resistance of TBCs in service.

3.1. Hot corrosion of LayZr;O7 coating against V205

In this investigation, hot corrosion studies were performed
at a temperature of 1000K and also 1350K. Fig. 5 shows
the XRD patterns obtained from the reaction zone of V;0s5
coated LayZr;O7 heat treated at 1000 K and 1350K for a dura-
tion of Sh. The reactions at elevated temperatures lead to
the formation of new phases such as cubic phase zirconium
pyrovanadate (ZrV,07), tetragonal phase lanthanum vanadate
(LaVOy), tetragonal and monoclinic phases of zirconia (ZrO,)
along with pyrochlore phase of LayZr,O7. However, the pres-
ence of corrosion products and the intensities of the transforming
phases drastically differ between the two hot corrosion temper-
atures. At 1000K, LayZr,O7 was found to react with molten
V;,05 and form ZrV,07 as the major corrosion product along
with substantial amount of LaVO4. The formation of the cor-
rosive products resulted in the disruptive LayZr,O7 phase
transformation partially from pyrochlore to tetragonal and mon-
oclinic phase ZrO,. The formation of ZrV,07 should enrich
LayOs3 in LayZr,O7 due to depletion of ZrO, during reaction

1173
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3
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73 L+ZrV,0, ZrV,0,+Zr0,
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Fig. 6. Zr0,—V,0s phase diagram.?

with V705, and promote the formation of LaVO4 from the
residues of La;O3 and V,05. The reactions involved in the for-
mation of ZrV,07 are slow which has been clearly stated in
earlier reports and literature,?’ but the results of the studies by
Chen et al."> show that this is certainly not the case for reaction
temperatures below 1000 K, where the V,0O5 and the YSZ coat-
ing react to form ZrV,07 within minutes of reaching 973 K. A
possible reaction that could have produced these phases can be
written as:

LazZr207(S) + 3V205(1) — ZZI‘V207(S) + 2LaVO4(s)

(< 1000K) )

The interpretation of the ZrO,—V,0s5 phase diagram which
is shown in Fig. 6 might be useful to explain the results of the
XRD pattern. According to the phase diagram, pure V;,0s5 lig-
uid in contact with ZrO, at 973 K can dissolve approximately
30mol.% zirconia in solution before the first solid reaction
product (ZrV,07) can form. For compositions of 50 mol.%
V205/50mol.% ZrO,, only ZrV,07 should be present. Hence,
ZrV,07 should be the first reaction product formed from the
reaction of ZrO; and V,Os, followed by precipitation of m-ZrO»
as the vanadium oxide concentration continues to diminish. Sim-
ilarly at this stage in the La; 03—V, Os system, pure liquid V05
will dissolve significant amounts of La; O3 and produce LaVOq4
as a minimally soluble precipitate which is highly stable up to
2083 K.

Meanwhile, the XRD pattern obtained from the reaction zone
of V05 coated LayZr,O7; which was heat treated at 1350 K
for 5h clearly shows that it is different from that obtained at
1000 K. Only LaVO4 seems to be the major corrosion product
along with considerable amount of tetragonal and monoclinic
phases of ZrO,. The other corrosion product phase ZrV,07
was absent at this temperature due to the thermal decomposi-
tion of ZrV,07 which starts at 1020 K. At temperatures above
1020 K, the molten ZrV,07 decomposes into monoclinic phase
710, and a mixture of monoclinic phase ZrO, and liquid V,Os.
Then the molten V,0s from ZrV,07 reacts with LayZr,O7 to
form ZrV,07 and LaVQy, as shown in Eq. (1). Concomitantly,
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Fig. 7. Typical surface micrographs of LayZr,O7 coating after the hot corrosion test against V,0Os for 5h at: (a) and (c) 1000 K; (b) and (d) 1350 K.

ZrV,07 melts and decomposes into monoclinic ZrO; and a
mixture of monoclinic ZrO; and liquid V,05. This process is
repeated until V,05 is completely depleted and LaVO, and
monoclinic ZrO; are formed as the final products. However,
the excess Lap;O3 in partially dissociated pyrochlore phase
LayZr,O7 can serve as a stabilizing agent up to its threshold
limit and predominantly stabilize the ZrO; in tetragonal phase.
This reduces the amount of monoclinic phase ZrO; and con-
sequently the tetragonal ZrO; becomes the predominant phase
rather than monoclinic phase in the XRD pattern of the present
study. The reaction mechanism at temperatures above 1020 K is
given by the following chemical equation:

LayZr,O7(s) + V20s5(1) — 2LaVOy(s) + 2ZrO;(s)
(> 1020K) 2

Typical surface micrographs of LayZr,O7 coatings after the
hot corrosion test against V,O5 for 5h at 1000 and 1350 K
are shown in Fig. 7. In both cases, the reaction of the molten
V205 on the LayZr,O7 coating resulted in the conversion of
the typical plasma sprayed splat-lamellae structure into clusters
of fine equiaxed particles. Moreover, the magnified images of
the corroded surfaces from Fig. 7(c) and (d) revealed that the
microstructure of the corroded surfaces seemed to be slightly
differing from each other. The clusters of fine equiaxed par-
ticles of the corrosion products such as LaVOy4, ZrV,07 and
ZrO; on the surface heat-treated at 1000 K were well bounded
with each other, whereas the above equiaxed particles are well
isolated from each other on the surface heat-treated at 1350 K,
which is confirmed by EDX spectrum shown in Fig. 8. Previous

XRD results showed that one of the major hot corrosion prod-
ucts, ZrV,07 is absent on the coating surface heat treated
at 1350K due to thermal decomposition of ZrV,07; which
starts at 1020 K. Hence, the correlation between the XRD and
microstructure results confirms that the presence of ZrV,07 in
the samples heat treated at 1000 K is the main reason for the

1.00 200

Fig. 8. EDX spectrum of V,0s5 reacted LayZr,O7 coating zone at 1350 K.
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|

Fig. 9. Cross-sectional micrographs of La;Zr,O7 coating zone after corroded by V,0s5 at 1000 K for Sh.

differences in the microstructural features occurring in the sur-
faces of LayZr,O7 coatings after hot corrosion reaction of V,05
at 1000 and 1350 K.

Furthermore, the interconnected network of interlamellar
pores and intralamellar cracks of the plasma sprayed LayZr,O7
coating, affords the penetration of molten V,0Os liquids within
the coating. Generally, plasma sprayed coating is built-up
by lamellae with pores and cracks between them. Most of
the interlamellar pores are oriented parallel to the coating
surface and similarly intralamellar cracks are oriented along
the boundaries of columnar grains, and interlamellar pores

p - Pyrochlore La,Zr,0,
p I I -La0,S0,
n -NaSO,
|
- 1 p
3 P | p I
< [T th P PI P o
2
] 1350 K|
= p
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T T T T T T T T T T T
20 30 40 50 60 70 80

Diffraction angle, 26 (degree)

Fig. 10. XRD patterns of La;Zr,O7 coating after hot corrosion test against
Na;SOy4 at 1200 and 1350 K for a duration of 5 h.

between lamellae. Hence, the penetration of molten V05 into
the coating microstructure through the pore network can pro-
duce two different kinds of microstructures such as the planar
reaction zone (PRZ) and melt infiltrated reaction zone (MIRZ).
Fig. 9 shows the different morphology of the La;Zr,O7 coat-
ing cross-section after corrosion by molten V,0s at 1000 K for
a duration of 5h. During the reaction, the lamellae near the
surface of the coating completely dissolve in the molten V205
liquid and precipitate out as clusters of sub-micron equiaxed
particles such as LaVOy, ZrV,07 and or ZrO,. Moreover, melt-
ing of V205 and transformation of lamellae to particles were
completed in this region. This fully reacted region is called the
planar reaction zone (PRZ) which appears as a porous layer
along with slackly connected corroded particles. The depth of
the PRZ varied from 15 to 25 wm throughout the reaction zone
with respect to LayZr,O7 coating surface morphology. Earlier,
Chen et al.’% have described the comprehensive mechanism
of PRZ and MIRZ formation in plasma sprayed YSZ thermal
barrier coating against V,Os corrosive environment at elevated
temperatures.

Below the PRZ, the coating microstructure seems to be dense
with preserved lamellar structure and a thickness ranging from
150 to 200 pm. This dense region is called the melt infiltrated
reaction zone (MIRZ), which is formed by melt infiltration of
the molten V,0s into the coating through the cracks and pores.
Conversely, some part of the MIRZ was filled with equiaxed
corroded particles as in PRZ, prior to which they were macro
pores in the as-sprayed coating. This observation might act
as an evidence of the pore network and its vital role in the
coating microstructure evolution during the hot corrosion.
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-

Fig. 11. Typical surface micrographs of LayZr,O7 coating after hot corrosion test against Na,SO4 for 5h at: (a) 1200 K; (b)—(d) 1350 K.

However, beyond the region of MIRZ, the LayZr,O7 coating
microstructure has remained unaffected nearly around 100 pm,
which is clearly observed from Fig. 9. Thus, the unaffected
regions have a unique plasma sprayed microstructure, i.e. with
a lamellar microstructure along with residual pores and microc-
racks. The thickness of the unaffected regions plays an essential
role in determining the life time of TBC during operation in hot
corrosion environments.

3.2. Hot corrosion of LayZr;O7 coating against NazSO4

Na;SO4 melts at 1157 K, so the hot corrosion studies of
LayZr,O7 specimens were conducted at temperatures of 1200 K
and 1350K. For all the experiments, the sample heating and
cooling rates were kept at 10 °C/min and 5 °C/min respectively.
XRD results obtained from the reaction zone of Na;SO4 coated
LayZr,O7 heat treated at 1200 K and 1350 K for a duration of 5h
are shown in Fig. 10. The reaction zone pattern at 1200 K for 5h
revealed the presence of only the initial phases of LayZr,O7 and
Na;SO4 with no evidence of phase transformation or reaction
between LayZr;O7 and Nap;SOy4. At this temperature, Napy SOy
gets melted and the molten Na; SOy infiltrates through the open
pores and interlamellar gaps of LayZr,O7 coating and after that
the molten salt was found to have crystallized in the cracks and
pores of the coating during cooling. X-ray diffraction results did
not reveal the presence of any new phase confirming that there
was no reaction between LayZr,O7 and NapSQOy.

The pattern of the 1350K heat treated Nay;SO4 coated
LayZr,O7 reaction zone appears with initial phases of LayZr, Oy
along with lanthanum oxide sulfate (Lay0,SOy4) as the corrosion

product. At this temperature, the molten NaySO4 reacts with
Lay03 in LayZryO7 and forms LayO,SO4 by the following
possible reaction mechanism which can be expressed as:

2LayZry07(s) + 6NaxS04(1) — Lar05S04(s)
+ Lay(S04)3(s) + 4ZrOs(s) + 2S03(g) + 6NayO(1l)
(at1350K) 3)

Zr

100 200 300 400 5.00 6.00

Fig. 12. EDX spectrum of Na;SOj4 reacted LayZr,O7 coating zone at 1350 K.
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Fig. 13. Cross-sectional micrographs of La;Zr,O7 coating after hot corrosion reaction of Na;SOy4 at 1350 K for 5 h.

The above chemical reaction also indicates the formation of
lanthanum sulfate (La;(SO4)3) as a possible corrosion product in
the Na; SOy - LaZr, O reaction zone, but at this study temper-
ature it is decomposing via an oxysulfate. Previous researchers
observed that the initial decomposition temperatures for lan-
thanum sulfate (Lay(SO4)3) ranges from 973 K to 1113 K3! and
1373K for the oxysulfate.’> These oxysulfate crystal forms
increased in concentration with increasing temperature and
became the dominant species at 1173 K. Hence, in the present
study at 1350 K, lanthanum oxide sulfate, LayO,SOy is the pos-
sible corrosion product existing in the Nay;SO4 reacted zone.
This observation is consistent with the results obtained by
Marple et al.,'® where they have prepared LayZr,O7 coating
through conventional plasma spraying technique and studied its
hot corrosion resistance behavior against vanadium or sulfur
compounds at elevated temperatures and exposure time. Further-
more, these results are compared with 8 wt.% yttria-stabilized
zirconia coating hot corrosion results.

Typical surface micrographs of LayZr,O7 coating after hot
corrosion testing against NapSO4 at 1200K and 1350K for
5h are shown in Fig. 11. The melting temperature of Na;SO4
is 1157 K, thus at this study temperature, i.e. 1200K, it gets
completely melted and the molten NaySOy4 disperses over the
LayZr,O7 coating splat surfaces and gets crystallized during
solidification. There is no significant reaction which occurs at
this temperature, as was confirmed from the XRD result. Hence,
the observed microstructure from Fig. 11(a) appears as sprayed
coating splats with NaSO4 phase intermingled or dispersed in
it. On the contrary, the reaction of molten Na;SO4 on LayZr,O7
coating at 1350 K shown with different levels of magnification in
Fig. 11(b)—(d) clearly indicates that the coating has experienced

severe microstructural changes; the lamellar microstructure of
LayZryO7 coating turned into cohesive clusters of equiaxed
grains. These grains are precipitates of LayZr,O7 and LayO,SO4
which has been already confirmed from the XRD results as
shown in Fig. 10 and EDX spectrum in Fig. 12.

Further comprehensive information on the microstructural
changes can be obtained by observing the micrographs pre-
sented in Fig. 13, which shows a cross-sectional view of the
NapSO4 reacted LayZr,O7 coating zone at 1350 K with some
magnified areas. The overall microstructure of the corroded
coating seems to be almost intact, but it has been well distin-
guishable through different kind of microstructures such as PRZ
and MIRZ, which are mentioned previously. Concurrently, the
overall microstructure of the coating after Nay SO4 reaction dras-
tically differed when compared to the V,0s reacted LayZr,O7
coating microstructure. Formation of a number of vertical cracks
and the deep penetration of PRZ through MIRZ, which formu-
late the complex microstructure are primarily responsible for
this deviation. Most part of the coating was affected by hot
corrosion reaction and experienced complete microstructural
changes. Furthermore, formation of large crack (parallel to the
coating surface) on the corroded coating surface is due to the
chemical reaction, which weakens the inter-lamellar binding and
the coating—substrate interface.

According to Eq. (3), formation of lanthanum sulfate is the
major intermediate corrosive product after hot corrosion reac-
tion of NaySO4 on LayZr,O7 coating, but it decomposes above
973 K. Though, decomposition occurs at the phase boundary
between the undecomposed sulfate and the oxide product, where
the boundary proceeds regularly from the surface towards the
interior, a phenomena analogous to the sharp interface shrinking
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Fig. 14. XRD patterns of La;Zr,O7 coating after hot corrosion test against
NaySOy4 + V,05 mixture (60:40, wt%) at 1000 and 1350 K for a duration of 5 h.

core models, which may lead to drastic changes in the coating
microstructure.333* Results from the microstructural observa-
tions reveal that the LayZrpO7 coating is an unsuitable TBC
material in NapSOy4 hot corrosion environment; as it may reduce
the life time of TBC system.

3.3. Hot corrosion of LayZr;O7 coating against
NayS0y4 + V05 mixture (60:40 wt%)

The previous results confirm that Na; SO4 does not react with
LayZr,O7 up to around 1200 K due to its melting point (1157 K).

1273
1073 /
Liquid
= 973
v
- \/
873
ml 2| ¢ g
= = NaVO, =
4 = =4
673
V,05 % 40 &0 28 Na,SO0,
Mol.%

Fig. 15. V,05-Na;SO4 phase diag.;ram.28

Simultaneously, addition of V,0s into NaSO4 can entirely
change the reaction mechanism and produce corrosive products
even at temperatures below the melting point of NaySOy4. The
XRD pattern of hot corrosion reaction of NaySOy4 + V7,05 mix-
ture (60:40 wt%) on LayZr, 07 coating at 1000 and 1350 K for a
duration of 5 h is shown in Fig. 14. In both the 1000 and 1350 K
patterns, LaVQy is the only corrosive product formed along with
consequent phase transformation from pyrochlore to tetragonal
and monoclinic phases as previously mentioned in the corrosion
reaction of V,0Os on LayZr,O7.

According to the NapSO4—V,0Os phase system (Fig. 15), from
25 to 50mol% of V705 i.e. 56 wt% in Na;SO4 mixture gives

Fig. 16. Typical surface micrographs of Na;SO4 + V05 mixture (60:40, wt%) reacted LayZr,O7 coating zone heat treated for 5 h at: (a) and (c) 1000 K; (b) and (d)

1350K.
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Fig. 17. EDX spectrums of NapSO4 + V205 mixture reacted LayZr, O7 coating zone at 1350 K.

sodium metavanadate (NaVO3) as the major reaction product
for a temperature range from 773 to 883 K rather than other
possible products such as NaV30g or NasV,07.3 Hence, the
weight ratio taken in the present studies may also give NaVO3
as the only reaction product. Consequently, the molten NaVO3
continues to react with LapyZr, O7 to form LaVOy as the final cor-
rosion product in the interface between the top Na;SO4 + V205
layer and LayZr»O7 coating. The possible reaction mechanism
is given by the following chemical equations:

Na;S04(1) + V205(1) — 2NaVOs(l) + SOs3(g) “

2NaVO3(1) + LayZryO07(s) — 2LaVO4(s) + 2ZrO;(s)
+ NayO(l) (5

Moreover, minimal amount of Na;SO4 peaks appear in the
pattern of 1000 K reaction XRD due to inappropriate mixing of
V105 and consequent failure to melt, but the above crisis has
entirely disappeared in 1350 K pattern. Concurrently, the phase
transformations from pyrochlore to tetragonal and monoclinic
phase ZrO; due to the depletion of La; O3 from LayZr,O7 did
not significantly differ in both the patterns. Hence, the above
results show that the formation of corrosive products from the
reaction of NapSO4—V,05 (60:40 wt%) mixture and LayZr, O
does not depend on its operating temperature when it is above
the formation temperature of NaVO3, i.e.773 K.

Typical surface micrographs depicting the reaction of
60:40 wt% of NaySO4 + V705 mixture on LayZr,O7 coating
zone at 1000 and 1350 K are shown in Fig. 16. At 1000 K, the sur-
face combines with clusters of equiaxed corrosive grains and the
layer of un-reacted NaySO4 or some other residues of Na. Typ-
ical plasma sprayed lamella structure was completely distorted
due to corrosion effects followed by simple diffusion of liquid
NaVOj3, which was formed at 873 K from the above combina-
tion. Similarly at 1350 K, the corroded surface of the reaction
zone appears with the combination of equiaxed and flake like
structured corrosive grains. The EDX spectrum shown in Fig. 17
reveals the difference between these structures. It is seen from

the figure that the equiaxed grains contain reaction products
of both LaVOy4 and a significant quantity of ZrO,. On the con-
trary, the flake like structure predominantly contains LaVO4 and
a very small quantity of ZrO,. These results signify that the
amount of ZrO; makes a difference in LaVOy4 crystallization.
Well crystallized LaVO4 has uneven morphology and its length
varies from 10 to 20 wm. Furthermore, this new kind of corro-
sive product formation causes significant changes in the PRZ
and MIRZ microstructure formation. A typical PRZ structure
appears with cracks and some of the vertical cracks penetrated
in MIRZ also. Thus, MIRZ appears as a PRZ embedded matrix
microstructure as shown in Fig. 18. Formation and propagation
of these cracks from the result of chemical interaction between
the LayZr,O7 and molten mixture of NaySOg4 + V,05 is the
important factor resulting in degradation of the coating. Accord-
ing to the Lewis acid—base mechanism, metal oxides with the
strongest basicity will react most severely with the highly acidic
V,0s.1% Moreover, the basicity of LayO3 is relatively higher
than ZrO; in LapZr,O7 and it will react severely with the highly
molten mixture of NaySO4 + V,05. Recently, similar kind of
severe cracking and delamination was reported by Xu et al.!” for
their 3 wt.% Y,03 added LayZr,O7 coating when it came into

Fig. 18. Cross-sectional micrograph of Na;SO4+ V205 mixture reacted
LayZr,O7 coating zone heat treated at 1350 K for 5 h.
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contact with molten mixture of NapSQOy4 + V,05. The above
coating was prepared by EB-PVD technique and is relatively
resistant to attack from V,0Os.

4. Summary and conclusions

Gas tunnel type plasma sprayed free-standing LayZr, O7 coat-
ing specimens with a thickness of about 300—400 um were
prepared under optimized operating conditions and character-
ized. The coatings retain the pyrochlore phase except for trivial
losses of LayO3 and the coatings reflect the unique plasma
spraying microstructure, i.e. lamella structures with pores. Fur-
thermore, the coating specimens were subjected to hot corrosion
testing in the presence of corrosive impurities such as V,0s,
NaySOy, and NapSO4 + V05 mixtures (60:40, wt%) at two dif-
ferent temperatures for a duration of 5h, i.e. 1000 and 1350 K
for V,05 and Na;SOg4 + V205 mixtures, 1200 and 1350K for
NaySOyq.

After the hot corrosion testing against V205 depending
on the temperature, two different reaction mechanisms were
observed from the LayZr,O7 coating. The formation of ZrV,07
was observed to be the predominant reaction rather than LaVOy4
at 1000 K. For temperatures at 1350 K, V,05 reacts with Lay O3
in LayZr,O7 to form LaVO,4 as the corrosive product and
this leads to massive phase transformations from pyrochlore to
tetragonal and monoclinic phases. Similarly, two different mor-
phologies could be clearly identified from the cross-sectional
views of V705 reacted LayZr,O7 coatings that correspond to a
planar reacted zone (PRZ) and a melt infiltrated reaction zone
(MIRZ). The morphology of the PRZ was mainly composed of
clusters of sub-micron equiaxed particles such as ZrO,, LaVOy,
and or ZrV;,07, and is almost similar at both temperatures. The
MIRZ appeared as a dense infiltrated region with the lamella
structure still evident, although the pores and cracks were filled
with reaction products as in PRZ.

Hot corrosion test results against Na; SO4 showed that molten
sodium sulfate is chemically inert in LayZr,O7 coating up to
1200 K. At 1350 K, it reacts with Lap O3 to form lanthanum oxide
sulfate, Lay0,S0Oy as a corrosion product. Furthermore, it infil-
trates into the interlamellar gaps and pores of La;Zr,O7 coating
and crystallizes while cooling, thus causing severe thermo-
mechanical damage in both PRZ and MIRZ microstructures.

At the temperature range of 773 to 883 K, sodium meta-
vanadate (NaVO3) the major reaction product arising from the
reaction of Nap SOy4 + V205 mixture and the molten NaVOj3 con-
tinues to react with La;Zr,O7 coating to form LaVOy as the final
corrosion product at both temperatures, i.e. 1000 and 1350 K.
The reaction mechanism showed LaVO,4 formation without
ZrV,07, similar to that for LayZr,07—V,05 at 1350 K. Thus,
cross-sectional morphologies also appear to be similar to that of
V1,05 reacted LayZr,O7 coating microstructure except for the
existence of few cracks in PRZ and MIRZ.

From the aspect of microstructural observations, the present
LayZr,O7 coating serves as an appropriate thermal barrier
material in V05 environment. On the contrary, in NaySOy4
environment at high temperatures, the LayZr, O7 coatings fail to
function as an effective thermal barrier material. Meanwhile, in

Na S04 + V05 corrosive environment at elevated temperatures
it performs moderately.
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