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bstract

2O5 reaction and melt infiltration in plasma-sprayed 7 wt% Y2O3–ZrO2 (YSZ) coatings were investigated at temperatures ranging from 750 ◦C
o 1200 ◦C using SEM and TEM combined with EDS. The interlamellar pores and intralamellar cracks, common in plasma-sprayed materials,
rovide pathway for the molten species. The microstructure of the contaminated coatings is therefore the result of the interplay between the
issolution/reaction rates of the V2O5 with YSZ coating and the infiltration rates of the molten species. Near the coating surface, the reaction front
roceeds in a planar fashion, via dissolution of the lamella and precipitation of fine-grained reaction products composed of ZrV2O7 (for reactions
t 750 ◦C and below), m-ZrO2 and YVO4. The thickness of this planar reaction zone or PRZ was found to increase as reaction time and temperature
ncreased. The melted V2O5 was observed to infiltrate along the characteristic microstructure of plasma-sprayed coatings, i.e. the interconnected
ores and cracks, and react with the YSZ. The thickness of this melt infiltrated reaction zone or MIRZ ranged from 5 �m for reactions at 750 ◦C for
0 min to 130 �m for reactions at 1000 ◦C for 90 min. At 1200 ◦C, only a PRZ was observed (i.e. the thickness of the MIRZ was nominally zero),
uggesting that the dissolution reaction within the pores/cracks and subsequent formation of reaction products may limit infiltration. Fifty-hour

eat-treatments at 1000 ◦C and 1200 ◦C prior to reaction with the V2O5 at 800 ◦C for 90 min were used to change the microstructural features of
he coating, such as crack connectivity and pore size. The heat-treatment at 1000 ◦C was found most deleterious to the coating due to large cracks
reated via a desintering process that afforded deep penetration of the molten V2O5.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

Thermal barrier coating (TBC) systems are used as protective
ayers in gas turbine engines. In conjunction with component
ooling, TBC systems reduce the surface temperature of the

nderlying structural component, making it possible to increase
he operating temperature of the turbine, and therefore its
fficiency.1 A well-engineered TBC system can withstand the
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evere combustion environment for long enough time to justify
heir application, providing sufficient thermal insulation and pre-
ention of substrate oxidation.2 Despite the effectiveness of the
oatings, the use of TBCs in turbines using syngas is limited.
he main concern has been the deleterious effect of the elevated
mounts of Fe, Ni, S, N, As and V impurities in the syngas3 on
BCs. The impurities in the highly contaminated fuel can com-
ine to form molten salts, such as sodium sulfate and vanadium
ompounds in the combustion environment, giving rise to hot
orrosion problems. Hot corrosion degrades the yttria-stabilized
irconia (YSZ) top coat at higher rate than that in the absence
f molten salts. In fact, failure of the top coat caused by molten

alt can precede failures due to sintering, the development of a
hermally grown oxide, and the phase change of the as-sprayed
SZ, which only become significant after more than thousands
f hours in service.4 In contrast, cracking or delamination of

mailto:rtrice@purdue.edu
dx.doi.org/10.1016/j.jeurceramsoc.2008.10.003
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he top coat was found to occur within 1000 h or 500 1-h cycles
uring hot corrosion tests when TBC systems were exposed to
arious of molten salts.5,6

The degradation of YSZ coatings via reaction and infiltration
f molten salts can be chemical or mechanical in nature. For
xample, substantial chemical attack occurs when vanadium-
ontaining melts contact YSZ. This attack can remove the
ffected layer of the coating, or simply replace the origi-
al tetragonal zirconia phase with the less desirable reaction
roducts7,8 like YVO4 and a m-ZrO2.9 Even if the infiltrant
oes not react extensively with the coating, its presence in the
ear-surface layer can cause failure in the coating. For exam-
le, Kramer et al.10 studied the interaction of environmental
eposits of calcium-magnesium-alumina-silicate (CMAS) with
lectron beam physical vapor deposited thermal barrier coat-
ngs. Their results showed that although the infiltration of the

elt took place rapidly, the attack was minimal in the bulk of
he coating. But, Mercer et al.11 showed that CMAS infiltration
nto the coating can make the affected layer have a substan-
ially different compliance compared to the un-infiltrated part
f the coating. This makes the infiltrated layer more susceptible
o exfoliation upon cooling. An additional failure mechanism
f the top coat is delamination caused by reaction of molten
alts with the chemically more vulnerable bond coat after com-
lete infiltration through the top coat.12 As molten salts are
sually found to penetrate through the thickness of the top coat
n hot-corroded coatings,13 all three mechanisms contribute to
he failure of the coatings. The extent of the reaction and ingres-
ion of the melt, and hence the dominant failure mechanism,
owever, is determined by the composition of the molten salts.
f interest in this work is vanadium oxide, which will both dis-

olve and react, and infiltrate and react with plasma-sprayed YSZ
oatings.

Vanadium pentoxide (V2O5) is a combustion product of
etroleum crude and fuel oils.14 With a melting temperature
f 690 ◦C, molten V2O5 has a substantial vapor pressure, e.g.,
Pa at 827 ◦C and 52 Pa at 1027 ◦C.15 V2O5 may also com-
ine with Na2O to form NaVO3 or Na3VO4.16 A study on the
eaction of V2O5 with dense single crystal and polycrystalline
ubic YSZ showed that a eutectic solution formation along with
he phase separation led to a highly corroded surface.17 In an
ccompanying paper,18 the reaction mechanism between V2O5
nd plasma-sprayed YSZ will be presented. In summary, the
hase evolution that occurs between V2O5 and a plasma-sprayed
ttria-stabilized zirconia coating from 700 to 900 ◦C was inves-
igated in situ by X-ray diffraction. Concurrent formation of
rV2O7 and YVO4 were observed at 700 ◦C and 750 ◦C, sug-
esting a similar reactivity of yttria and zirconia with vanadium
xide. The ZrV2O7 partially decomposed into m-ZrO2 subse-
uently after 150 and 60 min at 700◦ and 750 ◦C, respectively.
or reaction temperatures of 800 and 900 ◦C, the reaction prod-
cts were m-ZrO2 and YVO4. The dissolution of both Y2O3
nd ZrO2, the rate of which increases dramatically with temper-

ture, is largely responsible for the degradation of the coating.
ltimately, the reaction between the molten V2O5 and the YSZ

urned the lamellar structure near the surface of the coating into
ne equiaxed particles.
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Pore morphology in plasma-sprayed coatings plays a vital
ole on melt infiltration. The as-sprayed YSZ coating is a built-
p of lamellae composed of columnar grains, with numerous
ores and cracks in between.19,20 Most commonly seen are
ntralamellar cracks oriented along the boundaries of columnar
rains, and interlamellar pores between lamella. Interlamellar
ores are oriented parallel to the coating surface. These pores
re ∼0.1 �m in at least one dimension. The interlamellar pores
nd intralamellar cracks can form an interconnected network
hroughout the coating, affording deep penetration of liquids
nto the YSZ.

Regarding the infiltration of vanadium-containing molten
alt in porous YSZ coatings, Park et al.21 recently studied the
ngress of a corrosive melt, NaVO3, in plasma-sprayed YSZ
oatings. Their study revealed the important role of pores,
icrocracks and lamella boundaries on the ingression and degra-

ation of the coatings. They demonstrated that a coating with
% porosity retarded the monoclinic transformation as com-
ared to its counterpart with 9% porosity. Compared to NaVO3,
2O5 is expected to more aggressively attack the YSZ coating.
hus, an investigation of the dissolution/reaction and infiltra-

ion of a highly aggressive molten oxide will provide insight
nto the competing dissolution, reaction and infiltration pro-
esses.

This paper addresses the interplay between the dissolution,
eaction, and infiltration rates of molten V2O5 into porous
lasma-sprayed YSZ coatings. Surface reaction and infiltrated
egions were identified using SEM and TEM, which were
omplemented by concentration profiles constructed from EDS
easurements. Dissolution, reaction, and infiltration rates of the
2O5 with the YSZ were varied by adjusting the temperature
f the oxide melt (750–1200 ◦C), reaction time (30–420 min)
nd via heat-treatments of 50-h at 1000 ◦C or 1200 ◦C of the
SZ coating prior to the hot-corrosion experiment. These heat-

reatments were expected to change and/or densify the coating
icrostructure, thus affecting the infiltration path.

. Experimental procedures

.1. Coating preparation

A 7 wt% Y2O3–ZrO2 (YSZ) powder with an average
article size of 22 �m (H.C. Starck, Amperit 825.0) was
ir-plasma sprayed using a Praxair SG-100 gun at Ames
ational Laboratory using conventional spray parameters,

ncluding a gun power of 38 kW. Flat copper plate substrates of
02 mm × 76 mm × 5 mm were grit blasted with 24-grit Al2O3
t 5.5 × 105 Pa prior to being sprayed. The substrates were back-
ooled with air jets while sprayed from a stand-off distance
f ∼10 cm. Stand-alone coatings were obtained by dissolving
he Cu substrates with nitric acid. The resultant coating thick-
ess varied from 360 to 590 �m. Archimedes experiments22 in
ater indicated a total porosity of 10.8% based on a theoret-
cal density of 6.08 g/cm3. This porosity was in the form of
ntralamellar microcracks and interlamellar pores. The coatings
ere subsequently sectioned into 1 cm × 1 cm squares with a
iamond-coated saw for corrosion tests.
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.2. Corrosion procedures

Approximately 10 mg/cm2 V2O5
1, or 3 wt% of the weight of

he coating sample, was sprayed on the surface of the stand-alone
oatings using an air brush. The V2O5 powder was ballmilled
ith ethanol to facilitate spraying. The V2O5/coating was then
laced in an alumina crucible which was subsequently covered
ith a thin alumina sheet during heat-treatment. The assembly
as placed in a box furnace which was preheated to the target

emperature. The temperature of the furnace was restored within
min of opening and closing its door to insert the sample. Note

hat experiments conducted at 1100 ◦C and below used this fur-
ace. For tests performed at 1200 ◦C, the assembly was placed
n the furnace at 25 ◦C and then heated at a rate of 600 ◦C/h.

Hot corrosion tests involving molten vanadium oxide were
arried out for 30, 70, 180 and 420 min at 750 ◦C, as well as for
0, 60, 150 min at 800 ◦C on stand-alone as-sprayed YSZ coat-
ngs. According to in situ XRD results,18 these time periods are
hen significant reaction between V2O5 and YSZ takes place at
50 ◦C and 800 ◦C.18 Additional tests were performed at 900◦,
000◦ and 1200 ◦C for 90 min to investigate the effects of higher
eaction temperatures on the reaction and infiltration of the coat-
ng. Hot corrosion experiments (800 ◦C for 90 min) were also
erformed on coatings that had been previously heat-treated for
0-h at 1000 ◦C and 1200 ◦C, simulating the in-service coating
icrostructures.

.3. Microscopy procedures

The reacted coatings were mounted in the cross-sectional ori-
ntation, polished, and examined with a JEOL JSM-7000F Field
mission Analytical SEM equipped with an energy dispersive
pectroscopy (EDS) unit that used stored or fitted standards. The
EM was operated with a 30 keV accelerating voltage, which
as high enough to generate the K� lines of Zr, Y, and V. Begin-
ing at the top of the coating, EDS point scans were taken at an
nterval of 3–10 �m through the thickness direction to measure
he ingression of V and the distribution of Y and Zr atoms. The
nterval depended on the overall reaction depth into the coating,
ith larger intervals chosen for greater reaction depths. Concen-

ration profiles of the coating were constructed by plotting the
ole percent of Zr, Y, and V versus the thickness of the coat-

ng. The concentration of atomic species reported is an average
alue because the probe size of the e-beam (∼1 �m) was larger
han the pores and cracks in the coating. However, the concen-
ration profile through the coating thickness provides a trend for
anadium oxide ingression.

Scanning transmission electron microscope (STEM) spec-
mens were made from coatings reacted with ∼3 wt% V2O5
or 3 h at 750 ◦C. Cross-sectionally oriented specimens were
repared by first gluing two piece of coating together with the

eacted zones (i.e. the top of the coatings) back to back. A wedge-
haped coating was prepared by adjusting the tilting angle of a
ripod polisher. The specimen was polished progressively on

1 Alfa Aesar (Ward Hill, MA), catalog # 11094, powder form.
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oth sides using a sequence of diamond-coated polishing films
oated (30, 5 and 1 �m) until the thin end of the wedge began
o recede. The specimen was subsequently mounted on a nickel
rid and further thinning was performed using a low-energy
atan ion mill, model DMP 600. The specimens were investi-
ated in a JEOL 2010F (S)TEM capable of EDS mapping. Both
he SEM and STEM used in this study were located at the Center
or Microanalysis of Materials at the University of Illinois.

. Results

.1. Overview of reacted microstructure

As illustrated in the schematic in Fig. 1(a), reacted coatings
enerally displayed a reaction zone comprised of two regions,
ach with a different morphology. The planar reaction zone
PRZ) and melt infiltrated reaction zone (MIRZ) were observed
n a reacted coating only when there was significant dissolu-
ion and reaction between the top of the coating and the molten

2O5, and sufficient infiltration rates of the V2O5 into the coat-
ng prior to closure of the cracks and pores by the reaction
roducts. The PRZ proceeds in a more-or-less planar fashion
s shown in Fig. 1(a). Fig. 1(b) shows that the microstructure
f the PRZ is composed of equiaxed grains and EDS results
ndicated (not shown) this region to have a vanadium concentra-
ion equal or greater than the Y concentration. The interaction
n the PRZ is primarily a dissolution–precipitation type reaction
here the YSZ coating is dissolved in molten vanadium oxide

nd precipitates as yttrium vanadate and either zirconia vana-
ate or monoclinic zirconia depending on the test temperature
nd time of reaction.18 Note that original lamellar structure is
o longer distinguishable in the PRZ.

The MIRZ, shown in Fig. 1(c), appears as a dense microstruc-
ure but the lamellar structure is largely preserved. Molten
anadium oxide in the MIRZ is transported via melt infiltra-
ion and no vanadium is detected using EDS beyond the MIRZ.

fractured cross section of an unaffected region is shown in
ig. 1(d). Note the lamellar microstructure, as well as the pres-
nce of porosity between the unaffected lamella. Cracks oriented
erpendicular to the lamella are not evident in the micrograph
resented in Fig. 1(d), but were evident in other SEM micro-
raphs of the coating surfaces not presented in the current work.
hus, the unaffected regions can be considered to have the typ-

cal microstructure associated with a plasma-sprayed coating,
.e. residual porosity and microcracks.

.2. Development of the PRZ and MIRZ as a function of
ime at 750 and 800 ◦C

Fig. 2 shows the cross-sectional view of a YSZ coating after
30-min reaction with V2O5 at 750 ◦C. The sample was frac-

ured at room temperature following the reaction and viewed
n a SEM. Note the unreacted, but clearly melted, V2O5 fused

hase on the surface of coating. The thickness of this layer was
–5 �m. An EDS point scan at point 1 (i.e. within the fused
hase) indicated this region to be 26.9 mol.% V, with less than
mol.% Y and Zr combined (balance of O). Beyond the fused
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Fig. 1. (a) Schematic illustrates two distinct regions through the thickness of a plasma-sprayed coating reacted with V2O5 above its melting temperature. The
two regions observed were a planar reaction zone (PRZ) and a melt infiltrated reaction zone (MIRZ). The SEM micrographs that follow show the characteristic
morphologies that are found in each respective region. These micrographs are taken
clusters of equiaxed particles, typical of PRZ, after the coating reacted with vanadium
s

F
V

ome extent in MIRZ. The sample had reacted with V2O5 at 750 ◦C for 420 min. Imag

ig. 2. Fractured cross section surface after YSZ coating reacted with 3 wt%

2O5 for 30 min at 750 ◦C.
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from fractured surfaces perpendicular to the coating surface. Image (b) depicts
oxide for 3 h at 1200 ◦C. Image (c) depicts lamellar structure that is preserved to
e (d) shows the intact lamellar structure when unaffected by V2O5 penetration.

hase, the characteristic lamellar microstructure was still evi-
ent with no equiaxed microstructure characteristic of the PRZ
oted. However, EDS results confirmed that infiltration of the
olten V2O5 has already occurred. Point 2 on Fig. 2 indicated
V content of 2.4 mol.%, but this diminished to zero at point 3
n the micrograph. Thus, there was limited infiltration of V2O5
ith the YSZ after 30 min at 750 ◦C.
To study the time-dependent interaction kinetics at 750 ◦C,

he reaction between V2O5 and YSZ was interrupted after
0 min, 180 min and 420 min. Fig. 3(a)–(c) shows the backscat-
ered electron SEM micrographs of the polished cross section
f the coatings. No visible PRZ was observed in the coating
fter 70 min. EDS results (not shown) indicated the presence of
anadium at a depth of approximately 50 �m below the surface.
DS results, combined with the observation of the coating as
hown in Fig. 3(a), establishes an MIRZ of 50 �m after 70 min at
50 ◦C. With increasing time at 750 ◦C, the thickness of the PRZ
ncreases from nominally zero after 70 min to ∼15–20 �m and

30–40 �m after 180 and 420 min, respectively. These thick-
ess values were determined from the micrographs in Fig. 3(b

nd c), and are indicated by the black dotted lines. The thick-
ess of the MIRZ layer was ∼5 �m after 30 min, and constant at
50 �m for all times investigated. The overall penetration depth

i.e. the PRZ thickness plus the MIRZ thickness) was ∼5, ∼50,
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60–70, and ∼80–90 �m at 750 ◦C for reaction times of 30, 70,
80, and 420 min, respectively.

Fig. 3(d) is the molar concentration profile of Zr, Y and V
or the coating reacted with V2O5 at 750 ◦C for 420 min. The
RZ thickness determined from the microscopy investigation
see Fig. 3(c)) coincides with the distance from the coating sur-
ace where the V concentration is higher than or approximately
qual to the Y concentration. Since the final reaction product,
VO4, has a V:Y atomic ratio of 1:1, it is reasonable that the

oncentrations of Y and V are comparable in this region.
Within the MIRZ region indicated in Fig. 3(d), the V concen-

ration profile typically exhibits a “zig-zag” profile where the V
oncentration varies from 0 to 1–3 mol.%. The local peaks in

concentration were linked to large interconnected porosity in
he coating that was filled by the infiltrating vanadium oxide.
hese regions are highlighted in Fig. 3(c) with white dashed

ines. Note that in comparison to the unaffected regions, where
arge amounts of porosity are observed between lamella, that the

IRZ regions appear dense.
The effect of time on the reaction and infiltration kinetics at

00 ◦C was also studied, interrupting the reaction between the
2O5 and YSZ after 30, 60 or 150 min. The reacted coatings
isplayed no PRZ for either the 30 or 60 min heat-treatments
t 800 ◦C. Based on microscopy measurements coupled with
oncentration profiles for each reaction time at 800 ◦C (not
hown), the penetration depth of samples tested at 800 ◦C for
0, 60 and 150 min were equal at ∼80 �m. Because the pene-
ration depth was approximately constant with infiltration time,
n upper bound for melt infiltration of 30 min at 800 ◦C can be
stablished.

It is important to point out that while the MIRZ forms via
nfiltration of the interconnected pores and cracks, the reaction
hat occurs between the vanadium oxide and the YSZ within the
ores and cracks would be expected to be the same reaction that
eads to the development of the PRZ. Thus, the same dissolution
nd precipitation reaction that forms the equiaxed microstructure
bserved in the PRZ (see Fig. 1(b)) also occurs in the infiltrated
ores. An example of this is noted in Fig. 4, which shows the
lling of a pore by the equiaxed reaction product. There is an
–9% increase in the molar volume associated with the reaction
f V2O5 and YSZ to form YVO4 and m-ZrO2. For reaction of
2O5 with plasma-sprayed YSZ at 750 and 800 ◦C, it is clear

hat infiltration of the molten liquid occurs more rapidly than
he formation of reaction products. In other words, there is suf-
cient time for infiltration prior to the reaction products filling

he cracks and pores and a MIRZ under these conditions.

.3. Effect of 900◦, 1000◦, and 1200 ◦C reaction

emperatures on the formation of the PRZ and MIRZ

The microstructures formed when V2O5 reacts with YSZ
fter 90 min at 900, 1000, and 1200 ◦C are shown in Fig. 5.

ig. 3. Backscattering SEM micrographs of coating cross sections after reacting
ith 3 wt% V2O5 for (a) 70 min, (b) 180 min and (c) 420 min at 750 ◦C. Image

d) is the concentration profile after 420 min at 750 ◦C along the horizontal white
ine indicated in image (c). The balance is oxygen.
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Fig. 4. Backscattered SEM micrographs showing the localized fine-grained
reacted zone in a coating reacted with vanadium oxide for 60 min at 800 ◦C.
The white dashed lines highlight the reaction zone in the MIRZ.

Fig. 5. Backscattered SEM micrographs of coating cross sections after reacting
with V2O5 for 90 min at (a) 900 ◦C, (b) 1000 ◦C and (c) 1200 ◦C, with PRZ and
MIRZ regions noted.
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he thickness of the PRZ increases as the reaction temperature
ncreases, with a thickness of ∼10, ∼50 and ∼100 �m measured
t 900, 1000 and 1200 ◦C, respectively.

The thickness of the MIRZ was 50 �m, 130 �m, and 0 �m
fter 90 min at 900, 1000, and 1200 ◦C, respectively. In the
IRZ region there existed the “zig-zag” concentration profile

oted previously where the V concentration varied from 0 to
–3 mol.% as a function of depth into the coating; this is con-
istent with infiltration of the molten V2O5 into the coating.
owever, there was no detectable vanadium beyond the PRZ

or experiments at 1200 ◦C. The porous PRZ top layer formed
t reaction temperatures of 1000 ◦C and 1200 ◦C was loosely
onded to adjacent particles and would likely be susceptible to
rosion.

.4. Microstructural observation of infiltrated pores and
racks

Evidence of the infiltration of the vanadium-containing melt
hrough the porous features common in plasma-sprayed coat-
ng is shown in Fig. 6(a) and (b), which are STEM micrographs
n the MIRZ after a 180-min reaction with vanadium oxide at
50 ◦C. In Fig. 6(a), the image contrast reveals a compositionally
istinct region along an interlamellar pore. The darker contrast
hase contains a high vanadium content while the lighter con-
rast surrounding phase is composed of Zr, Y and O, with no
anadium detected. Among the possible transport mechanisms
f vanadium oxide, namely, reaction, diffusion and infiltration,
olid-state diffusion of vanadium ions through the dense YSZ
hase seems negligible compared to the other two at this tem-
erature. This result supports findings in the literature15 that
anadium has limited solubility in solid zirconia solid. The
nfiltration of vanadium through an interlamellar pore is demon-
trated in Fig. 6(b). A secondary phase is observed in the gap
etween two parallel lamellar and EDS mapping confirmed it is
ich in Y and V while displaying scarce Zr content as compared
o the surrounding un-reacted lamella.

.5. Effect of heat-treatment on pore connectivity and
nfiltration

Heat-treatment of plasma-sprayed coatings will tend to
hange the morphology of the interlamellar pores and
ntralamellar cracks. As these changes could influence the infil-
ration path of the molten vanadium oxide, hot corrosion tests at
00 ◦C for 90 min were performed on coatings previously heat-
reated at 1000 ◦C and 1200 ◦C for 50 h. As shown by Erk et
l.23 heat-treatments at 1000 ◦C would activate only surface dif-
usion mass-transport mechanisms, and thus be non-densifying,
hile heat-treatments at 1200 ◦C would involve volume mass-

ransport mechanisms. Thus, coatings heat-treated at 1200 ◦C
hould densify. This reaction temperature and time were cho-
en as they represent a regime with sufficient infiltration of

he molten vanadia to study the effects of the heat-treatments.
s determined from the concentration profiles and microscopy
bservation, the penetration depth of the vanadium oxide into the
s-sprayed and 1000 ◦C/50-h heat-treated coatings was 60 and
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ig. 6. STEM cross section images taken in MIRZ after the coating reacted w
anifests along the crack. (b) EDS mapping of V, Y, Zr, and O along a filled in

25 �m, respectively. The penetration depth of vanadium oxide
n the as-sprayed coating and the 1200 ◦C/50-h heat-treated coat-
ng was ∼60 �m and ∼80 �m. The larger penetration depth
f the coating heat-treated for 1000 ◦C/50 h versus the coat-
ng heat-treated for 1200 ◦C/50 h is an indication of enhanced
ermeability after the heat-treatment at 1000 ◦C.

. Discussion

.1. PRZ formation

The formation of the PRZ is governed primarily by the disso-
ution and reaction of the V2O5 with the surface layer of the YSZ
oating. Dissolution of the YSZ coating occurs very quickly as
r and Y were both detected using EDS in a partially reacted

ayer located on the surface of the coating after only 30 min at
50 ◦C (see Fig. 2). In situ XRD revealed that a ZrV2O7 phase,
he reaction product between V2O5 and ZrO2 at reaction tem-
eratures of 700◦ and 750 ◦C, emerged at the beginning of the
eat-treatments.18 This indicates that the reaction products form
ery soon after dissolution. As shown in Fig. 3, increasing the
eaction time increases the PRZ thickness, presumably due to
he increased time for dissolving the coating.

The observed increase in PRZ thickness with increased reac-
ion temperature (see Fig. 5) is attributed to the larger extent of
issolution by the V2O5. Increased solubility of zirconia in V2O5
s temperature increases is consistent with the ZrO2–V2O5
inary phase diagram.24 Therefore, the same amount of V2O5
as the capacity to dissolve a larger volume of the YSZ coat-
ng, and thus form a thicker PRZ, as reaction temperature

ncreases. Likewise, increasing the amount of V2O5 added to
he surface, while keeping reaction temperature constant, would
lso increase the thickness of the PRZ due to the increased
mount of corrosive species available to dissolve the coat-
ng.

t
p
b

c

anadium oxide at 750 ◦C for 180 min. (a) Vanadium-containing darker phase
ellar pore.

.2. MIRZ formation

The MIRZ forms due to infiltration of the melted V2O5 via the
ores and cracks common to plasma-sprayed coatings. Infiltra-
ion behavior has been modeled by Washburn25 by considering
apillary flow in cylindrical pores. The time, t, as a function of
enetration depth, h, is given by:

= 2η

γ cosθ

h2

R
(1)

here η is the viscosity of the infiltrating liquid, γ is the surface
ension of the liquid, θ is the equilibrium contact angle, and R is
he radius of cylindrical pores.

While the wetting angle is not precisely known, cos θ is taken
s 1 as at all temperatures investigated currently as the liquid
2O5 spontaneously wets and infiltrates the YSZ. R is taken as
.1 �m, which approximates the size of the smallest dimension
f the fine porosity or cracks often found in these coatings. Using
γ value of 79 mN/m26 and η value of 0.41 Pa s27 for V2O5
elt at 750 ◦C, the calculated time using Eq. (1) to infiltrate

hrough the thickness of a 300 �m coating is ∼3 s. Analysis of
ig. 2 revealed a MIRZ thickness of 5 �m after 30 min at 750 ◦C.
learly, the model and the experimental results do not agree. The
ajor factors accounting for the difference between the experi-
ental and modeled infiltration times regards the shape and size

f the pores and/or cracks as the Washburn model assumption
f a cylindrical pore geometry does not reflect the tortuosity of
he pore network and non-uniform size of pores and cracks in
he coating. Nor does the Washburn model account for changes
n the pore morphology due to the dissolution of the YSZ by
he molten V2O5 and/or the constriction of the pore by reaction

roducts. Changes to the pore or crack structure are considered
elow.

The dissolution process should act to widen the pores and
racks (i.e. increase the R value), which according to the Wash-
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urn equation, should increase the depth of infiltration. There is
n increased amount of dissolution of the YSZ by the V2O5 as the
eaction temperature is increased, as evidenced by the increase
n PRZ thickness shown in Fig. 5. Enhanced infiltration due to
idening of the pores and cracks is possibly occurring in the cur-

ent data set, with MIRZ thicknesses of ∼50, ∼80, and ∼130 �m
bserved after infiltration times of greater than 90 min at 750 ◦C,
00 ◦C, and 1000 ◦C, respectively. It is also possible to attribute
he increase in infiltration depth with increasing temperature to
he reduction in V2O5 viscosity. This is noted to decrease from
.41 Pa s at 750 ◦C to 0.1 Pa s at 1000 ◦C,27 which according to
he Washburn equation should increase infiltration depth. While
he decrease in viscosity over the noted temperature range is not
ramatic, and therefore may have a limited effect on infiltration
epth, further studies would be needed to delineate the contribu-
ion of dissolution and viscosity reduction on infiltration depth.

Further complicating the infiltration analysis is the formation
f the reaction products. The t’-ZrO2 + V2O5 transformation to
-ZrO2 + YVO4 results in a molar volume increase of 8–9%.
hese reaction products could act to block the further infiltration
f the molten liquid. For reactions occurring from 70 to 420 min
t 750 ◦C the MIRZ thickness was relatively constant at ∼50 �m
s a function of time. Similarly, reactions occurring at 800 ◦C
emonstrated a constant affected depth of ∼80 �m for times
anging from 30 to 150 min. The insensitivity of MIRZ thick-
ess with time at constant reaction temperature suggests that
nlimited infiltration does not occur into the coating, but rather,
hat reaction products may block the porous network of cracks
nd pores within ∼70 min at 750 ◦C and ∼30 min at 800 ◦C. The
ork presented here shows that the development of a model to
escribe infiltration phenomena with regard to material systems
here dissolution of the host material, as well as the formation
f reaction products, is greatly needed.

.3. Interplay between dissolution, reaction, and
nfiltration rates

In general, the extent of the PRZ formation is governed by
he dissolution and reaction rates of V2O5 with YSZ. If disso-
ution rates are low (i.e. low reaction temperatures and short
imes), then only minimal PRZ should be observed. For exam-
le, no PRZ was formed after 70 min at 750 ◦C, but a PRZ
15–20 �m thick was formed after 180 min at the same temper-

ture. If dissolution rates are high (i.e. high reaction temperatures
nd longer times) then a PRZ should be observed. For example,
ncreasing reaction temperature for a constant reaction time of
0 min increased the PRZ thickness from ∼10 �m at 900 ◦C to
100 �m at 1200 ◦C.
The MIRZ thickness is likely influenced by the interplay

etween the infiltration, dissolution, and reaction rates of V2O5
ith YSZ. Infiltration at 750◦ and 800 ◦C is dominated by the

nfiltration rate of the molten vanadia, but may be limited by the
mall dissolution rate of the pores which would limit the depth

f penetration due to a smaller pore radius. Increased MIRZ
hicknesses were noted for reactions between the YSZ coating
nd V2O5 from 900◦ and 1100 ◦C. Decreased viscosity of the
anadia along with increased dissolution rates of YSZ, which

i

f
t

ramic Society 29 (2009) 1647–1656

ould open pores and cracks, would tend to increase infiltration
epth. There is a limit to the effect of temperature, though, as
he rate of reaction products formed also increases with tem-
erature. The fact that no MIRZ was noted at 1200 ◦C is likely
ue to the rapid formation of reaction products that fill the pores
nd cracks, limiting infiltration rates. Thus, the V2O5 on the sur-
ace of the coating, which cannot infiltrate the coating, would
e expected to react with the YSZ to form a PRZ. The inter-
lay between dissolution, reaction, and infiltration is complex,
nd model experiments on cylindrical capillaries would help to
elineate the effects of each.

.4. Effect of pore microstructure on V2O5 melt infiltration

Heat-treatments representative of service conditions are
nown to affect the crack and pore morphology of plasma-
prayed coatings.28 Using small angle neutron diffraction,
lavasky et al. noted that intralamellar microcracks begin to close
t 800 ◦C, and have completely healed by 1100 ◦C. Interlamel-
ar pores begin to close at 1100 ◦C, and continue to close as
emperature is increased. Thus, it would be expected that the
ffect of heat-treatments above 800 ◦C would tend to change
nfiltration due to changes in the morphology of the cracks, and
eat-treatments above 1100 ◦C would change infiltration due to
artial or complete closure of the pores. Thus, coating samples
ere heat-treated for 50 h at 1000 ◦C, to affect the crack mor-
hology, and for 50 h at 1200 ◦C, to affect the pore morphology.
ollowing the heat-treatments, 1 wt% V2O5 was applied to the
urface and reacted for 90 min at 800 ◦C. This reaction temper-
ture represents a regime with significant infiltration of molten
anadia into the coating expected.

As noted in the results section, the specimen heat-treated
or 50-h at 1000 ◦C prior to reacting it with V2O5 at 800 ◦C
or 90 min demonstrated a deeper penetration depth (125 �m)
han for an as-sprayed coating reacted with V2O5 for 800 ◦C for
0 min (∼60–80 �m). This result suggests enhanced connectiv-
ty of the pores and/or cracks is achieved after heat-treatment at
000 ◦C that affords deeper penetration of the molten V2O5 into
he coating. A possible explanation for this observed enhanced
onnectivity is a desintering process whereby the bridges that
onnect adjacent grains become detached. According to Sudre
nd Lange,29 desintering or breaking up these bridges and
eplacing the grain boundaries with free surface is energetically
ore favorable if surface diffusion is the dominant mass trans-

ort mode and the distance between particle centers remains
onstant. Desintering in plasma-sprayed coatings at 1000 ◦C has
een observed by Erk et al.23 using AFM where large cracks
pened up between columnar grains. In that same paper, Erk
t al. 23 demonstrated that surface diffusion was the dominant
ass transport mechanism at 1000 ◦C, a necessary condition for

esintering. Thus, it is proposed that the 50-h heat-treatment
t 1000 ◦C prior to application of the V2O5 opened up cracks
erpendicular to the coating that allowed the molten species to

nfiltrate deep into the coating.

After a 50-h heat-treatment of the YSZ coating at 1200 ◦C,
ollowed by reaction of the V2O5 at 800 ◦C for 90 min, the infil-
ration depth was similar to that of the as-sprayed coating. As
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hown by Ilavasky et al.,28 heat-treatments of plasma-sprayed
SZ at 1200 ◦C would be expected to close porosity, which

n theory, should inhibit infiltration. However, the fact that the
enetration depths were similar for both the as-sprayed and heat-
reated coatings suggests that the decrease in porosity was not
ignificant enough to limit the infiltration rate and/or dissolution
ate of the YSZ coating by the molten V2O5.

. Summary

Plasma-sprayed YSZ coatings used commonly as thermal
arriers were coated with V2O5, a corrosive species found in less
ostly and less refined fuels, and reacted at temperatures ranging
rom 750◦ to 1200 ◦C and for times from 30 to 420 min. Two dif-
erent morphologies were distinguished in cross-sectional views
f V2O5-reacted plasma-sprayed YSZ coatings that correspond
o a planar reacted zone and a melt infiltrated reaction zone. The

orphology of the PRZ was fine-grained, and if it was observed
or the reaction time and temperature investigated, began at the
urface of the coating. The formation of the PRZ was a result of
he dissolution of the top surface of the YSZ coating, followed
y the formation of reaction products. Prolonged reaction times
nd higher temperature favors the formation of a thicker PRZ.
he vanadium concentration, as measured using EDS, was equal

o or greater than the yttrium concentration in the PRZ. Though
ot the focus of this paper, the final reaction products were a
ombination of ZrV2O7 and/or m-ZrO2, and YVO4, depending
n the reaction temperature. The MIRZ appeared as a dense infil-
rated region with the lamella structure still evident. The pores
nd cracks intrinsic to plasma-sprayed coatings were observed
o be filled with reaction products via TEM/EDS investigations.

ithin the MIRZ, a fluctuating vanadium concentration was
bserved. If the probe was on a lamella then no vanadium was
etected. If the probe was on a pore or crack adjacent to a lamella
hat had been filled by the molten V2O5, then vanadium was
easured.
The thickness of the PRZ was determined by the dissolu-

ion and reaction rates of the V2O5 with the YSZ coating, with
ncreased temperature and reaction times resulting in a thicker
RZ. The thickness of the MIRZ was the result of the inter-
lay between the infiltration, dissolution, and reaction rates of
he vanadium-containing liquid with the YSZ coating. Increased
eaction temperatures increased the infiltration rate (by decreas-
ng viscosity of the liquid) and dissolution rate (which tended
o enlarge pores and cracks), but increased the formation rates
f reaction products that can act to close the pores or cracks.
orphological parameters of the coating, such as pore size and

onnectivity, were found to influence the infiltration/reaction
echanisms. Prior heat-treatments of YSZ coatings at 1000 ◦C

ended to increase the penetration depth due to a desintering
rocess that opens up cracks on the surface of the coating.
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