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bstract

he phase evolution occurring during the reaction between corrosive V2O5 (Tm = 690 ◦C) and a plasma-sprayed 7 wt.% Y2O3–ZrO2 (YSZ) coating
rom 700 to 900 ◦C has been investigated in situ by X-ray diffraction. The temperature and time of interaction between the V2O5 and YSZ coating
etermines the phases observed. Between 700 and 750 ◦C, reaction products of ZrV2O7 and YVO4 were observed within minutes of reaching the
est temperature. m-ZrO2 was observed after 220 and 60 min at 700 and 750 ◦C, respectively. The simultaneous formation of both ZrV2O7 and
VO4 at the beginning of the reaction along with the delay of the m-ZrO2 formation suggests similar reactivity between both Zr and Y with V2O5.
he weight percent of the ZrV2O7 phase began to diminish after 150 and 60 min at 700 and 750 ◦C, respectively. For reaction temperatures of
00 and 900 ◦C, there is a rapid decrease in the amount of t′-ZrO2 and a rapid increase in the amount of m-ZrO2 with reaction time. YVO4 was
lso observed at these reaction temperatures. SEM and TEM microstructural observations confirmed the phases detected from the in situ XRD

xperiments. Reactions between YSZ and V2O5 suggest that the formation of a liquid phase due to the high solubility of both zirconia and yttria
n vanadia is the dominate mechanism that damages the coating. The thermal conductivity of a plasma-sprayed YSZ coating reacted with up to
wt.% V2O5 did not significantly change due to the small volume affected.
2008 Elsevier Ltd. All rights reserved.
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. Introduction

Thermal barrier coatings (TBCs) are used in gas turbine
ngines to protect hot section metallic components from tem-
erature extremes.1 The thermal protection afforded from the
se of a thin ceramic coating, typically 7 wt.% Y2O3–ZrO2
YSZ), allows higher operating temperatures, with the net effect
f improving gas turbine efficiency. However, TBCs are not just
ubject to temperature extremes during service. With motivation
o use less refined fuels due to rising fuel costs comes exposure
f the TBC to impurities found in the consumed gas.2 Severe hot

orrosion problem arises when impurities in less-refined fuels,
uch as Na, S and V, form molten salt/oxide and deposit on the
ngine surface.3 Because of the accelerated failure rate of TBCs

∗ Corresponding author. Tel.: +1 765 494 6405.
E-mail address: rtrice@purdue.edu (R. Trice).
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n hot corrosion environments, durability concerns restrain their
se.4 Of interest in this study is vanadium oxide (Tm = ∼690 ◦C),
corrosive species that is particular aggressive in its attack of
SZ.5,6

In general, chemical interactions between zirconia-based
BCs and a molten oxide degrade the coating, the severity of
hich increases as the relative acidity to basicity between the

wo materials increases. The reaction between V2O5 and metal
xides like ZrO2 and common zirconia stabilizers have been pro-
osed to follow a Lewis acid–base mechanism.7,8 Thus, metal
xides with the strongest basicity (or least acidity) will react
ost severely with the highly acidic V2O5. Since the acidity

f Y2O3 is low relative to the ZrO2, it is believed the molten
xide aggressively attacks the stabilizer, while only minimally

ttacking the more acidic ZrO2.7,9

As is well established, plasma-sprayed YSZ powders form
non-equilibrium tetragonal phase containing 7 wt.% Y2O3

referred to as t′-ZrO2),10 whereas the equilibrium composition

mailto:rtrice@purdue.edu
dx.doi.org/10.1016/j.jeurceramsoc.2008.09.016
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and diffracted-beam sides in a variable-slit mode, in which the
divergence angle of the slits was varied so that the irradiated
404 Z. Chen et al. / Journal of the Europe

or tetragonal zirconia (referred to as t-ZrO2) would contain
4 wt.% Y2O3.11 When YSZ coatings composed of t′-ZrO2 are

ut in service at representative gas turbine operating tempera-
ures (1100–1200 ◦C), they begin to partition into equilibrium
omposition t-ZrO2 (4 wt.% Y2O3) and c-ZrO2 (14 wt.% Y2O3).
artitioning occurs via the migration of the excess Y2O3 found

n the t′-ZrO2 to form c-ZrO2, and this transformation does not
ccur unless the coating is exposed to 1200 ◦C for 50+ h.12,13

In the presence of molten vanadium compounds the desta-
ilization of the t′-ZrO2 phase via the formation of YVO4
nd intermediate or equilibrium zirconia phases is much faster
han that due to partitioning. The reaction mechanism, how-
ver, remains unclear.14–18 Further complicating the analysis is
hat Na2SO4 is often combined with V2O5 to produce the cor-
osive species, and this combination is less reactive with the
oating.13–16 Published accounts of reactions above ∼750 ◦C
escribe yttria, which is basic with respect to the acidic V2O5,
eing sequestered or leached from the t′-ZrO2 by the corrosive
gent to form YVO4.5–7 According to these reports, removal
f the yttria stabilizer from the zirconia leaves unstabilized zir-
onia (i.e. m-ZrO2), which is relatively stable with respect to
he V2O5. Furthermore, reaction of V2O5 with c-ZrO2 above
00 ◦C suggested that the Y3+ in the lattice had the mobility to
igrate preferentially toward the reaction interface due to the

igh V concentration present on the surface.6

In this study, the interaction between plasma-sprayed YSZ
nd V2O5 is reexamined via a semi-quantitative in situ XRD
echnique with an emphasis on how the corrosive species attacks
oth the yttria stabilizer and the zirconia. This approach tracked
he sequential crystalline phase evolution at temperatures above
he melting temperature of V2O5, affording detection of inter-

ediate phases that have been inaccessible when examining
he post-reaction phase assemblage. Moreover, microstructural
bservation of the contaminated coating was incorporated to
larify the interaction mechanism. Finally, the effect of V2O5
ttack on the thermal conductivity of YSZ has been determined
s this property is important in thermal barrier applications.

. Experimental procedure

.1. Specimen preparation

A 7 wt.% Y2O3–ZrO2 (YSZ) powder with an average parti-
le size of 22 �m (H.C. Starck, Amperit 825.0) was air-plasma
prayed using a Praxair SG-100 gun at Ames National Lab-
ratory using a gun power of 38 kW, a stand-off distance of
0 cm, and a Ar (25 slm)/He (21 slm) created plasma. The flow
ate of the Ar carrying the YSZ powder was 6 slm. Flat copper
late substrates of 102 mm × 76 mm × 5 mm were grit blasted
ith 24-grit A12O3 at 5.5 × 105 Pa prior to being sprayed.
he substrates were back-cooled with air jets while sprayed
pon from a stand-off distance of ∼10 cm. Stand-alone coat-
ngs were obtained by dissolving the Cu substrates with nitric

cid. The resultant coating thickness varied from 360 to 590 �m.
-ray diffraction experiments at room temperature revealed the

oating to be comprised of only t′-ZrO2 phase. Archimedes
xperiments19 in water indicated a total porosity of 10.8%

l

ramic Society 29 (2009) 1403–1411

ased on a theoretical density of 6.08 g/cm3. The coatings
ere subsequently sectioned into 1 cm × 1 cm squares with a
iamond-coated saw for corrosion tests.

.2. Incorporation of V2O5 onto the coating

V2O5 powder1 was ball-milled with ethanol and a dispersant2

or 48 h using zirconia milling media. The V2O5 slurry was sub-
equently applied on the coating surface to an area density of
0.4 or ∼4 mg/cm (corresponding to 0.1% and 1% of the mass

f the coating specimen) by air-brushing either dilute or con-
entrated slurry, respectively. A region 1 mm from each edge of
he 1 cm by 1 cm square coating was left uncontaminated via
pplication of a tape mask prior to spraying. This uncontami-
ated region allowed some spreading of molten V2O5 during
he high temperature testing without it spilling over the sample
dges.

.3. In situ XRD measurements

In situ XRD was performed at the High Temperature Mate-
ials Laboratory (HTML) at Oak Ridge National Laboratory
ORNL). The phase evolution of plasma-sprayed YSZ sam-
les coated with 1 wt.% V2O5 and reacted at 700, 750, 800
nd 900 ◦C were studied. The effect of less V2O5 (0.1 wt.%) on
he phase evolution of YSZ was also studied, but only at 800
nd 900 ◦C. The diffractometer used was a PANalytical X’Pert
ro equipped with an Anton Paar XRK900 reaction chamber.
he sample was placed on a Macor pedestal which was then

nserted into the furnace, placing the sample in the center of the
eating zone, with temperature monitored by a thermocouple.
espite quickly heating the specimens at a rate of ∼100 ◦C/min

o the desired temperature, there was evidence that the reac-
ion began during heat-up. X-ray diffraction (XRD) data were
ollected during isothermal holds in air and data were collected
sing Cu K� radiation and a PANalytical X’Celerator solid-state
osition-sensitive detector.

In situ XRD data for samples tested at 700 and 750 ◦C was col-
ected for a total of ∼500 min; data collected at 800 and 900 ◦C
as collected for ∼120 min. Sixty scans, each 130 s in dura-

ion, were collected during the first ∼120 min of experiments at
00 and 750 ◦C. A small range of 2θ (23–36◦) were collected
o avoid missing the initial rapid reaction between V2O5 and
he YSZ coating. This 2θ range selected afforded detection of
rimary peaks associated with t′- and m-ZrO2 phases, as well
s the YVO4 and ZrV2O7 phases. All XRD data gathered at
00 and 900 ◦C was gathered over this narrow 2θ range. After
120 min XRD scans at 700 and 750 ◦C were collected at a 2θ

ange from 15◦ to 90◦ over a 1840 s duration. These scans were
ollected using programmable divergence slits on the incident-
ength of the sample was constantly 6 mm. For analysis, these

1 Alfa Aesar (Ward Hill, MA), catalog #11094.
2 KD-2 from Uniqema, New Castle, DE.



an Ce

d
d

q
e
1
p
t
d
c
b
g
o
Q
f
P
f
t
(
f
w
p
p

2

C
s
a
t
1
t
1
n
M
u

k

w
s
T
l
u

2

T
s
r
I
a
C

p
b
p
s
s
p
H
E
u
T
s

3

3
c

Z
b
a
p
b
1
t
t
z
b

V
W
d
Z
a
n
t
h
p
s
y
i
a
a
w
o
a

a
Z
i
1

Z. Chen et al. / Journal of the Europe

ata were corrected so that they corresponded to a fixed 0.5◦
ivergence slit.

XRD data were analyzed using empirical peak fitting and
uantitative Rietveld analysis. MDI Jade v6.53 was used to
mpirically fit pseudo-Voigt profile functions to the 1̄11 and
1 1 peaks of m-ZrO2 phase and to the 1 0 1 peak of t-ZrO2
hase. Note that the t′-ZrO2 and t-ZrO2 1 0 1 peaks overlap, and
herefore analysis of the peaks between 2θ = 72–76◦ was used to
etermine if the 1 0 1 peak was c-ZrO2, t-ZrO2 or t′-ZrO2.20 No
-ZrO2 was observed in the as-sprayed or heat-treated coatings
ased on analysis of the XRD data from 72◦ to 76◦. The inte-
rated peak intensities were then used to determine the fraction
f t′-ZrO2 according to the method of Garvie and Nicholson.21

uantitative Rietveld analysis was used to determine the phase
ractions of all solid phases in other samples using the program
ANalytical HighScore Plus v2.1. Standard crystal structures
rom the ICSD database were used for m-ZrO2 (JCPF# 86692),
-ZrO2 (JCPF# 85322), ZrV2O7 (JCPF# 84884), and YVO4
JCPF# 2504). The background, specimen displacement, scale
actors, lattice parameters, and pseudo-Voigt peak shape factors
ere typically refined; though some variables, such as lattice
arameters and peak shape factors, were held invariant for a
hase if it was present in only small quantities (<5 wt.%).

.4. Thermal conductivity measurements

An Anter FlashLine 5000 thermal diffusivity system (Anter
orporation, Pittsburgh, PA) located at ORNL was used to mea-

ure the thermal diffusivity, �, of YSZ coatings with 0, 0.1 wt.%
nd 1 wt.% V2O5 that were heat-treated at 900 ◦C for 3 h prior
o testing. Diffusivity data was acquired every 100 ◦C from
00 to 1100 ◦C. Specific heat as a function of temperature of
he uncontaminated coating, cp(T), was measured from 25 to
200 ◦C at a heating rate of 20 ◦C/min using a differential scan-
ing calorimeter (Netzsch Instruments DSC 404C, Burlington,
A). Thermal conductivity, kth, of the coatings was calculated

sing the following equation,

th(W/m K−1) = α(cm2/s) · ρ(g/cm3) · cp(J/g K−1) · 100

here ρ is the bulk density and cp is the specific heat. The as-
prayed coating density used for kth calculations was 5.42 g/cm3.
his density did not change within the experimental detection

imits of the Archimedes test after being exposed to temperatures
p to 1200 ◦C.

.5. Microscopy procedures

To investigate microstructure and vanadium distribution,
EM specimens were made from coatings after they were
ubject to reaction with V2O5 at 750, 800 and 1200 ◦C. The

eaction time at these temperatures varied from 30 to 420 min.
nvestigation of microstructures at 1200 ◦C was conducted
s this likely represented an equilibrium microstructure.
ross-section TEM specimens were obtained by gluing two

3 Materials Data, Inc. (MDI), Livermore, CA.
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ieces of coating together with reacted zones positioned back to
ack, followed by polishing in the edge-on orientation. A tripod
olisher (South Bay Technology) was employed to polish the
pecimens through a 1 �m diamond paste. The specimen was
ubsequently mounted on a nickel grid and further thinning was
erformed in a low-energy Gatan ion mill, model DMP 600. A
itachi HF-2000 TEM and a JEOL 2010F (S)TEM capable of
DS mapping, located at ORNL and UIUC, respectively, were
sed for examination. Chemical analysis was performed in the
EM using energy-dispersive X-ray spectroscopy (EDS) point
can and area mapping.

. Results

.1. In situ X-ray study of reaction between V2O5 and YSZ
oating: 700–750 ◦C

Fig. 1(a) and (b) shows the in situ phase assemblage of the t′-
rO2 phase in the as-sprayed coating and the reaction products
etween it and the V2O5 as a function of reaction time at 700
nd 750 ◦C, respectively. At the start of the test the predominant
hase in the coating was t′-ZrO2 and liquid V2O5 (not detected
y XRD). At neither temperature did the t′-ZrO2 account for
00% of the solid phase at the beginning of the test, suggesting
he melted vanadium oxide had already started reacting with
he coating upon heating to these temperatures. For this study,
ero time is defined upon reaching the reaction temperature and
eginning the X-ray scans.

Inspection of Fig. 1(a) reveals simultaneous reactions of
2O5 with both zirconia and yttria in the YSZ solid solution.
ithin the first 2 h of reaction, the amount of t′-ZrO2 phase

ecreased dramatically concurrent with the emergence of a
rV2O7 phase (∼42 wt.% after 2 h). During the same period,
minor amount of YVO4 (∼2 wt.%) also appeared. It is worth
oting that the greater amount of ZrV2O7 phase with respect
o the YVO4 phase observed after 2 h is not an indication of the
igher reactivity of zirconia with V2O5, but rather the greater
ercentage of ZrV2O7 observed is a result of the much higher
tarting zirconia content (93 wt.%) in YSZ powder than the
ttria content (7 wt.%). On the other hand, the results presented
n Fig. 1(a) also show that the reaction kinetics between zirconia
nd V2O5 are not slow relative to that between yttria and V2O5,
s has been previously reported.7 Following a time period
here the wt.% of ZrV2O7 is stable (∼150–250 min), the wt.%
f both the t′-ZrO2 and ZrV2O7 begin to decrease slowly with
concurrent rapid increase in the wt.% of m-ZrO2.

As shown in Fig. 1(b), the kinetics for formation of ZrV2O7
t 750 ◦C is faster than at 700 ◦C. The maximum amount of
rV2O7 for the reaction at 750 ◦C forms after 60 min; the max-

mum amount of ZrV2O7 for the reaction at 700 ◦C forms after
20 min. At both temperatures, the maximum wt.% of ZrV2O7
ormed is ∼42 wt.%. At 750 ◦C, the decrease in wt.% of ZrV2O7
oincides with an increase in the m-ZrO2 phases, whereas at

00 ◦C there appears to be 100 min delay between the peak
mount of ZrV2O7 and the appearance of the m-ZrO2 phase. A
aster disappearance of the ZrV2O7 was observed for the reac-
ion at 750 ◦C compared to the 700 ◦C reaction. Furthermore,
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ig. 1. Diagrams show the phase fraction evolution with time during reactions
ad 1 wt.% (4 mg/cm2) V2O5 applied to the surface prior to testing. Above 690

here was less ZrV2O7 (∼10 wt.%) observed after 500 min for
eactions at 750 ◦C than for a similar time at 700 ◦C (∼36 wt.%).
t end of 500 min at 750 ◦C, only 10 wt.% of the t′-ZrO2 was left

ompared to 50 wt.% residual t′-ZrO2 after 500 min at 700 ◦C.
ore YVO4 was also observed (13 wt.%) after reaction at 750 ◦C

han at 700 ◦C (5 wt.%). Clearly, the 50 ◦C increase in reac-
ion temperature greatly hastened the corrosion reaction between

2O5 and the t’-ZrO2, not only increasing the rate of ZrV2O7
ormation, but also its partial decomposition to m-ZrO2.

It is noted in the XRD data that the amount of the YVO4 phase
ontinues to increase with time. The source of the vanadium
ould come from the decomposition of the ZrV2O7 phase, from
esidual vanadium-rich liquid in the system.

.2. In situ X-ray study of reaction between V2O5 and YSZ
oating: 800–900 ◦C
Because the phase constituents changed little after ∼30 min
or each of the experiments at 800 and 900 ◦C, in situ X-ray data
as only collected during the first 2 h of reaction. As shown in
ig. 1(c), at 800 ◦C the intermediate ZrV2O7 phase was only

V

e

thermal temperatures of (a) 700, (b) 750, (c) 800, and (d) 900 ◦C. Each sample
e V2O5 was melted and therefore not detected by XRD.

bserved during the first 10 min of the test. No ZrV2O7 was
bserved for reactions between V2O5 and YSZ at 900 ◦C. YVO4
s present in both data sets at 800 and 900 ◦C, respectively.
ig. 1(c) and (d) also shows that the amount of m-ZrO2 increases
rom 60 wt.% for the reaction at 800 ◦C to 83 wt.% for the
00 ◦C reaction. The amount of residual YVO4 after 120 min
ppears to be 2–3 wt.% greater at 900 ◦C than at 800 ◦C.

Fig. 2 shows the wt.% of t′-ZrO2 phase as a function of
ime at 800 and 900 ◦C for samples loaded with 0.4 mg/cm2

2O5 (0.1 wt.% V2O5) and 4 mg/cm2 (1 wt.% V2O5). Increas-
ng the amount of corrosive species applied to the surface of the
SZ coating increased the amount of t′-ZrO2 that transformed

o m-ZrO2 observed at the end of the experiment. This experi-
ental observation is consistent with having more liquid V2O5

o dissolve and transform the t′-ZrO2 into m-ZrO2 and YVO4.

.3. Microstructural observation of the interaction between

2O5 and YSZ

It is noted in the accompanying paper22 that two differ-
nt microstructures develop in V2O5 corroded YSZ coatings;
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Fig. 3. STEM micrograph in a MIRZ of a coating reacted with V2O5 at 750 ◦C
for 180 min. (a) Note the coexistence of YVO4/ZrV2O7 in a particle at lamel-
l
p

Z
b
E
a

ig. 2. The wt.% of t′-ZrO2 as a function of time using data from 2θ = 23–36◦.
amples with both 1 and 0.1 wt.% V2O5 were tested at 800 and 900 ◦C.

ighlights of this paper are provided here. Upon con-
acting the vanadium-containing melt, the microstructure
f the coating undergoes a large-scale change due to a
issolution–precipitation reaction, where the lamellae in the
oating are dissolved by the liquid V2O5, and precipitate out
s clusters of sub-micron equiaxed particles. Near the sur-
ace where the V2O5 melt is abundant, the transformation of
amellae to particles is complete. This fully reacted region
ppears as a porous layer of loosely connected or friable par-
icles, which is designated as a planar reaction zone or PRZ22.
elow the PRZ is a region deemed the melt infiltrated reaction
one or the MIRZ. This region is formed through the infiltra-
ion of the coating by the molten V2O5 via the interlamellar
ores and intralamellar cracks, followed by its reaction with the
SZ. The interaction of V2O5 and YSZ with coatings in the
IRZ is essentially the same as in the PRZ, namely through
dissolution–reprecipitation mechanism. The limited supply of
2O5 infiltrated through the pores, however, is not sufficient

o dissolve the entire lamella; only a thin layer on the surface
f the lamella is dissolved instead. The reaction products form
cattered fine-particle clusters that are localized in the cracks
nd/or pores.

.4. Reaction temperatures of 700–750 ◦C

Fig. 3 shows STEM micrographs after the coating was reacted
ith V2O5 for 180 min at 750 ◦C. Based on a EDS spectrum

not shown), a compositional variation was detected in the
IRZ region between the two lamellae shown in Fig. 3(a).
phase containing mostly Zr, V, and O was detected with

ome signal from Y. This phase is possibly ZrV2O7 with

ome Y detected from the surrounding area. A phase con-
aining Y, V, and O was also detected between the two
amella, indicating the presence of YVO4. Regions of mostly
r and O were also detected; these regions were likely m-

i
m
7
F

ar boundary and (b) m-ZrO2, ZrV2O7 and YVO4, consistent with XRD date
resented in Fig. 1(b).

rO2. Also, the surrounding regions appear to be t′-ZrO2
ased on the presence of Zr, Y, and O. Fig. 3(b) shows an
DS map of a region between two lamella. YVO4, ZrV2O7,
nd m-ZrO2 were all observed. Observations of both images

n Fig. 3 shows evidence of the reaction products ZrV2O7,

-ZrO2, and YVO4 co-existing after 180 min reaction at
50 ◦C, consistent with the in situ XRD results presented in
ig. 1(b).
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Fig. 4. Cross-sections of PRZ region reacted with 1 wt.% V2O5 at 1200 ◦C for
180 min. (a) A cross-section STEM micrograph shows a slice of the clusters.
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Fig. 5. The thermal conductivity of YSZ coatings after reacting with 0, 0.1 wt.%
a
T
o

i
E
c
t
c
(
Z

3

w
0
d
w
c
a
t
t
d
V
d
t
Y
t
o
i
I
t
showed no statistical difference from that of the uncontami-
he contrast in gray scale reflects compositional differences, (b) EDS map shows
VO4 and m-ZrO2 in the PRZ region.

.5. Reaction temperatures of 800–1200 ◦C

Fig. 4 shows STEM images taken from YSZ samples reacted
ith 1 wt.% V2O5 at 1200 ◦C for 3 h. The reaction products

t 1200 ◦C were similar to those of samples reacted at 800 and
00 ◦C; this high reaction temperature was chosen in an effort to
bserve equilibrium microstructures after short reaction times.
ig. 4(a) shows a PRZ region (near the coating surface) com-
osed of high-contrast grains with a diameter of 50–200 nm
mbedded in a gray matrix. EDS mapping of elements Zr, Y,

and O and shows that the high-contrast grains are rich in Y
nd V (Fig. 4(b)) while the matrix has a negligible amount of Y

nd V and is composed of primarily Zr and O. Thus, it appears
hat the nanometer sized grains are YVO4, while the matrix is
-ZrO2. STEM images taken from m-ZrO2 regions (not shown)

n
s
b

nd 1 wt.% V2O5 for 3 h at 900 ◦C is plotted against measurment temperature.
he corresponding V2O5 loading is indicated beside the curve. Errors of ±6%
f the measured values were estimated.

ndicated a twinned structure common in monoclinic zirconia.
DS results from these grains indicated no Y and negligible V
oncentrations. It is clear that the as-sprayed t′-ZrO2 has now
ransformed into m-ZrO2 and YVO4 mixed on a very small scale,
onsistent with in situ XRD results presented in Fig. 1(c) and
d). Microstructure investigation did not verify the presence of
rV2O7 above 800 ◦C, consistent with in situ XRD results.

.6. Thermal conductivity measurements

Thermal diffusivity measurements from 100 through 1100 ◦C
ere made on coatings previously reacted for 3-h, at 900 ◦C with
, 0.1 and 1 wt.% V2O5. As stated in the experimental proce-
ure, thermal diffusivity values at each temperature measured
ere multiplied by density and specific heat to generate thermal

onductivity values. Fig. 5 presents these results. In general,
decrease in kth was observed from 100 through 700 ◦C due

o increased lattice vibrations, followed by an increase in kth
hrough 1100 ◦C due to sintering. The uncontaminated coating
emonstrated the lowest thermal conductivity, and the 1 wt.%
2O5 contaminated coating showed slightly higher thermal con-
uctivity than the 0.1 wt.% contaminated coating. As m-ZrO2,
he predominant phase observed after reaction of V2O5 with
SZ at 900 ◦C (see Fig. 1(d)), has a higher thermal conductivity

han t′-ZrO2 this trend would be expected.23 However, based
n 6% error associated with these measurements, difference
n thermal conductivity is not likely of statistical significance.
n addition, thermal conductivity measured in situ during reac-
ion with 1 wt.% V2O5 at 900 ◦C (results not shown here) also
ated coatings. Thus, the thermal properties of YSZ are not
ignificantly affected by the reaction with up to 1 wt.% V2O5
ecause the thickness of the PRZ and MIRZ combined is nor-
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Fig. 6. ZrO2–V2O5 binary phase diagram. Adapted from Ref.24

ally 50–60 �m, which accounts for only a small proportion of
he total coating thickness of ∼300 �m.

. Discussion

The reactions between V2O5 and zirconia at 700 and 750 ◦C
re consistent with the ZrO2–V2O5 phase diagram24 shown
n Fig. 6. Beginning with pure V2O5 in contact with the
SZ at 700 ◦C, the liquid V2O5 can dissolve approximately
0 mol.% zirconia in solution before the first solid reaction
roduct (ZrV2O7) will form. For compositions of 50 mol.%
2O5/50 mol.% ZrO2, only ZrV2O7 should be present. If the
2O5 concentration continues to decrease beyond 50 mol.%,
-ZrO2 should precipitate out of the ZrV2O7 phase. Accord-

ng to the Y2O3–V2O5 phase diagram24 (not shown), above
90 ◦C liquid V2O5 will dissolve significant amounts of Y2O3.
or example, at 750 and 900 ◦C vanadium oxide can dissolve
p to ∼5 and ∼10 mol.% Y2O3, respectively. Beyond these
emperature-dependent saturation limits, YVO4 precipitates out
f the liquid. Thus, based on consideration of the phase dia-
rams, it would be expected that V2O5 would dissolve both
rO2 and Y2O3 solid phases at temperatures above 690 ◦C.
t or below 750 ◦C, ZrV2O7 should be the first reaction prod-
ct formed from the reaction of ZrO2 and V2O5, followed by
recipitation of m-ZO2 as the vanadium oxide concentration
ontinues to diminish. YVO4 is the reaction product between
2O3 and V2O5 for all temperatures considered currently. This

nterpretation of the phase diagrams is consistent with the XRD
ata in Fig. 1(a) and (b) as both the formation of ZrV2O7 and
VO4 occurred simultaneously, with the formation of m-ZrO2
ccurring later.

From the phase diagram presented in Fig. 6, ZrV2O7
ould not be expected for reaction temperatures of 800 and

00 ◦C as its formation is above the peritectic reaction (L + m-
rO2 → ZrV2O7) occurring at ∼750 ◦C. However, as noted in
ig. 1(c), a limited amount of ZrV2O7 was noted through the
rst 10 min of the test at 800 ◦C. It is believed that its formation

t
t
i
t
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ccurs during transient heating of the V2O5-coated YSZ sample
hrough temperatures lower than 750 ◦C. Fig. 1(d) shows that at
00 ◦C no ZrV2O7 was observed. The phase diagram for V2O5
nd ZrO2 (see Fig. 6) above the peritectic temperature indi-
ates that liquid V2O5 can dissolve ∼40 and ∼50 mol.% ZrO2
t 800 and 900 ◦C, respectively. m-ZrO2 should form beyond
hese temperature-dependent saturation limits, consistent with
RD data in Fig. 1(c) and (d).
As stated previously, published accounts7,9 describe zirconia

s having good resistance to vanadium oxide hot corrosion in
hat it reacts slowly with V2O5. This is certainly not the case for
eaction temperatures below 750 ◦C, where the V2O5 and the
SZ coating react to form ZrV2O7 within minutes of reaching
00 ◦C (see Fig. 1(a) and (b)). Concomitant with the formation
f ZrV2O7 is the formation of YVO4, suggesting similar reactiv-
ty between m-ZrO2 and V2O5, and Y2O3 and V2O5. Fig. 3(a)
nd (b) confirmed the presence of both YVO4 and ZrV2O7 in
YSZ coating reacted for 180 min at 750 ◦C, corroborating the
RD results. It is interesting to note that if V2O5 reacted prefer-

ntially with yttrium rather than the zirconium, the areas of the
oating that were depleted of its stabilizer would have formed m-
rO2 concurrently with the formation of the YVO4. However,

esults in Fig. 1a show that no m-ZrO2 was observed during
he initial 220 min of the experiment at 700 ◦C. The incubation
eriod before the appearance of m-ZrO2 suggests that the t′-
rO2 phase was not depleted of Y2O5 to such an extent that

he t → m transformation would begin. Therefore, the following
oncurrent reactions have fairly similar reaction rates at 700 ◦C
nd 750 ◦C, resulting in a dramatic decrease of the t′-ZrO2:

rO2 (in t′-ZrO2) + V2O5(liquid) → ZrV2O7 (1)

2O3(in t′-ZrO2) + V2O5(liquid) → YVO4 (2)

hus, both yttrium and zirconium demonstrate similar suscep-
ibility to corrosion by vanadium oxide below 750 ◦C.

According to the ZrO2–V2O5 phase diagram (Fig. 6), above
50 ◦C m-ZrO2 does appear to be unreactive with respect to the
2O5 in the sense that a new compound is not formed. But,

his does not imply the zirconia-based coating is unaffected by
he molten liquid as at all temperatures above 690 ◦C zirco-
ia has significant solubility in the melted V2O5 (see Fig. 6).
hus, the coating will be locally dissolved by the correndent.
s the composition of the liquid phase containing V, Y, Zr, and
changes, solid phases of YVO4 and m-ZrO2 are precipitated.

his dissolution/precipitation reaction gives rise to the equiaxed
icrostructure observed in the planar reaction zone, and within

he pores and cracks of the melt infiltrated reaction zone. Thus,
he microstructures formed are consistent with the formation of
iquid, and precipitation of solid phases from that liquid.

Hertl6 has noted that the yttria used as a stabilizer is
equestered or leached from the YSZ by the V2O5 to form YVO4
ue to its high mobility, leaving behind unstabilized zirconia or
-ZrO2. This seems unlikely as the t′-ZrO2 partitioning reac-
ion, which is controlled by the diffusion of Y atoms, is slow at
emperatures as high as 1200 ◦C. It is more likely that the kinet-
cs of YVO4 development at 800 and 900 ◦C are dominated by
he formation of the eutectic liquid between V2O5, ZrO2, and
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2O3, which would afford rapid diffusion of Y. As shown in
he companion paper, the microstructure of the reacted coat-
ng nearest the surface (where the V2O5 is applied) appears as
quiaxed grains rather than the lamella microstructure expected
or plasma-sprayed coatings. If leaching of yttria was the pri-
ary reaction, residual lamella structure would be expected

o be observed rather than the equiaxed particles noted in the
RZ.

The implication of the current work is that zirconia-based
eramics have very limited resistance to V2O5 because of the
usceptibility of ZrO2 to be dissolved by this species, regard-
ess of whether or not a new crystalline by product immediately
esults. Furthermore, the nature of the zirconia-stabilizer would
ot limit the reaction of the V2O5 with the coating because of
he high solubility of the majority phase, i.e. the zironia. Thus,

more acidic stabilizer than yttria would not be able to pre-
ent the catastrophic degradation of zirconia in V2O5 simply
ecause of its solubility in vanadium oxide. Therefore, a search
or zirconia stabilizers less basic than Y2O3, like In2O3, Sc2O3,
r CeO2,7,25–27 with the goal to design a thermal barrier more
orrosion-resistant than Y2O3-stabilized ZrO2, is not likely to
e successful.

. Summary

In situ XRD experiments investigating the reaction prod-
cts between V2O5 and YSZ at temperatures ranging from 700
hrough 900 ◦C were conducted. Reaction products of ZrV2O7,

-ZrO2 and YVO4 were observed, with ZrV2O7 only observed
or experiments at 700 and 750 ◦C. Concurrent formation of
rV2O7 and YVO4 at 700 and 750 ◦C suggests a similar reac-

ivity of yttrium and zirconia with vanadium oxide. The ZrV2O7
hase, however, was not stable; in situ X-ray diffraction revealed
ts subsequent partial decomposition after 150 and 60 min at 700
nd 750 ◦C, respectively. While m-ZrO2 is stable with respect to
2O5 for reaction temperatures above 750 ◦C in that interactions
etween these two compounds do not form a new compound,
irconia is not unaffected by the molten liquid due to its high
olubility in the vanadia. Thus, lamellae in the YSZ coating
n contact with vanadium oxide melt are completely dissolved
y the corrosive liquid. YVO4 and m-ZrO2 are both precipi-
ated from the melt, forming the equiaxed composite particles
ound in the PRZ layer of the coating. With up to 1 wt.% of

2O5, thermal conductivity of the coating was not significantly
ffected.
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