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Technical note

Hot corrosion behavior of V2O5-coated Gd2Zr2O7 ceramic
in air at 700–850 ◦C
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bstract

d2Zr2O7 ceramic was prepared by solid state reaction at 1650 ◦C for 10 h in air, and exhibited a defect fluorite-type structure. Reaction between
olten V2O5 and Gd2Zr2O7 ceramic was investigated at temperatures ranging from 700 to 850 ◦C using an X-ray diffractometer (XRD) and
canning electron microscopy (SEM). Molten V2O5 reacted with Gd2Zr2O7 to form ZrV2O7 and GdVO4 at 700 ◦C; however, in a temperature
ange of 750–850 ◦C, molten V2O5 reacted with Gd2Zr2O7 to form GdVO4 and m-ZrO2. Two different reactions observed at 700 ◦C and 750–850 ◦C
ould be explained based on the thermal instability of ZrV2O7.

2009 Elsevier Ltd. All rights reserved.
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fuels containing appreciable levels of vanadium, sodium, sulfur,
etc., the hot corrosion of 6–8 wt.%YSZ becomes significant.13

There has been a substantial amount of research reported in
eywords: Gd2Zr2O7; Corrosion; V2O5

. Introduction

Thermal barrier coatings (TBCs) are widely used to provide
hermal insulation for metallic components against the hot gas
tream in gas-turbine engines, and to meet the rapidly increas-
ng demands for higher fuel efficiency and greater thrust.1,2

p to now, the most successful TBC materials are 6–8 wt.%
ttria-stabilized zirconia (YSZ), which are applied on engine
ot-section components by plasma spraying or electron beam
hysical vapor deposition.3 However, 6–8 wt.%YSZ is limited to
pplications below 1200 ◦C.4 Above 1200 ◦C, the t′-phase zirco-
ia in TBCs transforms into cubic and tetragonal phases. During
ooling the tetragonal phase will further transform into the mon-
clinic phase, which is accompanied with a volume change of
–5% and a severe damage of TBCs.5,6

In recent years, there has been an increasing demand for
eveloping TBC materials with low thermal conductivity and
igh phase stability. Among high-melting ceramic materials,
are-earth zirconates have a distinctly lower thermal conduc-

ivity than 6–8 wt.%YSZ. It was reported that the thermal
onductivities of rare-earth zirconate ceramics varied from 1.1
o 2.0 W m−1 K−1 from room temperature to 1400 ◦C.7–11 In
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ddition, the phase transition temperature of rare-earth zir-
onates is higher than that of 6–8 wt.%YSZ, such as 2300 ◦C for
d2Zr2O7, 2000 ◦C for Sm2Zr2O7 and 1530 ◦C for Gd2Zr2O7,

espectively.12 Therefore, rare-earth zirconate ceramics are
otential candidates for high-temperature thermal barrier coat-
ngs applications. When TBCs are operated with low-quality
ig. 1. X-ray diffraction pattern of Gd2Zr2O7 ceramic sintered at 1650 ◦C for
0 h.
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state reaction process. The starting materials were gadolinia

F
e

ig. 2. X-ray diffraction pattern of V2O5-coated Gd2Zr2O7 specimen heat-
reated at 700 ◦C for 2 h.

he literature on the hot corrosion of 6–8 wt.%YSZ coatings
y the presence of V2O5.14–17 Marple et al. reported that lan-
hanum zirconate coatings prepared by plasma spraying were
elatively resistant to attack by V2O5 at 1000 ◦C.18 These
oatings remained well bonded to the substrate following a high-
emperature exposure to V2O5, contained only minor amounts
f LaVO , and exhibited a microstructure little changed from
4
he as-sprayed state. It was reported that Gd2Zr2O7 had the low-
st thermal conductivity of unary rare-earth zirconates.9 In the
resent study, in order to investigate the hot corrosion behavior

(
a
L

ig. 3. Microstructures of V2O5-coated Gd2Zr2O7 specimen heat-treated at 700 ◦C
lectron micrograph of (a); (c and d) EDS spectra at the locations of A and B, respec
ig. 4. X-ray diffraction pattern of V2O5-coated Gd2Zr2O7 specimen heat-
reated at 750 ◦C for 2 h.

f Gd2Zr2O7 ceramic by molten V2O5, hot corrosion experi-
ents were performed in a temperature range of 700–850 ◦C

or 2 h in air.

. Experimental procedure

In the present study, Gd2Zr2O7 was synthesized by a solid
Grirem Advanced Materials Co., Ltd., China; purity ≥99.9%)
nd zirconia powders (Shenzhen Nanbo Structure Ceramics Co.,
td., China; purity ≥99.9%) with average particle sizes less than

for 2 h: (a) secondary electron micrograph; (b) corresponding backscattered
tively, in (b).
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�m. Zirconia and gadolinia powders in appropriate ratios were
echanically mixed in analytically pure alcohol for 24 h. The

ried powder mixtures were molded by the uniaxial stress. Sub-
equently, the molded samples were further compacted by the
old isostatic pressing method with a pressure of 280 MPa for
min. The compacts were then pressureless-sintered at 1650 ◦C

or 10 h at a heating rate of 300 ◦C h−1 in air.
The specimens with dimensions of 10 mm × 10 mm × 2 mm

ere machined from the sintered Gd2Zr2O7. The specimens
ere ground to 1500 grit finish, ultrasonically degreased in
cetone, and dried at 100 ◦C over night. The V2O5 powder
as spread uniformly over the Gd2Zr2O7 specimen surface

t a concentration of 15 mg cm−2 using a very fine glass rod

a
n
e

ig. 5. Microstructures of V2O5-coated Gd2Zr2O7 specimen heat-treated at 750 ◦C
ackscattered electron micrographs of (a) and (c), respectively; (e and f) EDS spectra
eramic Society 29 (2009) 2423–2427 2425

hat was ultrasonically cleaned and dried. The V2O5-coated
d2Zr2O7 specimens were then placed in a zirconia crucible
hich was subsequently covered with a thin zirconia sheet
uring heat-treatment. The V2O5-coated Gd2Zr2O7 specimens
ere isothermally heat-treated at different temperature levels

anging from 700 to 850 ◦C for 2 h in air.
Crystal structures of Gd2Zr2O7 and hot corrosion specimens

ere identified by an X-ray diffractometer (XRD, D/Max-
200VPC, Rigaku Co., Ltd., Japan) with Cu K� radiation at a
can rate of 3◦/min. The microstructural analysis of Gd Zr O
2 2 7
nd hot corrosion specimens was carried out with a scan-
ing electron microscope (SEM, CamScan MX 2600FE, UK)
quipped with energy-dispersive X-ray spectroscopy (EDS,

for 2 h: (a and c) secondary electron micrographs; (b and d) corresponding
at the locations of C and D, respectively, in (d).
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xford Instruments INCA X-sight system, 7537, UK) operating
t 20 kV. A thin carbon coating was evaporated onto the surface
f the specimens for electrical conductivity.

. Results and discussion

Fig. 1 reveals X-ray diffraction pattern of Gd2Zr2O7 ceramic
intered at 1650 ◦C for 10 h in air. It can be seen that Gd2Zr2O7
as a single phase of defect fluorite-type structure. It is well
nown that Gd2Zr2O7 undergoes a structural transition from an
rdered pyrochlore to a defect fluorite when heated to above
530 ◦C.12 As the sintered temperature (1650 ◦C) in this work
s higher than the order–disorder transition temperature, it is not
urprising that Gd2Zr2O7 exhibits a defect fluorite-type struc-
ure.

During practical high-temperature combustion, vanadium in
ow-quality fuels reacts with oxygen to form V2O5. The melt-
ng point of V2O5 is 690 ◦C. In this study, hot corrosion studies
ere carried out in the temperature range of 700–850 ◦C. Fig. 2

hows XRD pattern obtained from the V2O5-coated Gd2Zr2O7
pecimen heat-treated at 700 ◦C for 2 h in air. The newly evolved
eaks are due to two different reaction products, zirconium vana-
ate (ZrV2O7, JCPDS no. 16–0422) and gadolinium vanadate

GdVO4, JCPDS no. 17–0260). No significant Gd2Zr2O7 phase
as observed from the XRD analysis. Typical surface morphol-
gy of the V2O5-coated Gd2Zr2O7 specimen heat-treated at
00 ◦C for 2 h is shown in Fig. 3(a) and (b). The EDS spectra

7
c
A

ig. 6. Microstructures of V2O5-coated Gd2Zr2O7 specimens heat-treated at 800 and
t 800 and 850 ◦C for 2 h, respectively; (b and d) corresponding backscattered electro
eramic Society 29 (2009) 2423–2427

btained at different regions of A and B in Fig. 3(b) confirmed
he presence of elements consistent with the formation of reac-
ion products of ZrV2O7 (region A) and GdVO4 (region B) as
hown in Fig. 3(c) and (d). This supports the above XRD results.

The XRD pattern obtained from the V2O5-coated Gd2Zr2O7
pecimen heat-treated at 750 ◦C for 2 h in air is shown in Fig. 4.
t can be seen that the diffraction pattern is obviously different
rom that obtained at 700 ◦C. No ZrV2O7 phase is identified
t this temperature from the XRD analysis. Besides GdVO4,
onoclinic zirconia (m-ZrO2, JCPDS no. 37–1484) is found to

xist after chemical reaction at 750 ◦C for 2 h. Fig. 5 shows the
icrostructure of the V2O5-coated Gd2Zr2O7 specimen heat-

reated at 750 ◦C for 2 h. From the EDS results in Fig. 5(e) and
f) obtained at different regions in Fig. 5(d), the elements iden-
ified are consistent with the presence of reaction products of
dVO4 (region C) and m-ZrO2 (region D) at 750 ◦C for 2 h.
he phase constituents of the V2O5-coated Gd2Zr2O7 speci-
ens heat-treated at 800 or 850 ◦C for 2 h are consistent with

he result obtained at 750 ◦C for 2 h. Typical microstructures of
2O5-coated Gd2Zr2O7 specimens heat-treated at 800 or 850 ◦C

or 2 h are shown in Fig. 6. From Fig. 6, the microstructure after
eat-treatments at 800 or 850 ◦C for 2 h is very similar to those
btained at 750 ◦C for 2 h.
Two different chemical reactions are observed at 700 ◦C and
50–850 ◦C between V2O5 and Gd2Zr2O7 in this study. This
ould be explained based on the thermal instability of ZrV2O7.
t 700 ◦C, molten V2O5 first reacts with Gd2Zr2O7 to form

850 ◦C for 2 h: (a and c) secondary electron micrographs after heat-treatments
n micrographs of (a) and (c), respectively.
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rV2O7 and GdVO4. The reaction mechanism at 700 ◦C is given
y the following chemical equation:

V2O5(l) + Gd2Zr2O7(s) → 2ZrV2O7(s) + 2GdVO4(s) (1)

ccording to the phase diagram in the ZrO2–V2O5 binary sys-
em, ZrV2O7 was the only existent compound in this system.19

t about 747 ◦C, ZrV2O7 melts incongruently to m-ZrO2 and
liquid mixture of m-ZrO2 and V2O5.19,20 This incongru-

nt melting results in different chemical reactions observed at
emperatures of 700 ◦C and 750–850 ◦C, respectively. Above
47 ◦C, i.e., 750–850 ◦C in this study, molten V2O5 from the
ncongruent melting of ZrV2O7 reacts with Gd2Zr2O7 to form
rV2O7 and GdVO4, as shown in Eq. (1). At the same time,
rV2O7 melts incongruently to m-ZrO2 and a liquid mixture
f m-ZrO2 and V2O5. Finally, V2O5 is depleted, and the final
eaction products are GdVO4 and m-ZrO2. The reaction mech-
nism at temperatures of 750–850 ◦C is given by the following
hemical equation:

2O5(l) + Gd2Zr2O7(s) → 2GdVO4(s) + 2m-ZrO2(s) (2)

. Conclusions

Molten V2O5 reacted with Gd2Zr2O7 ceramic prepared by
ressureless-sintering in the temperature range of 700–850 ◦C.
t 700 ◦C, molten V2O5 reacted with Gd2Zr2O7 to form ZrV2O7

nd GdVO4. However, in a temperature range of 750–850 ◦C,
olten V2O5 reacted with Gd2Zr2O7 to form GdVO4 and
-ZrO2. The two different reactions observed at 700 ◦C and

50–850 ◦C could be explained based on the thermal instability
f ZrV2O7.
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