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Technical note

High-temperature hot corrosion behavior of gadolinium zirconate by
vanadium pentoxide and sodium sulfate in air
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bstract

adolinium zirconate (Gd2Zr2O7) prepared by solid state reaction exhibited a defect fluorite-type structure. Reactions between Gd2Zr2O7 ceramic
nd vanadium pentoxide (V2O5), sodium sulfate (Na2SO4), and V2O5 + Na2SO4 mixture were investigated from 700 to 1000 ◦C in air using an
-ray diffractometer (XRD), scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS). V2O5 reacts with Gd2Zr2O7

o form gadolinium vanadate (GdVO ) and monoclinic zirconia (m-ZrO ) at 900 and 1000 ◦C in air. However, no chemical reaction product between
4 2

a2SO4 and Gd2Zr2O7 is found at 900 and 1000 ◦C in air. V2O5 reacts with equal molar Na2SO4 to form sodium vanadate (NaVO3) at 610 ◦C.
n the temperature range of 700–1000 ◦C, Na2SO4 + V2O5 mixture reacts with Gd2Zr2O7 in air to form the final reaction products of GdVO4 and
-ZrO2.
2010 Elsevier Ltd. All rights reserved.
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. Introduction

Thermal barrier coatings (TBCs) are extensively used to
nsulate metallic components against hot gas stream, and have
ecome a critical technology for improving performance of
as-turbine engines.1–3 TBCs systems typically consist of a
etallic oxidation protection layer and a thermally insulative

eramic topcoat. The state of the art topcoat material is 6–8 wt.%
ttria-stabilized zirconia (YSZ), which is generally produced by
lasma spraying (PS) or electron beam physical vapor deposi-
ion (EB-PVD).4 However, YSZ is limited to applications below
200 ◦C.5 Above 1200 ◦C, the t′-phase zirconia transforms into
ubic and tetragonal phases. During cooling the tetragonal
hase will further transform into the monoclinic phase, which
s accompanied with a volume change of 3–5% and a severe

amage of TBCs.4–7

In recent years, there is an increasing demand for develop-
ng new design strategies or new materials for TBCs in order

∗ Corresponding author at: Harbin Institute of Technology, Dept. Materials
cience, PO Box 433, 92 Westdazhi Street, Nangang Dist., Harbin, Heilongjiang
50001, China. Tel.: +86 451 86414291; fax: +86 451 86414291.

E-mail address: ouyangjh@hit.edu.cn (J.-H. Ouyang).

l
s
s
d
a
p
r
m
r

955-2219/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2010.05.002
o address the challenges of more demanding operating envi-
onments. Among high-melting ceramic materials, rare-earth
irconates with the general formula Ln2Zr2O7 (Ln = lanthanide)
ave been shown to posses some very important properties for
BCs application. The thermal conductivities of rare-earth zir-
onates varied from 1.1 to 2.0 W m−1 K−1 in the temperature
ange of room temperature to 1400 ◦C.8–12 In addition, the phase
ransition temperatures of rare-earth zirconates are clearly higher
han the t-m phase transformation temperature of YSZ, such as
300 ◦C for Nd2Zr2O7, 2000 ◦C for Sm2Zr2O7, and 1530 ◦C
or Gd2Zr2O7, respectively.13 Gd2Zr2O7-based zirconates are

class of potential candidate materials for high-temperature
BCs applications (temperature above 1150 ◦C) instead of cur-

ently used YSZ TBCs, where both hot corrosion and oxidation
eaction are a great concern.10 When TBCs are operated with
ow-quality fuels containing appreciable levels of vanadium,
odium, sulfur, etc, the hot corrosion of ceramic topcoat becomes
ignificant at elevated temperatures.14 Mohan et al. tested the
egradation of YSZ coatings by molten Na2SO4 at a temper-
ture range from 900 to 1200 ◦C.15 Chen et al. found that the

enetration of molten V2O5 into YSZ coatings were quite delete-
ious to ceramic topcoat and lead to the formation of LaVO4 and
-ZrO2 from 800 to 1200 ◦C.16,17 In our previous work, V2O5

eacted with Gd2Zr2O7 at 700–850 ◦C.18 Molten V2O5 reacted
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Co. Ltd., Japan) with Cu K� radiation at a scan rate of 3◦/min.
ig. 1. Surface morphology of unpolished Gd2Zr2O7 ceramic sintered at
650 ◦C for 10 h in air.

ith Gd2Zr2O7 to form ZrV2O7 and GdVO4 at 700 ◦C; however,
n a temperature range of 750–850 ◦C, molten V2O5 reacted
ith Gd2Zr2O7 to form GdVO4 and m-ZrO2. For a comparative

tudy, Marple et al. investigated the hot corrosion behavior of
a2Zr2O7 and YSZ coatings to vanadium- and sulfur-containing
ompounds at 900 and 1000 ◦C, respectively.19 La2Zr2O7 coat-
ngs had a relatively high corrosion resistance to the attack
y molten V2O5. La2Zr2O7 coatings remained well bonded to
he substrate after exposure to V2O5, and formed only minor
mounts of LaVO4. However, La2Zr2O7 coatings in contact
ith sulfate salts (3Na2SO4:2MgSO4) at 900 ◦C exhibited a very

apid disintegration of coatings to form La2O2SO4, MgO and
-ZrO2 under a gas flow consisting of 2000 mL/min of dried

ir and 5 mL/min of SO2.19 The YSZ coatings after thermal
xposure to vanadia formed a mixture of YVO4 and monoclinic
rO2, which resulted in increased microcracking and spallation
f ceramic topcoat. However, YSZ coatings exhibited an excel-
ent resistance to the attack by sulfate salts. When La2Zr2O7
nd YSZ coatings were exposed to a mixture of vanadia and
ulfate salts, both coatings were degraded, the YSZ by vanadia

nd the La2Zr2O7 by the sulfate.19 In the present study, in order
o investigate the hot corrosion behavior of Gd2Zr2O7 ceramic
y V2O5 at elevated temperatures, Na2SO4 and V2O5 + Na2SO4

T
c
S

Fig. 3. Microstructure of V2O5-coated Gd2Zr2O7 specimens heat-treate
ig. 2. X-ray diffraction patterns of V2O5-coated Gd2Zr2O7 specimen heat-
reated at 900 ◦C and 1000 ◦C for 2 h in air.

ixture, hot corrosion experiments were performed at different
emperature up to 1000 ◦C for 2 h in air.

. Experimental procedure

In the present study, Gd2Zr2O7 was prepared by a solid
tate reaction process. Details of the sample preparation can
e found in our previous work.18 XRD measurement shows that
d2Zr2O7 has a single phase of defect fluorite-type structure.
he specimens with dimensions of 10 mm × 10 mm × 2 mm
ere ultrasonically degreased in acetone, and dried at 100 ◦C

n oven. These specimens, in contact with three kinds of differ-
nt salts, namely V2O5, Na2SO4, and Na2SO4 + V2O5 mixture
50–50 mol.%), were isothermally heat-treated at different tem-
eratures ranging from 700 to 1000 ◦C for 2 h in air. During hot
orrosion test, the salts were spread uniformly over the surface
f Gd2Zr2O7 specimen at a concentration of 15 mg/cm2 by using
very fine glass rod cleaned and dried ultrasonically.

Crystal structures of hot corrosion specimens were identified
y an X-ray diffractometer (XRD, D/Max-2200VPC, Rigaku
he microstructural analysis of hot corrosion specimens was
arried out with a scanning electron microscope (SEM, Cam-
can MX 2600FE, UK) equipped with energy-dispersive X-ray

d at different temperatures for 2 h in air: (a) 900 ◦C; (b) 1000 ◦C.
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pectroscopy (EDS, Oxford Instruments INCA X-sight sys-
em, 7537, UK) operating at 20 kV. A thin carbon coating was
vaporated onto the surface of the specimens for electrical con-
uctivity.

. Results and discussion

Fig. 1 shows the surface morphology of unpolished
d2Zr2O7 ceramic sintered at 1650 ◦C for 10 h in air. There

re some small pores in the specimen. Fig. 2 shows XRD
atterns obtained from the V2O5-coated Gd2Zr2O7 specimen
eat-treated at 900 and 1000 ◦C for 2 h in air. The newly evolved
eaks are due to two different reaction products, m-ZrO2 (JCPDS
o. 37–1484) and GdVO4 (JCPDS no. 17–0260). The phase
onstituents of the V2O5-coated Gd2Zr2O7 specimens heat-
reated at 900 and 1000 ◦C for 2 h are consistent with the results
btained at 750–850 ◦C for 2 h, which was reported in our pre-
ious work.18 Typical surface morphology of the V2O5-coated
d2Zr2O7 specimen heat-treated at 900 and 1000 ◦C for 2 h

s shown in Fig. 3. From Fig. 3, the microstructure after heat-
reatments at 900 and 1000 ◦C for 2 h is very similar to those
btained at 750–850 ◦C for 2 h.18

The melting point of Na2SO4 is 884 ◦C. In this study, hot
orrosion tests of Gd2Zr2O7 specimens with Na2SO4 were per-

ormed at 900 and 1000 ◦C for 2 h, respectively. XRD patterns
btained from the Na2SO4-coated Gd2Zr2O7 specimens heat-
reated at 900 and 1000 ◦C for 2 h in air are shown in Fig. 4.
here are only original Na2SO4 and Gd2Zr2O7 phases, and no

o
(
N
2

ig. 5. Microstructure of Na2SO4-coated Gd2Zr2O7 specimens heat-treated at 900
icrograph; (c and d) EDS spectra at the locations of A and B in (b), respectively.
ig. 4. X-ray diffraction patterns of Na2SO4-coated Gd2Zr2O7 specimen heat-
reated at 900 ◦C and 1000 ◦C for 2 h in air.

ew reaction product was found from these XRD spectra. It
ndicates that no chemical reaction takes place between Na2SO4
nd Gd2Zr2O7 at 900 and 1000 ◦C for 2 h in air. Fig. 5 shows
he microstructure of the Na2SO4-coated Gd2Zr2O7 specimen
eat-treated at 900 ◦C for 2 h in air. The EDS spectra obtained
t different regions of A and B in Fig. 5(b) confirm the presence

f elements consistent with Gd2Zr2O7 (region A) and Na2SO4
region B) as shown in Fig. 5(c) and (d). Microstructure of
a2SO4-coated Gd2Zr2O7 specimen heat-treated at 1000 ◦C for
h in air is shown in Fig. 6. From Fig. 6(b), it is clearly seen that

◦C for 2 h in air: (a) low-magnification micrograph; (b) high-magnification



2710 Z.-G. Liu et al. / Journal of the European Ceramic Society 30 (2010) 2707–2713

F 000 ◦C
f

t
i
b
s
t
m
m
m
1
a
H
a
o
p

F
m

s
a
X
a
2
s
7
o
r
m

ig. 6. Microstructure of Na2SO4-coated Gd2Zr2O7 specimen heat-treated at 1
ractured cross-section; (d) EDS spectra at the locations of G in (c).

he morphologies of Gd2Zr2O7 and Na2SO4 are similar to those
n Fig. 1 and Fig. 5(a), respectively. As the melting point and
oiling point of Na2SO4 is 884 ◦C and 1404 ◦C, respectively,
ome of molten Na2SO4 may evaporate after thermal exposure
o higher temperatures of 900 and 1000 ◦C. From Figs. 5 and 6,

olten Na2SO4 still remains on the corroded surface after ther-
al exposure to 900 and 1000 ◦C. Fig. 6(c) is the cross-section
icrograph of the fractured surface after thermal exposure to

000 ◦C, which further proves the presence of Na2SO4 by EDS
nalysis (Fig. 6(d)) of the location G at the top surface layer.
owever, from Fig. 4, the evaporation of Na2SO4 occurs more
t 1000 ◦C clearly, which is coincident with the peak intensity
f sulfate phase in the XRD pattern, although some of them also
enetrate into the ceramic substrate.

ig. 7. X-ray diffraction patterns of Na2SO4 + V2O5-coated Gd2Zr2O7 speci-
ens heat-treated at 700–1000 ◦C for 2 h in air.
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for 2 h in air: (a) low-magnification image; (b) high-magnification image; (c)

Fig. 7 shows XRD patterns obtained from the Gd2Zr2O7
pecimens coated with a Na2SO4 + V2O5 mixture heat-treated
t 700–1000 ◦C for 2 h in air. No V2O5 phase is found from the
RD analysis. Besides unreacted Na2SO4, m-ZrO2 and GdVO4

re found to exist after chemical reaction at 700–1000 ◦C for
h in air. Fig. 8 shows the microstructure of the Gd2Zr2O7

pecimens coated with Na2SO4 + V2O5 mixture heat-treated at
00 ◦C for 2 h in air. From the EDS results in Fig. 8(c) and (d)
btained at different regions in Fig. 8(b), the region C contains
eaction products of both GdVO4 and a very small quantity of
-ZrO2, while the region D is composed of the original Na2SO4.
ypical microstructure of the Gd2Zr2O7 specimens coated with
a2SO4 + V2O5 mixture heat-treated at 800 and 900 ◦C for 2 h

n air is shown in Fig. 9. Clearly, there are lots of Na2SO4 on
he specimen surface. The surface morphology of Gd2Zr2O7
pecimen coated with Na2SO4 + V2O5 mixture heat-treated at
000 ◦C for 2 h in air is presented in Fig. 10. The EDS spectra
btained at different regions of E and F in Fig. 10 (b) confirm
he presence of elements consistent with m-ZrO2 (region E) and
dVO4 (region F) as shown in Fig. 10(c) and (d).
Na2SO4 itself does not react with Gd2Zr2O7 at 900 and

000 ◦C for 2 h in air. However, Na2SO4 + V2O5 mixture reacts
ith Gd2Zr2O7 to form m-ZrO2 and GdVO4 at 700–1000 ◦C for
h in air. According to the phase diagram in the Na2SO4–V2O5
inary system, the equal molar of Na2SO4 and V2O5 has a chem-

cal reaction to form sodium vanadate (NaVO3) at 610 ◦C.20 The
eaction mechanism is given by the following chemical equation:

a2SO4(l) + V2O5(l) → NaVO3(l) + SO3(g) (1)
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Fig. 8. Microstructure of the Gd2Zr2O7 specimens coated with Na2SO4 + V2O5 mixture heat-treated at 700 ◦C for 2 h in air: (a) low-magnification micrograph; (b)
high-magnification micrograph; (c and d) EDS spectra at the locations of C and D in (b), respectively.

Fig. 9. Microstructure of the Gd2Zr2O7 specimens coated with Na2SO4 + V2O5 mixture heat-treated at 800 and 900 ◦C for 2 h in air: (a and c) low-magnification
micrograph after heat treatment at 800 ◦C and 900 ◦C for 2 h, respectively; (b and d) corresponding high-magnification micrograph of (a) and (c), respectively.
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ig. 10. Microstructure of the Gd2Zr2O7 specimens coated with Na2SO4 + V2

b) high-magnification micrograph; (c and d) EDS spectra at the locations of E

t the same time, NaVO3 continues to react with Gd2Zr2O7
eramic to form the final reaction products of GdVO4 and
-ZrO2. The reaction mechanism is given by the following

hemical equation:

NaVO3(l) + Gd2Zr2O7(s)

→ 2GdVO4(s) + 2m-ZrO2(s) + Na2O(l) (2)

. Summary

Gd2Zr2O7 ceramic prepared by pressureless-sintering pro-
ess has been subjected to isothermal air furnace testing in
he presence of V2O5, Na2SO4, and V2O5 + Na2SO4 mixture
50–50 mol.%). V2O5 reacts with Gd2Zr2O7 ceramic to form
dVO4 and m-ZrO2 at 900 and 1000 ◦C in air. No chemical reac-

ion between Na2SO4 and Gd2Zr2O7 is found at 900 and 1000 ◦C
n air. However, V2O5 reacts with equal molar Na2SO4 to form
aVO3 at 610 ◦C. In the temperature range of 700–1000 ◦C,
a2SO4 + V2O5 mixture reacts with Gd2Zr2O7 ceramic to form

he final reaction products of GdVO4 and m-ZrO2.
cknowledgements
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xture heat-treated at 1000 ◦C for 2 h in air: (a) low-magnification micrograph;
in (b), respectively.
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[2]. Cao XQ, Vassen R, Stőver D. Ceramic materials for thermal barrier coat-
ings. J Eur Ceram Soc 2004;24:1–10.

[3]. Vaßen R, Cernuschi F, Rizzi G, Scrivani A, Markocsan N, Östergren L, et
al. Recent activities in the field of thermal barrier coatings including burner
rig testing in the European union. Adv Eng Mater 2008;10:907–21.

[4]. Cao XQ. Application of rare earths in thermal barrier coating materials. J
Mater Sci Technol 2007;23:15–35.

[5]. Vassen R, Stuke A, Stöver D. Recent developments in the field of thermal
barrier coatings. J Therm Spray Technol 2009;18:181–6.

[6]. Evans AG, Clarke DR, Levi CG. The influence of oxides on the performance
of advanced gas turbines. J Eur Ceram Soc 2008;28:1405–19.

[7]. Andrievskaya ER. Phase equilibria in the refractory oxide systems of
zirconia, hafnia and yttria with rare-earth oxides. J Eur Ceram Soc
2008;28:2363–88.

[8]. Vassen R, Cao X, Tietz F, Basu D, Stőver D. Zirconates as new materials
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